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ABSTRACT: We show that randomization of a nanodisk array on a rectangular
lattice can be used to spectrally tune the surface-enhanced Raman scattering
(SERS) intensity and to control the field enhancement. The spectral selectivity of
the Raman modes exhibits a nonlinear dependence on the extinction.
Randomization of the rectangular pattern brings a favorable increase of SERS
intensity via a reduced selectivity and extinction changes at the Stokes band. The
extinction dependence for two polarizations on the spacing in the rectangular
array is demonstrated. For a given polarization, the extinction strength depends
primarily on the spacing between the nanodisks in the orthogonal direction. Such
randomization and polarization control of SERS increases the versatility, e.g., all-optical control, of this important sensing tool.
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urface-enhanced Raman scattering (SERS)' is a promising
method for highly sensitive detection of a small number of
molecules due to strong enhancement of the local light field
intensity, |EP* ~ 10*~10* in close proximity to nanoparticles® >
and even reaching single-molecular detection levels with 10"
enhancements at the hot-spots between two nanoparticles.®
However, SERS of complex molecules gives a large number of
molecular vibrations, with the total number of 3N — 6 for
nonlinearly shaped molecules (including transitions of the IR
absorption and Raman modes), where N is the number of
atoms; hence, the spectral SERS signatures become compli-
cated with an increasing number of atoms, and even more so
for actual biosamples such as proteins, DNA, and cells.””®
Therefore, achieving a high selectivity in the excitation of
molecular vibrational modes is very important for sensing
applications,'”'" especially in the detection of explosives,'”
environmental pollutants such as Hg ions,"® biomaterials,"*™*”
(photo-) catalysis,"®'® immunoassay,”® and in situ detection in
the microfluidics.”
Typically, selective detection of hazardous materials (cations
coming from heavy metals such as Hg, Cd, As, anions from
NO;~, SO,*") has been done by controlling the chemical
components such as crown ethers and cyclodextrin molecules
with absorption/fluorescence spectroscopy on the surface of
metals. In addition to EM field enhancement, the SERS signal
can be further enhanced by the resonance between the
excitation and Stokes frequencies and the electronic energy
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levels in the molecule.>> 2 Since different molecules have

different electronic structures, controlling the spectral position
of the peak of EM enhancement can provide highly desired
selectivity to SERS.

One promising approach is to use complex nanoparticles
where interaction and hybridization of plasmonic modes brings
about Fano resonances®” >° and dark modes,®*® which are
spectrally narrow and whose spectral position can be
engineered via the particles’ geometry. It has been demon-
strated that rectangular arrays with two different periodicities
can provide control over the spectral behavior of plasmon
resonances.””>> This was achieved via coupling of plasmons
and light scattering in the two perpendicular in-plane
directions. Recently, coupling between nanoparticle arrays via
hybridized modes distinct from near- and far-field mediated
radiation is revealed® and explained via plasmonic Young
interference. Control of such coupling could be useful to tune
selectivity in SERS. However, rectangular patterns have a low
density of nanoparticles and relatively small total enhancement
factors. Therefore, a method to further enhance SERS intensity
is required.

We have recently demonstrated that plasmon resonances can
be controlled spectrally via randomization of patterns,**** and
this causes an increase in the SERS intensity by a factor of 4.%°
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The randomization also suppresses the diffraction pattern in
the Raman scattered radiation. Here we demonstrate a practical
way for controlling the surface plasmon resonances by varying
the ratio of the periods between nanodisks on a rectangular
lattice. Surprisingly, the extinction of one polarization depends
primarily on the spacing between the nanodisks in the
orthogonal direction. The total SERS intensity is enhanced
by the randomization of the rectangular array. We discuss the
trade-off relationship between SERS selectivity and intensity.

B SAMPLES AND METHODS

Samples of Au nanodisks on a cover glass were fabricated by
electron beam lithografhy, Au sputtering, and lift-oft for the
150 X 150 um? areas.’ Figure la shows the scanning electron
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Figure 1. (a) SEM and (b) FFT images of the rectangular lattice of Au
nanodisks on a cover glass; the x- and y-periods of the elementary cell
are Ag = 300 nm (short pitch) and A, = 680 nm (long pitch),

respectively.

microscopy (SEM) image of a rectangular lattice pattern of
nanodisks of 180 nm diameter and 50 nm height, whose
elementary cell pitch along the x-axis is Ag = 300 nm and the
pitch along the y-axis is A; = 680 nm (the designations stand
for “short” and “long”); the spacing is also apparent in the fast
Fourier transform (FFT) of the lattice shown in Figure 1b.
The laser dye IR-26 (Exciton) was used for SERS
measurements on a Raman-dedicated inVIA (Renishaw)

microscope. Samples were immersed into a dichloromethane
(107* M) solution of the dye and incubated for 10 h. After that,
samples were rinsed in pure dichloromethane and then in
methanol. SERS measurements were carried out on dried
samples. The IR-26 is chemisorbed on gold and makes a
permanent bond via its sulfur atom. Extinction spectra were
measured by microscopic spectroscopy using an IX-71 inverse
microscope (Olympus) with a 40X objective lens with a
numerical aperture (NA) of 0.75. The confocal pinhole size was
1 mm in diameter, which corresponds to a 1 mm/40 ~ 25 ym
spot on the sample. SERS was measured using a Raman
microscope with a 20X objective lens focusing on a linear spot
of 100 X 5 um? cross-section on the sample. The excitation
wavelength of the semiconductor laser was 4, = 785 nm, and
the acquisition time was ~10 s.

B RESULTS AND DISCUSSION

Figure 2 shows the optical extinction spectra of the rectangular
lattice nanodisk arrays under nonpolarized light (black line)
and two perpendicular linear polarizations aligned with the
short (pol-Pg) and long (pol-P;) pitch, respectively. The
spacing Ag was fixed to 300 nm for all the patterns, and A} was
varied from 500 to 680 nm in 20 nm steps. The extinction
spectrum of the rectangular lattice was strongly dependent on
the illuminating polarization, due to plasmonic coupling of the
nanodisks periodically arranged in the two perpendicular
directions. The Pg-polarized peak appeared at a longer
wavelengths than the P;-polarized one. Furthermore, by
increasing the long period A;, the Pg peak shifted toward
longer wavelengths, while the wavelength of the P, peak did not
vary much, and the spectra of both modes broadened
significantly. This behavior is opposite of what one would
expect from the previously considered nanoplasmonic arrays
with substantially subwavelength periods;>® that is, for a given
polarization, the extinction strength depends primarily on the
spacing between the nanodisks in the orthogonal direction. In
the present experiments the spacings are always on a scale of
between a half and one wavelength, and the coupling between
the individual nanodisks must include retardation effects. Then,
it is natural that the electromagnetic mode polarized in a given
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Figure 2. (a) Experimental extinction spectra of the periodic array of nanodisks under illumination by nonpolarized light (black line) and light
polarized along Pg (blue) and Py (red). The wavelengths of excitation and Raman scattering are 4; and A, respectively. (b) Schematic illustration of
polarization and rectangular pattern of the nanodisks. (c) Dispersion curves of Pg and P, modes. Calculated dispersion curves for the Pg and P,

modes; the crossover point is at square lattice A = 300 nm (dashed line).

dx.doi.org/10.1021/ph500228s | ACS Photonics 2014, 1, 1006—1012



ACS Photonics

¥
>
23 w
5 N
'E st 580
N g nm
o 2 [620nm
w <=
w 660 nm

800 1000 1200 1400 1600
Wavenumber (cm™)
- 540 nm

A, =500 nm
520 nm

—
O
~

A P %
AN | I WA Ve | R AN AN B c80 m

SERS intensity (normalized)

i

LA o e T — >
750 850 900 950 1250 1300 1350 14001500 1550 1600 1650

Wavenumber (cm-')

—~ I ~

Figure 3. (a) Experimental SERS spectra of IR-26 dye adsorbed on Au nanodisks of a rectangular lattice at different values of A;; Ag = 300 nm. The
SERS peaks selected for the analysis are located at 685, 925, 1325, and 1558 cm™ (4, = 830, 846, 876, and 894 nm for 4, = 785 nm). (b) SERS
spectra of selected peaks of 685, 925, 1325, and 1558 cm™. SERS signals were normalized by the intensity of 685 cm™" of each spectra. The bars in
the graphs indicate a scale of 10. The double-sided arrows indicate the intensity of SERS used for the analysis. The reference Raman scattering from

the IR-26 powder is shown at the bottom of the plots with color-coded peak deconvolution.

direction can “sense” the change of periodicity in the
orthogonal direction (i.e, the direction of the in-plane
propagation), as shown in Figure 1.

Thus, the broad peak shown by the spectra in Figure 2a can
be attributed to the plasmonic band that is created by coupling
of the localized plasmon modes rather than due to diffraction,
which would cause spectrally sharper resonances. This
conclusion is consistent with earlier observations.***"¥7~3?
The surface modes in the plasmonic band are essentially
transverse; hence the coupling is influenced by the periodicity
normal to the polarization direction. The effect of A on the
resonance frequency can be understood in the following way.
For Pg polarization the field acting on the disks increases as Ay
decreases (induced dipole fields are parallel); hence restoring
force and resonant frequency wy increase with wavevector A; ™/,
as shown in the dispersion curves in Figure 2c. For P
polarization, neighboring disks are only affected by a weak
dipole—dipole near-field interaction (induced dipole fields are
antiparallel); hence restoring force and resonant frequency @
slightly decrease with A; ™. The two curves naturally intersect
for a square lattice condition. The relationship between periods
and peak wavelengths (i.e., long wavelength for Pg and short for
Pp) will be further discussed in the FDTD analysis part. It is
noteworthy that the dispersion curves in Figure 2c are
quadratic, typical of the tight-binding calculation of coupling,
rather than linear for a diffraction Bragg condition, indicating
that the coupling between neighboring disks is dominating over
the far-field diffraction.

Figure 3a shows the normalized SERS spectra of the IR-26
dye absorbed on the Au nanodisks under Pg-polarized
excitation. The baselines of Raman spectra have been corrected
for the background caused by the glass substrates. In order to
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provide a fair assessment of SERS, Raman spectra of the
powdered state of IR-26 were also measured and are displayed
in Figure 3a. Selected SERS peaks were fitted by least-squares
method with the multipeak Lorenzian functions, and an
integrated area of SERS peaks was used for analysis. Each
peak was normalized by the SERS intensity at 685 cm™ (see
Figure 3b) for discussion of SERS selectivity. With increasing
Ay, the absolute SERS intensity decreased, due to the decrease
of the area density of disks.

The SERS enhancement is proportional to the absolute value
of EM field enhancement, while the extinction is related to the
imaginary part of the response of the medium to the electric
field, ie., the polarizability of the medium; therefore the
relationship of SERS intensity scales with extinction of plasmon
resonances (SERS scaling factors) as*

SERS  Jae
Ext; X Extp  y(1) r(tr) (1)

where fy,. is the Raman scattering of dye molecule integrated
over the surface of nanodisks, y is the decay constant of the
nanodisks at excitation and the Raman (Stokes) frequencies,
and Ext; and Exty are the extinction value at the excitation laser
(785 nm in this work) and extinction at the Raman Stokes
wavenumber, respectively. We have determined extinction at
laser wavelength Ext| using polarized light, while for the Stokes
frequency we have used the value of Exty for the unpolarized
light because this relationship reproduces experimental
conditions in which the laser light is polarized while all
Raman emission is collocated independent of polarization.*’
Next, we define a SERS selectivity, Sel, as the ratio of SERS
scaling factors at two peaks (eq 2):
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Figure 4. SERS selectivity Sel vs the A for varying SERS peak wavenumber R. The filled markers (left panel) represent the Pg polarization
excitation; counter markers (right panel) indicate P polarization laser excitation. The dashed arrows indicate the powder Raman selectivity (which
can be defined as the integration Raman area ratio, Ag/Aggscm!) obtained from the IR-26 powder.

Sel = SERS, / SERS¢gscm!
Ext; X Exty/ Ext; X Extggq -1
_  SERSy  Extggsem!
- SERSggsom—  Exty 2

where Extggs., ' is the nonpolarized extinction at 685 cm™ (R
=685 cm™"). The 685 cm™" mode was chosen as the reference,
since it is the closest to the Rayleigh laser line. We have chosen
the R = 925, 1325, and 1558 cm™' modes (Figure 3); the
observed trends are applicable to the other peaks also. The
value of Sel changes with A; and depends on the polarization of
the exciting light, as discussed next.

As shown in Figure 4, the SERS selectivity Sel increases with
separation from A; = 500 to 580 nm, when the resonance
wavelength of the Py mode moved closer to the Stokes
wavelength. It is especially apparent when compared with the
selectivity under excitation polarized along P;. For spacings
larger than 600 nm, the selectivity Sel dropped to almost the
same values as observed for the P, mode. This trend could also
be seen for the 1325 cm™' mode. Close to the excitation laser
wavelength (smaller wavenumbers), SERS intensities of the Pg
and P modes are the same within the margin of error (see the
925 cm™! peak). This indicates that the SERS signal scales with
extinction of the P mode and can be tuned to enhance
selectivity. SERS selectivity increases in comparison with
selectivity of the dye powder, which can be attributed to the
molecular orientation at the surface (a chemical effect).

A beneficial increase in selectivity obtained by varying the
lattice spacing has been accompanied by a deleterious reduction
in absolute intensity caused by the reduced surface density of
the nanodisks. To compensate for this decline in absolute
intensity, one should look for additional means of SERS
enhancement. We previously reported the randomization of
patterns as one of the solutions to increase the SERS
intensity.34 However, randomization causes reduction of
selectivity. We discuss next the trade-off between random-
ization and selectivity for SERS intensity enhancement using
randomization.

Figure 5 shows the gradual variation of the extinction spectra
in the spectral window of 400—1060 nm due to randomization
and the corresponding SEM images of the patterns. We start
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Figure S. Experimental extinction spectra for increasing randomness
(Rnd), and SEM images of the corresponding patterns (top row). The
pitch of the pattern defines a cell 300 X $80 nm?.

from the 300 X 580 nm?” lattice, because this pattern has a
strong selectivity dependence on extinction (Figure 4). For
increasing randomization, the extinction maxima of the P; and
Pg modes close in on one another. The randomness factor is
defined as Rnd = 0 to 6, where 0 corresponds to the periodic
pattern, and the maximum random walking distances from
periodic patterns in the x- (pitch Ag) and y-directions (pitch
Ap) are defined by Ax = Rnd X Ag/6 and Ay = Rnd X A, /6,
respectively. As shown in Figure 5, the sample with Rnd = 6 is
still not fully randomized, as its extinction spectra have a slight
polarization dependence on the P; and Pg modes.

The SERS selectivity Sel and SERS scaling factor (SERS/
(Ext; X Extg)) (SERS intensity is normalized by the extinction
factors at the excitation and scattering wavelengths (Ext; X
Extp)), as a function of randomness Rnd, are shown in Figure 6,
where the pattern of the highest selectivity, A; = 580 nm, is
presented. The selectivity decreased with increasing random-
ization as expected (Figure 6a), especially for the 1558 cm™
mode. As the randomness reached Rnd =~ S, there were no
recognizable differences any more between P and Pg excitation.
However, the relative SERS intensity around Rnd = 2-3 is
already about 2 times higher as compared to that of a periodic
pattern. This behavior of SERS intensity with randomization
has been explained previously:** increasing randomness favors

dx.doi.org/10.1021/ph500228s | ACS Photonics 2014, 1, 1006—1012
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Figure 6. (a) Selectivity Sel dependence on the randomness Rnd. (b) Relative SERS intensity normalized by the extinction factors Ext; X Exty vs

randomness Rnd.

theh creation of “hot-spots”, in which a disproportionately high
field concentration occurs, causing an increase in the SERS
intensity. Therefore, from Rnd = 0 to 4 there is a trade-off
relationship between reasonable selectivity Sel and augmented
SERS intensity. When we thought about the actual signal of
SERS (meaning without normalization by extinction factors),
SERS intensities were improved (1.5—3.6 times), appearing at
Rnd = 3 in all selected SERS modes.

The layouts for randomness Rnd = 0, 3, and 6 were
simulated by the 3D-FDTD method using the Lumerical
software, according to the procedure previously outlined,
applied to a 10 X 10 array of nanodisks (3.3 X 6.4 um? region
with the same layout as used in electron beam lithography).
Figure 7 shows the calculated intensity distributions in the
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Figure 7. E-field intensity IEI* linear scale enhancement at wave-
number 1558 cm™, for Pg polarization at a glass interface and on top
of gold nanodisks, for the two main hot-spots (H1 and H2) found in
the Rnd = 6 layout, and variation for changing randomness Rnd = 0, 3,
6. The insets depict the field intensity distributions in the hot-spot
regions for Rnd = 6; the white dotted lines show the nanodisk
geometry.

neighborhoods of the two strongest hot-spots (named H1 and
H2) found in the layout for maximum randomness Rnd = 6.
Such hot-spots, having a peak intensity at the interface between
gold and glass, are responsible for the 3—4 times increased
SERS intensity observed in experiments and occur preferen-
tially in the narrow gaps formed when two nanodisks are
brought close to each other by the random walk. The
enhancements obtained for Pg polarization are shown, as they
are significantly stronger than those for P polarization, due to
the shorter average distance between the particles along the x-
axis. Several random walk designs were tested numerically and
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resulted in the qualitatively same result in terms of field
enhancement and extinction spectrum.

The evolution of increasing randomness shows a steady
increase in the localized enhancement of 1.5—3 times at the
interface between nanodisks and the glass, where the field is
strongest, and up to 10 times at the top corner of the nanodisk,
where the enhancement is low in the regular lattice. The steady
increase continues into the randomness range, where SERS
shows a saturation in Figure 6b, as the simulated enhancement
is taken at a specific location on the sample, while the
measurement is averaged over all the surface. The model also
shows how the random alignment of the nanodisks permits the
plasmonic modes to harvest energy from one polarization while
distributing the scattering also on the perpendicular one,
according to the direction of the dipole mode axis. Moreover,
the extinction cross-section was also calculated by the same
numerical procedure, to confirm the trend and dependence on
Pg and P shown in Figure 5. The results are shown in Figure 8,

700

<0.1
500
nm

Figure 8. Calculated extinction cross-section for increasing random-
ness Rnd = 0, 3, and 6 using the same layouts as in Figure S,
confirming the trend and dependence on Ps and P;. The cross-section
is calculated by averaging on a cluster of 20 nanodisks and normalized
to the geometrical area of the cluster, indicated by the black dashed
line. The glass interface E-field intensity |E* log-scale plots at the
maximum extinction wavelengths (Rnd = 0, right side) show a
maximum enhancement of 700 for Pg and 350 for P;.

Extinction cross-section (norm.)

Wavelength window: 400-1060 nm

where the cross-section is calculated by taking a cluster of 20
nanodisks at the specific degree of randomness as an average
for the whole region and normalizing the cross-section to the
geometrical area of the gold in the cluster. The comparison
with the experimental results reveals how the plasmonic
resonance boosts extinction up to 6 times with respect to the
same area of gold. The less smooth behavior of the curves is an
effect of the limited number of nanodisks on average, and the

dx.doi.org/10.1021/ph500228s | ACS Photonics 2014, 1, 1006—1012
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wavelength shift with respect to the experiment is an effect of
the slight shape differences between the fabricated and
simulated arrays.

In the Py case, the pitch is smaller than the critical value for
radiation, but the phase retardation between neighboring disks
is such that the scattered field still propagates almost in-phase
with the exciting light wave, which increases the localized field.
The energy of the mode is strongly localized on the nanodisks
(one can think of an analogy with the tight binding mode in the
solid state, where the electrons move but their energy is highest
near the ions). The resulting depolarization affects the induced
dipole moment of the single nanodisk, leading to a red-shift of
the extinction peak.*' This is confirmed by the glass interface E-
field intensity |EI* enhancement plots (Rnd = 0) in Figure 8,
which show twice as high enhancement for the Pg case (700 vs
350) and a stronger field localization. As described earlier, the
near-field coupling between disks governs extinction, as
explicitly shown in Figure 2c.

B CONCLUSIONS

In this study, we demonstrated SERS selectivity control on
rectangular lattice patterns of nanodisks. The SERS selectivity is
strongly related to the extinction resonance at the Raman
scattering wavelength. Also, we demonstrated the effect of
randomization on SERS intensity in rectangular lattices. At
small disorder levels, with randomization level from Rnd = 0 up
to a half-period long random walk, the SERS intensity can be
increased by a factor of 2 at the cost of reduced selectivity. This
randomization strategy for control of SERS intensity and
spectral selectivity can be used together with the back-side
illumination geometry in SERS, which provides an extra
enhancement due to a favorable phase matching of the
transmitted and reflected beams in the case of back-side
illumination; it is accounted for in the Fresnel coefficients for
the E-field amplitudes.*

It is shown that a significant change in extinction at a certain
wavelength for one polarization can be created by the presence
of light at the same wavelength but at a perpendicular
polarization. This coupling between two perpendicular polar-
izations can open new applications in SERS via an all-optical
control of light scattering and absorption of the pump beam by
polarization of the probe (at the same or slightly different
wavelength within an extinction peak). All-optical diffraction
control by coupling of two orthogonally polarized beams using
geometrically coupled plasmonic nanoparticles has been
recently demonstrated.*> All-optical ultrafast switching is one
of the inherent features of plasmonics that is promising for
practical applications in data communications where Tbits/s
speeds are required.
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