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Abstract

Graphene, which has a linear electronic band structure, is widely considered as a semimetal. In the

present study, we combine graphene with conventional metallic surface-enhanced Raman

scattering (SERS) substrates to achieve higher sensitivity of SERS detection. We synthesize high-

quality, single-layer graphene sheets by chemical vapor deposition (CVD) and transfer them from

copper foils to gold nanostructures, i.e., nanoparticle or nanohole arrays. SERS measurements are

carried out on methylene blue (MB) molecules. The combined graphene nanostructure substrates

show about threefold or ninefold enhancement in the Raman signal of MB, compared with the

bare nanohole or nanoparticle substrates, respectively. The difference in the enhancement factors

is explained by the different morphologies of graphene on the two substrates with the aid of

numerical simulations. Our study indicates that applying graphene to SERS substrates can be an

effective way to improve the sensitivity of conventional metallic SERS substrates.
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1. Introduction

Surface-enhanced Raman scattering (SERS)1, 2 can increase the cross section of Raman

scattering, matching or even exceeding that of linear Rayleigh scattering through a

combination of metal-molecule chemical effects and intense enhancement of localized

electromagnetic fields around metallic nanostructures.3, 4 SERS is currently the only method

capable of simultaneously detecting a single molecule and providing its chemical

fingerprint.5 This method has the potential for high impact on biochemical sensing, such as
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DNA and bacterial detection,6–9 real-time glucose sensing for diabetes,10, 11 and in situ

identification of reaction products.12, 13 SERS has been transformed into a powerful analytic

technique, especially in recent years, due to advances in nanofabrication and increased

understanding of the plasmonic properties of nanomaterials.14–20 A host of nanoparticle or

nanohole substrates have been demonstrated with promising SERS sensitivities.21–26 SERS

can also be integrated with microfluidic components to enable fully integrated biosensing

systems.27–34

Graphene, a single sheet of carbon atoms, has an ideal 2D honeycomb crystal structure.35

Extensive π electron conjugation and delocalization give rise to the extreme physical

strength and chemical inertness of graphene. Moreover, graphene is biocompatible and has

been demonstrated to be an excellent bio-sensing material.36–38 Most of these applications

are based solely on the transport properties of graphene. However, graphene also has other

interesting properties. For example, mechanically exfoliated graphene and its chemical

derivative serving as SERS substrates have recently been demonstrated to offer signal

enhancement due to a chemical mechanism.39–46 It has also been shown that graphene can

reduce the “SERS background”47 or quench molecule fluorescence to improve Raman

signal-to-noise ratio (S/N).48, 49

Here, we present a SERS study on graphene coated nanostructures, i.e., nanohole and

nanoparticle arrays, using methylene blue (MB) as the probe molecule. High-quality, single-

layer graphene (SLG) was synthesized by chemical vapor deposition (CVD) on copper foil

and transferred to the substrates with gold nanostructures. SERS measurements were then

carried out and compared among different substrates. Bare graphene is shown to enhance the

Raman signal of MB by a factor of ~16. The combined graphene nanostructure substrates

show about threefold or ninefold enhancement in the Raman signal of MB compared to bare

nanohole or nanoparticle substrates, respectively. The SERS enhancement mechanism of the

SLG-coated substrates is discussed, and the different enhancement factors (EFs) between

graphene coated nanoparticles and nanoholes are understood based on the different

morphologies of graphene on the two substrates using numerical simulation.

2. Experimental Details

Graphene Synthesis by CVD

Following the method introduced by Ruoff’s group,50 we synthesize high-quality graphene

on copper foil (Alfa Aesar 25 μm thick) using low-pressure CVD. It is known that CVD

growth of graphene on a copper surface is a self-saturation process, which produces mainly

single-layer graphene.50, 51 The copper foil is first cleaned by dilute hydrochloric acid for 5

min to remove the copper oxide. Then the foil is annealed in the forming gas (H210% / Ar)

at 600 °C for 10 min and at 900 °C for another 10 min at ambient pressure. This annealing

step is believed to increase the surface domain size of copper.51 Methane gas is introduced

at 1000°C when the pressure is pumped down to ~300 mTorr. The methane gas flows for 15

min, after which the system cools down naturally.
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Graphene Transfer

Polymethyl methacrylate (PMMA) is used to assist the transfer of synthesized graphene

from the copper foil to the nanostructures. A PMMA layer of ~300 nm in thickness is first

spin-coated onto the graphene-covered copper foil. The copper foil is then etched away by

copper etchant CE-100 (Transene). The PMMA film with graphene is washed three times in

deionized water and fished out from the water using the substrate with nanostructures.

Finally, the PMMA is chemically dissolved by Remover PG (MicroChem) at 40 °C

followed by room-temperature Remover PG and IPA rinsing. The substrate is then dried

naturally. Using this method we can transfer graphene onto either the nanohole or

nanoparticle substrates.

SERS Measurement

The nanostructure SERS substrates are incubated in a 1×10−4 mol/L MB ethanol solution for

ten min, then rinsed by the solvent and dried under nitrogen gas flow. Atomic Force

Microscope (AFM) measurements indicate MB molecules fully cover the substrate surface

(See Fig. S1 in the Supplementary Information). By saturating the SERS substrates, we

minimize the effects of molecule nonuniformities among different substrates, and thus a fair

comparison of SERS enhancement can be drawn. SERS spectra are recorded using a

Renishaw inVia confocal microRaman spectrometer with a 100 × objective (NA = 0.95).

The laser spot is less than 1 μm.

3. Results and Discussion

3.1. Characterization of SLG and SLG-Nanostructure Composite

Figure 1(a) shows the copper surface after growth, where single-layer graphene fully covers

the surface with occasional multilayer dots (darker regions), as confirmed by Raman

spectroscopy. The absence of an observable D band in the Raman spectrum suggests that we

have high-quality graphene (see Fig. S2 in the Supplementary Information for the Raman

spectrum of as-grown graphene on copper).

Nanoparticle and nanohole arrays are fabricated by electron beam lithography (EBL)

followed by a special dual peel-off process to produce complementary structures as

described in Ref. 52. Figure 1(b) and 1(c) show typical SEM images of graphene transferred

onto the nanohole and nanoparticle arrays, respectively. The nanoparticle array is on a Si

wafer with a 290 nm thermal SiO2 layer, while the nanohole array is on a glass substrate.

The nanoparticle and nanohole arrays are arranged in a square lattice (lattice constant ~ 300

nm). Each particle or hole is circular in shape with a diameter of ~ 125 nm and a height of

30 nm. The graphene that was transferred onto the nanohole arrays is well supported with no

significant bends, as observed under SEM. A typical Raman spectrum of graphene on the

nanohole array is shown in Fig. 1(d). In addition to the G and 2D bands, a very small D band

is also observed. The intensity ratio of ID/IG is in the range of 0~10%, indicating that the

graphene is of high quality. The graphene transferred onto the nanoparticle array, in

contrast, has a different morphology, as shown in Fig. 1(c). Graphene on the glass surface

alone is flat and continuous, but the graphene breaks into islands on the nanoparticles with

an average size of ~2 μm and ~200 nm gaps between islands. The graphene conforms to the
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top surface of nanoparticles, but droops down between the nanoparticles, adhering to the

SiO2 surface. Wrinkles are also formed along the lattice direction within each island (inset

of Fig. 1(c)). A similar structure has been observed previously.53 We believe the wrinkled

and cracked structure is formed in the following way: While the isopropanol (IPA) dries in

the last step of graphene transfer, the graphene starts to stretch itself to conform to the

underlying nanoparticle topology. Once the strain reaches a critical point, the graphene sheet

breaks into pieces. It has been shown that graphene synthesized by CVD is polycrystalline

with mechanically weaker grain boundaries. When CVD graphene is under tension, it breaks

along domain boundaries.54, 55 Therefore, we presume that the gapping observed among

islands of graphene occurs along domain boundaries.

3.2. SERS Measurement on SLG-Nanostructure Composite

The SERS functionality of the SLG-nanostructure composite is studied by measuring the

enhanced Raman signal from the graphene. The laser line of 647 nm is chosen to match the

localized surface plasmon resonances (LSPRs) of the nanostructures (see Fig. 5) for all the

SERS measurements. Graphene on nanoholes or nanoparticles experiences a larger SERS

enhancement of ~ 20 as compared to that on a continuous Au film or glass, respectively. A

second order enhancement has also been observed in systems consisting of exfoliated

graphene with a 4 nm Ag film or Au nanoparticles.56, 57 No apparent D band is observed for

graphene on a SiO2 surface or on Au nanoholes, but the D band starts to appear for graphene

on nanoparticles due to the presence of edges within the laser probe (Fig. 1(c)).

Methylene blue (MB) has been found to offer promising applications in the eradication of

viruses and treatment of inoperable esophageal tumors and urinary tract infections.58 High

uptake of MB in cancerous cell cultures has also been observed.59 We, therefore, choose

MB as a probe molecule to measure the SERS performance of the SLG-nanostructure

composite. The spectra presented in comparisons are obtained under the same conditions.

The enhancement factor, EF, is calculated by the intensity ratio of Raman peaks of interest

between different substrates.

The gap between the highest occupied energy (HOMO) level and lowest unoccupied energy

(LUMO) level of MB is about 1.87 eV (664 nm).60 Resonance Raman happens with a 647

nm laser (1.91 eV). Raman peaks of MB molecules span from 445 cm−1 to 1621 cm−1 with

different vibrational symmetries (see Ref. 60 for peak assignment). All of the EFs are based

on the 1621 cm−1 peak intensity. Schematics in Fig. 3(a) illustrate the configuration of the

system. Figure 3(b) shows a Raman mapping of integrated 1621 cm−1 MB peak intensity

superimposed on the optical image of the nanohole array. Even though graphene is not

visible in the optical image without interference contrast from SiO2/Si, a clear difference can

be seen in the Raman mapping between nanoholes covered with or without graphene. The

effects of graphene are further explored by comparing different areas of the sample

containing: bare glass, graphene covered glass, Au nanoholes, and graphene covered

nanoholes, as shown in Fig. 3(c). Compared to a pure glass surface, graphene enhances the

MB signal by a factor of ~16. Even for 514 nm and 785 nm excitations, which are away

from the absorption peak of MB, the enhancement from graphene can still be observed (see

Fig. S3 in the Supplementary Information for the spectra). The EFs are very different for
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different peaks, possibly due to the specific symmetry of the vibrations (See Fig. 3(d)).

These observations are consistent with other reports found in the literature.39

The Au nanoholes, due to their large, enhanced, near-field localization, are found to give an

EF of ~40. One might expect that molecules enhanced by graphene will be simultaneously

enhanced by the nanoholes, providing a combined graphene-nanohole EF ~600. However,

we found that coating the nanoholes with graphene yields only about a threefold additional

enhancement, which gives an overall EF of ~120. In contrast to the case of the nanoholes,

the graphene coating provides about a ninefold additional enhancement in the MB intensity

for nanoparticles, as shown in Fig. 4. This ninefold enhancement is smaller than the

potential sixteen-fold enhancement from graphene on bare glass, but it is significantly

improved from the threefold enhancement from graphene on nanoholes. These different

enhancements are discussed later.

3.3. SERS Enhancement Mechanism

Two widely accepted mechanisms for SERS are the electromagnetic mechanism (EM) and

the chemical mechanism (CM).3 The EM is based on the enhancement of the local

electromagnetic field upon resonance excitation of LSPRs. The enhancement is roughly

proportional to |E|4. The CM, on the other hand, is based mainly upon a partially resonant

charge transfer between the molecules and the substrate (usually metal) as well as a

nonresonant chemical interaction between the ground state of the molecule and metal. In

other words, the CM effect originates from the interaction between molecules and

substrates.

The SERS enhancement resulting from graphene is believed to be a chemical effect.61 When

MB molecules are deposited on graphene, they orient themselves parallel to the surface of

the graphene due to the π-π stacking. This configuration makes the distance between the

molecules and graphene very small, making direct charge transfer between graphene and the

molecules much easier. Previous research has already shown that charge transfer can occur

between graphene and certain molecules. 62 Charge transfer is usually thought to be a “first-

layer effect”; that is, a short-range effect occurring on the molecular scale such that the wave

function of the molecule and metal can overlap. Recently, experimental evidence63 shows

that enhancement from graphene mainly comes from the first monolayer of probe molecules,

rather than from subsequent layers, and that Raman enhancement depends on the molecular

configuration in contact with the graphene. These results reveal that graphene enhancement

is strongly dependent on the distance between graphene and the molecules; there is strong

evidence that the SERS effect due to graphene belongs to a chemical enhancement

mechanism.

Our previous study shows that the CM effect in SERS is governed by the energy difference

between the Fermi-level of the metal and the LUMO of the molecule.64 This implies that the

molecules that show significant stabilization of the HOMO-LUMO gaps (such as those

readily accepting π-backbonding) are likely to have strong CM enhancements. Due to the

strong π-π interactions between MB molecules and the graphene substrate, we would expect

the CM effect to be strong for the graphene system. This is further supported by the handful
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of experimental papers reporting on SERS studies using graphene, which adapts a variety of

molecules with significant π-π interactions.39, 40, 63, 65

On the other hand, EM is well accepted as the main mechanism of SERS for metallic

nanostructures. The local electric field near the nanostructure is greatly enhanced by its

LSPRs, which produce an enhancement that is highly localized to the metal surface.66 The

CM only contributes a minor enhancement compared with the EM for metal substrates. In

the end, the two enhancement mechanisms are combined to give the overall SERS

enhancement. For graphene-coated nanostructures, the stronger chemical enhancement from

graphene can potentially be used to improve the SERS enhancement of bare Au

nanostructures.

3.4. Effects of SLG on Nanostructure Properties

It has been shown that LSPRs can be excited in optically thin metal films perforated with

subwavelength holes or their nanoparticle counterparts.67–71 For a nanohole array, a

resonance can be observed by a peak in the transmission spectrum (Fig. 5(a)), which occurs

at ~680 nm for our structure.52 The peak at ~500 nm is from the continuous part of the Au

film. The graphene-covered nanoholes show a similar transmission spectrum with a slightly

reduced intensity. A relative reflection measurement (w.r.t. the Si wafer) is used to measure

the LSPRs of the nanoparticles on a silicon wafer, as shown by the minimum in the spectra

in Fig. 5(b). Since the nanoparticle array is complementary to the nanohole array, its

resonance position is also around 680 nm. The “double-dip” feature (as indicated by the

arrows) in the relative reflection spectra is due to interference from the 290 nm SiO2 layer.72

The graphene-covered nanoparticles also have similar resonance positions, but show a small

change in intensity. Due to its low free electron density, graphene doesn’t support surface

plasmons in the visible region as it does in the terahertz region. Its ultrathin thickness, ~

0.335 nm, and high transparency, > 95%, make it a negligible “dielectric” layer, as

confirmed in later simulations (Fig. 6). Therefore, the resonance wavelength of the SLG-

nanostructure composite remains at about the same position as that of the bare nanostructure

although with slightly lower transmission intensity.

Using full-wave electromagnetic simulations, we investigated the effects of the graphene

coating on the plasmon resonances and analyzed the electric field distribution surrounding

the nanostructures. Similar results were found for both the nanoparticle and nanohole arrays,

but only the simulation results of the nanoholes are given here (See Fig. S4 in

Supplementary Information for the simulation of nanoparticle array). The scattering

parameters and field distributions for the nanoparticle or nanohole arrays were calculated

using a periodic finite-element boundary integral (PFEBI) technique, 73 which operates on a

single unit cell and enforces periodic boundary conditions for the two dimensions in the

plane of the nanostructure. In the simulation, the nanostructures are illuminated by a plane

wave incident from the z-direction normal to the surface with the electric field polarized in

the y-direction. The permittivity of the Au film was calculated from a Lorentz-Drude model

fitted to measured data, 57 while the underlying glass surface was modeled as a half- space

with a non-dispersive refractive index (n = 1.46). For the graphene-coated nanoholes, a

homogeneous layer of thickness 0.335 nm with an effective dielectric constant measured
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using ellipsometry and fitted to a Lorentz-Drude model57 is added to the top surface of the

nanoholes, as shown in Fig.6(a). The graphene coating doesn’t appear to change the

plasmon resonance associated with the bare nanoholes significantly, but smaller

transmission intensity is predicted, which is consistent with the experimental measurement

(Fig. 5(a)). The electric field distributions calculated 1 nm above the Au surface for a 660

nm incident wave show quite similar dipolar behavior for both cases with and without

graphene (Fig. 6 (c)). However, the total electric field intensity (|E|2) enhancement for

graphene-coated nanoholes decreases to 91% of that from bare nanoholes. The slightly

reduced transmission intensity and electric field enhancement is due to the additional

effective dielectric loss introduced by the graphene layer (epsiv;SLG ≈ 5.898 + i8.292 at 660

nm). However, since the graphene thickness is much smaller than its skin depth at 660 nm,

only a small influence on the simulation is to be expected. Overall, graphene will not alter

the EM enhancement from such nanostructures significantly, but could offer additional CM

enhancement to improve the total SERS properties.

Additionally, the enhanced electric field decreases nearly exponentially away from the metal

surface (Fig. 6(d)), making the SERS EF of metal nanostructures highly sensitive to the

distance between molecules and metal surface. Graphene coating increases the separation

between molecules and metal surface and slightly lowers the EM effect from the

nanostructures. In the case of the nanoholes, introducing graphene also seals the nanoholes,

preventing MB molecules from attaching to their inner walls. Moreover, introducing

graphene decreases the EM enhancement to about 80% of the EF without graphene,

considering that the enhancement is roughly proportional to |E|4. However, our results show

that those small decreases in the EM enhancement are compensated by the strong CM

enhancement from graphene. Thus, a threefold increase in Raman signal of MB is observed

after coating Au nanoholes with graphene, despite the disadvantage of graphene preventing

MB molecules from attaching to the inner wall of nanoholes. The graphene on the

nanoparticles, conversely, has an advantage in that it conforms fully to the particle top

surface and partially to the particle side walls (Fig. 1(c)). Hence, the MB molecules have a

larger probability to be enhanced by both the nanoparticles and the graphene, and a ninefold

SERS increase is observed after graphene coating.

4. Conclusion

In summary, we synthesize high-quality graphene sheets and coat them onto surface-

enhanced Raman scattering (SERS) substrates, i.e., metallic nanoparticle or nanohole arrays.

Graphene adopts different morphologies on the two types of substrates. Methylene blue was

used to study the SERS response of the combined system. Graphene alone was shown to

enhance the Raman signal of MB by a factor of ~16, due to its chemical enhancement.

Graphene does not alter the plasmonic properties of nanostructures significantly, and

consequently there is little influence on the electromagnetic SERS enhancement. However,

graphene offers additional chemical enhancement, which could potentially be

multiplicatively combined with the normal SERS enhancement of bare Au nanostructures.

The combined graphene nanostructure substrates show about threefold or ninefold

enhancement in the Raman signal of MB as compared with the bare nanohole or

nanoparticle substrates, respectively. We believe that the application of graphene to SERS is
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not only important for studying the basic properties of both graphene and SERS, but also

offers a potential way to further improve the sensitivity of conventional metallic SERS

substrates, especially for those molecules with stabilized π-π backbonding.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(a) Scanning electron microscope (SEM) image of as-grown graphene on copper foil. (b) SEM images of transferred graphene

on nanoholes fabricated on a glass substrate. A crack in the graphene near the bottom of the image is intentionally shown. (c)

SEM images of transferred graphene on nanoparticles fabricated on a silicon wafer with 290 nm thermal oxide. The graphene

cracks are presumably along domain boundaries. Wrinkles are formed in the lattice’s direction within each domain, as shown in

the inset. (d) Raman spectrum of transferred graphene on Au nanoholes using a 514 nm laser with a power of ~ 2mW/μm2 on

sample, 10 second integration time, and one accumulation. A very small D band is marked by *.
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Figure 2.
(a) Raman spectra of transferred graphene on Au film and Au nanoholes. (b) Raman spectra of transferred graphene on Au

nanoparticles and glass. Both Raman measurements are performed with a 647 nm laser with a power of ~ 1mW/μm2 on sample,

10 second integration time, and one accumulation.
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Figure 3.
(a) Schematic of a graphene and nanohole system. Four different areas of the substrate are shown. (b) Raman mapping of 1621

cm−1 methylene blue peak at the graphene edge on the nanohole array overlaying an optical micrograph of the sample.

Graphene is not visible without interference effect. The dotted line shows the graphene border, as confirmed by SEM. (c) Raman

spectra of methylene blue on four different areas of the substrate: glass, graphene-covered glass, Au nanoholes, and graphene-

covered Au nanoholes. (d) Raman spectra for glass and graphene-glass areas, normalized to maximum intensity. The D band, G

band and 2D band of graphene are indicated by *. All Raman measurements are performed with a 647 nm laser with a power of

~ 1mW/μm2 on sample, 10 second integration time, and one accumulation.
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Figure 4.
Raman spectra of methylene blue on nanoparticles and on graphene covered nanoparticles. The D band, G band and 2D band of

graphene are indicated by *, and the Raman peak marked by † comes from the silicon substrate. Both Raman measurements are

performed with a 647 nm laser with a power of ~ 1mW/μm2 on sample, 10 second integration time, and one accumulation.

Hao et al. Page 14

J Phys Chem C Nanomater Interfaces. Author manuscript; available in PMC 2014 April 24.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
(a) Transmission spectra of Au nanohole array with or without graphene. (b) Relative reflection spectra of the Au nanoparticle

array on Si wafer with or without graphene.
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Figure 6.
Comparative simulations of nanohole array with and without graphene. (a) The simulated nanohole geometry. (b) Simulated

transmission spectra. (c) Electric field intensity distributions 1 nm above the Au surface under a 660 nm incident wave polarized

in the y-direction. The left half, without graphene, and right half, with graphene. (d) Distance-dependent averaged electric field

intensity in a unit cell away from the structure surface (distance = 0 nm at the Au surface) into the air. Intensity is plotted on a

logarithmic scale.
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