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O
ptical nanoantennas1,2 convert freely

propagating optical radiation into

enhanced optical fields localized

on nanometric regions of their surface, the

so-called hot spots.3�9 Such an effect arises

from the resonant coupling of light with

collective oscillations of conduction elec-

trons of metal nanoparticles called localized

surface plasmon resonances (LSPR).10,11 The

huge electromagnetic field enhancement at

the hot spots enables a dramatic increase of

the vibrational signal of molecules located

therein. Surface-enhanced Raman spectros-

copy (SERS),12�14 inwhich Raman scattering

ismagnified by factors between 102 and 108

(see ref 15), is probably themost recognized

example of plasmon-enhanced spectrosco-

py, allowing one to carry out vibrational

analysis with excitation at optical frequen-

cies down to the single-molecule level.16,17

Plasmonic nanoantennas can also be used

to amplify the infrared (IR) vibrational sig-

nals of adsorbed molecules and thin layers.

Enhancement factors (EF) of up to 104 have

been demonstrated,18�24 increasing to 105

when the LSPR of a nanoantenna is reso-

nantly tuned to match the IR vibration en-

ergy of the probe molecule.25,26 The latter

* Address correspondence to

gucciardi@me.cnr.it,

pucci@kip.uni-heidelberg.de.

Received for review January 29, 2013

and accepted March 26, 2013.

Published online

10.1021/nn4004764

ABSTRACT In this article we show that linear nanoantennas can be

used as shared substrates for surface-enhanced Raman and infrared

spectroscopy (SERS and SEIRS, respectively). This is done by engineering

the plasmonic properties of the nanoantennas, so to make them

resonant in both the visible (transversal resonance) and the infrared

(longitudinal resonance), and by rotating the excitation field polarization

to selectively take advantage of each resonance and achieve SERS and

SEIRS on the same nanoantennas. As a proof of concept, we have

fabricated gold nanoantennas by electron beam lithography on calcium

difluoride (1�2 μm long, 60 nm wide, 60 nm high) that exhibit a transverse plasmonic resonance in the visible (640 nm) and a particularly strong

longitudinal dipolar resonance in the infrared (tunable in the 1280�3100 cm�1 energy range as a function of the length). SERS and SEIRS detection of

methylene blue molecules adsorbed on the nanoantenna's surface is accomplished, with signal enhancement factors of 5� 102 for SERS (electromagnetic

enhancement) and up to 105 for SEIRS. Notably, we find that the field enhancement provided by the transverse resonance is sufficient to achieve SERS from

single nanoantennas. Furthermore, we show that by properly tuning the nanoantenna length the signals of a multitude of vibrational modes can be

enhanced with SEIRS. This simple concept of plasmonic nanosensor is highly suitable for integration on lab-on-a-chip schemes for label-free chemical and

biomolecular identification with optimized performances.

KEYWORDS: surface-enhanced Raman spectroscopy (SERS) . surface-enhanced infrared spectroscopy (SEIRS) .

surface-enhanced infrared absorption (SEIRA) . optical nanoantenna . plasmonics . methylene blue . spectroscopy . nanosensor
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effect is named surface-enhanced infrared scattering

(SEIRS) because, for resonant nanoantennas in the IR,

light scattering (proportional to the fourth power of

the electric near-field)27 dominates the extinction sig-

nal and themolecular vibrations show up as Fano-type

signals superimposed on the resonant plasmonic back-

ground of the nanoantenna (see ref 28 for more

details). SEIRS with plasmonic light scattering is be-

coming an increasingly important technique as a

complementary tool to SERS with similarly high

vibrational sensivity.28�30 Because of the different ex-

citation mechanism, different selection rules and dif-

ferent cross sections hold for IR and Raman activity.

Complete vibrational information can be obtained,

therefore, only with simultaneous application of both

techniques.31�33

SERS, SEIRS, and surface-enhanced IR absorption

(SEIRA) have been applied for chemical, biological,

and pharmaceutical analysis and sensing34�40 using

specific plasmonic nanostructures to enhance either

the IR or the Raman signals. Some approaches have

been reported on the development of shared sub-

strates for SERS and SEIRS sensing,41,42 indeed more

versatile and simple to integrate in a lab-on-a-chip

architecture. Examples include arrays of gold nano-

shells,19,42 self-assembled microemulsions, self-as-

sembled pulsed laser deposited gold nanoparticles

clusters,43�45 sputtered thin-film gold electrodes,46

near-field coupled silver nanowires,47 electrochemi-

cally treated copper surfaces,48 and silver�nanoparti-

cles clusters.49 These nanostructures feature broad

LSPRs from the visible to the IR, thus being effective

for plasmon-enhanced Raman and IR spectroscopy. To

optimize the response of a combined SERS�SEIRS

sensor, however, optical nanoantennas with engi-

neered shapes and dimensions are much more desir-

able. Linear nanoantennas, featuring two distinct

LSPRs, allow one to precisely tune the first LSPR to

specific IR spectral regions,50�52 so to selectively en-

hance the desired IR vibrations,25 and to adjust the

second LSPR in the visible, close to the laser excitation,

for maximum SERS enhancement.53,54

Here we show that linear gold nanoantennas made

by electron beam lithography (EBL) onCaF2 represent a

viable platform for simultaneous SERS�SEIRS molecu-

lar analysis. We prove that, exploiting the longitudinal

dipolar resonance (in the IR for 1�2 μm long

antennas52), it is possible to achieve SEIRS, while the

transverse plasmon resonance (in the red spectral

region for 60 nmwide and high antennas) can be used

for SERS with laser excitation in the visible.55 By simply

switching the polarization of the excitation fields, both

SERS and SEIRS molecular analysis can be obtained on

the same sample architecture.

RESULTS AND DISCUSSION

Optical Nanoantennas. Nanoantennas have been fab-

ricated by electron beam lithography on CaF2 (100)

substrates (see Methods). Due to the insulating nature

of the substrate, a bilayer of resist and aluminum,

10 nm thick, was used to prevent charging of the

sample. After aluminumremoval and resist development,

Figure 1. (a) SEM image of the gold nanoantennas arrangement on the CaF2 substrate. The inset shows a zoom-in under an
oblique view. The symbols || and ^ indicate the longitudinal and the transverse directions, respectively, with respect to the
nanoantenna's long axis. (b) Schematic sketch of the antenna geometry used for theoretical calculations. (c, d) Maps of
squared near-field intensity calculated in a plane 30 nm above the CaF2 surface (intersectional lines shown as dotted line in
(b)) at energies corresponding to resonances in the near-field of the fundamental longitudinal dipolar mode in the IR (c, field
E|| polarized parallel to the long axis, 1751 cm�1) and the laser excitation used to excite the transverse plasmon resonance
mode (d, field E^ parallel to the nanoantenna short axis, 633 nm). The fields in (d) are normalized to the value of the highest
field Emax (see Supporting Information). The incident field is simulated using a planewave in the IR (c) and aGaussian beam (d)
in the visible (the dashed circle indicates the area of the laser spot where E/E0 g 1/e with a diameter of about 600 nm).
The contours of the antennas are indicated by the dotted lines. The blue lines indicate cross sections shown in Figure S2
(see Supporting Information for more details).
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a combined evaporation of gold and lift-off was the last

step to fabricate the nanoantennas. Scanning electron

microscopy images are shown in Figure 1a. We have

investigated four sets of antenna arrays fabricated on

the same CaF2 wafer, each one containing nanoanten-

nas of a specific length (L = 1910, 1410, 1110, and

710 nm). Widths (w = 60 nm) and heights (h = 60 nm,

including 5 nm of Ti adhesion layer) are the same for all

the antennas. Within each array, the nanoantennas are

arranged in a tip-to-tip configuration with gaps of

50 nm (see inset). Each chain is separated from the

neighboring one by 5 μm.With this spacing, conditions

for transverse coupling in the IR are optimal and field

enhancement at the antenna apex is not lowered by

transverse near-field coupling.52 The longitudinal gap

of 50 nm increases the antenna density within the

array. Its small size increases IR near-field enhancement

slightly, but is not important for the horizontal plasmon

resonance in the visible. Thus, the reported principle is

also valid for single antennas and as such can be

exploited in a combination of a Raman and an IR laser

setup.

To prove our concept, we have used methylene

blue (MB) as probe molecule (C16H18N3SCl; see inset of

Figure S1a in the Supporting Information for the chem-

ical structure drawing). MB is a heterocyclic aromatic

compound with many applications in biosensing,56

photodynamic therapies,57 and fundamental SERS

experiments.51,58,59 Like various other dyes, the elec-

tronic resonances of MB60,61 (absorption spectra are

displayed in Figure S1a) permit exploiting the en-

hancement due to resonant Raman scattering (RRS)

effects to record spectra of molecules adsorbed on

substrateswith lowor no plasmonic enhancement.59,62

This allows us to carry out reference RRS measure-

ments and compare them with SERS, in order to

precisely evaluate the enhancement factor. The most

characteristic vibrational modes of MB are listed in

Table 1. Intense Raman and IR active vibrations occur in

the 400�1650 cm�1 range. The strongly IR active C�H

stretching modes from CH3 groups show up at higher

energies (2850�2950 cm�1). MB has been bound to

gold surfaces following standard procedures (see

Methods).

Determination of LSPRs. Figure 2 displays the extinc-

tion spectra of the four sets of nanoantennas after

adsorption of methylene blue. The IR LSPRs show up

exciting the samples with a longitudinal field, E||, i.e.,

polarized along the long axis52,65 (experimental details

in the Methods section). Resonances are found be-

tween 1280 and 3100 cm�1 (Figure 2, red, orange,

green, and blue lines), matching the vibrational finger-

print modes ofmanymolecular species. In the visible, a

single LSPR peak at 641 nm (Figure 2, black line) is

observed for the transversal excitation field, E^, i.e.,

polarized parallel to the short axis (experimental details

in the Methods section). Because of the large aspect

ratio, the energy of this transverse LSPR resonance is

independent of the antennas' lengths and corresponds

towhat is expected for a gold nanowire of about 60 nm

in diameter.55,66

TABLE 1. Selection of MB Vibrational Frequencies (in cm�1)a

Raman literature63 Raman experiment IR literature64 IR experiment mode assignment

449 446 and 501 δ(C�N�C) skeleton bending

1247 1251 ν(N�CH3) methyl group against N

1390 1393 νs(C�N) symmetric stretching

1397 1384 δs(C�H3) symmetric bending

1600 1624 1600 1591 ν(C�C) ring stretching

1721 1741 unknown, related to degraded MB?

2858 2856 νs(C�H3) symmetric stretching

2926 2929 νas(C�H3) asymmetric stretching

aMeasured values of this work compared to the literature.

Figure 2. IR and visible extinction spectra of the four sets of
nanoantennas after binding with methylene blue (red line:
L = 1910 nm, orange line: L = 1410 nm, green line:
L = 1110 nm, blue line: L = 710 nm). The absorbance value
log10(I0/I) is reported, with I and I0 being the radiation
intensities transmitted through the CaF2 substrate with
and without the antennas, respectively. The spectra are
acquired with light polarized parallel (longitudinal, E||) and
perpendicular (transversal, E^) to the nanoantennas, in
order to excite respectively both the long axis and the short
axis LSPRs. In the IR spectra the Fano-type features asso-
ciated with the enhanced IR scattering of MB show up as
distortions of the broad plasmonic absorption background
of the nanoantennas. In the visible, the plasmonic reso-
nance is independent of the antenna length, thus only the
results of one set of antennas (L = 1410 nm) are displayed.
The red dashed line indicates the SERS excitation laser
wavelength (633 nm). The red shaded area depicts the
spectral position of the Raman bands (between 400 and
1700 cm�1) of the MB excited at 633 nm.
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In the visible range, higher order multipolar reso-

nances for longitudinally polarized excitation (Figure 2,

orange line) have not been detected (in accord with

refs 67 and 68). Our results on the plasmonic extinction

underline that with such an easily tunable nanoanten-

na system both LSPR frequencies can be optimized

independently, and thus field enhancement for SERS

and SEIRS is possible on the same nanoantenna.

Changing the antennas' length shifts the long axis

LSPR to the desired vibrational frequency of the mole-

cule, permitting optimization of the SEIRS enhance-

ment. For maximum SERS, the width of the structures

and the excitation laser wavelength have been chosen

to have resonant coupling of both the excitation and

the Raman bands to the short axis LSPR when using

633 nm laser excitation53,54 (see dashed line and

shaded area in Figure 2).

The different spatial distributions of the enhanced

fields in the visible and the IR have been studied by

finite difference time domain (FDTD) numerical calcu-

lations (see Methods). The hot spots in the IR at the

fundamental resonance are localized at the antenna

apexes (Figure 1c) with a spatial extension of approxi-

mately the sectional area of the antenna, i.e., 2�w� h

= 7200 nm2. Molecules adsorbed on these sites dom-

inate the total SEIRS signal; thus we use this area to

calculate the enhancement factor later on. Conversely,

when the transverse LSPR is resonantly excited in the

visible range, the hot-spot region appears as a distrib-

uted zone (Figure 1d), extended along the laser spot

(dbeam ≈ 600 nm) and confined close to the nano-

antenna lateral surface. Accordingly,mainly themolecules

adsorbedon theareaASERS=2� h� dbeam≈7� 104nm2

contribute to the enhanced SERS signal.

SERS experiments have been carried out on indivi-

dual nanoantennas, focusing a HeNe laser beam, re-

sonant with the short axis LSPR (λlaser = 633 nm), on a

spot (dbeam ≈ 600 nm) at the center of the antenna

(details in the Methods). At 633 nm mainly MB mono-

mers and dimers are resonantly excited (Figure S1a).

We therefore expect that most of the signal measured

in our experiments is due to scattering from mono-

mers/dimers and only to a smaller extent from aggre-

gates deposited on the nanoantenna surface. Figure 3a

(orange line) shows the SERS spectrum obtained for

transversal laser field polarization (E^) on a L= 1410 nm

antenna, compared with the RRS signal (Figure 3a,

hollow symbols) observed for polarization longitudinal

to the nanoantenna (E||). The SERS signal is ca. 100

times more intense than the RRS. The SERS spectrum

displays the major Raman active vibrations63,69 (listed

in Table 1) with an S/N ratio of >20 at a laser power as

small as 500 nW (integration time 30 s), while a

hundred times more power (50 μW) is required to

obtain a measurable RRS signal using longitudinally

polarized light (same integration time). Notice that

in the latter case the signal on the nanoantenna

(Figure 3b, hollow symbols) is comparable with both

the RRS signal (Figure 3b, blue line) measured on the

flat gold patches present on the same sample (on

which MB is similarly bound) and the signal measured

on the CaF2 substrate far from the antennas (spectrum

not shown). This observation suggests that (i) for long-

itudinal polarization, no plasmonic enhancement takes

place at 633 nm, i.e., higher order LSPR modes are not

playing any significant role in amplifying the Raman

signal; (ii) the RRS signal measured on the nanoanten-

nas is almost originating from MB on the CaF2 sub-

strate; and (iii) the contribution of MB on CaF2 to the

total SERS signal (measured for transverse polarization)

is only 1%. Analogous to what is found for the extinc-

tion, the SERS intensity is independent of the nanoan-

tenna length. No additional signal enhancement is

observedwhen placing the laser spot in the gap region

between two adjacent nanoantennas, independently

of the field polarization, indicating negligible near-field

coupling in gapswith sizes ofGx = 50 nm, as expected.3

Antenna coupling certainly is not relevant in the

vertical direction where the gap among the antennas

is much larger (gap Gy = 5 μm, Figure 1a). To calculate

the enhancement factor, EF, we take the ratio between

the SERS intensity of the 476 cm�1 peak (measured

on the nanoantenna for transverse polarization) and

the corresponding reference RRS signal (measured on

the flat gold patch reference sample; see Methods),

normalizing each signal to the number of probed

molecules (NSERS and NRRS), the effective laser power

Figure 3. (a, orange line) SERS spectrum of methylene blue
adsorbed on a single L = 1410 nm nanoantenna for laser
field polarization (E^) parallel to the short axis (633 nm laser,
power 500 nW, integration time 30 s). (a, hollow symbols)
RRS signal acquired on the same antenna with polarization
(E||) parallel to the long axis (633 nm laser, power 50 μW,
integration time 30 s). The upper (orange) spectrum is
vertically shifted (by 100 counts) and the RRS intensity is
multiplied by a factor of 5, for clarity purposes. (b) Compar-
ison of the RRS signal measured on the antenna with long-
itudinal laser polarization (hollow symbols) with the RRS of
MB adsorbed on a flat gold patch (dark blue line) under the
same experimental conditions (laser power 50 μW, integra-
tion time 30 s). The upper spectrum is vertically shifted for
clarity. All spectra are baseline corrected and normalized to
the laser power.
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(PSERS and PRRS), and the integration times (tSERS and

tRRS). To account for the different number of probed

molecules, we assume an equal molecular coverage

(equal number of molecules per unit area) on both the

nanoantenna and the flat gold patch. This is reason-

able, since both structures are on the same chip and

undergo the same immersion conditions (time and

concentration) in the MB solution. With this assump-

tion, and neglecting the very small contribution from

MB on CaF2, the number of probed molecules is

proportional to the surface within the effective excita-

tion field in each of the two cases (i.e.,NSERS� ASERS and

NRRS � ARRS). On the gold patch, the molecules that

contribute are those within the laser spot area ARRS =

πdbeam
2 /4. On the nanoantennas, the MB molecules

contributing to the SERS are those bound to the lateral

area of the nanoantenna ASERS within the hot spot

(Figure 1d).We find that at 633 nm the electromagnetic

enhancement factor is EF≈ 5� 102. Similar values are

observed for all the vibrational peaks. In order to check

for the excitation wavelength that maximizes SERS,

λSERS
max , and to look for possible shifts between λSERS

max and

the visible range LSPR peak wavelength,54 further

Raman experiments have been carried out exciting at

515 nm (Argon ion laser) and 785 nm (laser diode), i.e.,

using an excitation energy blue- and red-shifted with

respect to the LSPR. We find that at 515 nm, the

nanoantenna induces a signal amplification of a factor

∼5 with respect to the gold patch (Figure S3a and d in

the Supporting Information), whereas no signal ampli-

fication is observed at 785 nm (Figure S3c and f). This

kind of observation should be expected,53 since at

515 nm only the higher energy Raman bands fall in

the tail of the LSPR, while at 785 nm both the laser

excitation and the Raman bands are totally out of

resonance. Maximum SERS is observed at λSERS
max =

633 nm, where both the laser and the Raman bands

fall within the broad transverse LSPR of the nano-

antenna.No relevant energy shift between theplasmonic

properties in the near-field and the far-field70 (probed

respectively by SERS and extinction spectroscopy) is

observed in our nanoantennas. Much stronger EF can

be obtained using various other kinds of metal

nanoantennas.67 The discrepancy with respect to our

finding is probably related to the weak near-field

confinement and small dipole moment of the trans-

verse LSPR of a 60 nm thin and very long nanowire.

On the other hand, it should be noticed that, with the

normalization procedure used in this work, the EF

clearly includes only the electromagnetic enhance-

ment and does not take into account the chemical

enhancement, typically providing 1 or 2 orders of

magnitude of additional signal amplification. In this

case, at 633 nm, we can expect a total EF between 104

and 105, i.e., comparable towhat is reachedwith similar

structures.67 To exclude systematic errors due to the

normalization procedure, we have cross-checked the

Raman signal measured on flat gold with the Raman

signal measured in liquid solutions53 (details in the

Supporting Information).

SEIRS measurements have been carried out on the

same sample used for SERS. The IR radiation was

polarized parallel to the nanoantenna long axis (E||) in

order to excite the longitudinal LSPR, shown in Figure 2.

A zoom-in of the IR LSPRs (Figure 4a, b) reveals that the

resonance profiles are slightly distorted: Fano-type

signals are found at positions of various IR active

vibrational frequencies of MB. The vibrational frequen-

cies correspond to lines in IR reflection absorption

spectra (IRRAS) of a MB monolayer prepared on a flat

gold mirror from the same source material with the

same procedure as used for SEIRS and SERS. An

absorbance spectrum derived from IRRAS of MB on

planar gold is shown in Figure 4c, where selected

vibrational frequencies are marked with dashed lines

(see Table 1). The peak at 1741 cm�1 is not reported in

the literature. It may indicate degradation of MB due

to storage under ambient conditions.64 As can be

seen in Figure 4a and e, this peak strongly shows up

in SEIRS due to the good match of its frequency to the

LSPR. Notably, this peak does not seem to be Raman

active.

With the asymmetry of the Fano-line itself being

dependent on the relative positions of the plasmon

resonance regarding the vibrational frequency,25,71

it is not straightforward to determinemolecular param-

eters, for example, the precise vibrational wavenum-

ber. In order to extract the vibrational oscillator param-

eter and EF from the tiny distortions of the IR LSPR

spectrum, we calculated the second derivative of the

spectra72 with respect to the photon wavenumber for

the various antenna lengths (Figure 4d to g). Due to the

much larger width of the LSPR resonance, no baseline

correction is necessary with such a procedure.

At the spectral positions of the MB vibrations, the

second derivative deviates from zero. This deviation

gets stronger if the vibrational frequency becomes

closer to the spectral position of the LSPR. Accordingly,

for transverse polarization with LSPR in the visible, no

vibrational signal is observed in the IR. The peaks' size

in the second derivative corresponds to the curvature

of extinction around the vibrational frequency and is

approximately proportional to the vibrational signal

size (here the difference between minimum and max-

imum of the Fano-type vibrational contribution to

extinction), independent of the asymmetry parameter,

when the vibrational line width is constant. Since the

width of one specific MB vibration for the same

temperature and the same adsorption environment

is a constant, we can directly compare the sizes of a

peak in the second derivative for various antenna

lengths. So, the peak size (and thus EF) is higher if

the vibrational energy is closer to the LSPR peak.

In order to quantitatively calculate the EF, we fitted

A
R
T
IC
L
E



D'ANDREA ET AL. VOL. XXX ’ NO. XX ’ 000–000 ’ XXXX

www.acsnano.org

F

the second derivative of the Fano profile73 to the

second derivative from experiment (see Supporting

Information for more details) and reconstructed a

background-free Fano profile (Figure S4). The peak size

of this reconstruction is then compared with the

reference, i.e., the unenhanced absorption signals from

a monolayer. For such referencing, the signal of MB in

IRRAS was converted to an IR absorption signal; see

Figure 4c and Figure S5 in the Supporting Information.

For example, the antenna-enhanced IR active skeleton

stretching vibration at 1591 cm�1 (ISEIRS = 5.2 � 10�3

abs. units in the background-free Fano profile) on the

antenna (with L = 1410 nm) is referenced to the same

vibration on a planar substrate. The size of this refer-

ence signal is Iref = 2.4 � 10�5 abs. units. Furthermore,

the different areas that contribute to the two kinds of

signals (SEIRS and reference) have to be taken into

account. For SEIRS that area is about 7200 nm2 per

antenna, as indicated above. Within the measurement

spot, which ismuch larger than the size of one antenna,

each antenna occupies an area of about 7.4� 106 nm2.

So the ratio between the active area in SEIRS and the

IR beam focus is 1:1000, whereas in IRRAS (or trans-

mittance) this ratio is 1 for a homogeneous layer. For

the same MB density on all kinds of gold surfaces, EF is

200 000 in that case. Tuning and enhancement are

even better for the vibration at 1741 cm�1, where the

EF reaches 600 000 (for L = 1410 nm), as in other SEIRS

studies.25,28 This EF represents a lower limit (see Meth-

ods section on reference samples formore details), and

indeed, higher EF is possible. Longitudinal gaps below

50 nm increase near-field coupling of antennas,52 and,

therefore, additional near-field confinement in the

gaps may lead to higher EF. Furthermore, near-field

coupling broadens the LSPR,52 which also broadens

the spectral range for vibrational sensing. In this study,

for certain antenna lengths (Figure 4f and g), vibrational

signals between1500and3000cm�1 are enhancedby5

orders of magnitude. So, simple nanoantannas can

provide multiband vibrational enhancement also in

SEIRS.

CONCLUSIONS

SERS and SEIRS using the same linear optical anten-

nas have been successfully demonstrated. SEIRS en-

hancement factors up to 6 � 105, comparable to

former studies, is observed exciting the longitudinal

dipolar resonance. SERS amplification between 102

and 103 (electromagnetic enhancement) is obtained

exciting the transverse LSPR. While in the IR the

enhanced fields are confined at the nanoantenna

edges, the excitation of the transverse LSPR allows us

to extend the enhanced near-field zone to all the

molecules present over the antenna surface within

the laser spot, permitting one to achieve SERS from a

single nanoantenna. By changing the length of the

Figure 4. (a, b) Zoom-in of vibrational signals in IR extinction spectra from Figure 2 for the different antenna lengths
(indicated). (c) Absorbance spectrum of a MBmonolayer prepared on a gold mirror as calculated from IRRAS. The signals are
close to the noise level and are disturbedby adsorption fromwatermolecules in the IR beampath. Dashed lines indicate some
of the major vibrational modes of MB. (d�g) Smoothed second derivative of the IR extinction spectra from Figure 2 for the
different antenna lengths. All second derivatives use a common scale. The triangles indicate the positions of the localized
plasmon resonance for each antenna array.
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antenna, multiple vibrational lines can be enhanced in

SEIRS in an extended range up to 3000 cm�1, enabling

improved identification of molecules and observation

of molecular changes. Since IR and Raman scattering

cross sections are different and since different selec-

tion rules hold for Raman and IR, doing SERS and SEIRS

on the same plasmonic elements allows one to obtain

complementary vibrational information. With further

developments of integrated IR and Raman spectro-

scopic microscopy, the combination of SERS and SEIRS

on the same single nanoantenna will become reality

and provide unique advantages. The first benefit is

miniaturization of the device: having a micrometer-

scale nanosensor would simplify the implementation

on lab-on-a-chip architectures and trigger the devel-

opment of ultracompact multiplex detection systems

in which each nanoantenna is dedicated to the detec-

tion of a specific analyte. Reduction of the analyte is

another benefit: a fewnanoantennas (or ideally a single

nanoantenna) integrated in a micro- or nanofluidic

chip would prevent any spill out of the analyte on

different plasmonic substrates or on zones of the

substrate wider than the ones actually probed. Finally,

the reproducibility of the sensor is another advantage:

especially when quantitative measurements are needed,

any signal fluctuation related to the inhomogeneous

signal enhancement of different nanoantennas should

be avoided.

From the nanoantenna side, a series of improve-

ments can be easily envisioned to optimize the perfor-

mances of our concept of a SERS�SEIRS nanosensor

and to better fulfill potential applications. Indeed,

higher SERS enhancement factors can be achieved

with other materials (e.g., silver). SEIRS and SERS can

be further optimized with a more complex structure of

the plasmonic nanoparticle. Applications to a broader

spectrum of nonresonant molecules could pave the

way for high-sensitivity, quick, and safe identification

of raremolecules in pollutant detection and ofmolecular

biomarkers inmedical early diagnosis. The ease of tuning

both resonances of one simple shaped object makes

our idea superior to previously published approaches.

METHODS

Gold Nanoantenna Fabrication. Electron beam lithography of
the nanoantenna structures74 has been carried out on CaF2
(100) substrates spin-coated with polymethyl methacrylate
resist (MicroChem 950 PMMA A3). A thin layer of aluminum is
thermally evaporated on the PMMA surface in order to
avoid charging effects. Electron exposure is performed at
20 keV beam energy and 450 μC/cm2 exposure dose. After
the Al removal in a KOH (1 M) solution, the exposed resist is
developed in a conventional solution of MIBK/IPA (1:3) for 30 s.
Then, a 5 nm adhesion layer of Ti and a 55 nm Au film are
evaporated inside a high-vacuum Kurt J. Lesker thin-film vapor
deposition system. The unexposed resist is removed with
acetone and rinsed in isopropyl alcohol. O2 plasma washing at
200 W for 60 s is used to remove residual photoresist and
organic contaminants.

Binding of Methylene Blue to Nanoantennas. Binding of MB
(purchased from Aldrich) is accomplished by immersing the
samples in a solution of MB (10�4 M) in deionized water for at
least 1 h, followed by immediate rinsing in ultrapure water to
remove the MB excess and drying in air.67,75 MB is soluble in
water, where it forms positive cations (MBþ)76 that adsorb on
gold surfaces viaMBþ�Au interaction, yielding stable chemical
bonds with a partial charge transfer with gold.77 Monomers,
dimers, and/or small aggregates might be present on our
samples. However, related to the differences in absorption
behavior (Figure S1a), monomers and dimers can be distin-
guished from multimers and dominate absorption at 633 nm
(more details on binding of MB to gold in the Supporting
Information).

IR Extinction and SEIRS Spectroscopy. SEIRS measurements are
carried out in transmission mode with a purged IR microscope
(Bruker Hyperion 1000) coupled to an FTIR spectrometer
(Bruker Tensor 27). This setup enables focusing the IR light on
a spot of 58μmdiameter, illuminating about 270, 360, 460, or 690
nanoantennas of the respective arrays. The light is linearly
polarized with the electrical field vector along the long axis of
the antennas to excite the LSPR in the IR spectral range. We also
took an IR spectrum of each array with perpendicular polariza-
tion, to check the signal of our sample without exciting the
IR-LSPR. All IR spectra are acquired with a resolution of 2 cm�1

and normalized to a respective reference spectrum taken with-
out the feature of interest. For the measurement of the

nanoantennas, this is a spectrum of the same CaF2 substrate
at a position next to the arrays.

Visible Range Extinction and SERS Spectroscopy. Extinction and
SERS measurements are carried out on the same Horiba Jobin-
Yvon HR800 spectrometer coupled with an Olympus BX51
optical microscope. The extinction spectra are acquired in
transmission geometry, exciting the sample with a white xenon
lamp (embedded in the microscope) whose light is first polar-
ized using a ThorLabs LPVIS100 linear polarizer, and then
focused onto the sample with a condenser lens on a spot
having a diameter of ∼100 μm (several antennas are excited).
The radiation transmitted by the nanoantenna samples
is collected by a 50� long working distance objective
(numerical aperture, NA = 0.5), spectrally dispersed by a 600 l/
mm grating and acquired by a Peltier-cooled CCD. As a refer-
ence signal we use the light signal transmitted through the CaF2
substrate. The SERS spectra are acquired in a backscattering
configuration using a HeNe laser (λ = 633 nm) as light source.
Using a 100� objective (NA = 0.9) the laser beam is focused on a
∼600 nm diameter spot (the object pupil is not overfilled).
Excitation powers vary from 500 nW to 50 μW on the sample.
The backscattered light passes an edge filter to remove the
elastic scattering (rejection ratio >107) and is then spectrally
dispersed and detected as described above. To avoid laser-
induced chemical modifications of the molecule,78 experimen-
tally observable with the appearance of a more and more
intense peak at 478 cm�1 with respect to the adjacent 446
and 501 cm�1 peaks and a simultaneous decrease of the overall
signal intensity, we adjust the laser power (0.5�50 μW) and the
integration time (30�60 s) so that the 478 cm�1 peak is
negligible and so that two subsequent spectra acquired on
the same point of the sample do not show intensity variations
larger than the noise level.

FDTD Simulations. Numerical calculations are carried out with
a commercial-grade simulator (Lumerical 8.0.1),79 permitting
us to model the real systems used for the experiments
(L = 1410 nm, w = h = 60 nm gold antennas grown on CaF2
with a 5 nmTi interlayer, as shown in Figure 1a andb). In order to
resolve the round ends of the structure, subgridding techniques
are used to obtain mesh sizes down to 1 � 1 � 1 nm3. Outside
the antennas, a mesh size of 15 nm for the transversal and
50 nm for the longitudinal excitation is chosen. The IR optical
data are taken from Palik,80 and the data for the visible spectral
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range from Johnson and Christy.81 Convergence tests have
been performed by varying the thickness of the perfectly
matched layer (PML), the mesh accuracy, and the simulation
time. In the IR, since the experimental illumination spot is much
larger than the antennas, a broad band (800�8000 cm�1) plane
wave with longitudinal polarization is used to model the
incident field. Periodic boundary conditions are used in the
in-plane longitudinal and transverse directions in order to
simulate the experimental geometry of the antenna arrays.
In the out-of-plane z-direction the finite volume is sur-
rounded by 40 layers of PML and the antenna is placed at
least one wavelength away from the PML. In the visible, a
Gaussian beam with a radius (decay of the electromagnetic
field to 1/e) of 300 nm (dashed circle in Figure 1d) and
transversal polarization is used to model the excitation.
Since the optical coupling between the antennas is very
low for the transversal excitation, only three antennas are
placed in the simulation volume, which was surrounded by
40 PMLs in all directions. The local field is evaluated in the
plane 30 nm above the CaF2 surface, which intersects the
antenna at half its height. See also Supporting Information
for more details on the near-field representation and sites
with highest confinement.

SERS and SEIRS Reference Samples and Measurements. Reference
measurements to evaluate the SERS and SEIRS enhancement
factors are taken on flat gold substrates on which MB is
adsorbed. The SERS reference signal is acquired on the
gold patches (width 40 � 10 μm2, thickness 60 nm, RMS
roughness 1.1 nm) present on the CaF2 substrate after litho-
graphic processing of the antennas and used as markers to
localize the nanoantenna arrays. MB binds to the gold
patches during the immersion of the nanoantenna chip in
the MB solution.

IR reflection absorption spectroscopy measurements (IRRAS,
83� incidence, p-polarization, 2 cm�1 resolution) have been
performed on a larger (25 mm � 25 mm) gold mirror with
similar RMS roughness to obtain an unenhanced IR fingerprint
of theMBmolecules, used as a SEIRS reference-data source. The
gold mirror has been immersed in a 33 μM aqueous solution of
MB for 15 h and rinsed with ultrapure water afterward. The
reference for IRRAS has been taken on the same gold mirror
before immersing it in the aqueous MB solution. IRRAS mea-
surements have been compared with IR spectra acquired on a
dried drop of MB on CaF2 in order to verify IR molecular signals
(Figure S5). In the latter case the samples are prepared as
follows: to raise the signal above noise level, we increased the
optical density of MB on the transparent support by drop
casting a 1 μL drop of 33 μM MB solution in ultrapure water
on the bare CaF2 substrate. After 2 h all water has evaporated,
leaving aMB stain on the surface. For IRRAS, the presence of μm-
sizedMB agglomerates on the 25� 25mm2gold surface cannot
be excluded. Any agglomerates may have increased the refer-
ence signal and thus lowered the calculated SEIRS enhance-
ment factor. So, real enhancement may be bigger than the
calculated one.
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