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Abstract

Surface-enhanced Raman spectroscopy (SERS) hate singlecule level bio-
chemical detection capabilities. Single layer geagh on SERS substrates show modest
enhancement factor (EF) (~ 10) primarily from chesthienhancement (CE) mechanism.
Improvement in EF will have significant impact orppécations of graphene in
optoelectronics. This limitation is caused by poderaction of visible light at near infrared
frequencies with graphene monolayers. We reporagsembly of single-layer graphene
(SLG) on a three-dimensional (3D) Au@Ag, core-siséilicture that enhances light-matter
interactions andnodulates light absorption in graphene due to feionaof graphene ripples.
We demonstrate a SERS EF of ~ 1,000 using 633 ruitagérn laser with the designed

SLG/SERS substrate. The Raman scattering crossiseftR6G molecule was found to be
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enhanced by a factor of ~40 1, and limit of detection obtained was 100 pM usihg
SERS substrate. The enhancement is primarily duendoease in polarizability and
anisotropy from rippled graphene substrate. Theitefindifference time domain
electromagnetic simulation showed enhancement «dl lelectromagnetic field leading to
enhanced excitation of the molecule. Density fural theory -based quantum mechanical
simulation studies showed the charge transfer fgpaphene-to-R6G molecule, leading to
enhanced emission of Raman scattering.

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

Density functional theory; Finite-difference timerdain.

1. Introduction

Due to surface-enhanced Raman spectroscopy (SE&SIity to detect the chemical
fingerprint of molecules at the single moleculecle\SERS has been employed in numerous
biochemical sensing applications.[1] For exampleldgnanoparticles encapsulated with
carbon shell and surface modified with DNA, haverbeutilized for SERS applications to
detect trace amount of water contamination.[2] Etenagnetic (v 10° -10'% and
chemical (Gu /10°) enhancement mechanisms contribute to the overiiancement
associated with SERS,[3-5] whe@&is the enhancement factor. Increase in the irtie$i
the local electromagnetic field due to resonanagt&on of localized surface plasmons is
the foundation of electromagnetic enhancement nmesima (EM).[6] This mechanism is
directly related to the field enhancement fact@=|E/Eo|*), where E is the incident
electromagnetic field, and E is the enhanced fieldresence of surface plasmon resonance
excitation.[7, 8] As a result, the enhanced Ram@nas depends on the overlap between the
excitation wavelength during Raman scattering &edplasmon resonance wavelength of the

substrate.[9, 10] In addition, the chemical enhara@ mechanism is mainly dominated by



substrate/molecule interactions. In chemical end@arent mechanism (CM), the electronic
structure of molecules can dramatically affecttakie of maximum enhancement obtained
at a particular excitation wavelength.[11, 12] Heee since CM and EM enhancement
mechanisms can occur simultaneously, it is not éaslscern these two mechanisms in the
analysis of SERS systems.

Single layer graphene (SLG) is the thinnest knoWstrape of carbon. It possesses
some unique optoelectronic properties that caneoeficial in the amplification of the SERS
process.[13-16] So far graphene has been utilized Raman probe,[17] SERS probe,[18,
19] fluorescence quencher to improve the Raman saajtefficiency,[20] and as a way to
intensify the chemical enhancement mechanism.[@Hddition, graphene hybrid structures
have been utilized to improve the performance dRSEubstrates by acting as a single layer
spacer for metal-molecule isolation,[22] as a makecatcher (utilizing sticking properties of
graphene like strong-n stacking interactions with aromatic molecules aonhg benzene
rings),[23] as an atomically flat surface on SERBstrate to improve reproducibility,[24] as
a passivation layer for preventing oxidation,[25ldaas a conformable layer on flexible
substrates.[24, 26, 27] However, the enhancemeantbria obtained from graphene SERS
substrates are limited to less than 100.[21, 28lilizing various architecture of plasmonic
Au nanoparticles along with 3D crumpled graphemecstire, a further improvement in the
SERS enhancement factor of ~ 10 — 30 was observa@ference to flat graphene-Au
NPs.[27, 29] Similarly, 3D architectures such asmpled graphene with nanoparticles,[27]
multilayer graphene with nanoparticles,[26] andpbene-Au pyramid structures[30] were
realized. However, the enhancement factor obtawid graphene layer compared to the
absence of graphene layer was modest (~ 10). Simeesurface plasmon of graphene is in
the terahertz range,[31] EM contribution from drape is not expected for visible laser

excitation. The enhancement mechanism on graplsetherefore primarily due to CM. In a



recent study, reserachers probed the CM mechanssmg & silicon electrode coated with
gold nanoparticles covered multilayer graphenecurahtum dots structure. [32]

Integrating graphene with plasmonic nanostructaes stems from the desire to
enhance light-matter interactions. Graphene isom@ing material for many optoelectronic
applications[33] such as ultrafast photodetect®4$,modulators,[35] and lasers.[36] Due to
the two-dimensional structure of graphene, elestromove throughout a single layer
graphene sheet in a massless fermions manner waitiderably high charge transfer and
mobility.[37-39] However, the interaction of lightith graphene is weak with each layer of
graphene absorbing light corresponding to the stnecture constant (~ 2.3% of light in the
visible range per layer). This is a significantitismion for the utilization of graphene in many
optoelectronic applications at near infrared ansible frequencies. One of the ways to
enhance light-matter interactions is to integratapgene with plasmonic structures to
manipulate light absorption in graphene. Recemtlggserch group created a heterostructured
SERS substrate composed of free-standing Si naeswand surface-decorated with
Au/graphene NPs, for SERS-based chemical sensifjg.[4

In this paper, we introduce a single-layer grapheme 3D Au@Ag (Ag coated Au
nanopillar) core-shell structure to study the rgoplediated SERS enhancement properties of
graphene. Experimental and computational resultsodstrate an enhancement factor of ~
1,000 on the 3D rippled structure compared to angilagraphene structure. The EM
mechanism is investigated using the finite-diff@ertime-domain (FDTD) simulations,

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

2. Experimental procedure
2.1. Sample preparation

2.1.1. Synthesis of Au@Ag core shell nanopillaes tive silicon wafer



A four-inch p-type doped singlgstalline silicon wafer was used as the
substrate with resistivity and crystalline oriefat of 0.2-0.5Q cm® and (1, 0, 0),
respectively. Deionized water, acetone and isoprajgohol were used for cleaning the
substrate. For better adhesion, the original olagter was kept intact on the substrate. Prior
to thermal dewetting process, e-beam evaporatioh wtidized to deposit Au layer with a
thickness of 6 nm. In order to induce thermal disnce into gold thin layer, a Jipelec rapid
thermal processor (RTP) was utilized. The heatimg remarkably decreases by utilizing the
RTP system and the whole process can be accomglishebout five minutes. Temperature
range of 100-500 °C was selected for 90 s accora@ay nitrogen gas purge into the
chamber to prevent further oxidation. Afterwardsy dtching using ICP-RIE (inductively
coupled plasma reactive ion etching) followed bySS[Burface Technology System) was
performed. The continuous process of etching (by &f Q) and passivation (by C4F8)
results in a high aspect ratio structure undeptiessure of about 100 mTorr with RF powers
of 12 and 600 W for the capacitive chamber andcdtide chamber, respectively. CHA SEC-
600 electron-beam evaporator (10 kV) was utilizedAg deposition under the pressure of
107 mTorr and evaporation rate of 0.5 A.sTo determine the optimum thickness of SERS
performance, deposition process was accomplishethitknesses ranging between 20 and

140 nm.

2.1.2. Deposition of single-layer graphene overrihaopillar surface
CVD was employed for synthesizanggle layer graphene on two sides of
a copper substrate. Afterwards, one side of thepkamwas protected by deposition of
Polymethyl Methacrylate (PMMA). The other side wagosed to @ plasma and Fegl

solution for etching process. The protected sideplgene/PMMA) was transferred to the



prepared plasmonic structure by wet transferringhot A solution of methanol and
dichloromethane was used to dissolve the PMMA layer

2.1.3. Deposition of R6G over graphene coverednptasc supported SERS substrate

We utilized two diffettemethods to deposit the R6G on the surface of the

nanopillars in order to avoid the formation of aggates. (1) Spin-coating (100 rpm), and (2)
Drop-coating. For spin-coating, the solution waascpd onto the SERS substrate and rotated
at a speed of 100 rpm, while in drop-coating fewpdrof the solution were simply placed
onto the surface of the SERS substrate and heatadeanperature of ~ 60° C to quickly
evaporate the water without having the “coffee-trimffect. Both are evaporation-driven

deposition processes and have been widely useelskearchers in similar studies. [41, 42]

2.2. Characterization

For Raman spectra studies, Renishaw Raman micrespgetroscope (at
magnification 20X) was utilized. Laser excitatioh 0 = 633 nm was utilized with an
exposure time of 10 s in the wavenumber range 630 cnT. Quanta 3D Dual Beam
FEG FIBSEM was used for acquiring the scanningtelaamicrographs to confirm each step
of sample preparation. FIB was also employed du®iM imaging to perform cross-
sectional studies of these samples. For Raman rsaEamHR image acquisition mapping
was chosen with an objective lens of 50X, an ekoitdaser wavelength of 633 nm and 532
nm (power of 100% for both), grating of 1200 I/m@&38/780), and integration time of 0.01 s,

in the wavenumber range of 200-2000%mwith static mode centered around 1500'cm

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

field enhancement and field profiles. The distnbutof electric field on the graphene coated



plasmonic nanopillar arrays was also calculatedgughe FDTD software. To numerically
resolve the monolayer of graphene (thickness = 8% we implemented a mesh size of 0.1
nm. To optimize the computational time, we used esimsize of hm for the rest of the
regions in the simulation system. Thevalue (dielectric permittivity) for Ag and Au was

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

complex refractive index having variation defineg: m = 3+].5'4746’1 um~1 [44]. To

checked the validity of this model, we first cakiedd the absorption in the bare monolayer
graphene (suspended in air) and obtained a valogecto ~2.3% in the visible-NIR
wavelength ranges [45]. To obtain the electromagrfetld distributions on the graphene
coated plasmonic structure, perfectly matched |ép®&4L), periodic boundaries (X, y), and
absorbing boundaries (z) were used [46]. A planeewaxcitation light (broadband, x-
polarized) was utilized as excitation source. Tleeteonic energy levels, vibrational spectra,
and charge transfer mechanism of R6G were inveastigasing Density Function Theory
(DFT). Quantum chemistry code (Gaussian-09) witB16c basis set and B3LYP density
functional were utilized in the simulation. An igtation accuracy of 4 and convergence
accuracy of 18 were selected during the calculation.
3. Results and Discussion
3.1. Characterization of the rippled SLG/SERS sabest

The 3D schematic kigure 1a shows the Au@Ag core shell nanopillars over the
silicon wafer where a single-layer graphene spreads the nanopillar surface creating

ripples to form a plasmonic supported SERS sulestrat
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Figure 1. (a) Schematic diagram showing graphene ripple erpthsmonic nanopillar SERS
substrate. (b) Scanning Electron Micrographs (SBMjraphene on the SERS substrate. (c,
d) Optical image of graphene on the SERS substRitedamine 6G (R6G) is appearing as
yellow in the image (shown by blue arrows). (e) tibad cross-sectional SEM image of the
Au@Ag core-shell nanopillars taken from the blagkare region of image shown in (df).
SEM image showing graphene over the 10 um x 10 yean @ the substrate. (g) Focused lon
Beam (FIB) cut area showing the cross-sectional \aegraphene, Ag coated Au nanopillar,

and silicon substrate.

The proficiency of the designed SERS substrateidex#tified by analyzing Raman spectra
of dye molecules such as Rhodamine 6G (R6G) asnsaRaeporterFigure 1b shows the
SEM (Scanning Electron Micrographs) image of grayghen the SERS substrate whereas
Figure 1c shows the optical image. R6G appears as yellatdroptical image (shown with
the blue arrows). The cross-sectional SEM imagm ftlois optical image (highlighted black
square region) is shown iRigure 1d. In addition, FIB (Focused lon Beam) was also
employed during SEM imaging to obtain the crosgiseal interpretation of the SERS

substrateFigure le is a SEM image showing graphene over the 10 pif prh area of the



substrate, whileFigure 1f shows the FIB cut area showing the cross-sectioieal of
graphene, Ag coated Au nanopillars, and silicorssabe. According to literature reports,
RG6 molecules are conjugated through the »gkbup (amino groups) to the single layer

graphene by physisorption process.[47]
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Figure 2. Optical properties of graphene covered Au@Ag ctilsnanopillars SERS

substrate. (a) Transmission spectra. (b) Scattesppegctra. (c) Reflection spectra. (d)
Measured Raman spectra of the single-layer of grnag@hon the SERS substrate. The
Lorentzian fits of the full spectra (pink line) atiee corresponding fit to individual D (red), G

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

The optical properties iRigure 2, confirmed the growth of SLG by CVD (Chemical Vapor
Deposition) process. The transmission spectriigure 2a show that only ~2.3 % of the
incident light was absorbed, which is a charadierisf SLG’s unique electronic structure,
and are similar to reuslts presented by Naial[48]. In order to investigate the peaks at ~

600 nm and ~ 640 nm, we aslo ran a FDTD simulatmooalculate the light transmission
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through the SLG on a glass, and after removinggthphene layer (just through glass) from
400-800 nm, respectively (Supplementdigure S1). The transmission was flat and no
peaks showed up, meaning that the peaks are rghating from graphene and they are
coming from the absorption at the glass substrgg [

The main objective of the present study was toteraaippled surface by laying graphene on
the Au@Ag core shell nanopillars, and utilize iBaSERS substrate. To better understand the
SERS substrate activity, we evaluated the opticattering and reflectance properties as
shown inFigures 2b and2c. A reflection spectral peak at 671 nm was fourrdtie Au@Ag
core shell nanopillars on the Si@ubstrate with graphene (orange lik@égures 2c). A
broader peak at 668 nm was observed for the ndaxgpivithout graphene (blue line,
Figures 2c). The 2% difference (or 3 nm peak shift) in théatige reflection with and
without graphene might be due to peak broadeningjnating from the coupling between
localized surface plasmons (LSPRs) of the nanapildand graphene. In a similar study on
graphene covered plasmonic nanoparticles to stueh\SERS effect, the relative reflectance
spectra peak for the graphene/AuNPs was found 606- nm.[14] The near resonance
wavelength of the graphene covered Au@Ag core stalbpillars, gives an advantage of
utilizing the 633 nm laser for Resonance Raman tepsmopy, to yield stronger SERS
activity.[50] Figure 2b also showed a 3% difference (or 12 nm peak shifscattering from
the graphene covered AuU@Ag core shell nanopillarsomparison to bare nanopillars. This
might originate from the ripples which are formed the surface of graphene. Due to the
non-horizontal orientation of graphene plane, th&ogbed light is reemitted at various angles
by induced polarization. Additionally, the scattgriphenomenon in this system is affected
by the waveguiding ability of graphene.[51, 52]

3.2. Measurement of Raman spectra on the rippl€s/SERS substrate

10



The Raman spectra of the rippled SLG/SERS substrasestudied by choosing the
633 nm excitation laser to overlap with the LSPRghe plasmonic Au@Ag core shell-
nanopillars coupled with graphene system. The &lgRaman spectra of graphene has three
signature peaks namely, the D-peak (1318)¢r2D-peak (2628 cil), and G-peak (1580 ¢m
) [53][54] (Figure 2d). These results again confirm the presence of SL@usrsubstrate.
Additionally, the intensity of the G and 2D banderes higher in comparison to one of the D
band. The presence of SLG was further confirmeg@dyjorming deconvolution of the peaks
in Figure 2d. The FWHM of the peaks were evaluated by fittigdntzian functions to the
peaks; the 2D/G ratio was also calculated. SuppitamgFigure S2 shows that the 2D/G
ratio was above 2 and below 6, which is a charstieiof monolayer graphene.[55, 56] In
addition, the FWHM irFigure S3 was found to be in the range of 15-20 owhich further
confirms that the synthesized graphene is a SLG3BY After confirming the presence of
SLG, the SERS activity of the designed grapheneermsm/ plasmonic substrates was

measured.

As shown inFigure 3a, the Raman spectra was acquired for dye R6G moleadsorbed on
the graphene covered substrate (blue line) aftgimgal nM solution of R6G, and compared
with bulk R6G (red line) with a concentration ofuM in solution phase, and bulk graphene
coated on a flat surface (black line). The ressittswed the three unique peaks of SLG in all
the acquired Raman spectrum with graphene. AlsoR8G peaks observed at 1650 & 1511
cm? due to aromatic C-C stretching, 1184 tritom C-O-C stretch, and 773 &nfrom
aromatic C-H bending are in accordance with previdterature reports.[59] A Si peak from
the SiQ/Si substrate at 520 ¢hwas also observed.[60] The vibrational modes effthaks

are tabulated i able S1.
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Figure 3. (a) Raman spectra of R6G on graphene coated naonstd SERS substrate (blue
line (100 nM)), bulk R6G (red line (1 uM)) and diedayer graphene on flat surface (black
line). (b) Evaluation of enhancement factor fromfate enhanced Raman spectroscopy
(SERS) substrate in comparison to flat surface. Thaesponding concentrations are
Ciriaypuk = 100 uM and Cirippieaysers = 100nM . () SERS spectra of R6G on the
Au@Ag core-shell substrate at concentrations ran@iom 10 pM to 100 nM. (d) SERS

intensity as a function of concentration at thellbai* Raman peak.

The ripples created from the graphene covered plaBnSERS substrate provided
>1000x% higher SERS enhancement factor (EF) for attified Raman peak in comparison

to the flat substrate acquired under the same tiondias seen irFigure 3b and as
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summarized inrable S2. The experimental SERS EF for this SERS system wahsilated

I(Rippied)SERS X N(flat)bulk

by the following relationshipEF = , Where I gippiea)sers and

I(flatybuik X N(rippled)SERS

Irat)purk @re defined as the SERS intensities obtained fibtheaRaman bands presented in
Figure 3a and assigned for different stretching modes of Sird R6G on the flat and
rippled substrate, respectivelyN fiarypuik = N(riatypuik X Na = Criatypuik X Vifiat)butke X
N, is defined as the number of molecules in the bsdhkution utilized in Raman
measurement on the flat surfad€..ypiea)sers = Nripplea)sers X Na = Cripplea)sers X
Virippleaysers X N4 1s defined as the number of molecules on the egmurface. Here,
N(fiat)putk ANANrippieaysers @re the number of R6G molecules in the scattevioigme;
Viriatypuk@NdVirippieaysers are the scattering volumes (same volume of dropéet dropped
to keep the scattering volume constant,VgQucypuik = Virippieaysers )i Ciriatypuie and
Cerippleaysers are the R6G concentrations. For our experimépy,qpux = 100 uM,
Cirippieaysers = 100 nM, and the estimated EF was found to be %. TBe rippled graphene

system showed a maximum EF of 6.9 X @bserved at the 1511 Enaibrational mode of the
R6G moleculdTable S2) at an excitation wavelength of 633 nm.

We also evaluated the concentration dependent SipBS&ra of R6G on the graphene
covered Au@Ag core-shell substrate at concentratiages of 10 pM-100 nMin Figure 3c
we observe that a minimum of 100 pM concentratisrraquired to see distinguishable
Raman signals. The variation of SERS intensityhwitncentration at the 1511 ¢riRaman

peak is shown ifrigure 3d. The limit of detection was found to be 100 pM.
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Figure 4. Representative bright field images of (a) graghem flat substrate, and (Q)
graphene on nanostructured substrate. Raman magipgrgphene on flat substrate (b) using
532 nm laser excitation; magnification: 50X; numleéracquired spectra: 25017), and (c)
using 633 nm laser excitation; magnification: 5Umber of acquired spectra: 14012).
Raman spectra on (d) silicon substrate (orangersdughlighted area shown at the inset of
(@), (e) graphene on flat substrate (black sqbayklighted area shown at the inset of (a)),
(f) zoomed in spectral region from 1000-2000cahown inFigure 4e. Raman mapping of
graphene on nano substrate (h) using 532 nm lasgaton; magnification: 50X; number of
acquired spectra: 10850), and (i) using 633 nnr laseitation; magnification: 50X; number
of acquired spectra: 10850). Raman spectra ora(jp rsubstrate (red square highlighted area
shown at the inset of (g)), (k) graphene on nanustsate (black square highlighted area
shown at the inset of (g)), (I) zoomed in spectmjion from 1000-2000 cfhshown in

Figure4k.
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For visual presentation, we also acquired the Ramews, and their corresponding spectra as
seen fromFigure 4, from both graphene on flat and graphene on nanstisib. A clear
difference can be observed with and without graphenboth bright field image$-(gure 4

a, g) as well as Raman mapBigure 4 b, c, h,i) (without graphene (blue), with graphene
(green)). The Raman maps are pseudo colored basttkantensity. The peak at 521 tm
corresponds to Si, and the peak at 959 corresponds to Si-OHF{gure 4 d, j). The other
two peaks at 1327 and 1587 tneorresponds to the D and G peak of the graphene,
respectively Figure 4 e, k). The Raman mapping results also showed the umitfprof the
SERS substrate. The SERS enhancement is evidenttfr® comparison dfigure 4f and

4| respectively. Furthermoré&igure 4, wherein the number of acquired spectra are in the
range of 10,000 — 25,000 within an area of 30® x 300 um , demonstrates the
reproducibility within a sample. The reproducilyilimong samples was shown by plotting
the average SERS intensity at 1587 anith standard deviation for three different suatss

as shown in Supplementarfjygure S4.

The cross-section of R6G for the Raman scattermggm@phene covered Au@Ag

. . . 1 C .
core-shell substrate was calculated using theioaktip[61]ogrss = % whereoy is
G“R6G

the cross-section of graphene for the Raman stagie€; is the R6G concentratiof; is

the concentration of grapheng,; is the Raman peak intensity of R6G, dnds the Raman
peak intensity of graphene. The quanutyC, was found to be[61-63] 0.9 — 5.4 X
10711 Sr~1. In Figure 5a, the intensities of the Raman peaks of R6G anghgnae were
calculated by measuring the area under the peak654 cnit and 1572 cr), respectively.
Accordingly,I; = 5.8, andlzs; = 10.5. Here, we used 100 nM concentration of R6G and
utilized 1 puL of sample to obtain the Raman spedthe corresponding number of molecules
of R6G on the surface will b&,,; = 6.023 x 101°. With these quantities, the cross-section

of R6G for the Raman scattering process on thehgragp coated SERS is found to be
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Normalized Intensity

Orec = 0.27 — 1.62 x 10722 ¢m? - Sr~1 - molecule™. Shim et al.[64] measured the cross-
section of R6G for the Raman scattering in soluttonbe 2.0 x 10723 cm? - Sr™?! per

molecule. Hence, the increase in the cross-seafoR6G for the Raman scattering on
graphene covered Au@Ag core-shell substrate is’~ 1@, which is about the same order

of magnitude as our SERS enhancement factor.
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Figure 5. Raman spectra of R6G on graphene coated nanostdctubstrate showing the
(a) experimental data (blue diamonds), and Lorantfits. The overall fit is shown with the
red line. (b) Comparison of G peak for unstrainedpfene (on flat surface) and strained
graphene (on nanostructured surface leading téejipphe splitting of G peak shows that the
graphene is under strain on the nanostructurechsrf(c) Comparison of 2D peak for
unstrained graphene (blue line) and strained gramhEhe corresponding Lorentzian fits to

the experimental data are shown in (d) for unstcigraphene, and in (e) for strained
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graphene. The red shift of the graphene 2D peakigsto the charge transfer and the strain

due to the ripple effect.

We provide another evidence of the rippled striectifrgraphene ifigures 5b-e. Figure 5b
shows the comparison of the G peak of graphene ftet surface (unstrained) and on the
SERS substrate (strained). The G peak of unstragn@ohene appeared as a single peak at
1587 cnt, whereas the G peak of strained graphene sptittimo peaks at 1572 and 1598
cm™. The split in G peak is a sign of shear strain.[66] Interestingly, the 2D peak of
graphene on the SERS substrate was red shiftedaztechpo the graphene on flat substrate
(Figures 5c-e), which is due to the combined effect of chargasfer from the plasmonic

substrate[67] and the strain caused by the rigpletsire.

3.3. SERS Enhancement Mechanism
Here, we investigate the electromagnetic and chmBSERS enhancement

mechanisms on the designed SLG/SERS substrate.

3.3.1. Electromagnetic (EM) enhancement mechanism

The EM enhancement occurs at the interface betwben Au@Ag core-shell
nanopillars because of the local electromagnetnt §pots’ associated with the resonance
excitation of LSPRs. In order to understand theatfat the interface between the SLG and
the nanopillar arrays, we set periodic boundaryd@ans along thex andy axis.Figure 6a
shows the 3D schematic of the simulated structér@anopillar array with 3Gm lattice
constant on silicon substrate supports the cork-8h@&@Ag nanoparticles which are covered
with a monolayer of rippled grapherfégures 6(b-d) show the 3D normalized electric field

intensity distribution in a few unit cells of th&wcture, at an excitation wavelength of 633
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nm, as well as at Raman emission wavelengths pfedpgraphene, at 703 nm and 760 nm,
respectively. The plasmonic nanostructures enhdheelocalization of the field in the
vicinity of the graphene monolayer, enhancing tpé&cal absorption rate in the graphene.
Figures 6(e-g) show the 3Dnormalized electric field intensity distribution rfdhe flat
surface.

3D FDTD simulations were performed to calculate ltheal electromagnetic field at
the interface of rippled graphene and the nanopalteay.Figure 6h shows an enhancement
of ~3x in the electric field intensity comparedtbe incident fieldX = 633 nm) as a function

of wavelength.
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Figure 6. (a) Schematic of rippled graphene (SLG) on thee-strell Au@Ag nanopillars structure;
Electromagnetic field distribution for (b, ¢, angribpled graphene on nanopillar substrate; (ané

g) flat graphene on nanopillar substrate; (h) temaof electromagnetic field enhancement with
wavelength on rippled graphene coated nanopillah wespect to incident field; (i) variation of
electromagnetic field enhancement with wavelengthrippled graphene coated nanopillar with

respect to flat graphene coated nanopillar.

The electric field were calculated for normal iremde of excitationHp) and were averaged
over the surface of the rippled graphene monolayegure 6i compares the field
enhancement achieved by the rippled graphene suctampared to flat graphene surface on
the same plasmonic nanopillar array substrate. rélelts shows that the enhancement in
field intensity at the rippled graphene is highestzorter wavelength.(< 600 nm) compared
to longer wavelengths.(> 800 nm). This is expected since at longer wangtles the fields
are more scattered in the surrounding media, satagfaphene would experience higher
field. But at shorter wavelengths the fields areren@onfined between the metallic
nanostructures, and a rippled graphene would expezi higher field. The electric field
distribution with and without graphene on the metated nanopillar substrate at the G and

2D bands corresponding to SLG was also calcul&ag@glementaryigure S5).

3.3.2. Chemical (CM) enhancement mechanism

The EM enhancement of graphene covered structaebden widely reported[1, 24,
26, 30, 68, 69] but the CM enhancement of grapheojugated molecules is less
explored.[70-72] In the present study, we focused highlighting the charge-transfer
enhancement originating from the metal-moleculgugmate by investigating the electronic

and vibrational properties of a probe molecule R§Glensity function theory (DFT) studies.
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Figure 7a shows the optimized geometry of graphene using DWwith high electron
density along the zig-zag (trans) edge comparedrrio chair (cis) which is confirmed by
existing experimental reports using AFM[73, 74] aBdM,[75] respectively. Another

evidence for the feasibility of using limited sigephene sheet can be seen ffagure 7c.
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3D VIEW

Figure 7. (a) Optimized geometry of graphene using Densitiydtional Theory (DFT). High
electron density along the zig-zag (trans) edgepawed to arm chair (cis) is shown. The
inset shows the schematic of the arm chair (greem zig-zag (red) configuration of
graphene edge. (b) Position of HOMO and LUMO endeggl and (c) HOMO-LUMO band

gap for R6G, Graphene and R6G conjugated graphene.

The graphene simulated here has a bandgap duefioité size. The bandgap decreases (or
vanishes) with increase in graphene layers/sh&éts/[/] FromFigure 7b, it can be inferred

that charge transfer is possible from the LUMO @stvunoccupied molecular orbital) of
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graphene to the HOMO (highest occupied moleculaital) of R6G as the LUMO is at
higher energy. The HOMO of graphene is lower thaat tof an isolated R6G molecule
leading to excited electrons in the LUMO of graphenopping to the HOMO of R6G, rather
than its own HOMO. The HOMO-LUMO gap of isolated®& 1.73 eV. The HOMO level
of R6G is close to the Fermi energy of graphene4® eV). Thus, strong interaction
between R6G and graphene is possible and the loebiéagy and electron density of R6G is
modified due to the presence of graphene. The LUWNIMe hybrid structure is significantly
lowered from -2.35 eV to -3.02 eV. The decreasbandgap leads to more efficient Raman

excitation.

Figure 8. Electron density plot showing the (a) HOMO andl(b)MO level for R6G before
adsorption to graphene. Electron density plot shgwhe (c) HOMO and (d) LUMO level
for R6G after adsorption to graphene.

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

for both beforg(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 -4éd8 and -2.35 eV, respectively,
while after adsorption of R6G to graphene they ceduto -4.34 eV and -3.02 eV,
respectively. From these results, it is evident tha HOMO of R6G becomes more negative
in the hybrid systemi.e. electrons are supplied to the system, confirmihgrge transfer
from graphene-to-R6G. From the electron density, ph@ excited state of the hybrid system
(LUMO) also showed more electrons in graphene thaR6G, which might be transferred
during relaxation process. These results collelstighow that the charge transfer is from
graphene to R6G, supporting our hypothesis on titeamcement properties of ripples of
graphene and emphasizing its application as SERSrsite.

In the previous section, the electronic structuties,adsorption energies, the charge
transfers, and the ground state structures of R6&G SLG were discussed. In order to
understand the role of electronic states in CM pobment, we also examined the total
density of states (DOS). The results of this stady provide meaningful insights, such as:
(1) the number of available states at each enenggl ivhich might reflect the total number of
allowed transitions,[78] and (2) increased DOS wdehd to increased scattering, and hence
enhancement of the Raman signal.[Fejure 9 presents the distribution of DOS for R6G,
R6G on graphene, and graphene. The green linestslzosccupied states, while the red lines
show the unoccupied molecular orbitals. CompaFmgyres 9a-c, it is evident that the DOS
is increased for R6G on graphene compared to R6Graphene individually, indicating
higher probability of transition for Raman scatteriFigure 9b). These results show that
R6G adsorption on graphene broadens the bandggmapliene indicating the likelihood of
energy transfer from graphene-to-R6G, wherein ggaphacts as an electron donor and R6G
as an electron acceptor. From the DOS studiesnitbe understood that the charge transfer
will induce the polarizability of R6G molecules atiais result in the enhancement of Raman

scattering.[80] The theoretical absorption spectbsained from DFT for R6G and R6G
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adsorbed on graphene are presentdéigare 9d. Intense pealat ~ 500 nm (blue line) was
found for R6G. For R6G adsorbed on graphene, a peak630 nm (red line) was found. A
peak shift is observed after adsorption of R6G m@aplgene. As mentioned earlier, utilizing
the 633 nm laser for Raman spectroscopy near HEerption spectrum would potentially

take advantage of the resonant absorption leadisgganger SERS activity.
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Figure 9. Distribution of total density of states (DOS) fa) R6G, (b) R6G on graphene, and
(c) graphene showing the occupied (green) and wmied (red) molecular orbitals. The
Fermi level is set as 0 eV. (d) Theoretical absonpspectrum (DFT) of R6G and R6G

adsorbed on graphene.

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

reflects the total number of allowed electrons, theoretical efforts to describe this
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distribution and detail the transition behavior édawt been presented so far. In the present
study, we investigated the oscillator strength ig@a@ely using absorption measurements to
find the permissible transition. An oscillator stgéh of ~1 implies complete transition. The

absorption spectra basically reflect the fact tiagorption = DOS x Oscillator strength.[81]
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Figure 10. (a) Absorption spectrum of R6G showing the streraftdifferent singlet-singlet

transitions corresponding to the absorption pedRsAbsorption spectrum of R6G adsorbed
on graphene showing the strength of different sirginglet transitions corresponding to the
absorption peaks. Comparison of experimental (dgak) and DFT calculated (red) Raman

spectra of (c¢) R6G, and (d) R6G adsorbed on gragphen
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The absorption spectrum of R6G seefkiigure 10a had the highest absorption peak at 498.3
nm, with a highest oscillator strength of 0.373@tresponding to singlet-singlet transition
from HOMO->LUMO (Table $4). Another peak was observed at 413.8 nm withllaszi
strength of 0.1223 with singlet-singlet transitidnom HOMO-2->LUMO. Another
prominent peak at 363.3 nm with oscillator strengjtld.12555 with singlet-singlet transition
from HOMO->LUMO+3 was also observed. For R6G adsorbed on graghas shown in
Figure 10b, one absorption peak at 608.6 nm with oscillattmrergjth of 0.26438
corresponding to singlet-singlet transition from MO-1->LUMO was observedI(able S5).
Finally, we also extrapolated the Raman spectrurR@&® and R6G adsorbed on graphene
both experimentally (dark cyan lines) and througfirzalculations (red lines). Fromgure
10c, it is seen that most of the major peaks are sitadlwell, with the exception that some
minor peaks are missing. This difference is becalisesimulations were done at 0 K in the
gaseous state, while the experiment was conduttexban temperature in solid state. These
results further strengthen the applicability of tesigned SLG as SERS substraiable S6
presents the electrical properties of R6G and Ré&drded on graphene. The dipole moment
of the hybrid system (Graphene+R6G) is lowered cmexb to the isolated R6G because of
charge supply from graphene-to-R6G molecules. Dugirong dipolar molecules like R6G,
coupled with possibler-n stacking interaction with graphene, strong inteoac between
graphene and R6G occurs at the interface. Thissléadncrease in the polarizability and
anisotropy in the polarizability which is resporisilior increase in the Raman intensity after
adsorption in the hybrid structure.

The current state-of-art suggests that severakegies have been applied to increase the
oscillator strength in the UV and visible spectrahge by designing plasmonic assisted
devices for efficient absorption enhancement footptoltaics applications.[82-84h the

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

substrates.

4. Conclusion

We investigated the enhancement properties of @ledpsingle layer of graphene
deposited on a 3D Au@Ag core-shell nanopillar stmec We investigated the optical
reflectance and scattering properties of the gnaplmevered SERS substrate. The presence
of a SLG was confirmed by the FWHM of the G and 2Zdhds as well as the 2D to G peak
ratio. We showed that the rippled structure of geage splits the G peak into two peaks due
to ripple- mediated strain on the graphene strectihe Raman spectra was acquired for
R6G dye molecules adsorbed on the SLG/SERS suhstfae ripples on the graphene
covered plasmonic SERS substrate led to more tB@@xLhigher SERS enhancement factor
at 633 nm excitation laser for each identified Rarpaak in comparison to the flat substrate
under the same conditions. Concentration depersledies of the SERS spectra of R6G on
the graphene covered Au@Ag core-shell substrateesth@ detection limit of 100 pM. The
SERS substrate provided ~219 1@ factor of enhancement in the cross-section of R6G
(Oreg = 0.27 — 1.62 x 10721 cm? - Sr™1) for the Raman scattering process. The FDTD
simulations showed field intensity enhancement froplasmonic nanostructures due to
localization of the field in the vicinity of the gphene monolayer, enhancing the optical
absorption rate in graphene. The chemical enhantcam®FT calculations showed that the
charge transfer from graphene to R6G molecule spamsible for the Raman scattering
enhancement properties of rippled graphene. Stimiegaction between graphene and R6G
occurs at the interface because of the strong alipmhture of R6G molecule along with

molecular interaction due te = stacking interaction with graphene. As a resuk, Raman
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intensity is enhanced due to the increase in tharigability as well as the anisotropy from

rippled graphene substrate.
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