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raphene is at the center of a signifi-

cant research effort.' ® Near-

ballistic transport at room temper-
ature and high mobility>~'" make it interest-
ing for nanoelectronics,'~'* especially for
high frequency applications.'® Furthermore,
its optical and mechanical properties are
ideal for micro- and nanomechanical sys-
tems, thin-film transistors, transparent and
conductive electrodes, and photonics.!” 2
Graphene is also a test-bed for some long-
standing problems, such as the Raman
spectra of carbons.?® Here we show that
this conceptually simple material (due to
its low-dimensionality) helps in understand-
ing the basics of surface-enhanced Raman
scattering (SERS).

Graphene layers can be identified by in-
elastic?® and elastic light scattering.?’?® Ra-
man spectroscopy allows monitoring of
doping, defects, strain, disorder, chemical
modifications, and edges.?*?°~*2 The Raman
signal can be enhanced using certain sub-
strates, such as the common Si+ SiO,, due
to interference in the SiO; layer, resulting
into enhanced field amplitudes within
graphene. 746

Another way to increase the Raman sig-
nal is to perform SERS experiments.*’8 SERS
is widely used,*>" and enhancements as
large as 14 orders of magnitude can be
achieved (enough for single-molecule de-
tection2). However, even though the tech-
nique is more than 30 years old,’! the exact
nature of SERS is still debated.* Further-
more, the particular mechanism might be
different, depending on whether the Raman
processes involved are resonant or not. In
principle, even a single metallic nanostruc-
ture, e.g., a metallic nanotip, can induce
SERS at its apex, giving rise to the so-called
tip-enhanced Raman scattering (TERS).> >
The key feature of TERS is its capability of
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ABSTRACT Surface-enhanced Raman scattering (SERS) exploits surface plasmons induced by the incident

field in metallic nanostructures to significantly increase the Raman intensity. Graphene provides the ideal

prototype two-dimensional (2d) test material to investigate SERS. Its Raman spectrum is well-known, graphene

samples are entirely reproducible, height controllable down to the atomic scale, and can be made virtually defect-

free. We report SERS from graphene, by depositing arrays of Au particles of well-defined dimensions on a

graphene/Si0, (300 nm)/Si system. We detect significant enhancements at 633 nm. To elucidate the physics of

SERS, we develop a quantitative analytical and numerical theory. The 2d nature of graphene allows for a closed-

form description of the Raman enhancement, in agreement with experiments. We show that this scales with the

nanoparticle cross section, the fourth power of the Mie enhancement, and is inversely proportional to the tenth

power of the separation between graphene and the center of the nanoparticle. One important consequence is that

metallic nanodisks are an ideal embodiment for SERS in 2d.

KEYWORDS: graphene -

optical sensing with high spatial resolution
beyond the light diffraction limits.>%*’

Most SERS-active systems studied to-
date are based on random nanostructures,
whose properties vary from experiment to
experiment making quantitative compari-
son between theory and experiment diffi-
cult. Graphene offers a unique model sys-
tem where SERS effects could be studied in
detail. Its Raman spectrum is well-known,?
being investigated in several hundreds of
papers in the past 4 years. Graphene
samples are very reproducible and offer an
atomic-precision control on the number of
layers, thus allowing a smooth transition
from a purely 2d case to a 3d one. Further-
more, as both resonant and nonresonant
Raman scattering can be in principle pos-
sible, such as in chemically modified
graphene,® a distinction between different
enhancement mechanisms could be made.
Here we focus on the resonant case, where
we believe the enhancement is mostly due
to near-field plasmonic effects in the vicinity
of metal particles.#3
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ARTICLE

Figure 1. SEM images (in false colors) of our SERS sample:

purple, SiO,; bluish, graphene; yellow, Au electrodes and Figure 2. Raman linescans. Dotted red lines indicate the
dots. (a) Overall image of the sample; (b,c) golden dots on graphene edge. The intensity ratios are as follows. (A) Large
Sio, dots: Point 1/Point 3; Point 2/Point 3. (B) Small dots: Point
1/Point 3; Point 2/Point 3. (C) Large dots: Point 4/Point 6;
RESULTS AND DISCUSSION Point 5/Point 6; small dots: Point 3/Point 1; Point 2/Point 1

Graphene flakes are prepared on Si+300 nm SiO,
by micromechanical cleavage.' Single layer graphene
(SLG) is identified by optical contrast?’?® and Raman
spectroscopy.?® Electron beam lithography in combina-
tion with thin metallic film deposition (5 nm Cr+ 80
nm Au) and lift-off are utilized to prepare three sets of
metallic dots, as well as a set of contacts for transport
measurements, Figure 1. One set is placed directly on
top of SLG, one partially covers it and partially rests on
SiO,, and the last is completely on SiO,. The dot sizes
and the configurations of the arrays can be seen on Fig-
ure 1. During lift-off, metallic dots are slightly shifted
from their lithographically defined positions, probably
by capillary forces. This indicates poor adhesion of
Cr/Au dots onto graphene. Note that dots on SiO, still
occupy the positions defined by the lithography

4 plots them for the two dot sizes and as a function of
excitation energy. A clear enhancement is seen when
comparing patterned and unpatterned SLG.

We model our experiments with the calculation
box shown in Figure 5. Starting from the bottom, this
consists of a semi-infinite Si substrate, 300 nm SiO,,
and a SLG of effective thickness 0.335 nm. On SLG, we
have a Au/Cr disk with thickness 80 nm/5 nm, with the
diameter set to either 140 or 210 nm, according to the
experimental Au dot size. We time-integrate Maxwell’s
equations using the finite-difference time-domain
method (FDTD)® as implemented in refs 59 and 60
(see Methods). For the absorbing boundary conditions
in the vertical direction we use the perfectly matched-
layer method (PML),%" while in the lateral directions we

procedure. use periodic boundary conditions simulating an infinite
Raman spectra are recorded with a Renishaw two-dimensional square array of Au/Cr nanodisks. We
RM1000 spectrometer, equipped with a piezoelectric previously investigated the plasmonic resonances of

stage (PI) able to shift the sample at nanometer steps. similar nanoparticles (prepared in exactly the same con-
Line scans are recorded across the patterned arrays, as  ditions as in the present work).** This allowed us to ex-
shown in Figures 2 and 3, for 488, 514, and 633 nm tract the Au and Cr optical constants as obtained in
excitation. our evaporators.®* We also recently measured the opti-

The Raman enhancement is defined as the ratio of ~ cal constants of graphene by spectroscopic ellipsome-
the Raman intensity measured on SLG covered by dots,  try.*® The dispersive materials Au, Cr, and graphene are
compared to that measured outside the dots, but still described here by Drude—Lorentz models, each fitted
on SLG, Figure 2. Figure 3 shows representative spec- to our experimental data. These are shown in Figure 11
tra measured at 633 nm. We consider both area, A(2D)/  in Methods. Finally, for simplicity we use n = 1.46 for
A(G), and height, I(2D)/I(G), ratios (see Methods). Figure  SiO, and n = 4 for Si.®
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Figure 3. Representative Raman spectra measured across a
line scan moving from outside to inside the Au dot pat-
terned area for 633 excitation. An enhancement of all peaks
is seen.

We only consider normal incidence and emission,
relevant for our Raman backscattering experiments.
The incident field is a wide spectrum plane wave (i.e., a
narrow Gaussian temporal profile) coming from the top.
We monitor the electric fields E(r, t) and E,(r, ) at each
grid point on the graphene plane, and upon Fourier
transform we get the tangential-field amplitude Ei(r, w)
in frequency domain. This is enhanced compared to the
incident field, due to substrate interference, and the
surface plasmon resonance (SPR) near-field of the
nanodisks.
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Figure 4. Ratio of height and areas of the G and 2D peaks
measured on the patterned regions compared to those meas-
ured outside, as a function of the excitation energy, in a
semilog scale.

We assume that the absorption at a particular point
is proportional to the incident tangential field inten-
sity. Furthermore, we assume that the Raman emission
from a particular point is proportional to the corre-
sponding Stokes-shifted incident intensity. Since the
emitting dipole is not necessarily parallel to the driv-
ing field, we take the average of both parallel- and
antiparallel-aligned dipoles. Finally, we assume the
emission from points underneath the nanodisks to be
reabsorbed and lost. We thus approximate the total Ra-
man signal as*’

Iseps o %f |Ey(r, ) [IE(r, )7 + [E(F, @) dS" (1)

where r’ indicates r rotated by /2. The integration is
performed over the area not directly underneath the nano-
disks, and ws = w — dw is the Stokes shifted frequency.
dw = 2mcv, where v is the Raman shift (in cm™'). The
outcome of eq 1 is normalized by the corresponding
calculation for suspended graphene (where the integral

is over all the area since there are no nondisks to cover
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Figure 5. Simulation box: 80 nm/5 nm Au/Cr nanodisks on
SLG/SiO,/Si. The lateral periodicity is 320 nm. We consider
diameters of 210 and 140 nm, corresponding to large and
small dots.

the emission). We note that, given the large absorp-
tion of ~2.3% per graphene layer,®’ this approxima-
tion becomes questionable for local enhancements
greater than ~43. We thus cut above 43. Emission satu-
ration, on the other hand, cannot be reached because
the Raman efficiency, even if larger than other materi-
als due to the process being always resonant, is in ab-
solute terms very small,*® and would require ~10'" en-
hancement to exceed 100%.

The 300 nm SiO,/Si substrate interferometrically in-
creases not only the visibility?”? but also the Raman
signal of graphene.**#>%8 Here we expect an additional
enhancement due to the Au nanodisks SPR near field.
To distinguish between the two effects (substrate inter-
ference and SPR), we separately calculate both cases

@) ®y T o

= 1 1 T 1

Wavelength (nm) Wavelength (nm)

Figure 6. The total (patterned) enhancement factors for (a) the G
and (b) 2D peaks. The dotted line is the corresponding interference
(unpatterned) enhancement factor.
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for unpatterned SLG on SiO,/Si and SLG patterned
with the Au nanodisks, still on SiO,/Si. We define the in-
terference enhancement factor F as the ratio of the Ra-
man signal from unpatterned SLG on SiO,/Si to that of
suspended SLG, F = Ijnpatt/lsusp @and the total enhance-
ment factor F’ as the ratio of the Raman signal from pat-
terned SLG on SiO,/Si to that of suspended SLG:

F" = lpaw/lsusp = Isers/lo. Figure 6 plots such factors for
the G and 2D peaks. This gives a maximum interference-
related enhancement F at 550 nm of ~2.5 for the G
peak and ~2 for the 2D. However, this is modest com-
pared to the total enhancement F’ when the nanodisks
are taken into account. The total enhancement reaches
up to 35, and is maximum at different wavelengths de-
pending on the nanodisk diameter. The shoulder at 550
nm is likely related to interference, because (i) it is at
the same frequency as the interference peak and (ii) it
is stronger the further the plasmon peak.

There is a different enhancement for the two diam-
eters, not only in peak value, but also in wavelength.
This is mainly due to the increased size and fill factor
of the 210 nm particles, both effects leading to a sur-
face plasmon redshift.57° Figure 7 plots the distribu-
tion of the tangential intensity enhancement in the
SLG plane at 633 nm, which is approximately propor-
tional to the absorption enhancement at that wave-
length. Different patterns appear for the two sizes: the
smaller disk exhibits a clear dipole pattern, while the
larger disk pattern is modified. We then perform a simu-
lation of the 210 nm disks for a 480 nm-period array,
which is roughly the experimental fill factor of the 140
nm disk array. We find that, at the corresponding peak
enhancement frequency, the intensity pattern acquires
the characteristic dipole form seen in Figure 7a. Higher
order multipoles may also give a small contribution to
this difference, but not the dominant one, as can be
verified by examining the Mie scattering coefficients’'”2
of the larger particles.

Figure 8 compares F'/F to the corresponding experi-
mental Raman intensity ratios. Considering all approxi-
mations made, and the fact that some of the measure-
ments were on top of distorted parts of the nanodisk
arrays, the agreement is good. We find low enhance-
ment for 488 and 514 nm, and large for 633 nm. Also,
we reproduce a higher enhancement for the G peak in
the small disks at 633 nm, and a similar enhancement
for the 2D peak. The quantitative agreement for the 2D
peak is not as good. However, this is expected given
that its intensity significantly depends on
electron—electron interactions, which could change in
the presence of gold.”®

The agreement between experiment and simula-
tion is encouraging. It also allows us to get new physi-
cal insights into the SERS process of a 2d system, like
graphene. The basic physics and detailed theory of the
electromagnetic contribution to SERS on adsorbed mol-
ecules is well-known:* both absorption and emission

www.acsnano.org



are enhanced due to interaction with surface plas-
mons, with an expected overall dependence on the
fourth power of the SPR-mediated field
enhancement.*”74 However, a detailed theory for 2d
systems is still lacking. Such formulation is challenging
for our experiments: the Au particles do not have a
regular spherical or ellipsoidal shape, they are large, so
multipoles higher than dipole may contribute, there is a
thin Cr layer, we are on SiO,/Si giving additional inter-
ference and enhancement. We thus consider the simpli-
fied case of regular-shaped small Au particles inside a
uniform medium. This provides all the new physics for
SERS in graphene, or generally any 2d system. The final
connection between experiments and theory will rely
on simulations, covering different scales and experi-
mental embodiments.

The generic system under study is depicted in Fig-
ure 9: at normal incidence, a plane wave of frequency
 excites a point dipole in the nanoparticle:

p o< o) )

where the polarizability anp is described by the Mie
theory.”"7? The poles of a,, define the optimal SERS fre-
quencies. The reradiated near-field from this dipole
scales as r~3, and is responsible for the enhanced ab-
sorption. This will excite a Raman dipole:

p' e aglog 0)r o (o) 3)

where ag(ws, w) is the Raman polarizability and s the
Stokes-shifted emission frequency. This dipole near-
field will in turn excite a secondary dipole in the
nanoparticle:

p" o< G (@I oy, w)r (o) )

now at the emission frequency w,. Thus, the additional
surface-enhanced Raman signal is

Alsggs o< (’354f lp"|* ds &)

where the integration is over the SLG area. For a square
array with spacing L, normalizing to the corresponding
Raman signal in the absence of the particles, the SERS
enhancement is

AI,;:RS = 2 oQuraw?(2)" 6)
where a is the particle radius, h the separation be-
tween the particle center and the SLG plane, o = wa?/L?
is its relative cross sectional area, and Q(w) = |atnp(®)|/
(4mad) is the Mie enhancement. In general, Q depends
on particle size and shape’? (for spherical particles
anp(w) is given by eq 8 in Methods). In the limiting case
of spherical particles with a << \ the size dependence
in the Mie enhancement is removed and Q(w) = |[e(w)
— 1)/[e(w) + 2]|, where &() is the particle dielectric
function.
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%100

(@)

10

1

|Eyf? enhancement
X X

x0.1

Figure 7. Tangential field intensity distribution at 633 nm for the
(a) 140 nm and (b) 210 nm nanodisks.

This is our main theoretical result: the Raman en-
hancement scales with the metallic nanoparticle cross
section, the fourth power of the Mie enhancement, and
inversely with the tenth power of the separation be-
tween the nanoparticle center and graphene.

The above result is based on the assumption that
SPR near-fields dominate the enhancement. However,
for both large particles and separation distances, as in
our experiments, this may become questionable. To
have a useful comparison relevant to our experimental
system, we derive in Methods (eq 24) the full expression
for the SERS enhancement taking into account both ra-
diative and nonradiative dipole fields.

Since eq 24 does not consider multiple reflections
in the substrate, we compare it with FDTD simulations
of Au nanospheres and nanodisks suspended in air,
shown in Figure 10 for the G peak (where a small blue-
shift is due to the smaller effective refractive index be-
low the suspended nanoparticles). In the absence of an
analytical expression for the polarizability of a nano-
disk, we use that of a sphere (see eq 8 in Methods). Also,
to have a direct comparison, from the simulations we
extract the pure SERS contribution Alsgrs by subtract-
ing the incident from the total field.

We consider two sizes: 10 nm, to verify the small par-
ticle limit, and 140 nm, corresponding to the experi-
ment. In both cases the aspect ratio corresponds to the
experiment, i.e., thickness/diameter = 80/140. The peri-
odicity is also set to match the experiment with sur-
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Figure 8. Normalized enhancement factors F'/F for (a) the G-band
and (b) the 2D-band. Squares and circles are the experimental data.
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Figure 9. Scheme for SERS of a nanoparticle on graphene.

face filling ratio 15% (i.e., 23 nm for 10 nm, and 320
nm for 140 nm). Figure 10 also plots the SERS predic-
tions of eq 6 (near-field) and eq 24 (full-field). As ex-
pected, near-field and full-field coincide for the small
particles, but differ for the large ones. The full-field cal-
culation matches well the 140 nm sphere results, even
for very large graphene—particle separations, confirm-
ing the validity of the dipole approximation at these
particle sizes. The disks show a discrepancy at large dis-
tances, but a remarkably good agreement at small
ones. The insets in Figure 10 plot the field distribution
calculated by FDTD for the 10 nm Au sphere and the
140 nm Au disk, on a horizontal plane though the par-
ticle center. Both show characteristic dipole field pat-
terns. This further confirms the validity of the dipole ap-
proximation for the larger particles, not only for spheres
but also for disks. Overall, our analytical theory matches

full dipole theory 3
————— near field theory ]
® sphere simulation |
m disk simulation 3

Al SEHS/I 0

10-5 [ PR R |_—. /- 10-3 P S| | I
00 05 10 15 20 25 00 05 1.0 15 20 2
Distance (h/a) Distance (h/a)

Figure 10. FDTD simulations of suspended nanospheres (circles) and
nanodisks (squares) compared with the near-field theory of eq 6
(dashed line) and the full-field theory of eq 24 (solid line) for the G
peak enhancement. The radius is (a) 10 nm and (b) 140 nm. For the
disks the thickness/diameter ratio is 80/140, as for the experiment. Pe-
riodicities are 23 and 320 nm, with a 15% surface-filling ratio. The in-
sets show the field distribution on a plane running through the nano-
particle center, at the corresponding maximum enhancement
frequency (~512 nm for 10 nm, and ~520 nm for 140 nm). In (a) they
are for the 10 nm sphere, in (b) they are for the 140 nm disk. Both show
the characteristic dipole field distribution.
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very well the simulations, capturing the essential phys-
ics of SERS in 2d.

A very interesting consequence stems from Figure
10. For a sphere the minimum SLG-particle center dis-
tance cannot be less than the particle radius; i.e., it must
always be h = a. However, this is not true for disks.
Thus, the expected enhancements are much higher for
disks, with a good estimation given by eq 6 for h < a.
Equation 6 thus becomes a valuable optimization/de-
sign tool. In particular, it identifies three steps to further
improve SERS: (1) larger nanoparticle coverage o, (2)
larger Mie enhancement Q, (3) smaller nanoparticle-
SLG separation h. The first is straightforward. The sec-
ond is shape related, e.g., ellipsoids have a different Q,
which, for certain orientations, is stronger and red-
shifted compared to a sphere.”? As for the third, flat ob-
late spheroids and thin disks have a smaller distance be-
tween their center and SLG. Thus, much larger
enhancements are expected for flat spheroids and
disks.

The analytical expressions derived in Methods can
be extended to flakes of increasing number of layers,
by vertical integration. Note, however, that if the num-
ber of layers is large, reflection becomes important
(~1% for 7 layers but >5% above 18 layers), and needs
to be taken into account.

CONCLUSIONS

We studied SERS in graphene patterned with a
square array of Au nanodisks on SiO, (300 nm)/Si. Sig-
nificant enhancements were measured for both G and
2D bands at 633 nm. Similar results were obtained for
both disk sizes. Large-scale FDTD simulations reproduce
well the experiments. To elucidate the physics of SERS
in 2d, we derived analytic expressions, and showed that
taking into account the SPR near-fields only, a simple
closed-form expression is found, where the Raman en-
hancement scales with the nanoparticle cross section,
the fourth power of the Mie enhancement, and in-
versely with the tenth power of the separation be-
tween the nanoparticle center and graphene. This
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points to thin nanodisks to achieve the highest SERS
for 2d systems like graphene.

METHODS

Raman Background. The Raman spectrum of graphene consists
of a set of distinct peaks. The G and D appear around 1580 and
1350 cm ™, respectively. The G peak corresponds to the Eq
phonon at the Brillouin zone center. The D peak is due to the
breathing modes of six-atom rings and requires a defect for its
activation.“%41757 |t comes from TO phonons around the K
point, #4176 js active by double resonance (DR),”® and is strongly
dispersive with excitation energy due to a Kohn anomaly at K.3'
DR can also happen as intravalley process, i.e., connecting two
points belonging to the same cone around K (or K'). This gives
the so-called D’ peak, which is at ~1620 cm ™' in defected graph-
ite measured at 514 nm. The 2D peak is the second order of the
D peak. This is a single peak in SLG, whereas it splits in four in bi-
layer graphene BLG, reflecting the evolution of the band struc-
ture.® The 2D’ peak is the second order of D’. Since 2D and 2D’
originate from a process where momentum conservation is sat-
isfied by two phonons with opposite wavevectors, no defects are
required for their activation, and they are thus always present.
Each Raman peak is characterized by position, width, height, and
area. The frequency-integrated area under each peak repre-
sents the probability of the whole process. It is more robust with
respect to various perturbations of the phonon states than width
and height.”® Indeed, for an ideal case of dispersionless un-
damped phonons with frequency wp,, the shape of the n
-phonon peak is a Dirac 8 distribution = & (w — nwpy), with zero
width, infinite height, but well-defined area. If the phonons de-
cay (e.g., into other phonons, due to anharmonicity, or into
electron—hole pairs, due to electron—phonon coupling), the 8
line shape broadens into a Lorentzian, but the area is preserved,
as the total number of phonon states cannot be changed by
such perturbations. If phonons have a weak dispersion, states
with different momenta contribute at slightly different frequen-
cies. This may result in an overall shift and a nontrivial peak
shape, but frequency integration across the peak means count-
ing all phonon states, as in the dispersionless case. Thus, the
peak area is preserved, as long as the Raman matrix element it-
self is not changed significantly by the perturbation. The latter
holds when the perturbation (phonon broadening or dispersion)
is smaller than the typical energy scale determining the matrix
element. Converting this into a time scale using the uncertainty
principle we have that, if the Raman process is faster than the
phonon decay, the total number of photons emitted within a
given peak (i.e., integrated over frequency across the peak), is not
affected by phonon decay, although their spectral distribution
can be. Even if the graphene phonons giving rise to the D and
D’ peaks are dispersive,®' their relative change with respect to
the average phonon energy is at most a few %, thus we are in the
weakly dispersive case. The phonon decay in graphene is in the
ps time scale, while the Raman process is faster, in the fs time
scale.307778 We thus consider both the area, A(2D)/A(G), and
height, I(2D)/I(G), ratios.

SERS Calculations. Let us consider a generic configuration as in
Figure 9, comprising a Au spherical particle of radius a at dis-
tance h from SLG, normal plane wave incidence, with field ampli-
tude E, frequency o, and polarization along x. The reradiated
fields are due to an induced electric dipole at its center:

P = &0, (0)E = gy, (w)EX (7)

where E is the local field at the nanoparticle, modified from the
incident one due to the presence of SLG. The SLG normal inci-
dence reflectance is almost zero® and, due to continuity, the lo-
cal field can be taken approximately the same as the incident
one. This is further corroborated from calculations of the depo-
larization matrix of single wall nanotubes, where for polarization
along the axis, no depolarization is found.>*’° The polarizability
anp for a sphere in the Mie theory”'7? is

— , (ka)y; (fka)
— &, (ka);(fka)

6i M, (Aka)y’ (ka)
KB mp,(Aka)g;(ka)

() =

where {s; and & are the Riccati—Bessel functions, k = w/c and i
= fi(w) is the nanoparticle complex index of refraction. In gen-
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eral, the refractive index of metallic nanoparticles differs from
the bulk value due the reduced free electron relaxation caused
by electron surface scattering.”>®° However, we have relatively
large particles, where this correction is negligible. Thus we use
the bulk Au refractive index. If the nanoparticle is much smaller
than the wavelength, eq 8 simplifies:’?

s3e(w) — 1

e(w) + 2 ©)

0 (0) = 4ma

with g(w) = A%(w) the nanoparticle dielectric function.
The total field at position r on SLG is®'

P

E(r, w) = Ey(r, o)X+

+ (% - ,—2) [3H(ip) — P]] (10)

The first term in the square bracket is the radiation-field, while
the second is the near-field. They scale with distance and wave-
length as (\?r) " and r3, (\r?) 7, respectively. Assuming the
nanoparticle distance from SLG to be much smaller than the
wavelength, r << \, and the resonant near-field much larger than
the incident field £, then the near-field r—3 dominates. Its trans-
verse component drives the SLG enhanced absorption. Simulta-
neously, the Raman emitted field also interacts with the Au par-
ticle SPR, further enhancing the total Raman emission. To fully
explore both processes, we need: (1) total absorption enhance-
ment; (2) total Raman enhancement.

Absorption Enhancement. The additional absorption in graphene
is due to the enhanced near-field. Absorption is defined as cur-
rent X field,®' thus approximated as

AA = Gof|E”f|2d5 (1)

where G, = e%/(47) is graphene’s dynamical (optical) sheet
conductance.®’#285 Combining, the near-field transverse com-
ponent of the driving field is

|EM(0)| = E,Qlm)a®?| 3% — | (12)

T
(]

with Q(w) = |atnp(@)|/(4wa). In the above we ignore cross terms
between incident and reradiated fields. This is justified when
strong near-field enhancements are expected (as should be for
SERS), but less so when the near-fields are of the same order as
the incident field.

From Figure 9, x = rsin 6 cos ¢, y = rsin 8 sin$, and z =
rcos 0, while r = h/cos 6. The integration surface element is
pdpdd = h?sin 0 cos >0 dd d, where p = htan 0 is r ’s projec-
tion on the plane. Equation 11 then becomes

G.E2Q%a® w2 p2n
= %ﬁ L cos® 0 sin 0 (0, ) dp dO

(13)
with (8, ¢) = 9sin*6 cos? b — 6sin?0 cos’d + 1. Then
37GE, Q(w)a®
=T (14)
8h*

For a square lattice with spacing L, the absorption enhance-
ment becomes:

8 _ 5100 _ 3,700 s

where o = wa%/L? is the nanoparticle relative cross section. For
spheres directly placed on SLG, i.e, h = a, eq 15 simplifies to

- = 50Q%(w) (16)
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Figure 11. The refractive indices used in the calculations for (a) Au,
(b) Cr, and (c) SLG. Open and solid circles indicate the correspond-
ing experimental data.
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We remind here that in the a << \ limit, the Mie enhancement
is Q) = |[e(w) — 1)/[e(w) + 2]|.

Raman Enhancement. Going back to eq 12, Eg“f(w) will excite a di-
pole field on SLG at the Raman frequency ws:

p' = oo, W)} (7

The polarization of the Raman dipole is not necessarily the
same as that of the driving field. Thus, for generality we assume
this to be randomly polarized on the SLG plane. In this case it suf-
fices to take the average of two dipoles, one polarized along X,
and another along y. The one along x will emit as the dipole term
of eq 10. We are again interested in the dominant near-field
term that decays as r—3. This will get coupled to the nanoparti-
cle and thus SPR enhanced. It will excite a secondary dipole at
the nanoparticle:

P" = Q) ox(w, w) QU)Ea®r °|[3kFR) — R,|*  (18)
where we again consider the projection of the dipole given the

backscattering geometry considered here. The radiated flux can
be taken as the additional surface-enhanced Raman signal:

— Ck54 n
Nlsgrs = 52— f pds (19)

where ks = wy/c and we multiply by a factor '/, since we only con-
sider the upper half flux. Using the angular relationships for x,
y, zand dS we get:
ck'E,2Q%(w) QY(w,) a®?
247e,h'°

/2 27
9 .
x fo fo cos® 0sin 0 £(0,¢) dp dd  (20)

Alggps = |og(ew,, UJ)|2

where £,(0, ¢) = 81sin®6 cos* &b — 108sin®0 cos* d + 18 sin* 0
cos? d(1 + 2 cos? ) — 12sin? 0 cos? b + 1. The angular integra-
tion yields 331/280. For the calculation with the Raman dipole
along y, the angular part of eq 18 becomes |[3#(F - X) —

X])||(3¢#(F - y) — y1j| with a slightly different ,(6, $), but a similar an-
gular integration value of 277/280. The average angular contri-
bution is 37/28. Thus the additional Raman signal can be written
as

3 Cks4EOZQZ(UJ)QZ((DS)G12
28 24me,h'°

Alggps = (0, )] (21)
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To evaluate the enhancement factor, we normalize to the ex-
pected signal Iy in the absence of nanoparticles. Considering a
square unit cell of side equal to the nanoparticle spacing L, we
get

ck'E)?

247te,

Iy = L? |og(, )] (22)

The Raman enhancement factor is

Algggs 3 5 5 a\'°o
% = 5001 @)(7) 23)

In the above we took into account only the ~ r~3 near-field di-
pole term. For SERS this is indeed the dominant contribution.
However, for a detailed comparison between theory and simula-
tion for large particles and large particle—graphene separa-
tions, this may not be enough. In particular, the (\?r)~" and
(Ar?)~" terms of eq 10 may become important. To facilitate such
a comparison and explicitly test the dipole model, we perform
the Raman integration taking all dipole fields into account (we
again ignore cross terms with the incident radiation though).
This gives

Al
% = 0Qw) QXw,) Fa, k k, h) (24)
0

where

F(a, k k, h) = 23_8(2)10 _ %az(kz + ksz)(%)s n

47220 a‘(ik 2)(2) + % K+ & ( ) B

R GRS

120
Equation 25 includes the average of both polarizations, similarly
to what was done for eq 21.
Finite-Difference Time-Domain Method. In the FDTD method, Max-
well’s equations are time-integrated on a computational grid:

VXE=—uH (26)

N
VX H= e dE+ 0Py + ) 0P, (27)
j=1

where material polarization is taken into account through polar-
izabilities P:

3Py + YoPy = 0,6 E (28)
3P+ TP, + QP = Ae Qe E (29)

This gives a Drude—Lorentz model for the dielectric function:

® AeQ’
e(w) =e, — P + A (30)
25

where the first term is the Drude free-electron contribution and
the second contains Lorentz oscillators corresponding to inter-
band transitions. w, and 1/ are the free electron plasma fre-
quency and relaxation time, (), Ag;, and I are transition fre-
quency, oscillator strength, and decay rate for the Lorentz terms.
To accurately reproduce the experimental dielectric functions
(Au and Cr from ref 64; SLG from ref 65) we treat these as fit pa-
rameters. For Au we use N = 4, and ¢.. = 3.454, Ag; = (0.376,
0.63, 1.208, 1.124), hw, = 8.73 eV, iy = 0.046 eV, Af); = (2.72,
3.13,3.88,4.95) eV, and £I'; = (0.39, 0.655, 1.16, 1.67) eV. For Cr
we use N = 3, and &. =1, Ag; = (9.54, 15.5, 1.1), hiw, = 5.51 eV,
fry = 0.731 eV, h{); = (1.43, 2.36, 3.64) eV, and #l’; = (1.19, 1.94,
1.41) eV. Finally, for SLG we use N = 3, and &.. = 1.964, Ag; =
(6.99, 1.69, 1.53), hw, = 6.02 eV, iy = 452 eV, Af); = (3.14, 4.03,
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4.59) eV, and Al'; = (7.99, 2.01, 0.88) eV. Figure 11 plots our
model dielectric functions along with the experimental ones,
showing an excellent agreement.

To account for the SLG thickness and still keep the simula-

tion reasonably fast, we employ an anisotropic grid with 0.335
nm spacing in the vertical dimension and 2 nm in the lateral one.
By calculations on smaller cells we verified that such a grid intro-
duces small errors, typically less than 5% and never exceeding
10%. Considering our approximations up to this point (normal
incidence and those in eq 1, we find this to be well within the
overall simulation errors.
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