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Plasmonic-enhanced Raman scattering of
graphene on growth substrates and its

application in SERSY
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We detail a facile method for enhancing the Raman signals of as-grown graphene on Cu foils by deposit-

ing gold nanoislands (Au Nis) onto the surface of graphene. It is found that an enhancement of up to 49

fold in the graphene Raman signal has been achieved by depositing a 4 nm thick Au film. The enhance-

ment is considered to be related to the coupling between graphene and the plasmon modes of Au Nis, as

confirmed by the finite element simulations. The plasmonic effect of the Au/graphene/Cu hybrid platform

leads to a strong absorption at the resonant wavelength whose position shifts from visible light (640 nm)
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1. Introduction

Graphene, a single layer of sp*>-bonded carbon atoms in a hexa-
gonal configuration with unique optical and electronic pro-
perties, has been attracting intensive research in photonics
and optoelectronics."® Techniques have been developed to
meet the requirements of scientific research and product
applications for synthesizing large-area, high-quality graphene
films utilizing e.g. high-temperature sublimation of SiC,”
reduction from graphene oxides® or metal-catalyzed chemical
vapor deposition (CVD).? Specifically, large-area polycrystalline
graphene films with an average grain size in the micrometer
scale and a single layer coverage of more than 95% can be
readily achieved on Cu foils by CVD.'® Recently, the CVD
method has been further optimized to produce graphene with
grain size in the millimeter scale."* CVD growth of graphene
on Cu substrates has been considered to be a promising
approach for achieving industry-scale production of graphene
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to near-infrared (1085 nm) when the thickness of Au films is increased from 2 nm to 18 nm. Finally, we
demonstrate that hybrid substrates are reliable surface-enhanced Raman scattering (SERS) systems,
showing an enhancement factor of ~10° for dye molecules Rhodamine B and Rhodamine 6G with
uniform and stable response and a detection limit of as low as 0.1 nM for Sudan Il and Sudan IV.

due to the low cost of Cu foils and potential production in a
continuous manner such as with the roll-to-roll technique.">"?

On the other hand, Raman spectroscopy is an efficient
method to probe the structural and physical properties of gra-
phene, such as the atomic structure of edges and the presence
of disorder, defects, charge and strain.'*'® Unfortunately the
Raman signal of as-grown graphene on Cu foils is usually
weak with a strong background, probably due to the surface
plasmon emission of Cu arising from the transitions between
electrons and holes with photoluminescence and/or the strain
in graphene on Cu foils."*"” Otherwise graphene can be trans-
ferred onto a substrate like SiO,/Si with processes involving
chemical treatments, for it is capable of (or more easily) being
characterized by Raman spectroscopy with the assistance of
interference effects."®'® The transfer process and the chemi-
cals used in the transfer, however, often cause damage or
introduce impurities into graphene.*® In those cases where the
completeness of graphene is critical, development of tech-
niques for characterizing as-grown graphene on Cu growth
substrates is important. By imaging the birefringence of a
graphene surface covered with nematic liquid crystals®! or by
annealing graphene for selective oxidation,>* researchers have
characterized graphene directly on Cu growth substrates.
Though the SERS of graphene transferred onto other sub-
strates has been studied,”®>* the SERS of graphene as-grown
on Cu foils without transfer has not been reported. Moreover,
the graphene films involved in previous graphene-metal nano-
particles hybrid structures (prepared by simply covering
graphene onto a metal surface or depositing metallic nano-

This journal is © The Royal Society of Chemistry 2014
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particles on graphene) for SERS of dye molecules are trans-
ferred from the growth substrates.>>>’ The damage and/or
impurities in graphene introduced during the transfer
process®® may make it difficult to investigate the optical pro-
perties and to explore the potential applications. In addition,
the SERS detection limit of 10~ M for R6G molecules in our
previously studied graphene-Au nanosphere hybrid system
(the graphene films used were transferred from CVD grown
graphene as well)*® needs to be improved further. Therefore,
studying the optical properties of graphene-metal nanostruc-
ture hybrids and pursuing their potential applications in SERS
with directly grown graphene on Cu foils without transfer
would be greatly desirable.

In this work, we reported largely enhanced Raman signals
of graphene with the deposition of Au films on graphene
grown on Cu foils with CVD. The enhancement factor (EF) was
49 fold for the 4 nm Au disposition. When the thickness of Au
films was increased from 2 to 18 nm, the optical absorption of
the Au/graphene/Cu hybrid platform became stronger and the
plasmonic resonant wavelength showed a red shift of up to
445 nm. Finite element numerical simulations identified the
role of Au Nis on graphene, leading to an efficient electric field
enhancement. We have demonstrated that the hybrid struc-
tures are SERS-active substrates to detect dye molecules such
as Rhodamine B (RhB), Rhodamine 6G (R6G), Sudan III and
Sudan IV.

2. Experimental and methods section

Graphene was grown on Cu foils by atmospheric pressure
CVD at ~1000 °C with methane as a carbon source.'® Au
films were deposited on the as-grown graphene on Cu foils at
a rate of about 1 A s™ and at a pressure of about 10~ Pa by
plasma sputtering at room temperature. The thickness of Au
films was tuned with the deposition time ¢ (s) and current
I (mA) (in the experiments, we fixed the current I to be
15 mA); thus all the thickness values reported here were cal-
culated results of 0.007 x It (nm).>° RhB, R6G, Sudan III and
Sudan IV were purchased from Sigma-Aldrich and were used
without further purification. RhB, R6G, Sudan III or Sudan IV
powders were dissolved in ethanol to obtain solutions with
various concentrations. For SERS detection of the dye mole-
cules, a 10 pL droplet containing different dyes was firstly
hand-cast on the surface of graphene/Cu foils. Then a 4 nm
Au film was deposited onto the surface of each sample after
the droplet was dried in air, to protect the analyte from (or
decrease) photo-induced damages such as photo-bleaching
and photo-carbonization.?® For preparing samples with two
regions (half of the regions was covered with Au Nis and the
rest was not covered), dust-free paper was covered on half
of the regions with the analyte before depositing Au. Then
the dust-free paper was peeled off before the Raman measure-
ment. Fig. 1 schematically illustrates the fabrication pro-
cedure of the hybrid platform for optical absorption and for
SERS detection.
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Fig. 1 Schematic illustrations of the fabrication procedure of Au/
graphene/Cu structure for optical absorption and Raman detection of
graphene (the top half) and Au/analyte/graphene/Cu hybrid platform for
SERS of the analyte (the lower half).

Scanning electron microscopy (SEM, JSM-6700F) was used
to characterize the morphology of Au films. A UV-VIS-NIR
spectrometer (Solid3700, Shimadzu) was used to measure the
absorbance of graphene on Cu before and after Au coating.
Raman spectroscopy was performed using a Renishaw inVia
Raman microscope with a 532 nm excitation laser (1 mw
power) and a x50 objective (1 pm? spot). The integral time was
10 s for graphene and 1 s for the samples with dye molecules.
Spectral analysis was performed with a grating of 1800 lines
per mm. We repeated the Raman test ten times for each posi-
tion to extract the average Raman spectra.

In finite element simulations, a plane lightwave with a
polarized electric field along the x-axis was launched normally
from the top (as shown below in the inset of Fig. 3a). The per-
fectly matched layer was used for the absorbing boundary con-
ditions in the vertical direction, while in the horizontal
direction periodic boundary conditions were used to stand for
an infinite Au Nis array.*"** The dielectric constants of Au and
Cu were calculated using the Drude model,*® and the complex
refractive index n = 3 + ¢;(4/3)i (c; = 5.446 pm™" and 1 is the
wavelength) was used for graphene.*

3. Results and discussion

Fig. 2a shows the optical absorption spectra of Au/graphene/
Cu hybrid platforms with six different thicknesses of Au films.
The absorbance of bare graphene/Cu shows a strong absorption
edge at wavelengths shorter than 550 nm due to the interband
transitions of Cu.*> With Au deposited on the surface of gra-
phene/Cu, the hybrid system presents a much stronger absorp-
tion. As the Au film thickness increases, the absorption at
550 nm shows a sharp increase and then a gradual decrease
(Fig. 2b). Such an observation suggests that, in addition to the
absorption of Cu foils, the coupling between Au Nis and gra-
phene may contribute to the absorption of the Au/graphene/Cu
hybrid system. Thicker Au coating on the hybrid platform causes
increased scattering and losses and thus reduced absorption.>*°

At the same time, another peak at low-energy regions is
observed from the curves of Au coated hybrid structures
(Fig. 2a), which corresponds to the excitation of localized
surface plasmon resonance (LSPR) due to the existence of

Nanoscale, 2014, 6, 13754-13760 | 13755
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Fig. 2 (a) Absorption spectra of graphene/Cu foils before and after
depositing different thicknesses of Au films. ‘G’ stands for graphene. (b)
Absorbance values at both 550 nm and LSPR wavelength 1o when
depositing different thicknesses of Au films. (c) Wavelength shift of LSPR
with respect to the thickness of Au coating.

Au Nis.?” The SEM images of Au coated on graphene/Cu foils
shown in Fig. S11 demonstrate that the Au film essentially con-
sists of Au Nis with the average size increasing with deposition
duration of Au films. The larger nanoisland size and relatively
smaller inter-island space for relatively thick Au coatings led to
much stronger plasmon coupling between Au Nis.>*3%3¢
However, the losses increase when the thickness of Au films is
further increased in the hybrid system. The combination of
increased coupling and increased loss explains the observation
that the magnitude of absorbance at the resonant wavelength
Ao first increases and then decreases with the thickness of Au
films (Fig. 2b). When the Au film is thick enough, e.g. 18 nm
in our experiments, the deposited Au tends to form a continu-
ous film,* leading to the decreased absorption with weak elec-
tric field enhancement. In addition, the increased losses due
to the increased scattering, grain surface effect and increase of
Nis size in the thick Au films result in the decrease in the
absorption and the broadening of the plasmonic peak.’® Such
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an increased size of Au Nis in thicker Au films explains the
red-shift in the resonant wavelength as shown in Fig. 2¢.>* The
shift is up to 445 nm for the hybrid platform with Au thickness
from 2 to 18 nm, making the resonant wavelength shifting
from visible light to near-infrared regions, consistent with pre-
vious reports.>**°

Numerical simulations based on the finite element method
were performed to investigate the plasmonic effects of Au Nis
in the hybrid structure.®?*™° In a typical configuration, a per-
iodic Au particle array with the diameter d of 24 nm and
period p of 30 nm (mimicking the dimension of 4 nm Au in
the experiments) was placed on the surface of the semi-infinite
Cu substrate with a 1 nm thick graphene embedded in
between. Fig. 3a shows the simulated absorbance as a function
of incident wavelength. The normalized electrical field inten-
sity distributions in the xz and xy planes associated with the
corresponding absorption are illustrated in Fig. 3b and c. As
we can see, the electric field is intensely enhanced with the
existence of Au Nis. The most intense electric field is distribu-
ted at the interface between graphene and Au Nis and is con-
fined in the vertex of Au Nis close to graphene, which is
responsible for the high-energy absorption. In contrast, the
low-energy resonant peak is caused by the enhanced electric
field confined within the inter-space of Au Nis, which is
characteristic of LSPR.>***' Due to the strongly enhanced elec-
trical field at the interface of Au/graphene and between Au Nis,
the absorption is largely enhanced in the hybrid system. The
simulated electrical field intensity distributions for continuous
Au film are shown in Fig. S2,T explaining the reduced absorp-
tion in Fig. 2b. It is worth pointing out that the calculated
absorbance only gives a qualitative explanation for the experi-
mentally observed absorption spectra; a more detailed analysis
considering island distributions and different interface con-
ditions is needed for better fitting to actual situations.

The Raman scattering of graphene has been enhanced as a
result of a strongly enhanced electric field due to the presence
of Au Nis, as shown in the Raman spectra in Fig. 4 for the

Z=8 nmIEJE |

IEVE, (€)Z=0 nmIEVE,

Fig. 3 (a) Calculated absorbance of graphene/Cu and Au Nis/graphene/Cu hybrid systems with Au particle period p = 30 nm, diameter d = 24 nm
and a graphene thickness of 1 nm. The inset shows the configuration of Au Nis/graphene/Cu for simulations. Simulated electrical field intensity dis-
tributions in the (b) x—z plane and (c) x—y plane at z = 0 nm and z = 8 nm associated with the indicated positions in (a). In all field distribution

images, the scale bar is 10 nm.
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Fig. 4 Raman spectra of graphene on Cu foils before and after deposit-
ing different thicknesses of Au films.

Au/graphene/Cu hybrid platform. It was reported from the
Raman spectra that the nature of graphene was not altered by
depositing Au on the surface of graphene.*® The position and
full width at half maximum (FWHM) of G or 2D band are sum-
marized in Table 1, with the EF (defined as the ratio of the
intensity of G (I(G)) or 2D band (I(2D)) after Au deposition to
that before Au deposition) and I(2D)/I(G) ratio presented. It
can be seen that both G and 2D bands shift to larger wavenum-
bers after Au is coated on graphene, suggesting a p-doping
in graphene.*” This observation is consistent with previous
theoretical and experimental findings that electrons are trans-
ferred from graphene to Au driven by the work function differ-
ence between Au and graphene.”? All the 2D bands in the
graphene Raman spectra exhibit a single Lorentzian shape
with FWHM less than 30 cm™", which are signatures of single
layer graphene.'® The emergence of the D peak at around
1350 cm™" and D’ peak at around 1620 cm™" is caused by the
introduction of defects during Au coating.'>** Similar to the
absorption properties discussed in the simulation, the EF of
Raman signals varies with the thickness of Au films, which
can be attributed to combined effects of the coupling between
graphene and Au with different Au Nis sizes and inter-island
spaces, and diverse light-graphene interactions.** The highest
EF is 49.2 for the G peak or 34.4 for the 2D peak when 4 nm
Au is deposited on graphene. In this way, the Raman signals of
graphene on Cu foils are largely enhanced without transfer

Table 1 Position, EF, FWHM and [(2D)/I(G) ratio of graphene with
different thicknesses of Au films determined from the spectra in Fig. 4

Position FWHM
(em™) EF (em™)
Au
thickness G 2D G 2D G 2D I(2D)/
(nm) band band band band band band I(G)
0 1585 2687 — — 20 29 1.7
2 1587 2690 25.2 23.4 22 28 1.6
4 1587 2691 49.2 34.5 28 26 1.2
6 1588 2694 35.2 26.4 26 27 1.3
8 1590 2692 19.7 18.7 20 30 1.6

This journal is © The Royal Society of Chemistry 2014
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needed, which may open up more applications of graphene on
grown Cu substrates. Moreover, the EF of the G band is higher
than that of the 2D band for the Au thicknesses studied, indi-
cating that the G band is susceptible to SERS, consistent with
previous reports.”® The different response in the EF for G and
2D bands leads to the smallest value of 1.2 for the 1(2D)/I(G)
ratio from the hybrid platform with 4 nm Au, which might be
related to the doping effect, as suggested in ref. 45.

The enhanced absorption and Raman scattering of the
hybrid platform make them suitable substrates for SERS.
Fig. 5a shows the SERS spectra of RhB imbedded between
Au and graphene/Cu with concentrations increasing from
1x 107" to 1 x 107> M. The Raman signal is still observable
for molecule concentrations down to 10~'° M. Fig. 5b plots the
SERS intensity at 1649 cm™" depending on the concentration
of RhB and a more detailed curve for Raman intensity and
molecular concentration is shown in Fig. S3.1 The detection
limit of 107'° M was also obtained from R6G on the hybrid
substrate (Fig. S4, ESIT). The detection limit of 107'° M for
R6G in the proposed structure has a ~100-fold decrease com-
pared to our previously studied graphene-Au nanosphere
hybrid system (the detection limit for R6G is 10~° M),*® indi-
cating highly improved sensitivity. The higher sensitivity is
considered to be caused by the coupling effect between Au Nis
and graphene on Cu foils with a strong electric field enhance-
ment.*®>*” By embedding an analyte between graphene and Au,
the hybrid system could protect the analyte from (or decrease)
photo-induced damage and make the analyte have better
contact with graphene to further improve the sensitivity as the
chemical enhancement arising from n-n staking and charge
transfer between graphene and dye molecules may benefit the
Raman enhancement.”®*” The Raman spectra of 107> M RhB
and R6G on graphene/Cu foils without Au deposition are com-
pared in Fig. S5. The SERS EF has been defined by EF =
(Isers/Touik) % (Nbuik/Nsers),'® where Isgrs and Iy are the peak
intensities of the 107° M in 4 nm Au/analyte/graphene/Cu foils
and 107> M on graphene/Cu foils at 1649 cm™" for RhB or
612 cm™" for R6G, Nggrs and Ny are the numbers of RhB or
R6G molecules excited by the laser beam in the hybrid plat-
form and on the graphene/Cu foils, respectively. In this way,
the calculated EFs are 5.14 x 10° for RhB and 8.46 x 10° for
R6G, respectively. The 4 nm Au/graphene/Cu foil was also
employed to detect Sudan dyes. Sudan dyes are classified as
category 3 carcinogens by the International Agency for Research
on Cancer (IARC) due to the fact that they are suspected of
being human carcinogens though they are widely used as food
additives.*® The Raman spectra in Fig. 5¢ and d show that both
Sudan III and Sudan IV can be detected on the hybrid platform
with a concentration of as low as 107" M as well. The intensity
versus concentration curves for both Sudan III and Sudan IV
are shown in Fig. S6,1 presenting a similar trend with RhB.
Considering the largely lowered CVD production cost of gra-
phene on Cu and the no-transfer technique we proposed, the
detection limit of 0.1 nM for RhB, R6G, Sudan III and Sudan IV
could be valuable when compared to those reported with a
similar metal morphology for dye molecule detection.***>

Nanoscale, 2014, 6, 1375413760 | 13757
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Fig. 5 (a) SERS spectra of RhB (4 nm Au/RhB/graphene/Cu) with six different molecular concentrations. * marks the G band of graphene. (b) The
intensity of SERS signal at 1649 cm™ versus the concentration of RhB. SERS spectra of (c) Sudan Ill (4 nm Au/Sudan Ill/graphene/Cu) and (d) Sudan
IV (4 nm Au/Sudan IV/graphene/Cu) with six different molecular concentrations.
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Fig. 6 (a) Spatial resolved Raman intensity mappings of the 1649 cm™ peak of 10~ M RhB on the Au-graphene/Cu hybrid system with (region B)
and without 4 nm Au (region A) on the surface. (b) Raman spectra of 10~ M RhB taken from the mapping area of (a) marked by boxes containing
both regions A and B. Stability of (c) 10~ M RhB in the structure of 4 nm Au/RhB/graphene/Cu and (d) 1072 M RhB on the surface of graphene/

Cu foils, respectively.
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Uniformity, reliability and stability are critical for the practi-
cal application of SERS substrates. Fig. 6a shows the Raman
intensity mapping image of 10”7 M RhB at 1649 cm™" in the
area of 14 x 14 pm® on the RhB/graphene/Cu foils (region A)
and on 4 nm Au/RhB/graphene/Cu foils (region B). With such
a low concentration, the Raman signals of RhB are not distin-
guished on the RhB/graphene/Cu foils while they show highly
consistent curves from different sites (Fig. 6b) on Au/RhB/
graphene/Cu foils. The higher sensitivity for region B than
region A clearly demonstrates that the strongly enhanced elec-
tric field due to the presence of Au Nis plays an important role
for improved SERS intensity, which is consistent with previous
reports.’”*” The time-dependent measurement was carried out
on the SERS of 1077 M RhB on 4 nm Au/graphene/Cu foils or
on that of 107> M RhB on graphene/Cu foils for 300 s, as
shown in Fig. 6¢c and d. It can be seen that the Raman inten-
sity decreases quickly on graphene/Cu foils, but it is more
stable on 4 nm Au/graphene/Cu foils.

4. Conclusions

In conclusion, we have developed a simple method to enhance
the Raman signals of as-grown graphene on Cu foils. An
enhancement in graphene Raman signal of up to 49 fold has
been achieved by depositing a 4 nm thick Au film due to the
coupling between graphene and the plasmonic modes of Au
Nis. The plasmonic effect of the Au/graphene/Cu hybrid plat-
form has led to the strong absorption at the resonant wave-
length and the significant red shift in resonant wavelength
when the thickness of Au films is increased from 2 to 18 nm.
Finite element numerical simulations identified the role of Au
Nis on graphene, leading to an efficient electric field enhance-
ment. In addition, the hybrid systems have been used as SERS-
active substrates, which shows an enhancement of ~10° for
RhB and R6G with uniform and stable response and a detec-
tion limit of as low as 0.1 nM for Sudan III and Sudan IV. The
results may demonstrate promising applications for SERS
detection and open up new opportunities in developing more
applications of as-grown graphene on Cu foils.
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