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Abstract 

Surface-enhanced Raman spectroscopy (SERS) has single molecule level bio-

chemical detection capabilities. Single layer graphene on SERS substrates show modest 

enhancement factor (EF) (~ 10) primarily from chemical enhancement (CE) mechanism. 

Improvement in EF will have significant impact on applications of graphene in 

optoelectronics. This limitation is caused by poor interaction of visible light at near infrared 

frequencies with graphene monolayers. We report an assembly of single-layer graphene 

(SLG) on a three-dimensional (3D) Au@Ag, core-shell structure that enhances light-matter 

interactions and modulates light absorption in graphene due to formation of graphene ripples. 

We demonstrate a SERS EF of ~ 1,000 using 633 nm excitation laser with the designed 

SLG/SERS substrate. The Raman scattering cross-section of R6G molecule was found to be 
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enhanced by a factor of ~ 102 – 103, and limit of detection obtained was 100 pM using the 

SERS substrate. The enhancement is primarily due to increase in polarizability and 

anisotropy from rippled graphene substrate. The finite difference time domain 

electromagnetic simulation showed enhancement of local electromagnetic field leading to 

enhanced excitation of the molecule. Density functional theory -based quantum mechanical 

simulation studies showed the charge transfer from graphene-to-R6G molecule, leading to 

enhanced emission of Raman scattering.  

Keywords: Surface-enhanced Raman spectroscopy; Single layer graphene; Rhodamine 6G; 

Density functional theory; Finite-difference time-domain. 

 

1. Introduction 

Due to surface-enhanced Raman spectroscopy (SERS)’s ability to detect the chemical 

fingerprint of molecules at the single molecule level, SERS has been employed in numerous 

biochemical sensing applications.[1] For example, gold nanoparticles encapsulated with 

carbon shell and surface modified with DNA, have been  utilized for SERS applications to 

detect trace amount of water contamination.[2] Electromagnetic (GEM �106 -1010) and 

chemical (GCM �102) enhancement mechanisms contribute to the overall enhancement 

associated with SERS,[3-5] where G is the enhancement factor. Increase in the intensity of 

the local electromagnetic field due to resonance excitation of localized surface plasmons is 

the foundation of electromagnetic enhancement mechanism (EM).[6] This mechanism is 

directly related to the field enhancement factor (G=|E/E0|
4), where E0 is the incident 

electromagnetic field, and E is the enhanced field in presence of surface plasmon resonance 

excitation.[7, 8] As a result, the enhanced Raman signal depends on the overlap between the 

excitation wavelength during Raman scattering and the plasmon resonance wavelength of the 

substrate.[9, 10] In addition, the chemical enhancement mechanism is mainly dominated by 
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substrate/molecule interactions. In chemical enhancement mechanism (CM), the electronic 

structure of molecules can dramatically affect the value of maximum enhancement obtained 

at a particular excitation wavelength.[11, 12] However, since CM and EM enhancement 

mechanisms can occur simultaneously, it is not easy to discern these two mechanisms in the 

analysis of SERS systems. 

Single layer graphene (SLG) is the thinnest known allotrope of carbon. It possesses 

some unique optoelectronic properties that can be beneficial in the amplification of the SERS 

process.[13-16] So far graphene has been utilized as a Raman probe,[17] SERS probe,[18, 

19] fluorescence quencher to improve the Raman scattering efficiency,[20] and as a way to 

intensify the chemical enhancement mechanism.[21] In addition, graphene hybrid structures 

have been utilized to improve the performance of SERS substrates by acting as a single layer 

spacer for metal-molecule isolation,[22] as a molecule catcher (utilizing sticking properties of 

graphene like strong π-π stacking interactions with aromatic molecules containing benzene 

rings),[23] as an atomically flat surface on SERS substrate to improve  reproducibility,[24] as 

a passivation layer for preventing oxidation,[25] and as a conformable layer on flexible 

substrates.[24, 26, 27] However, the enhancement factors obtained from graphene SERS 

substrates are limited to less than 100.[21, 28] By utilizing various architecture of plasmonic 

Au nanoparticles along with 3D crumpled graphene structure, a further improvement in the 

SERS enhancement factor of ~ 10 – 30 was observed in reference to flat graphene-Au 

NPs.[27, 29]  Similarly, 3D architectures such as crumpled graphene with nanoparticles,[27] 

multilayer graphene with nanoparticles,[26] and graphene-Au pyramid structures[30] were 

realized. However, the enhancement factor obtained with graphene layer compared to the 

absence of graphene layer was modest (~ 10). Since, the surface plasmon of graphene is in 

the terahertz range,[31]  EM contribution from graphene is not expected for visible laser 

excitation. The enhancement mechanism on graphene is therefore primarily due to CM.  In a 
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recent study, reserachers probed the CM mechanism using a silicon electrode coated with 

gold nanoparticles covered multilayer graphene and quantum dots structure. [32]  

Integrating graphene with plasmonic nanostructures also stems from the desire to 

enhance light-matter interactions. Graphene is a promising material for many optoelectronic 

applications[33] such as ultrafast photodetectors,[34] modulators,[35] and lasers.[36] Due to 

the two-dimensional structure of graphene, electrons move throughout a single layer 

graphene sheet in a massless fermions manner with considerably high charge transfer and 

mobility.[37-39] However, the interaction of light with graphene is weak with each layer of 

graphene absorbing light corresponding to the fine structure constant (~ 2.3% of light in the 

visible range per layer). This is a significant limitation for the utilization of graphene in many 

optoelectronic applications at near infrared and visible frequencies. One of the ways to 

enhance light-matter interactions is to integrate graphene with plasmonic structures to 

manipulate light absorption in graphene. Recently, a reserch group created a heterostructured 

SERS substrate composed of free-standing Si nanowires and surface-decorated with 

Au/graphene NPs, for SERS-based chemical sensing.[40]  

In this paper, we introduce a single-layer graphene on a 3D Au@Ag (Ag coated Au 

nanopillar) core-shell structure to study the ripple mediated SERS enhancement properties of 

graphene. Experimental and computational results demonstrate an enhancement factor of ~ 

1,000 on the 3D rippled structure compared to a planar graphene structure. The EM 

mechanism is investigated using the finite-difference time-domain (FDTD) simulations, 

while the CM mechanism is investigated using density functional theory (DFT) simulations.  

 

2. Experimental procedure 

2.1. Sample preparation 

2.1.1. Synthesis of Au@Ag core shell nanopillars over the silicon wafer  
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                  A four-inch p-type doped single crystalline silicon wafer was used as the 

substrate with resistivity and crystalline orientation of 0.2-0.5 Ω cm-1 and (1, 0, 0), 

respectively. Deionized water, acetone and isopropyl alcohol were used for cleaning the 

substrate. For better adhesion, the original oxide layer was kept intact on the substrate. Prior 

to thermal dewetting process, e-beam evaporation was utilized to deposit Au layer with a 

thickness of 6 nm. In order to induce thermal disturbance into gold thin layer, a Jipelec rapid 

thermal processor (RTP) was utilized. The heating time remarkably decreases by utilizing the 

RTP system and the whole process can be accomplished in about five minutes. Temperature 

range of 100-500 ºC was selected for 90 s accompanied by nitrogen gas purge into the 

chamber to prevent further oxidation. Afterwards, dry etching using ICP-RIE (inductively 

coupled plasma reactive ion etching) followed by STS (Surface Technology System) was 

performed. The continuous process of etching (by SF6 and O2) and passivation (by C4F8) 

results in a high aspect ratio structure under the pressure of about 100 mTorr with RF powers 

of 12 and 600 W for the capacitive chamber and inductive chamber, respectively. CHA SEC-

600 electron-beam evaporator (10 kV) was utilized for Ag deposition under the pressure of 

10-7 mTorr and evaporation rate of 0.5 Å s−1. To determine the optimum thickness of SERS 

performance, deposition process was accomplished for thicknesses ranging between 20 and 

140 nm. 

 

 

2.1.2. Deposition of single-layer graphene over the nanopillar surface  

                 CVD was employed for synthesizing single layer graphene on two sides of 

a copper substrate. Afterwards, one side of the sample was protected by deposition of 

Polymethyl Methacrylate (PMMA). The other side was exposed to O2 plasma and FeCl3 

solution for etching process. The protected side (graphene/PMMA) was transferred to the 
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prepared plasmonic structure by wet transferring method. A solution of methanol and 

dichloromethane was used to dissolve the PMMA layer.  

2.1.3. Deposition of R6G over graphene covered plasmonic supported SERS substrate  

                           We utilized two different methods to deposit the R6G on the surface of the 

nanopillars in order to avoid the formation of aggregates. (1) Spin-coating (100 rpm), and (2) 

Drop-coating. For spin-coating, the solution was placed onto the SERS substrate and rotated 

at a speed of 100 rpm, while in drop-coating few drops of the solution were simply placed 

onto the surface of the SERS substrate and heated at a temperature of ~ 60° C to quickly 

evaporate the water without having the “coffee-ring” effect. Both are evaporation-driven 

deposition processes and have been widely used by researchers in similar studies. [41, 42] 

 

2.2. Characterization 

For Raman spectra studies, Renishaw Raman microscope/spectroscope (at 

magnification 20X) was utilized. Laser excitation of λ = 633 nm was utilized with an 

exposure time of 10 s in the wavenumber range of 200-3000 cm-1. Quanta 3D Dual Beam 

FEG FIBSEM was used for acquiring the scanning electron micrographs to confirm each step 

of sample preparation. FIB was also employed during SEM imaging to perform cross-

sectional studies of these samples. For Raman maps, StreamHR image acquisition mapping 

was chosen with an objective lens of 50X, an excitation laser wavelength of 633 nm and 532 

nm (power of 100% for both), grating of 1200 l/mm (633/780), and integration time of 0.01 s, 

in the wavenumber range of 200-2000 cm-1, with static mode centered around 1500 cm-1. 

 

2.3. Simulation 

The 3D FDTD (Lumerical Solutions Inc. Software) method was used to calculate the 

field enhancement and field profiles. The distribution of electric field on the graphene coated 
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plasmonic nanopillar arrays was also calculated using the FDTD software. To numerically 

resolve the monolayer of graphene (thickness = 0.34 nm), we implemented a mesh size of 0.1 

nm. To optimize the computational time, we used a mesh size of 1 nm for the rest of the 

regions in the simulation system. The ε value (dielectric permittivity) for Ag and Au was 

obtained from CRC data [43]. We simulated graphene as a 3D anisotropic layer with a 

complex refractive index having variation defined by: �	 = 3 +
��.		
�

�
	μm��  [44]. To 

checked the validity of this model, we first calculated the absorption in the bare monolayer 

graphene (suspended in air) and obtained a value close to ~2.3% in the visible-NIR 

wavelength ranges [45]. To obtain the electromagnetic field distributions on the graphene 

coated plasmonic structure, perfectly matched layer (PML), periodic boundaries (x, y), and 

absorbing boundaries (z) were used [46]. A plane wave excitation light (broadband, x-

polarized) was utilized as excitation source. The electronic energy levels, vibrational spectra, 

and charge transfer mechanism of R6G were investigated using Density Function Theory 

(DFT). Quantum chemistry code (Gaussian-09) with 6-31 G basis set and B3LYP density 

functional were utilized in the simulation. An integration accuracy of 4 and convergence 

accuracy of 10-8 were selected during the calculation. 

3. Results and Discussion  

3.1. Characterization of the rippled SLG/SERS substrate 

                 The 3D schematic in Figure 1a shows the Au@Ag core shell nanopillars over the 

silicon wafer where a single-layer graphene spreads over the nanopillar surface creating 

ripples to form a plasmonic supported SERS substrate. 
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Figure 1. (a) Schematic diagram showing graphene ripple on the plasmonic nanopillar SERS 

substrate. (b) Scanning Electron Micrographs (SEM) of graphene on the SERS substrate. (c, 

d) Optical image of graphene on the SERS substrate. Rhodamine 6G (R6G) is appearing as 

yellow in the image (shown by blue arrows). (e) Vertical cross-sectional SEM image of the 

Au@Ag core-shell nanopillars taken from the black square region of image shown in (d). (f) 

SEM image showing graphene over the 10 µm x 10 µm area of the substrate. (g) Focused Ion 

Beam (FIB) cut area showing the cross-sectional view of graphene, Ag coated Au nanopillar, 

and silicon substrate.  

 

The proficiency of the designed SERS substrate was identified by analyzing Raman spectra 

of dye molecules such as Rhodamine 6G (R6G) as a Raman reporter. Figure 1b shows the 

SEM (Scanning Electron Micrographs) image of graphene on the SERS substrate whereas 

Figure 1c shows the optical image. R6G appears as yellow in the optical image (shown with 

the blue arrows). The cross-sectional SEM image from this optical image (highlighted black 

square region) is shown in Figure 1d. In addition, FIB (Focused Ion Beam) was also 

employed during SEM imaging to obtain the cross-sectional interpretation of the SERS 

substrate. Figure 1e is a SEM image showing graphene over the 10 µm x 10 µm area of the 
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substrate, while Figure 1f shows the FIB cut area showing the cross-sectional view of 

graphene, Ag coated Au nanopillars, and silicon substrate.  According to literature reports, 

RG6 molecules are conjugated through the –NH2 group (amino groups) to the single layer 

graphene by physisorption process.[47]  

 
 

Figure 2. Optical properties of graphene covered Au@Ag core-shell nanopillars SERS 

substrate. (a) Transmission spectra. (b) Scattering spectra. (c) Reflection spectra. (d) 

Measured Raman spectra of the single-layer of graphene on the SERS substrate. The 

Lorentzian fits of the full spectra (pink line) and the corresponding fit to individual D (red), G 

(green) and 2D (cyan) bands are shown. 

 

The optical properties in Figure 2, confirmed the growth of SLG by CVD (Chemical Vapor 

Deposition) process. The transmission spectra in Figure 2a show that only ~2.3 % of the 

incident light was absorbed, which is a characteristic of SLG’s unique electronic structure, 

and are similar to reuslts presented by Nair et al.[48]. In order to investigate the peaks at ~ 

600 nm and ~ 640 nm, we aslo ran a FDTD simulation to calculate the light transmission 
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through the SLG on a glass, and after removing the graphene layer (just through glass) from 

400-800 nm, respectively (Supplementary Figure S1). The transmission was flat and no 

peaks showed up, meaning that the peaks are not originating from graphene and they are 

coming from the absorption at the glass substrate [49]. 

The main objective of the present study was to create a rippled surface by laying graphene on 

the Au@Ag core shell nanopillars, and utilize it as a SERS substrate. To better understand the 

SERS substrate activity, we evaluated the optical scattering and reflectance properties as 

shown in Figures 2b and 2c. A reflection spectral peak at 671 nm was found for the Au@Ag 

core shell nanopillars on the SiO2 substrate with graphene (orange line, Figures 2c). A 

broader peak at 668 nm was observed for the nanopillars without graphene (blue line, 

Figures 2c). The 2% difference (or 3 nm peak shift) in the relative reflection with and 

without graphene might be due to peak broadening originating from the coupling between 

localized surface plasmons (LSPRs) of the nanopillars and graphene. In a similar study on 

graphene covered plasmonic nanoparticles to study the SERS effect, the relative reflectance 

spectra peak for the graphene/AuNPs was found at ~ 606 nm.[14] The near resonance 

wavelength of the graphene covered Au@Ag core shell nanopillars, gives an advantage of 

utilizing the 633 nm laser for Resonance Raman spectroscopy, to yield stronger SERS 

activity.[50]  Figure 2b also showed a 3% difference (or 12 nm peak shift) in scattering from 

the graphene covered Au@Ag core shell nanopillars in comparison to bare nanopillars. This 

might originate from the ripples which are formed on the surface of graphene. Due to the 

non-horizontal orientation of graphene plane, the absorbed light is reemitted at various angles 

by induced polarization. Additionally, the scattering phenomenon in this system is affected 

by the waveguiding ability of graphene.[51, 52] 

3.2. Measurement of Raman spectra on the rippled SLG/SERS substrate 
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The Raman spectra of the rippled SLG/SERS substrate was studied by choosing the 

633 nm excitation laser to overlap with the LSPRs of the plasmonic Au@Ag core shell-

nanopillars coupled with graphene system. The typical Raman spectra of graphene has three 

signature peaks namely, the D-peak (1318 cm-1), 2D-peak (2628 cm-1), and G-peak (1580 cm-

1) [53],[54]  (Figure 2d). These results again confirm the presence of SLG on our substrate.  

Additionally, the intensity of the G and 2D bands were higher in comparison to one of the D 

band. The presence of SLG was further confirmed by performing deconvolution of the peaks 

in Figure 2d. The FWHM of the peaks were evaluated by fitting Lorentzian functions to the 

peaks; the 2D/G ratio was also calculated. Supplementary Figure S2 shows that the 2D/G 

ratio was above 2 and below 6, which is a characteristic of monolayer graphene.[55, 56]  In 

addition, the FWHM in Figure S3  was found to be in the range of 15-20 cm-1 which further 

confirms that the synthesized graphene is a SLG.[57, 58] After confirming the presence of 

SLG, the SERS activity of the designed graphene covered plasmonic substrates was 

measured.  

 

As shown in Figure 3a, the Raman spectra was acquired for dye R6G molecules adsorbed on 

the graphene covered substrate (blue line) after casting 1 nM solution of R6G, and compared 

with bulk R6G (red line) with a concentration of 1 µM in solution phase, and bulk graphene 

coated on a flat surface (black line). The results showed the three unique peaks of SLG in all 

the acquired Raman spectrum with graphene. Also, the R6G peaks observed at 1650 & 1511 

cm-1 due to aromatic C-C stretching, 1184 cm-1 from C-O-C stretch, and 773 cm-1 from 

aromatic C-H bending are in accordance with previous literature reports.[59] A Si peak from 

the SiO2/Si substrate at 520 cm-1 was also observed.[60] The vibrational modes of the peaks 

are tabulated in Table S1. 
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Figure 3. (a) Raman spectra of R6G on graphene coated nanostructured SERS substrate (blue 

line (100 nM)), bulk R6G (red line (1 µM)) and single layer graphene on flat surface (black 

line). (b) Evaluation of enhancement factor from surface enhanced Raman spectroscopy 

(SERS) substrate in comparison to flat surface. The corresponding concentrations are 

����������� = 100	μM  and ����  �!"�#$%# = 100	nM . (c) SERS spectra of R6G on the 

Au@Ag core-shell substrate at concentrations ranging from 10 pM to 100 nM. (d) SERS 

intensity as a function of concentration at the 1511 cm-1 Raman peak.  

 

The ripples created from the graphene covered plasmonic SERS substrate provided 

>1000× higher SERS enhancement factor (EF) for each identified Raman peak in comparison 

to the flat substrate acquired under the same conditions as seen in Figure 3b and as 
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summarized in Table S2.  The experimental SERS EF for this SERS system was calculated 

by the following relationship, '( =
)�*+,,-./�01*0	×	3�4-56�78-9

)�4-56�78-9	×	3�:+,,-./�01*0
, where ;�%�  �!"�#$%#	 and 

;���������� are defined as the SERS intensities obtained from all the Raman bands presented in 

Figure 3a and assigned for different stretching modes of SLG and R6G on the flat and 

rippled substrate, respectively.  <���������� = ����������� ×<= = ����������� × >���������� ×

<=   is defined as the number of molecules in the bulk solution utilized in Raman 

measurement on the flat surface. <���  �!"�#$%# = ����  �!"�#$%# ×<= = ����  �!"�#$%# ×

>���  �!"�#$%# × <=  is defined as the number of molecules on the rippled surface. Here, 

�����������and ����  �!"�#$%#  are the number of R6G molecules in the scattering volume; 

>����������and >���  �!"�#$%# are the scattering volumes (same volume of droplet was dropped 

to keep the scattering volume constant, so >���������� = >���  �!"�#$%# );  �����������  and 

����  �!"�#$%#  are the R6G concentrations. For our experiment, ����������� = 100	μM , 

����  �!"�#$%# = 100	nM, and the estimated EF was found to be ~ 103. The rippled graphene 

system showed a maximum EF of 6.9 x 103 observed at the 1511 cm-1 vibrational mode of the 

R6G molecule (Table S2) at an excitation wavelength of 633 nm.  

We also evaluated the concentration dependent SERS spectra of R6G on the graphene 

covered Au@Ag core-shell substrate at concentration ranges of 10 pM-100 nM.  In Figure 3c 

we observe that a minimum of 100 pM concentration is required to see distinguishable 

Raman signals.  The variation of SERS intensity with concentration at the 1511 cm-1 Raman 

peak is shown in Figure 3d. The limit of detection was found to be 100 pM.  
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Figure 4. Representative bright field images of (a) graphene on flat substrate, and (g) 

graphene on nanostructured substrate. Raman mapping of graphene on flat substrate (b) using 

532 nm laser excitation; magnification: 50X; number of acquired spectra: 25017), and (c) 

using 633 nm laser excitation; magnification: 50X; number of acquired spectra: 14012). 

Raman spectra on (d) silicon substrate (orange square highlighted area shown at the inset of 

(a)), (e) graphene on flat substrate (black square highlighted area shown at the inset of (a)), 

(f) zoomed in spectral region from 1000-2000 cm-1 shown in Figure 4e. Raman mapping of 

graphene on nano substrate (h) using 532 nm laser excitation; magnification: 50X; number of 

acquired spectra: 10850), and (i) using 633 nm laser excitation; magnification: 50X; number 

of acquired spectra: 10850). Raman spectra on (j) nano substrate (red square highlighted area 

shown at the inset of (g)), (k) graphene on nano substrate (black square highlighted area 

shown at the inset of (g)), (l) zoomed in spectral region from 1000-2000 cm-1 shown in 

Figure 4k. 
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For visual presentation, we also acquired the Raman maps, and their corresponding spectra as 

seen from Figure 4, from both graphene on flat and graphene on nano substrate. A clear 

difference can be observed with and without graphene, in both bright field images (Figure 4 

a , g) as well as Raman maps (Figure 4 b, c, h,i) (without graphene (blue), with graphene 

(green)). The Raman maps are pseudo colored based on the intensity. The peak at 521 cm-1 

corresponds to Si, and the peak at 959 cm-1 corresponds to Si-OH (Figure 4 d, j). The other 

two peaks at 1327 and 1587 cm-1 corresponds to the D and G peak of the graphene, 

respectively (Figure 4 e, k). The Raman mapping results also showed the uniformity of the 

SERS substrate. The SERS enhancement is evident from the comparison of Figure 4f and 

4l,respectively. Furthermore, Figure 4,  wherein the number of acquired spectra are in the 

range of 10,000 – 25,000 within an area of 300 µm x 300 µm , demonstrates the 

reproducibility within a sample. The reproducibility among samples was shown by plotting 

the average SERS intensity at 1587 cm-1 with standard deviation for three different substrates 

as shown in Supplementary Figure S4. 

The cross-section of R6G for the Raman scattering on graphene covered Au@Ag 

core-shell substrate was calculated using the relationship[61] ?%
@ =
AB)*CBDB

)BD*CB
, where ?@  is 

the cross-section of graphene for the Raman scattering,  �%
@ is the R6G concentration, �@ is 

the concentration of graphene, ;%
@ is the Raman peak intensity of R6G, and ;@ is the Raman 

peak intensity of graphene. The quantity ?@�@  was found to be[61-63] ~ 0.9 − 5.4 ×

10���	IJ��. In Figure 5a, the intensities of the Raman peaks of R6G and graphene were 

calculated by measuring the area under the peaks at 1650 cm-1 and 1572 cm-1, respectively. 

Accordingly, ;@ = 5.8, and ;%
@ = 10.5. Here, we used 100 nM concentration of R6G and 

utilized 1 µL of sample to obtain the Raman spectra. The corresponding number of molecules 

of R6G on the surface will be �%
@ = 6.023	 × 10�N. With these quantities, the cross-section 

of R6G for the Raman scattering process on the graphene coated SERS is found to be 
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?%
@ = 0.27 − 1.62	 × 10�P�	QRP ∙ IJ�� ∙ RTUVQWUV��. Shim et al.[64] measured the cross-

section of R6G for the Raman scattering in solution to be 2.0 × 10�P�	cmP ∙ Sr��  per 

molecule. Hence, the increase in the cross-section of R6G for the Raman scattering on 

graphene covered Au@Ag core-shell substrate is ~ 102 – 103, which is about the same order 

of magnitude as our SERS enhancement factor. 

  

 
 
Figure 5. Raman spectra of R6G on graphene coated nanostructured substrate showing the 

(a) experimental data (blue diamonds), and Lorentzian fits. The overall fit is shown with the 

red line. (b) Comparison of G peak for unstrained graphene (on flat surface) and strained 

graphene (on nanostructured surface leading to ripple). The splitting of G peak shows that the 

graphene is under strain on the nanostructured surface. (c) Comparison of 2D peak for 

unstrained graphene (blue line) and strained graphene. The corresponding Lorentzian fits to 

the experimental data are shown in (d) for unstrained graphene, and in (e) for strained 
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graphene. The red shift of the graphene 2D peak is due to the charge transfer and the strain 

due to the ripple effect.    

 

We provide another evidence of the rippled structure of graphene in Figures 5b-e. Figure 5b 

shows the comparison of the G peak of graphene on a flat surface (unstrained) and on the 

SERS substrate (strained). The G peak of unstrained graphene appeared as a single peak at 

1587 cm-1, whereas the G peak of strained graphene split into two peaks at 1572 and 1598 

cm-1. The split in G peak is a sign of shear strain.[65, 66] Interestingly, the 2D peak of 

graphene on the SERS substrate was red shifted compared to the graphene on flat substrate 

(Figures 5c-e), which is due to the combined effect of charge transfer from the plasmonic 

substrate[67] and the strain caused by the ripple structure. 

 

3.3. SERS Enhancement Mechanism 

Here, we investigate the electromagnetic and chemical SERS enhancement 

mechanisms on the designed SLG/SERS substrate. 

 

3.3.1. Electromagnetic (EM) enhancement mechanism  

The EM enhancement occurs at the interface between the Au@Ag core-shell 

nanopillars because of the local electromagnetic ‘hot spots’ associated with the resonance 

excitation of LSPRs. In order to understand the effect at the interface between the SLG and 

the nanopillar arrays, we set periodic boundary conditions along the x and y axis. Figure 6a 

shows the 3D schematic of the simulated structure. A nanopillar array with 30 nm lattice 

constant on silicon substrate supports the core-shell Au@Ag nanoparticles which are covered 

with a monolayer of rippled graphene. Figures 6(b-d) show the 3D normalized electric field 

intensity distribution in a few unit cells of the structure, at an excitation wavelength of 633 
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nm, as well as at Raman emission wavelengths of rippled graphene, at 703 nm and 760 nm, 

respectively. The plasmonic nanostructures enhance the localization of the field in the 

vicinity of the graphene monolayer, enhancing the optical absorption rate in the graphene. 

Figures 6(e-g) show the 3D normalized electric field intensity distribution for the flat 

surface. 

3D FDTD simulations were performed to calculate the local electromagnetic field at 

the interface of rippled graphene and the nanopillar array. Figure 6h shows an enhancement 

of ~3× in the electric field intensity compared to the incident field (λ = 633 nm) as a function 

of wavelength. 
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Figure 6. (a) Schematic of rippled graphene (SLG) on the core-shell Au@Ag nanopillars structure; 

Electromagnetic field distribution for (b, c, and d) rippled graphene on nanopillar substrate; (e, f, and 

g) flat graphene on nanopillar substrate; (h) variation of electromagnetic field enhancement with 

wavelength on rippled graphene coated nanopillar with respect to incident field; (i) variation of 

electromagnetic field enhancement with wavelength on rippled graphene coated nanopillar with 

respect to flat graphene coated nanopillar. 

The electric field were calculated for normal incidence of excitation (E0) and were averaged 

over the surface of the rippled graphene monolayer. Figure 6i compares the field 

enhancement achieved by the rippled graphene surface compared to flat graphene surface on 

the same plasmonic nanopillar array substrate. The results shows that the enhancement in 

field intensity at the rippled graphene is higher at shorter wavelength (λ < 600 nm) compared 

to longer wavelengths (λ > 800 nm). This is expected since at longer wavelengths the fields 

are more scattered in the surrounding media, so a flat graphene would experience higher 

field. But at shorter wavelengths the fields are more confined between the metallic 

nanostructures, and a rippled graphene would experience higher field. The electric field 

distribution with and without graphene on the metal coated nanopillar substrate at the G and 

2D bands corresponding to SLG was also calculated (Supplementary Figure S5).    

 

3.3.2. Chemical (CM) enhancement mechanism  

The EM enhancement of graphene covered structures has been widely reported[1, 24, 

26, 30, 68, 69] but the CM enhancement of graphene conjugated molecules is less 

explored.[70-72] In the present study, we focused on highlighting the charge-transfer 

enhancement originating from the metal−molecule conjugate by investigating the electronic 

and vibrational properties of a probe molecule R6G by density function theory (DFT) studies. 
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Figure 7a shows the optimized geometry of graphene using DFT , with high electron 

density along the zig-zag (trans) edge compared to arm chair (cis) which is confirmed by 

existing experimental reports using AFM[73, 74] and STM,[75] respectively. Another 

evidence for the feasibility of using limited size graphene sheet can be seen from Figure 7c.  

 

 
 

Figure 7. (a) Optimized geometry of graphene using Density Functional Theory (DFT). High 

electron density along the zig-zag (trans) edge compared to arm chair (cis) is shown. The 

inset shows the schematic of the arm chair (green) and zig-zag (red) configuration of 

graphene edge. (b) Position of HOMO and LUMO energy level and (c) HOMO-LUMO band 

gap for R6G, Graphene and R6G conjugated graphene. 

 

The graphene simulated here has a bandgap due to its finite size. The bandgap decreases (or 

vanishes) with increase in graphene layers/sheets [76, 77] From Figure 7b, it can be inferred 

that charge transfer is possible from the LUMO (lowest unoccupied molecular orbital) of 
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graphene to the HOMO (highest occupied molecular orbital) of R6G as the LUMO is at 

higher energy. The HOMO of graphene is lower than that of an isolated R6G molecule 

leading to excited electrons in the LUMO of graphene dropping to the HOMO of R6G, rather 

than its own HOMO. The HOMO-LUMO gap of isolated R6G is 1.73 eV. The HOMO level 

of R6G is close to the Fermi energy of graphene (~ -4.6 eV). Thus, strong interaction 

between R6G and graphene is possible and the orbital energy and electron density of R6G is 

modified due to the presence of graphene. The LUMO of the hybrid structure is significantly 

lowered from -2.35 eV to -3.02 eV. The decrease in bandgap leads to more efficient Raman 

excitation.  

 
 

Figure 8. Electron density plot showing the (a) HOMO and (b) LUMO level for R6G before 

adsorption to graphene. Electron density plot showing the (c) HOMO and (d) LUMO level 

for R6G after adsorption to graphene. 

Furthermore, we also show the electron density plot showing the HOMO and LUMO level 

for both before (Figure 8a, b) and after (Figure 8c, d) adsorption of R6G to graphene. The 
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HOMO and LUMO for R6G before adsorption were -4.08 eV and -2.35 eV, respectively, 

while after adsorption of R6G to graphene they reduced to -4.34 eV and -3.02 eV, 

respectively. From these results, it is evident that the HOMO of R6G becomes more negative 

in the hybrid system, i.e. electrons are supplied to the system, confirming charge transfer 

from graphene-to-R6G. From the electron density plot, the excited state of the hybrid system 

(LUMO) also showed more electrons in graphene than in R6G, which might be transferred 

during relaxation process. These results collectively show that the charge transfer is from 

graphene to R6G, supporting our hypothesis on the enhancement properties of ripples of 

graphene and emphasizing its application as SERS substrate. 

In the previous section, the electronic structures, the adsorption energies, the charge 

transfers, and the ground state structures of R6G and SLG were discussed. In order to 

understand the role of electronic states in CM enhancement, we also examined the total 

density of states (DOS). The results of this study may provide meaningful insights, such as: 

(1) the number of available states at each energy level which might reflect the total number of 

allowed transitions,[78] and (2) increased DOS would lead to increased scattering, and hence 

enhancement of the Raman signal.[79] Figure 9 presents the distribution of DOS for R6G, 

R6G on graphene, and graphene. The green lines show the occupied states, while the red lines 

show the unoccupied molecular orbitals. Comparing Figures 9a-c, it is evident that the DOS 

is increased for R6G on graphene compared to R6G or graphene individually, indicating 

higher probability of transition for Raman scattering (Figure 9b). These results show that 

R6G adsorption on graphene broadens the bandgap of graphene indicating the likelihood of 

energy transfer from graphene-to-R6G, wherein graphene acts as an electron donor and R6G 

as an electron acceptor. From the DOS studies, it can be understood that the charge transfer 

will induce the polarizability of R6G molecules and thus result in the enhancement of Raman 

scattering.[80] The theoretical absorption spectra obtained from DFT for R6G and R6G 
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adsorbed on graphene are presented in Figure 9d. Intense peak at ~ 500 nm (blue line) was 

found for R6G. For R6G adsorbed on graphene, a peak at ~ 630 nm (red line) was found. A 

peak shift is observed after adsorption of R6G on graphene. As mentioned earlier, utilizing 

the 633 nm laser for Raman spectroscopy near this absorption spectrum would potentially 

take advantage of the resonant absorption leading to stronger SERS activity. 

 
 

Figure 9. Distribution of total density of states (DOS) for (a) R6G, (b) R6G on graphene, and 

(c) graphene showing the occupied (green) and unoccupied (red) molecular orbitals. The 

Fermi level is set as 0 eV. (d) Theoretical absorption spectrum (DFT) of R6G and R6G 

adsorbed on graphene. 

 

In spite of the basic understanding that the number of available states at each energy level 

reflects the total number of allowed electrons, the theoretical efforts to describe this 
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distribution and detail the transition behavior have not been presented so far. In the present 

study, we investigated the oscillator strength qualitatively using absorption measurements to 

find the permissible transition. An oscillator strength of ~1 implies complete transition. The 

absorption spectra basically reflect the fact that Absorption = DOS × Oscillator strength.[81] 

 

 
 

Figure 10. (a) Absorption spectrum of R6G showing the strength of different singlet-singlet 

transitions corresponding to the absorption peaks. (b) Absorption spectrum of R6G adsorbed 

on graphene showing the strength of different singlet-singlet transitions corresponding to the 

absorption peaks.  Comparison of experimental (dark cyan) and DFT calculated (red) Raman 

spectra of (c) R6G, and (d) R6G adsorbed on graphene. 
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The absorption spectrum of R6G seen in Figure 10a had the highest absorption peak at 498.3 

nm, with a highest oscillator strength of 0.37391 corresponding to singlet-singlet transition 

from HOMO�LUMO (Table S4).  Another peak was observed at 413.8 nm with oscillator 

strength of 0.1223 with singlet-singlet transition from HOMO-2�LUMO. Another 

prominent peak at 363.3 nm with oscillator strength of 0.12555 with singlet-singlet transition 

from HOMO�LUMO+3 was also observed. For R6G adsorbed on graphene, as shown in 

Figure 10b, one absorption peak at 608.6 nm with oscillator strength of 0.26438 

corresponding to singlet-singlet transition from HOMO-1�LUMO was observed (Table S5). 

Finally, we also extrapolated the Raman spectrum of R6G and R6G adsorbed on graphene 

both experimentally (dark cyan lines) and through DFT calculations (red lines). From Figure 

10c, it is seen that most of the major peaks are simulated well, with the exception that some 

minor peaks are missing. This difference is because the simulations were done at 0 K in the 

gaseous state, while the experiment was conducted at room temperature in solid state. These 

results further strengthen the applicability of the designed SLG as SERS substrate. Table S6 

presents the electrical properties of R6G and R6G adsorbed on graphene. The dipole moment 

of the hybrid system (Graphene+R6G) is lowered compared to the isolated R6G because of 

charge supply from graphene-to-R6G molecules. Due to strong dipolar molecules like R6G, 

coupled with possible π-π stacking interaction with graphene, strong interaction between 

graphene and R6G occurs at the interface. This leads to increase in the polarizability and 

anisotropy in the polarizability which is responsible for increase in the Raman intensity after 

adsorption in the hybrid structure. 

The current state-of-art suggests that several strategies have been applied to increase the 

oscillator strength in the UV and visible spectral range by designing plasmonic assisted 

devices for efficient absorption enhancement for photovoltaics applications.[82-84] In the 

current scenario, we believe that studies on understanding how substrate fabrication could 
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improve the oscillator strength, could potentially help build better plasmonic assisted SERS 

substrates. 

 

 

4. Conclusion 

We investigated the enhancement properties of a rippled single layer of graphene 

deposited on a 3D Au@Ag core-shell nanopillar structure. We investigated the optical 

reflectance and scattering properties of the graphene covered SERS substrate. The presence 

of a SLG was confirmed by the FWHM of the G and 2D bands as well as the 2D to G peak 

ratio. We showed that the rippled structure of graphene splits the G peak into two peaks due 

to ripple- mediated strain on the graphene structure. The Raman spectra was acquired for 

R6G dye molecules adsorbed on the SLG/SERS substrate. The ripples on the graphene 

covered plasmonic SERS substrate led to more than 1000× higher SERS enhancement factor 

at 633 nm excitation laser for each identified Raman peak in comparison to the flat substrate 

under the same conditions. Concentration dependent studies of the SERS spectra of R6G on 

the graphene covered Au@Ag core-shell substrate showed a detection limit of 100 pM. The 

SERS substrate provided ~ 102 – 103 factor of enhancement in the cross-section of R6G 

(σ\
] = 0.27 − 1.62	 × 10�P�	cmP ∙ Sr�� ) for the Raman scattering process. The FDTD 

simulations showed field intensity enhancement from  plasmonic nanostructures due to 

localization of the field in the vicinity of the graphene monolayer, enhancing the optical 

absorption rate in graphene. The chemical enhancemet via DFT calculations showed that the 

charge transfer from graphene to R6G molecule is responsible for the Raman scattering 

enhancement properties of rippled graphene. Strong interaction between graphene and R6G 

occurs at the interface because of the strong dipolar nature of R6G molecule along with 

molecular interaction due to π- π stacking interaction with graphene. As a result, the Raman 
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intensity is enhanced due to the increase in the polarizability as well as the anisotropy from 

rippled graphene substrate. 
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