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T
he localized surface plasmon reso-
nances (LSPRs) of noble metal nano-
particles strongly depend on their

shape, size, arrangement, and, for pairs of

closely spaced nanoparticles, the width of

the gaps between them.1,2 The ability of me-

tallic nanoparticles to produce enormous

near-field enhancements offers a sensitive

tool to enhance spectroscopic signals of

molecules attached to their surfaces. In

surface-enhanced Raman spectroscopy

(SERS) the field enhancement accompany-

ing LSPR boosts the normally small Raman

cross-section of molecules by several orders

of magnitude.3,4 SERS substrates often have

a dominant LSPR peak with a bandwidth

on the order of 100 nm, sufficiently wide to

provide enhancement at the frequencies of

the excitation laser and the Stokes Raman

vibrational modes, as long as these are rela-

tively close together. The enhancement fac-

tor in SERS is proportional to the product

of the intensity enhancement at the laser

frequency by that at the Raman scattering

frequency. McFarland et al. found that the

maximum SERS enhancement occurs at ex-

citation wavelengths slightly shorter than

the LSPR wavelength, such that both the in-

cident photon and the Raman scattered

photon are strongly enhanced.5

Recently, double-resonance substrates

with plasmon resonances at the laser excita-

tion and Raman scattering frequencies were

demonstrated, and it was shown that they

offer higher enhancement than similar

structures with single resonances.6 In that

work, the double resonances resulted from

the hybridization of LSPRs of metal nano-

particles in an array, and the surface plas-

mon polariton on a gold film separated

from the nanoparticles by a spacer layer.7,8

Here, we demonstrate a different means to

achieve double resonances through the
use of mixed dimers: pairs of nanoparticles
with different shapes and plasmon
frequencies.

Phenomena analogous to electromag-
netically induced transparency (EIT) have
been demonstrated by coherent coupling
between pairs of metal nanoparticles with
similar resonance frequencies.9 To observe
this effect, one mode (bright resonance) is
directly excited by the incident light, but
the second mode (dark plasmonic reso-
nance) radiates by coupling to the first
mode10 and the destructive interference be-
tween them leads to the EIT effect. In addi-
tion, in structures with broken symmetry,
the interaction between narrow dark modes
and broad bright modes results in Fano
line-shape responses.11 Here, by contrast,
we study the interaction of two bright LSPR
modes with different resonance frequen-
cies. We operate in a weak coupling regime,
with the presence of one nanoparticle hav-
ing only a minor influence on the resonance
wavelength of the other.

In this work, we compare the SERS en-
hancement factors of double-resonance
substrates to those of single-resonance sub-
strates. Double-resonance substrates are
formed for which there is strong spatial
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ABSTRACT Surface-enhanced Raman spectroscopy is performed on pairs of gold nanoparticles, for which the

nanoparticles in each pair have different shapes. The dimers therefore exhibit two plasmon resonances. These

structures, termed mixed dimer double-resonance substrates, enable strong field enhancement at pump and

Stokes frequencies in surface-enhanced Raman spectroscopy. The extinction spectra of mixed dimers are measured

and simulated to identify their plasmon resonances. The experimentally determined enhancement factors of

double-resonance structures are compared to those of single-resonance substrates.
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overlap between the hot spot regions at the two fre-
quencies. In addition, double-resonance substrates are
formed for which the overlap is weak. This allows us to
study the role of the spatial overlap between the en-
hanced field at pump and Raman Stokes frequencies on
the SERS enhancement. It is shown that the flexibility
to tune the peak separation in a double-resonance
structure improves the field enhancements of Stokes
components far from the laser line. This property of-
fers a way to increase the bandwidth of SERS, enabling
it to be used for Raman lines with longer wavenumbers.
In addition to conventional SERS, we anticipate that
the double-resonance substrate we introduce here will
be useful for increased field enhancement in surface-
enhanced hyper-Raman scattering12 and surface-
enhanced second harmonic generation.13 In those
cases, the two resonances should be located at � and
2�. Since Raman and hyper-Raman scattering have dif-
ferent selection rules, they offer a complementary
method to map the vibrational modes of the molecule
under study.14

The mixed dimer SERS substrates we investigate
have double resonances about � � 800 nm. These con-
sist of two-dimensional arrays of pairs of particles,
where each pair consists of a rod and a ring. The opti-
cal near- and far-fields of the dimers are calculated nu-
merically. Extinction and SERS measurements are car-
ried out. For comparison, double dimer substrates are
investigated. These substrates comprise arrays of pairs
of rods (“rod dimers”) and pairs of rings (“ring dimers”).
The rod and ring dimers have different resonance fre-

quencies, meaning that the extinction spectrum exhib-

its double plasmon resonances, as determined from the

transmission of the entire array. Finally, the SERS en-

hancement factors of the above structures are com-

pared to single-resonance substrates that consist of ar-

rays of rod dimers.

NUMERICAL SIMULATIONS
We begin with electromagnetic simulations of the

dimer structures. Figure 1a shows the schematic of the

gold mixed dimer pattern. The substrate is glass, onto

which a 20 nm thick layer of indium tin oxide (ITO) is de-
posited. ITO refractive index is taken as 1.65.15 The di-
mensions of the simulated structures are chosen to
match those of the fabricated structures, as determined
by scanning electron microscopy (SEM). The lattice is a
rectangular array with a period of 500 nm along the
dimer axis and 300 nm along the perpendicular direc-
tion. The inner and outer diameters of the rings are 55
and 100 nm, respectively. The rods are 110 nm long and
40 nm wide and have tips with radii of 20 nm. The rod
and ring nanoparticles are separated by gaps of 25 nm
and are 30 nm thick.

The finite difference time domain (FDTD) method is
used to simulate the optical response of the dimer
structures. A plane wave illuminates the structure from
the glass side at normal incidence, with the incident
field (“Einc” of Figure 1 panels c and d) polarized along
the dimer axis. A square grid with a spacing of 0.5 nm
along the x, y, and z directions is used. To make sure
that our calculations properly converge at this mesh

Figure 1. (a) Schematic of the mixed dimer structure. Four unit cells are shown. (b) Simulated extinction (solid line)
and near-field intensity (dashed line) spectra. Near-field intensity spectrum shows intensity enhancement at a moni-
tor point on the rod as a function of illumination wavelength. Near-field spectrum exhibits two pronounced reso-
nances at � � 733 and 798 nm. (c) Normalized field distribution, |E|, for illumination at � � 733 nm and (d) for illumi-
nation at � � 798 nm.

A
RT

IC
LE

VOL. 5 ▪ NO. 1 ▪ BANAEE AND CROZIER www.acsnano.org308



size, we repeat the calculation with a grid spacing of

0.25 nm. The resonance wavelength and peak inten-

sity enhancement vary by only �0.1% and �4%, re-

spectively. The FDTD software (Lumerical Solutions,

Inc.) models the gold dielectric response using the ex-

perimental data of Johnson and Christy.16 In Figure 1b,

we plot the simulated extinction spectrum (solid line) of

the mixed dimer, which shows a double-resonance re-

sponse. The near-field intensity (dashed line) spectrum

of the structure at a point on the rod surface is ob-

tained. The position of the point monitor is indicated

in Figure 1a. Two peaks can be seen at wavelengths of

733 and 798 nm. In Figure 1b, the near-field intensity is

the square of the electric field (|E|2) at the monitor point

on the rod surface, normalized to that of the incident in-

tensity at the same location in the absence of gold par-

ticles. As discussed above, the appropriate choice of

the dimensions of the rod and ring enables the shorter

wavelength resonance to be matched to the laser exci-

tation wavelength, and the longer wavelength reso-

nance to be matched to the Stokes Raman wavelength.

Figure 1 panels c and d show the field distribution on

the bottom surface of the dimer structures, that is, at

the gold�glass interface. These plots are the magni-

tude of the electric field (|E|) normalized to the electric

field produced by the incident illumination in the ab-

sence of the dimers.

The double dimer substrate, Figure 2a, consists of a

two-dimensional square array of rod and ring dimers.

The unit cell consists of a rod dimer positioned adjacent

to a ring dimer, with a center-to-center spacing of 200

nm. The unit cell is repeated with a period of 500 nm

along both axes. The gap, thickness, and dimensions of

the rod and ring nanoparticles are the same as those

of the mixed dimers. The extinction spectrum and the

normalized intensity spectrum, at a point on the ring

surface shown in Figure 2a, are plotted in Figure 2b. The

field distributions on the bottom surface of the dimers,

that is, at the gold�glass interface, are shown as Figure

2 panels c and d for illumination at � � 775 nm and �

� 853 nm, respectively. As before, these show the elec-

tric field (|E|) normalized to that of the incident illumina-

tion. For both mixed and double dimers, plane wave il-

lumination at a wavelength corresponding to that of

the shorter wavelength resonance leads to enhance-

ment around the rods. Similarly, illumination at a wave-

length corresponding to that of the longer wavelength

resonance leads to enhancement around the rings.

In our SERS experiments, we form benzenethiol

monolayers that cover all of the exposed gold surfaces

of the dimers. From the measured SERS spectra, we ob-

tain the enhancement factor (EF), which represents the

factor by which the Raman scattering from the ben-

zenethiol has been increased by the nanostructures, as

Figure 2. (a) Double dimer substrate. (b) Simulated extinction (solid line) and near-field intensity spectrum (dashed line) of
the structure, with resonances at � � 775 and 853 nm. (c) Normalized field distribution, |E|, for illumination at � � 775 nm,
and (d) the field distribution for illumination at � � 853 nm.
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compared to benzenethiol molecules in pure liquid
form. The enhancement factor obtained in this way rep-
resents an average. Because of the wide variation in
field enhancement over the substrate, some molecules
likely experience far greater EF than this average
value.17 It is generally acknowledged that SERS en-
hancement is due to electromagnetic and chemical
mechanisms.3 To simulate the average SERS enhance-
ment factor due to electromagnetic effects, we inte-
grate |E(�ex)|2|E(�S)|2 over all exposed surfaces of the
dimers, that is, over the wall and top surfaces, and di-
vide it by the surface area. Here �ex, is the excitation
wavelength and �S is the Stokes Raman line wavelength
shifted by �1074 cm�1. The average simulated SERS en-
hancements due to electromagnetic effects for the
mixed and double dimers are 2.7 � 104 and 1.6 � 104,
respectively. From Figures 1 and 2, it can be seen that
the peak field enhancements are higher for the double
dimer than the mixed dimer. On the other hand, the
double dimer average EF is only roughly half that of the
mixed dimer. This is due to the poorer spatial overlap
between the field distributions at the laser and Stokes
wavelengths in the double dimer case.

In the geometries we considered so far, double reso-
nances are obtained by nanoparticles with different
shapes, and hence different resonance frequencies.
Double-resonance responses can also be obtained by

rod dimers comprising rods with different lengths. Fig-
ure 3a shows a mixed dimer of rods, in which the left
and right rods are 120 and 110 nm long, respectively.
This structure has a double-resonance with the high fre-
quency peak centered at 732 nm. It can be seen that
the field enhancement (|E|max � 119) around the 110
nm long rod in the rod dimer is smaller than that
around the 110 nm long rod in the mixed dimer (Fig-
ure. 1c, |E|max � 129). A similar situation occurs for the
double dimers of rods. For these, the unit cell comprises
a pair of rods, each 115 nm long, at the top, and a pair
of rods, each 110 nm long, on the bottom (Figure. 3b).
The peak enhancement around the 110 nm long rods
(|E|max � 151) is again smaller than the peak enhance-
ment (Figure 2c, |E|max � 162) around the 110 nm long
rods of the double dimer substrates having pairs of
rings and pairs of rods. We believe this is due to the big-
ger physical cross section of ring particles as com-
pared to to that of the rod particles. This enables them
to concentrate the incident light more efficiently on the
rod nanoparticles, in a manner analogous to a
nanolens.18�20

RESULTS AND DISCUSSION
To demonstrate the control of the plasmon reso-

nance spectrum enabled by the mixed and double
dimers, structures similar to those of Figure 4 are fabri-

Figure 3. Normalized field distribution |E| for illumination at high frequency peak of the double-resonance substrates for
(a) mixed dimers of rods with different lengths and (b) double dimers of rods with different lengths.

Figure 4. SEM images of fabricated substrates: (a) mixed dimer structures. (b) double dimer structures.
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cated with rod lengths ranging from 90 to 110 nm.

The inner and outer diameters of the rings are kept

fixed at 55 and 100 nm, respectively. White light trans-

mission spectroscopy is performed to determine the

plasmon resonance wavelengths of the fabricated

structures. Light from a tungsten halogen lamp is colli-

mated and polarized, and illuminates the sample at nor-

mal incidence. The transmitted light is collected into a

spectrometer. The transmitted spectra are normalized

to the spectra from an unpatterned region of the sub-

strate to find the normalized transmission, T. The extinc-

tion is found as (1 � T), with the result shown in Fig-

ure 5a,b. As shown in Figure 5, by increasing the length

of rods from 90 to 110 nm, the shorter wavelength reso-

nance gradually moves toward the longer wavelength

resonance.

A monolayer of benzenethiol is then formed on the

samples. The samples are vertically immersed in a 3 mM

solution of benzenethiol in ethanol for 2 h. The samples

are then gently washed in ethanol for 30 s and blown

dry with nitrogen gas. SERS measurements are carried

out using a confocal Raman microscope. Light is fo-

cused onto the sample with an objective lens with a nu-

merical aperture of 0.4. For both the mixed and double

dimers, the optical power incident on the substrate is

500 �W. The use of a tunable laser (continuous wave

Ti-Sapphire) enables the illumination wavelength to be

chosen to match the position of the shorter wavelength

resonance of the substrate. For the double dimer sub-

strate, � � 770 nm is used, while � � 740 nm is used for

the mixed dimers. In Figure 6a,b, the extinction spec-

tra of the mixed and double dimers with rod lengths

of 110 nm are shown again, with the wavelengths of the

laser and the Raman line of benzenethiol at 1074 cm�1

given by dashed lines. It can be seen that these match

the plasmon resonances of these substrates well. The

SERS spectra obtained for double dimer and mixed

dimer structures with rod lengths of 110 nm are shown

in Figure 6c.

To determine the SERS enhancement factor, the

measured SERS signal is compared to that mea-

sured on a sample of neat benzenethiol, taking into

account the number of molecules in each case.21 For

the SERS substrates, the number of molecules is de-

termined by multiplying the packing density of ben-

zenethiol by the area of the exposed surfaces of

the nanoparticles. For the neat benzenethiol case,

the collection volume of the confocal microscope is

measured. This is performed by measuring the Ra-

man signal from a silicon wafer as a function of po-

sition as it is translated along the optical axis.21 The

enhancement factor is then determined to be 7.2 �

106 for the mixed dimer and 1.7 � 106 for the double

dimer geometries for the benzenethiol vibrational

mode at 1074 cm�1. The mixed dimer substrate

shows a roughly 4-fold larger SERS enhancement

than the double dimer geometry. The difference in

the SERS enhancement factor of these two geom-

etries is 2-fold in the numerical calculation. It may

be possible that the differences between simulations

and experiment are due to fabrication imperfections.

The ability of the mixed dimer substrates to pro-

vide enhancement at laser and Stokes wavelengths be-

comes increasingly advantageous for Stokes vibra-

tional modes far from the laser line. To show this, SERS

measurements are carried out on 1,4-phenylene diiso-

cyanide (1,4-PDI) molecules,22,23 using mixed dimers,

and with rod dimer substrates with single resonances.

This molecule has relatively strong SERS lines at 1165,

1602, and 2175 cm�1. A periodic array of rod dimers

with each rod 110 nm long, gaps of 25 nm between

rods, and a periodicity of 500 nm along the dimer axis

and 300 nm along the perpendicular direction is fabri-

cated. An SEM image of the rod dimer substrate is

shown in the inset of Figure 7b. In addition, a mixed

dimer substrate with the same periodicity, gap separa-

tion, and rod length as Figure 1a, but with rings with dif-

ferent dimensions is made. The inner and outer diam-

eters of the rings are 65 and 110 nm, respectively. With

the new ring diameter, the peak of the second reso-

nance is separated from the first peak by �2200 cm�1.

To show the efficiency of these substrates at detecting

Figure 5. Measured extinction spectra of (a) mixed dimer, (b) double dimer geometries. The rod length is denoted by L.
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the Stokes Raman signal at 2175 cm�1, SERS measure-

ments are carried out. For the mixed dimer substrate,

the laser wavelength is tuned to 760 nm. In Figure 7a,

the extinction spectrum of the mixed dimer substrate is

shown, along with the positions of the laser wave-

length and of the Raman lines at 1165, 1602, and 2175

cm�1. For the rod dimers, SERS spectra are recorded at

laser wavelengths of 716 and 781 nm. In Figure 7b, the

extinction spectrum of the rod array is shown, along

with the laser and Raman lines for illumination at 716

nm. In this case the LSPR peak is roughly midway be-

tween the excitation and Raman line at 2175 cm�1. In

Figure 7c, the extinction spectrum is shown, with the

positions of the laser and Raman lines for illumination

at 781 nm, the plasmon resonance extinction peak

wavelength.

Self-assembled monolayers of 1,4-PDI are formed

by soaking the substrates in a 4 mM solution of 1,4-

PDI in methanol for 3 h, rinsing them in methanol,

and blowing them dry with nitrogen gas. SERS spec-

tra are then recorded with laser excitation at 760

nm for the mixed dimers, and at 716 and 781 nm

for the rod array. The results are shown in Figure 7d.

The Raman line at 1165 cm�1 for 716 nm excitation

is missing due to the fact that a 785 nm long pass fil-

ter is used in the SERS measurement, which blocks

this Raman line. The spectrum of the mixed dimer

substrate is obtained with a laser power of 1.3 mW

incident upon the substrate. The rod array spectra

are obtained with 1.1 mW laser power incident on

the sample. In addition, due to the differences in the

areas of the exposed gold surfaces of the struc-

tures, the numbers of molecules in the laser spot

are different for the mixed and rod dimers. To facili-

tate comparison between these spectra, the fluores-

cent baseline is first removed from the SERS spectra

of Figure 7d and the rod dimer spectra are then di-

vided by a factor that accounts for the differences in

powers and exposed gold surfaces. Namely, the

spectra of rod dimers are divided by the ratio of

the optical power used in measuring their spectra

to that used in the mixed dimer case, and by the ra-

tio of the number of molecules in the laser spot for

the rod dimer case to that in the mixed dimer case.

The result is shown in Figure 7e. From this Figure,

the relative enhancement factors of the substrates

can be found. This requires measurement of Raman

signals from a reference sample, a �10 mM solution

of the 1,4-PDI molecules in methanol, at each excita-

tion wavelength used in the SERS measurement.

The peaks of the SERS spectra of Figure 7e are nor-

malized to the corresponding peaks of the reference

Raman spectra. The results are shown in Table 1.

Comparison of the signal strengths of Table 1 en-

ables the relative enhancement factors of the mixed

dimer and rod dimer substrates to be found.

Figure 6. (a) Extinction spectrum of mixed dimers (L � 110 nm) and (b) extinction spectrum of double dimers (L � 110 nm).
Dashed line show the wavelengths of the laser and of the benzenethiol Raman signal at 1074 cm�1. (c) SERS spectra of a self-
assembled monolayer of benzenethiol covering the double dimer (red line) and mixed dimer (blue line) substrates.
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From Table 1, it can be seen that, for the 2175

cm�1 line, the mixed dimer substrate has an en-

hancement factor �3 times larger than the highest

enhancement factor of the rod dimer substrate,

achieved at an excitation wavelength of 781 nm.

The mixed dimer substrate also achieves a �20%

higher enhancement factor for the 1602 cm�1 line

than the highest rod dimer enhancement factor for

that line. Despite the fact that the mixed dimer sub-

strate is optimized for enhancement of the longer

wavenumber Stokes lines, its enhancement factor for

the 1165 cm�1 line is only �22% smaller than that

of the rod dimer substrate. Interestingly, the rod

dimers show higher enhancement for 1602 and 2175

cm�1 Raman lines when the excitation laser wave-

length is 781 nm, rather than 716 nm. This is not in

agreement with the result of ref 5 in which the high-

est enhancement was observed when the excita-

tion laser and Raman lines are at opposite side of

the LSPR peak. One possibility is that the near-field

enhancement does not exactly follow the far-field

enhancement profile of the extinction spectrum in

terms of the peak wavelength and its bandwidth.24

In conclusion, surface-enhanced Raman scattering

is studied in double-resonance substrates. The experi-

mentally measured SERS enhancement factors are

found to be higher for mixed dimers than double

dimers. This is in agreement with electromagnetic simu-

lations that indicate that this is due to mixed dimers

having stronger spatial overlap between the field distri-

Figure 7. Extinction spectra of (a) mixed ring�rod dimers, and (b and c) of dimer rods. For panels b and c the laser used in
the SERS measurement is tuned to 716 and 781 nm, respectively. (d) Measured SERS spectra of mixed and rod dimers.
(e) SERS spectra after baseline correction and normalization that accounts for the differences in the laser power and the ex-
posed gold surface areas between the spectra.

TABLE 1. Normalized SERS Signal of 1,4-PDI Monolayers
on Mixed Dimers and Rod Dimers at Different Excitation
Wavelengths

1165 cm�1 1602 cm�1 2175 cm�1

mixed dimers, �ex � 760 nm 735 1003 1323
rod dimers, �ex � 716 nm 582 289
rod dimers, �ex � 781 nm 940 798 416
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butions occurring at the wavelengths of the laser exci-
tation and of Stokes line. A comparison between the
performance of single and double resonance substrates
at detecting Stokes lines far from the laser wavelength
is performed using 1,4-PDI analyte. The double-
resonance substrate, in which resonances are matched

to laser and Stokes wavelength at 2200 cm�1, shows a
roughly �3 times stronger SERS enhancement factor
than a single-resonance substrate. Future work may in-
volve the use of other nanoparticle shapes25 or collec-
tive effects in nanoparticle arrays26 to further increase
the SERS electromagnetic enhancement factor.

FABRICATION
Gold nanoparticle arrays on glass substrate are fabricated

by electron beam lithography and lift off. The starting substrate
is a microscope glass slide with a 20 nm thick indium tin oxide
(ITO) conduction layer (Sigma Aldrich). A bilayer of PMMA (poly-
methyl methacrylate), comprising two resists with different mo-
lecular weights (495K-A2 and 950K-A2, MicroChem), is formed
on the substrate. The electron beam lithography is then carried
out with an acceleration voltage of 100 kV, and an area dosage of
1050 �C/cm2 on an Elionix ELS7000 system. The substrate is
then developed. Next, a gold layer (30 nm) is deposited on the
substrate by thermal evaporation. No adhesion layer is used. Lift
off is then performed by soaking the substrate in acetone. In Fig-
ure 4, scanning electron microscope (SEM) images of the double-
resonance structures are shown.
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