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By simply coating graphene films on Au nanoparticles, the optical properties of the hybrid 

films are investigated. It is found that the coverage of a monolayer graphene film leads to a 

decreased transmittance of up to 15.8% in the visible range, much higher than the 2.3% 

transmittance loss for intrinsic graphene. At the same time, the plasmonic resonance of the 

hybrid films experiences a red-shift in resonant frequency and a broadening in the transmission 

dip. By means of finite element simulations, these observations are attributed to the strong 

light-matter interaction at the interface between graphene and Au nanoparticles, as indicated 

by the increased absorption cross section and higher electric field intensity. The electron 

transfer between graphene and Au nanoparticles is confirmed by high resolution X-ray 

photoelectron spectroscopy studies. Furthermore, the enhanced electromagnetic hot spots at the 

interface between graphene and Au nanoparticles make such graphene-Au nanoparticles hybrid 

films cost-effective and high-performance surface-enhanced Raman scattering substrates for 

detecting organic molecules such as rhodamine-6G, for which an enhancement factor of ~107 is 

achieved.

1. Introduction 

Graphene, a flat monolayer of sp2 carbon atoms in a hexagonal 

lattice configuration,1 continues to attract intensive interest 

because of its excellent optical2,3 and electronic properties,4,5 

which make graphene promising for applications in photonic or 

optoelectronic devices, such as photodetectors,6 

phototransistors7 and optical modulators.8 The light absorption 

of pristine graphene maintains at a level of 2.3%, independent 

on wavelength in the visible and near infrared range, which has 

triggered a mass of research using graphene as transparent 

conducting films.9 However, such a weak and wavelength-

independent absorption in the visible range may cause 

substantial restrictions and challenges for electro-optical and 

all-optical applications where controlling light absorption at 

specific wavelengths is needed.10,11 On the other hand, due to 

the unique and tunable optical properties of localized surface 

plasmons, metallic plasmonic nanostructures have been 

investigated for decades and are believed to be one of the most 

promising candidates for applications in photodetectors,12 

photo-diagnostics and photothermal therapy,13,14 surface-

enhanced Raman scattering (SERS)15 and molecular imaging 

and sensing.16,17 Thus combining graphene and conventional 

metallic plasmonic nanostructures has been an effective way to 

enhance the light-matter interaction in visible wavelengths, 

which could excite potential applications in many fields. For 

example, hybrid films of graphene and plasmonic metallic 

structures have been utilized in photovoltaic devices18 or high-

speed optical communications12 to simultaneously enhance the 

incident light absorption and the carrier separation efficiency 

which mainly relies on the high carrier mobility in graphene. 

Due to the excellent bio-compatibility and chemical-stability of 

graphene, considerable efforts have been devoted to graphene-

based SERS sensors towards future techniques for the 

identification and detection of chemical and biological species 

in a label-free environment.19,20 

  In graphene-based SERS configurations, graphene plays 

multiple roles such as a fluorescence quencher, an additional 

chemical enhancer, a molecule enricher and a building block as 

a flat surface substrate by the virtue of its two-dimensional (2D) 

structure.21 It has been accepted that the enhancement in the 

local electromagnetic field in the hybrids mainly contributes to 

SERS signals of adsorbates, in addition to graphene-related 

weak chemical enhancement.22 In most graphene-based SERS 

works metal nanostructures were loaded on graphene in liquid 

systems.19,23,24 Since the direct contact between molecules to be 

detected and bare metal nanoparticles is inevitable in the liquid-

based graphene-metal hybrids, the SERS detection in liquids 

would have to suffer the following disadvantages: (1) 

ambiguous mechanism explanations such as hot spots effect 

caused by nanoparticle aggregates, chemical adsorption-

induced vibrations, charge transfer between metal and 

molecules; (2) a false positive detection due to the interference 

of impurities in complex solution system; (3) unfavorable 
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disturbances such as photo-induced damages and metal-

catalyzed side reactions. Recently, hybrid films consisting of 

graphene layers and metallic nanostructures have been 

developed en route to lower detection limits and facile 

detection realization. For example, Zhu et al. transferred 

graphene on Au nanovoid arrays made by sphere templates25 

and Wang et al. fabricated graphene/Au nano-pyramids hybrids 

via standard lithography26 for SERS detection of rhodamine-6G 

(R6G) with enhancement factors of 103 and 1010, respectively. 

A simpler and cost-effective fabrication of graphene-metal 

hybrids SERS sensors is desired for a reliable and potable 

detection with high accuracy and good stability. 

  In present study, we fabricated graphene-coated plasmonic 

nanostructures by simply coating graphene layers onto Au 

nanoparticles (NPs) to detect R6G with a large enhancement 

factor of ~107. From such graphene-nanoparticles hybrid films, 

we observed a dramatic enhancement of the light-matter 

interaction, enabling a decrease in the light transmittance of up 

to 15.8% and significant plasmon resonance frequency red-

shifts. The effects of size and density of Au NPs, and number of 

graphene layers were investigated. The experimental 

observations were further explained by numerical simulations 

based on finite element method (FEM) theory. Due to the 

increased electromagnetic field and the intrinsic chemical 

enhancement of graphene, the hybrid films have been found an 

excellent SERS substrate. 

2. Materials and methods 

2.1 Chemicals and materials 

Chloroauric acid (HAuCl4•4H2O, 99.9%), sodium citrate 

(Na3C6H5O7•2H2O, 99.8%), hydrogen peroxide (H2O2, 30%), 

sulfuric acid (H2SO4, 98%), ethanol, acetone, were purchased 

from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 

3-aminopropyltriethoxysilane (3-APTS) and rhodamine-6G 

(R6G) were obtained from Sigma-Aldrich. All of these reagents 

were used without further purification. Ultrapure water (18.2 

MΩ·cm) was produced using a water purification system 

(MERCK Millipore Direct-Q3). 

2.2 Synthesis and deposition of Au nanoparticles 

Au NPs were prepared by the chemical reduction of chloroauric 

acid with sodium citrate. The size of Au NPs was tuned by 

changing the volume of sodium citrate solution.27 To deposit 

Au NPs, various substrates were treated with H2SO4/H2O2 (3:1 

v/v) at 80 °C for 30 min to derive a hydroxyl surface. Then the 

substrates were immersed in 10% 3-APTS ethanol solution for 

2h and fully modified with –NH2 end groups. Unbound 

redundant 3-APTS monomers were removed by being rinsed 
profusely with ethanol. The 3-APTS-modified substrates were 

immersed into colloidal Au NPs then rinsed profusely with 

ultrapure water and dried in air, resulting in the formation of a 

layer of Au NPs on the substrate surface. The cover density of 

Au NPs was controlled by varying the immersion duration in 

the Au NPs colloidal suspension.27 

2.3 CVD-grown monolayer graphene transfer 

Graphene was synthesized by atmospheric pressure chemical 

vapor deposition (CVD) at 1000 °C on copper foils with 

methane as carbon source.28 Subsequently, the graphene films 

were transferred onto the Au NPs coated substrates by using the 

thermal release tape method.29 

2.4 Characterization and instruments 

Scanning electron microscopy (SEM, JSM-6700F) and atomic 

force microscopy (AFM, DI Innova) were used to characterize 

the morphology of Au NPs deposited on substrates, before and 

after graphene transfer. Transmission electron microscopy 

(TEM, JEOL 2010) was utilized to characterize the size and 

structure of Au NPs. UV-vis absorbance and transmittance 

spectra were recorded with a Shimadzu Solid 3700 

spectrometer. X-ray photoelectron spectroscopy (XPS) was 

utilized to determine the core-level binding energy (BE) profile 

of elements. The XPS spectra of graphene/Au/ITO and Au/ITO 

samples were measured with photon energy of 380 eV in the 

beamline 09A1 at National Synchrotron Radiation Research 

Center (NSRRC), Taiwan. The precise energy resolution (< 

0.10 eV) was achieved by combination of the spherical grating 

monochromator (SGM) with a line density of 400 1/mm and 

PHI electron energy analyzer (Model 1600/3057) with a pass 

energy of 5.85 eV. After being calibrated with XPS spectra of 

standard HOPG and Au samples, the photoelectron spectra 

were subtracted with the background intensity around the pre-

edge range and were normalized to the background intensity 

around the far-edge range to avoid different photon flux effects. 

Raman measurements were conducted with a Renishaw inVia 

Raman Microscope equipped with a CCD detector with an 

excitation wavelength of 532 nm. For SERS detection, 2 µL 

aliquots of R6G in ethanol with different concentrations were 

dropped and dispersed onto as-prepared substrates and dried in 

air. The Raman spectra were recorded using a 532 nm laser 

with 0.5 mW power and a 50× objective for all samples. The 

integral time was 1 s with accumulation of 5 rounds. 

2.5 Finite element numerical simulation method 

To rationalize the effect of the graphene on the plasmonic 

properties of the hybrid films, FEM numerical electromagnetic 

simulations have been performed using Comsol Multiphysics 

(COMSOL 4.3a). In the simulations, Au hemispheres with a 

diameter of 30 nm, with or without a layer of conformed 

graphene, was placed on the surface of a semi-infinite glass 

substrate. A plane light-wave was launched perpendicular to the 

substrate with a single polarized electrical field, Ey. The 

simulation area was 60 nm×60 nm in the horizontal dimension, 

and the computational domain was considered as a single unit 

cell. Perfectly matched layer (PML) absorbing boundary 

conditions were adopted in the boundary. The absorption cross 

section was calculated using 

( ) ( ) dVE
c 2

"0

abs
P λλε

λ
επ
∫=

, (2) 

where λ is the incident wavelength; c is the speed of light; ɛ0 is 

the vacuum permittivity; ɛ” (λ) is the imaginary of the 
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dielectric constant and E is the electric field, the integral is 

taken over its volume. The dielectric constant of Au was 

calculated using Drude model.30 The refractive index of 

graphene in the visible range is governed by ng=3.0+C(λ0/3)i, 

where the constant C≈5.446 µm−1 is implied by the opacity 

measurement by Nair et al.,31 and λ0 is the vacuum wavelength. 

The thickness of monolayer graphene was set as 0.5 nm; 

multiple graphene layers were considered as homogenous 

stacking of monolayer graphene. 

3. Results and discussion 

3.1 Fabrication and characterizations of the graphene-Au 

nanoparticles hybrid films 

The fabrication procedure of the graphene-coated Au NPs is 

schematically illustrated in Fig. 1a. For the deposition of Au 

NPs, 3-aminopropyltriethoxysilane (3-APTS) was first linked 

onto the surface of the chemically treated substrates to form a 

monolayer of APTS with -NH2 end groups. When the substrate 

was immersed in the Au NPs colloid suspension, the Au NPs 

were attached onto the surface by the interaction between 

particles and -NH2 end groups, resulting in a uniform sub-

monolayer deposition of Au NPs on the substrate, as shown in 

the scanning electron microscopy (SEM) and atomic force 

microscopy (AFM) images in Fig. 1b and d, respectively.  

The as-synthesized Au NPs have an average size of ~30 nm, as 

confirmed by transmission electron microscopy (TEM) (inset of 

Fig. 1b); other two types of Au NPs with average sizes of ~15 

nm and ~45 nm were also fabricated (see TEM images in Fig. 

S1†). By changing the immersing duration, the cover density 

for the ~30 nm Au NPs has been tuned as about 69, 122, 221, 

343 and 408 particles per µm2 (No./µm2) (see SEM images in 

Fig. S3†). The ratio of Au NPs in aggregates was calculated 

and shown in Table S1†. We can see that the ratio falls in 

between 13.22-14.38 % for the cover density of from ~69 to 

~343 No./µm2, while the highest cover density of ~408 

No./µm2 led to a higher aggregation ratio of 19.63%.  

Graphene grown by chemical vapor deposition (CVD) was 

transferred onto Au NPs on various substrates. Fig. 1c shows 

the typical SEM image of the graphene-Au NPs hybrid films. 

The area with graphene cracks was selected and zoomed to 

identify the existence of graphene by contrast. Due to the 

enhanced conductivity, graphene covered region has a darker 

contrast in the second electron imaging mode. The SEM image 

in Fig. S2a† further reveals the successful transfer of large-area 

graphene on top of Au NPs. The Raman spectrum in the inset 

of Fig. 1c confirms the monolayer nature of the graphene 

transferred on Au NPs. The intensity ratio of 2D/G is 3.16 and 

the symmetric 2D band is centered at ~2680 cm-1 with a full 

width at half maximum of ~32 cm-1, which are typical features 

of monolayer graphene. The absence of detectable D peak 

suggests the absence of microscopic disorder in graphene after 

being transferred on Au NPs. The Raman signals from 

monolayer graphene (Fig. S2b†) placed on the top of Au NPs 

have been dramatically enhanced by the plasmonic 

nanostructure as reported by others.25 The graphene cut from 

the same growth was transferred onto 300 nm SiO2/Si or quartz 

substrates to further confirm the large-area completeness and 

uniformity of the monolayer graphene using optical microscope 

or transmittance spectrum, as shown in Fig. S2c† and S2d†, 

respectively. 
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The topography of graphene-Au NPs hybrid films was 

checked with AFM (Fig. 1e), with that of bare Au NPs as 

reference (Fig. 1d). The AFM image in Fig. 1e reveals the 

uniform surface morphology after graphene was coated on the 

Au NPs, leading to a smaller roughness (arithmetic average 

deviation) of 3.25 nm compared with that of 8.35 nm for bare 

Au NPs. Furthermore, we can see that the graphene bridges 

dispersive Au NPs with no significant breakage on the scale 

scanned and deforms itself to conform to the geometry of Au 

NPs. Such a close contact between graphene and the underlying 

Au nanostructures is expected to improve the electromagnetic 

hot spots at the interface between graphene and Au, which may 

largely contribute to the enhanced Raman signals of adsorbates 

on the hybrid films, as discussed below.  

  To further explore the interface between graphene and Au NPs, 

high-resolution X-ray photoelectron spectroscopy (XPS) with a 

synchrotron photon source has been done. To do XPS 

measurements, conductive ITO has been selected as substrates 

for depositing Au NPs, with or without graphene coating. The 

fabrication procedures were kept exactly same. Fig. 2a shows 

the Au 4f core-level spectra of Au/ITO and G/Au/ITO as 

compared with that of a thick Au film on a Si substrate. The 

binding energies (BEs) of Au 4f7/2 and 4f5/2 states in the thick 

Au/Si measured are 84.1 and 87.8 eV, respectively, in a good 

agreement with Au metal measurement.32 With respect to 

metallic Au0 state in think Au film, 30 nm Au NPs on ITO 

behave an up-shift in the BEs of 4f7/2 and 4f5/2 states by 0.2 eV. 

The shift is ascribed to the -NH2 end groups bonded to the 

surface of Au NPs (Fig. 2c), consistent with the result of Au 

nanocrystals with amine groups.33 After being coated with 

graphene, the XPS spectrum of graphene-coated Au NPs has 

the same peak width and BEs as those from Au/Si; the BE 

peaks show a down-shift compared to that of bare Au NPs 

without graphene. As the work functions of Au (~5.31 eV) and 

graphene (~4.48 eV) are different,34 the electron transfer from 

graphene to Au NPs may occur for the Fermi energy alignment. 

Fig. 2b shows C 1s spectra of G/Au/ITO, G/ITO, and standard 

HOPG sample. The chemical environment of HOPG is 

considered as sp2-hybridized carbon, showing an intensive peak 

at a BE of 284.4 eV. The C 1s XPS peak of G/ITO shows a 

broadened width and an upshift of 0.5 eV relative to that of 

HOPG. Although the chemical and lattice structure of graphene 

is analogous to the single layer HOPG, it is reasonable to see 

the electron transfer response when the delocalized π electrons 

in the honeycomb structure of graphene are in contact with the 

oxygen vacancy in the ITO substrate.35,36 The nearly same C1s 

peak features in G/Au/ITO can be explained by the good 

contact between graphene and Au NPs, which provided an 

efficient electron transfer path from graphene to Au, as 

supported by the good morphological conformance in AFM 

results. The high BE side and the shoulders at BEs of 287.0 and 

289.5 eV result from the surface carbon adsorption on ITO; for 

the reason, they are almost equal in G/Au/ITO and G/ITO while 

the probing depth of X-ray beam is larger than the thickness of 

a monolayer graphene. As schematically described in Fig. 2c, 

whereas the π electrons of graphene layer are driven to transfer 
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into the oxidized Au state of G/Au/ITO, the consequence of 

~0.5 eV upshift of C 1s state is addressed in the upper 

monolayer graphene. Such an up-shift in C 1s peak compared 

to the case in HOPG is consistent to the down-shift in the Au 4f 

state of graphene-Au NPs on ITO, confirming the electron 

transfer from graphene to Au NPs. 

3.2 Optical properties of graphene-Au nanoparticles hybrid 

films 

The optical transmission of Au NPs on quartz substrates has 

been significantly modulated by the graphene layers covered. 

As can be seen from Fig. 3a, deepening, broadening and red-

shift of the plasmonic resonance dip was observed upon the 

coating of monolayer graphene, accompanied by a large 

decrease in the absolute transmittance of about 15.8%. Such a 

transmittance decrease is much higher than the typical 2.3% 

transmittance loss for monolayer graphene in the same 

wavelength range. Interestingly, once the first layer of graphene 

was transferred, the addition layers of graphene coating did not 

change the transmittances much as the first layer. In fact, for 

the second, third or fourth transfer, the decrease in the 

transmittance linearly depends on the number of graphene 

layers and the resonance wavelength shows only a slight 

change, as shown in Fig. 3b and S3†. Furthermore, when the 

size of Au NPs is fixed, the transmittance at plasmonic 

resonance for the hybrid films consisting of monolayer 

graphene shows a monotonous increase with the coverage 

density of Au NPs of up to ~343 No./µm2, then a decrease for 

the higher density of ~408 No./µm2 (Fig. 3c and S3†). The 

decreased transmittance for the very high density of Au NPs 

may be attributed to the aggregation of NPs, as shown in Fig. 

S3d† and Table S1†. The resonance wavelength shift upon 

graphene coverage was studied as well. For the lowest density 

Au sample, the transmission dip experiences a smaller 

wavelength shift (~12 nm) than the others (~17 nm) (Fig. 3c 

 a) 

300 400 500 600 700 800
40

50

60

70

80

 

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

Wavelength (nm)

 Au

 Au+1G

 Au+2G

 Au+3G

 Au+4G

0 1 2 3 4

55

60

65

70

75

No. of graphene layers

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

528

532

536

540

544

 W
a

v
e

le
n

g
th

 (
n

m
)b) 

c) 

0

4

8

12

16

20

 W
1
 (

n
m

)

<

T
1
 (

%
)

 

 

 Density (No./um2)
221 343 40869 122

<

0

4

8

12

16

20

Page 5 of 9 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Article Journal of Materials Chemistry C 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

and S3†), indicating that the interaction between light and the 

hybrid films is heavily affected by the contact areas between 

graphene and plasmonic Au NPs. In addition, Fig. S4† shows 

that the trend of the decrease in the transmittance and the 

resonance wavelength red-shift remains similar for the 

graphene-coated Au NPs with the average size of nanoparticles 

of ~15 nm and ~45 nm, respectively. 

  As we can see below, the modulated and suppressed optical 

transmittance of graphene-Au NPs hybrid films can be 

explained by the changes in the surroundings dielectric function 

and refractive index of Au plasmonic nanoparticles.37 Graphene 

effectively mimics a dielectric material in the visible and near-

infrared wavelength ranges.38 Similar to the case where a 

plasmonic nanostructure embedded in the medium with a 

higher refractive index,37,39 the red-shift in the plasmonic 

resonance and suppressed transmittance in the graphene-Au 

NPs hybrid films in this work are attributed to the presence of 

graphene and the graphene Ohmic loss.25 As the experimental 

results show, the coupling between charge carriers in first layer 

of graphene and the surface plasmons of Au NPs is much 

stronger than the localized surface plasmon resonance (LSPR) 

of individual nanoparticles. Such a hybrid film therefore 

provides a platform for the chemical sensing, e.g. by enhanced 

Raman scattering as described below. As we can see from the 

following discussion, the reason for the sensitivity enhancement 

lies in the facts that LSPR is coupled by a diffractive wave 

propagating along the surface of the sample, and that the wave 

spread is mainly affected by conductivity and dielectric 

permittivity of graphene.40 

  Fig. 4a shows the finite element simulated absorption cross 

sections as the function of incident wavelength for Au NPs on a 

glass substrate without graphene or with one, two and three 

layers of 0.5 nm-thick graphene. The calculated plasmonic 

resonance wavelength is approximately 530 nm for bare Au 

NPs on the glass substrate, matching well to the experimental 

observations. Coating a monolayer graphene on the Au 

hemisphere results in a dampening of the plasmonic resonance 

and thus leads to a resonance shift towards longer wavelengths 

and a broadening of the resonance peak as well. The increased 

absorbance near the resonance wavelength is caused by the 

enhanced light-matter interaction, indicated by the increased 

electric field intensity of plasmonic resonance as shown in Fig. 

4b and with more details in Fig. S5†. Fig. 4b shows that the 

maximum electric field intensity around Au NPs coated with 

monolayer graphene is increased to approximately 4.4 from the 

value of 3.5 for the bare Au NPs, corresponding to a 19.36-fold 

enhancement of the optical absorption, compared to the 12.25-

fold enhancement for bare Au NPs as estimated from Formula 

(1). Since the reflection of graphene can be neglected for a 

normal incidence,31 the calculated absorption cross section thus 

provides a qualitative explanation for the decrease in 

transmittance for graphene-Au NPs hybrid films observed in 

experiments. In addition, by comparing the electromagnetic 

field distribution of the Au NPs before and after graphene 

coating, we can see from Fig. 4b that the electromagnetic field 

is more confined in a narrower region for the graphene-Au NPs 

hybrids, due to the coupling of graphene and plasmonic Au NPs.  

3.3 SERS properties of the graphene-Au nanoparticles hybrid 

films 

It is well-known that noble metals such as Ag and Au 

nanocrystals can serve as excellent substrates for SERS based 

on the enhanced local electromagnetic field due to the surface 

plasmons. As a substrate potentially useful for detecting Raman 

signals of molecules, graphene not only had capability of 

adsorbing molecule and quenching fluorescence background, 

but also could demonstrate chemical enhancement based on 

charge transfer to enhance the Raman scattering of the 

molecules.21 In this work, R6G was chosen to probe the SERS 

effect of the graphene-Au NPs hybrid films. Fig. 5a shows the 

average Raman intensities (collected from 30 spectra taken 

from random spots on each film) of 2 µL R6G ethanol solution 

with various molecular concentrations immobilized on 

monolayer graphene-Au NPs hybrid films. The Raman peaks at 

612 cm-1, 774 cm-1, 1186 cm-1, 1360 cm-1, 1506 cm-1, and 1648 

cm-1 are in good agreement with previous reports for R6G.26 

The Raman signal was still visible for a R6G concentration of 

as low as 10-8 M. The SERS enhancement factors (EF) for R6G 

on the graphene-Au NPs hybrid films were calculated 

according to the equation EF= (ISERS/Ibulk)(Nbulk/Nsurface), where 
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ISERS and Ibulk are the 612 cm-1 peak intensities obtained from 

10-8 M R6G on the hybrid films and from 10-2 M R6G obtained 

on a quartz substrate (Fig. 5b), respectively. NSERS and Nbulk are 

the numbers of R6G molecules excited by the laser beam on the 

hybrid films and quartz substrate, respectively. An EF of about 

~107 was calculated for the graphene-Au NPs hybrid films with 

Au NPs cover density of ~343 No./µm2. Compared to the bare 

Au NPs film (Fig. 5 and S6†), the graphene-Au NPs hybrid 

film shows an enhancement of 14-fold in EF values. The 

enhancement factors for the bare Au NPs samples and graphene 

coated Au NPs hybrids have been calculated for different cover 

densities of Au NPs and shown in Fig. S7†. 

  Such a graphene related enhancement could be due to 

graphene-induced fluorescence quenching, adsorption 

enrichment, chemical enhancement and electromagnetism 

enhancement from the coupling of charge carriers in graphene 

and surface plasmons in Au NPs. It has been reported that 

monolayer graphene facilitates charge transfer between 

graphene and probe molecules, resulting in a vibration-mode 

dependent enhancement of 2-17 times.41 Based on graphene 

covered Au nanovoid arrays25 and Au nano-pyramids26 

fabricated with template technology, SERS enhancement 

factors of 1.8 and 10 were attributed to the introduction of 

graphene when being used to sense R6G molecules. In SERS, 

the enhancement factor could be estimated from the localized 

electromagnetic enhancement by  

4

i

4

t

E

E
≈γ

, (2) 

where Ei is the incident field intensity and Et is the field 

intensity at the location of molecules detected. Fig. S8† shows 

the simulated electrical field distributions around Au NPs with 

or without monolayer graphene transferred at the Raman laser 

wavelength of 532 nm (slightly different from plasmonic 

resonance frequency of Au). With graphene coating, the 

maximum enhancement of electrical field intensity is increased 

to 4.2, corresponding to an electromagnetic enhancement of 

about 311 for SERS. In contrast, the maximum enhancement of 

electrical field intensity and estimated electromagnetic 

enhancement are 3.7 and 187 for bare Au NPs deposited on the 

quartz substrate. 

  Additionally, we found that graphene makes the SERS 

detection more stable. Due to the large area completeness and 

chemical stability of graphene, the graphene coating in the 

hybrid films may keep most of R6G molecules from directly 

contacting with Au NPs, thus preventing R6G molecules from 

photocarbonization.42,43 On the other hand, in conventional 

SERS experiments especially for dyes, the photobleaching of 

the Raman probes induced by the laser may lead to 

uncontrollable variations of the SERS spectra with acquisition 

time and laser power.21 As shown in Fig. 6, time-resolved 

Raman spectroscopy was carried out to compare the SERS 

detection stability of the bare Au NPs and graphene-coated Au 
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NPs on the same substrate. It can be seen that the SERS signals 

intensity of R6G on the bare Au NPs decayed quickly during a 

480 s-long measurement while signals of R6G on graphene-Au 

NPs hybrids remain much more stable. This stabilization effect 

could be related to the metal-molecule isolation induced by 

surface passivation effect of graphene and/or the formation of a 

graphene-molecule complex (especially aromatic molecules) 

through π-π interactions.22 Furthermore, the high thermal 

conductivity of graphene may also contribute to the enhanced 

stability by dissipating the heat more efficiently. In fact it has 

been found that the morphology of the metal film changes after 

being exposed to a relatively large laser power while it keeps 

stable with graphene covered.43 We also carried out Raman 

studies of R6G with different concentrations (Fig. S9†) on the 

same graphene-Au NPs hybrid film substrate after it was kept 

for half a year in our lab. The Raman intensity of R6G only 

showed a little decrease (Fig. S10†). Thus the graphene-Au 

NPs hybrid films fabricated by the simple and cost-effective 

self-assembly method are able to reach the stability 

requirements in practical applications. 

  The high uniformity and reproducibility of SERS signals are 

essential for its practical application especially when the 

concentration and/or the amount of adsorbates are very low.  As 

we can see from Fig. S7† and Fig. S11†, while the SERS 

sensitivity for bare Au NPs is similar for different cover 

densities, the uniformity is improved with the cover density till 

the value of ~343 No./µm2. A higher cover density of ~408 

No./µm2 leads to deteriorated uniformity due to the higher 

degree of aggregation (Fig. S11†). The homogeneity of SERS 

signals on the hybrids films with the cover density of ~343 

No./µm2 was further investigated by performing a spatial 

resolved Raman intensity mapping across a graphene boundary 

(indicated by the dash line in Fig. 6c). The region below the 

dash line is bare Au NPs without graphene coverage. As shown 

in Fig. 6c and 6d, the SERS intensity mapping of R6G shows a 

high consistency to the Raman G peak mapping of graphene. 

Such a result clearly indicates that the presence of graphene is 

essential to the enhanced SERS detection ability for R6G 

molecules. Also, the area covered with graphene (above the 

dash line) shows a highly homogeneous adsorption for R6G, 

further making the graphene based SERS detection attractive in 

practical applications. 

4. Conclusions 

In summary, we have demonstrated enhanced the light-

graphene interaction by fabricating graphene-Au NPs hybrid 

films and investigating their optical properties. A large decrease 

in transmittance, red-shift, broadening of the plasmonic 

resonance was observed when a monolayer graphene was 

transferred on top of Au NPs. The effects of size and density of 

Au NPs, and number of graphene layers were investigated. The 

experimental observations were explained by finite element 

numerical simulations. In addition, we have demonstrated that 

the hybrid films are high-performance candidates for SERS 

applications due to the combined effects of the 

electromagnetism enhancement activity at the graphene and Au 

interface, and the surface enrichment, fluorescence quencher 

and additional chemical enhancement of graphene. Using R6G 

molecules as probes, we obtained the SERS enhancement 

factors of up to ~107 on graphene-Au NPs hybrid films, with a 

stable and homogenous response. The simple and rapid SERS 

sensor reported here may open up new opportunities in 

developing the applications of graphene in biomedical 

diagnostics, analytical chemistry, as well as biological sensing 

and imaging.  
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