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ABSTRACT

We investigate conditions of excitation and properties of Plasmonic Surface Lattice Resonances (PSLR) over glass
substrate-supported Au nanoparticle dimers (~100-200 nm) arranged in a periodic metamaterial lattice, in Attenuated Total
Reflection (ATR) optical excitation geometry, and assess their sensitivities to variations of refractive index (RI) of the
adjacent sample dielectric medium. We show that spectral sensitivity of PSLR to RI variations is determined by the lattice
periodicity (~ 320 nm per RIU change in our case), while ultranarrow resonance lineshapes (down to a few nm full-width-
at-half-maximum) provide very high figure-of-merit values evidencing the possibility of ultrasensitive biosensing
measurements. Combining advantages of nanoscale architectures, including a strong concentration of electric field, the
possibility of manipulation at the nanoscale etc, and high phase and spectral sensitivities, PSLRs promise a drastic
advancement of current state-of-the-art plasmonic biosensing technology.

Keywords: plasmonic metamaterials for biosensing plasmonic surface lattice resonances, diffractive coupling,
attenuated total reflection, plasmonic biosensing, improvement of sensitivity.

1. INTRODUCTION

Relying on control of biomolecular binding events by refractive index (RI) monitoring, plasmonic biosensing forms the
core of current label-free biosensing technology'”. Conventional plasmonic biosensor employs Surface Plasmon
Resonance (SPR) phenomenon, which is produced with a help of 50-nm gold film in Kretschmann-Raether prism
geometryl’z. Biomolecular interactions on gold lead to an increase of the thickness of a biomaterial layer, which is
accompanied by a change of RI of the medium contacting the sensor surface. This results in a change of SPR coupling
conditions, which can be monitored by angularl’z, spectral3 or phase“’6 interrogations. With the lower detection limit of 1
pg/mm* of biomaterial accumulated on the biosensor surface, SPR biosensors are efficient for studies of many
biomolecular interactions”*, but they are hardly compatible with current trends in biosensing focusing on the development
of compact’'? or nanoscale'” ' transducer implementations. Although localized plasmon resonances (LPR) over
nanostructures''* look much better adapted for these modern trends of biosensing technology, they provide much higher
detection limit of ~1000 pg/mm?.

A huge potential for the upgrade of plasmonic biosensing technology is now expected from "plasmonic metamaterials for
biosensing". These metamaterials were defined" as artificial nanostructured materials, which can provide a much
improved response compared to natural plasmonic materials (Au, Au) and/or enable new functionalities (size-related
selectivity, concentration of electric field etc). Such a concept was implemented in numerous sensing designs, including
plasmonic nanorod metamaterial'’, hyperbolic metamaterial'®, 3D plasmon crystal metamaterial'’. Of particular interest,
we see the development of metamaterials, which enable the excitation of Plasmonic Surface Lattice Resonances (PSLR)
produced in conditions of diffraction coupling of LPR'® . To excite PSLR, gold nanoparticles (nanodics, nanopillars etc.)
having the size of about 100 nm are arranged in a 2D lattice in such a way that one of diffracted beams, appearing due to
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the periodicity of this structure, propagates over the array plane and can couple in far field localized plasmons over
individual nanoparticles (Fig. 1a). Such a coupling leads to a drastic narrowing of resonances in reflected and transmitted
light down to 2-3 nm full width at half maximum (FWHM). In addition, the diffraction coupling gives rise to vanishing of
light intensity in resonances, leading to the generation of singularities of light phase*'**. When used as a signal parameter
to monitor refractive index variations™ >, such phase singularities can be used to lower the detection limit of label-free
plasmonic biosensing schemes down to single molecule level’'. However, conditions of implementation of these
resonances are not always compatible with biosensing arrangement implying the placement of the nanoparticles between
a glass substrate and a sample medium (air, water). In particular, the excitation of diffractively coupled PSLR is critically
dependent on refractive index of the media surrounding a nanoparticle array. When the array is illuminated under normal
incidence of light, the excitation of PSLR typically requires uniform surrounding, i.e. the match of refractive index of the
substrate and that of the medium contacting the particles'**’. On the other hand, the excitation of PSLR becomes possible
under oblique incidence of light on the array structure and the monitoring of optical parameters in reflected light'**'**, In
all cases, direct geometry of PSLR excitation is not fully compatible with biosensing experimental arrangement, as it
implies light direction through a sample liquid leading to a dependence of PSLR parameters on bulk RI fluctuations inside
the flow cell.

We recently showed”® that the excitation of PSLR is possible in both direct and attenuated total reflection (ATR)
geometries under oblique light incidence. In this paper, we provide extensive details on conditions of excitation and
properties of PSLR in ATR geometry, excluding the propagation of pumping light through sample liquid medium.

2. EXPERIMENTAL METHODS
2.1 Sample preparation

High-quality regular and homogenous square arrays of gold nanoparticles were produced by e-beam lithography (LEO-
RAITH and PIONEER-RAITH) on a clean microscopic glass substrate covered by a thin Cr sublayer. A double layered
resist was used to improve lift-off (80 nm of 495 kD PMMA cast from a 3 wt% solution in anisole for the bottom resist
layer and 50 nm of 95 kD PMMA cast from a 2 wt% solution in anisole for the top layer). Bare (without Cr seed layer)
borosilicate glass substrates (WBO-251 from UQG Optics) successively coated by a single layer of PMMA (from Allresist,
Germany) diluted in ethyl-lactate at 2%) is used for nanofabrication. Second layer of a conductive polymer (SX AR PC
5000/90.2 from Allresist) is applied in order to prevent the charging of the dielectric substrates during e-beam exposure.
After developing in 1:3 MIBK:isopropanol solution, rinsing the samples in deionized water and drying under clean nitrogen
flow, 3-5 nm of Cr (to improve adhesion) was deposited and 80-90 nm of Au by evaporation using electron beam or Joule
effect (Auto 306 tool from Edwards). Then the excessive metal deposited onto the areas protected by the resist was removed
from samples by the lift-off procedure in ultrasonic bath of pure ethyl-lactate. The typical array size was 0.2 x 0.2 mm”.
The samples on a clean glass substrate were obtained from the samples fabricated on a 5 nm Cr sublayer in which the Cr
sublayer has been wet-etched after the fabrication procedure. Typical Scanning Electron Microscopy images of double
nanodot arrays are shown in Fig. 1.

2.2 Methodology of measurements

Measurements were performed on ellipsometer (Fig. 1c) in ATR configuration (Fig. 1d). The bottom side of the sample
was mounted to the ground slope of a glass regular prism via optical immersion oil, this matched RI of glass. A gap for
liquid flow was provided with rubber O-ring, fixed between the sample from one side and a fixed cover glass from the
other. Weakly focused light beam of the source refracted on one slope of the prism, crossed prism insides, passed through
the tiny layer of immersion oil and the sample substrate cover slip and then finally, reflected from the nanoarray. Incident
and reflection beam paths were adjusted to be symmetrical with respect to the prism orientation. Device analyzed intensities
of differently polarized light and phase shift between them. Reflection spectra dependency from angle of illumination were
recorded. Data repeatability showed negligible variation of peak spectral position for each analyzed mixture, compared to
system spectral resolution.
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2.3 Sensitivity assessment

In these experiments, the sensitivity of plasmonic metamaterial transducers was evaluated by using a model, which
simulated changes of bulk refractive index of the aqueous medium contacting nanoparticle arrays, similarly to how it was
done in previous studies™?*. A set of ethanol-water mixtures of different concentrations were prepared for evaluation of
sample sensing capabilities. Ethanol has excellent solubility in water and does not affect the quality of glass-supported
nanoparticle arrays. Since ethanol has slightly higher refractive index compared to water (1.3614 compared to 1.333 for
589 nm wavelength at room temperature), its progressive addition to aqueous solutions provides nearly linear increase of
refractive index of the liquid. The mixtures were pumped though the liquid flow cell, as shown in Fig. lc.

Environment: 00(
a) Air (n=1) 4.
b) Water solutions (n21.333)

Substrate:
Glass (n=1.5)

Mag = 74.88 K X
InLens

Ellipsometer
setup

Polarizer
Analyzer

Weakly focused lens Weakly focused lens

Sample

Sample rotation

. stage .

Solution pump

Figure 1. (a) Schematics of excitation of diffractively coupled plasmonic surface lattice resonances over a metal nanoparticle array.
When metal nanoparticles are arranged in a periodic lattice, they may scatter light to produce diffracted waves. If one of the
diffracted waves then propagates in the plane of the array, it may couple localized plasmon resonances associated with individual
nanoparticles leading to the generation of PSLR with a very narrow lineshape. In the presence of a substrate, this phenomenon
takes place at Rayleigh cut-off frequencies for the medium (A% or AW%¢) and substrate (A5*?); (b) Typical Scanning Electron
Microscopy images of double nanoparticle arrays used for the excitation of PSLRs; (c) Schematic representation of ellipsometer-
based experimental setup (d) Architecture of measurements using ATR geometry.

3. RESULTS AND DISCUSSION

3.1 Conditions of excitation and properties of PSLR in ATR geometry

First, we identify medium (PSLR,; or simply A+, PSLR,or W+ for air and water, respectively) and substrate (PSLR,
or S+) modes corresponding to the coupling of individual plasmon oscillations at medium- and substrate-related diffraction
cut-off edges. PSLR can be efficiently excited even under asymmetry of optical environment, but they split into two modes
corresponding to the coupling of localized plasmons via diffracted waves propagating in the tested medium or the substrate
(Fig. 1a). The reason of this splitting is the following: for any regular nanoparticle array, diffracted beam disappears when
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it crosses the boundary between ambient medium (air or water) and the substrate due to the impossibility of transition
between media having essentially different light dispersion. As a result, the diffracted beam is cut-off at Rayleigh cut-off
wavelength (diffraction edge). In the case when a medium/substrate interface is present, there should be two cut-off
wavelengths. One of them corresponds to the disappearance of the medium diffraction modes (when the diffraction wave
crosses the sample boundary from air/water to the substrate) and other one is related to crossing the boundary in the
opposite direction. Such two Rayleigh cut-off wavelengths for air/substrate interface can be presented as follows'®°:

/1%1'7’ = a/m(ngy;, * sind), Afeub = a/m(ngyp + sind) (0

where a is a period of the structure, m is integer, 8 is the angle of incidence, ny,;, is substrate RI. Similarly, for
water/substrate interface Rayleigh cut-off wavelengths will be:

AW = a/m(nyg * sinf), 3P = a/m(ngy, + sind) )
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Figure 2. Spectral dependencies of ellipsometric reflectivity ¥ (solid) and phase A (dashed) for a 320-nm period arrays of glass-
supported gold nanoparticles contacting with air (a) and water (b) media under different angles of their illumination in ATR
geometry. The insets show obtained spectra at minimized scale. (c) Analytically calculated spectral position of Rayleigh cut-
off with respect to angle of incidence for water- (W+), air- (A+) and substrate-related (S+) modes. (d) Spectral response of
medium PSLR,, (W+) and PSLRy,, (S+) modes excited over double 134 nm particle array (period 320 nm) before and after
TIR to changes of RI.
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The effect of splitting of resonances can be easily seen in experiments. Fig. 2 presents spectral dependencies of
ellipsometric parameters ¥ and 4 for light reflected from a 320-nm period golden double dot metamaterial arrays with
134-nm distance between the dot positions, having ~50 nm separation, contacting with air and water media, respectively.
As can be seen on the insets of Fig. 2, the resonances are indeed split into distinct medium- and substrate-related modes
indicated as A+/W+ and S+, respectively, and they correlate with Rayleigh cut-off wavelengths %7/ %3¢ and A5*?. Fig.
2c¢ shows spectral position of Rayleigh Anomalies (RA) for each media (air A+, water W+ and substrate S+) with respect
to the angle of light incidence, calculated from (1) and (2). One can clearly see the correlation between calculated RA
spectral position and the experimental data from double nanoparticle array. For instance, the inset of Fig. 2a shows two
peaks with spectral positions roughly 750 nm and 930 nm at ~70 deg. of light incidence. Fig. 2c shows, that these peaks
correspond to calculated air and substrate Rayleigh cut-off frequencies, respectively. Similarly, 880 nm peak at ~72 deg.
of light incidence on Fig. 2b corresponds to water-related RA on Fig. 2c. PSLR typically appear in reflection as narrow
Fano-shape dips over a positive background spectrum%, presenting the combination of reflected and scattered light from
glass-supported nanoparticle array system. However, when measured by ellipsometry and presented as a function of
ellipsometric reflection ¥, which describes a ratio of amplitudes of p- and s- components upon reflection tan ¥ = ||1;—7:||, the
resonances can appear as both minima (inset to Fig. 2a, left and right peaks; Fig. 2b, left peak) and maxima (inset to Fig.
2b, right peak). It is obvious that negative or positive polarity of PSLR; in ¥(4) spectrum is determined whether resonant
dips take place for p- or s-polarized component of light, respectively, or whether the substrate reflection is added to or
subtracted from the reflection produced by the array. In general, the width and shape of PSLR critically depend on a
variety of factors, including nanoparticle size, geometry of the unit cell and refractive index of the environment. In addition,
the emergence of different modes and their intensity strongly depend on the angle of light incidence. Here, different
structures appear to provide optimal resonance characteristics under different conditions. As an example, water-related
mode W+ (inset to Fig. 2b, left peak) is much more pronounced than water-related mode A+ (inset to Fig. 2a, left peak),
reaching almost zero reflection intensity. Substrate-related modes are expected to show similar results no matter which
media is applied to nanoparticle array. Surprisingly, the substrate-related peak shows polarization-dependent absorbance
for the cases of nanoarray being exposed in air and water media. This effect is manifested as minima for case of air (Fig.
2a, right peak) and maxima for water (Fig. 2b, right peak). The width of PSLR is also strongly dependent on array
parameters and range from a few nm FWHM to 20-25 nm FWHM. In all cases, the implementation of ultra-narrow and
high quality resonances requires the optimization of array structures and their adaptation for concrete biosensing
architectures and environments (air, water). It is woth noting that the generation of these resonances is accompanied by a
strong enhancement of local electric field”’, which is very important for enabling additional sensing channels such as
SERS.

3.2 Sensitivity of PSLRs to local environment

Ultimate biosensing experiment implies the functionalization of the plasmonic nanoparticles and immobilization of a
sensor recognition element on them. A target analyte (affinity partner) comes from aqueous ambience and is supposed to
bind to the recognition element leading to an increase of refractive index of a thin layer around the nanoparticles, while a
relevant change of conditions of PSLR excitation (spectral, phase) enables one to monitor the RI increase caused by the
biological interaction. To simulate the increase of RI of water ambience, aqueous solutions of ethanol of different
concentrations were pumped through a flow cell by a peristaltic pump and brought into contact with the nanoparticle arrays.

Figure 2d shows spectral shifts of resonances due to changes of refractive index of the aqueous medium caused by the
addition of different concentration of ethanol to water. The refractive index (RI) of the medium increases with the ethanol
addition leading to a nearly linear red shift of PSLR. However, sensitivities of medium and substrate-related modes appear
to be quite different. Here, the value of sensitivity of the medium mode starts to depend whether its excitation takes place
below or above the angle of total internal reflection (TIR) for glass/water interface (~ 63° Deg.). As follows from Fig. 2d,
sensitivity of PSLR,;(W+)below the TIR angle (~46° Deg.) is also of the order of the period of the structure (263 nm/RIU
for double 134 nm particle arrays), while for angles of incidence above TIR (73° Deg.) this parameter can exceed 400
nm/RIU. Note that such a difference of sensitivities was recorded for a largely dominating majority of samples of single
and double nanodot arrays, independently of the geometry of the unit cell (Table 1). Here, the samples typically
demonstrate sensitivity in the range of 260-290 nm/RIU below the TIR angle and improved sensitivity of 370-410 nm/RIU
above the TIR angle. On the other hand, as follows from Fig. 1d, substrate-related mode (S+) appears to be weakly sensitive
to variations of RI (16-56 nm/RIU). In general, sensitivity of medium modes PSLR,, for different samples strongly
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correlates with the period of structures (320 nm), similarly to other transducers based on diffraction phenomena such as it
was observed for surface plasmon polaritons over nanohole thin film arrays®.

It is important to consider the sharpness of measured resonances and thus examine system efficiency to measure small
wavelength changes. For that purpose, one normally uses a characteristic “Figure of Merit” (FOM) parameter”™:
FOM=(AA/An)(1/Aw), where Aw is the width of resonance at FWHM and AZ is the resonance shift for a An refractive-
index change. The essence of FOM is straightforward: it adequately quantifies the sensing potential of plasmonic modes
in configurations similar to those used in commercial instruments. Typical FOMs do not exceed 8 and 23 for the sensors
based on LPR'*!* and SPR’, respectively. The employment of PSLRs enables one to increase these parameters up to 10,
100 and more. In particular, in our experiments FOM reached ~180, which is in a good agreement with our earlier works
where it reached ~ 200-250%. As another illustration, it was shown’® that PSLRs in ordered metamaterial arrays of gold
nanoparticles can offer a sensing performance that is at least an order of magnitude higher than uncoupled LPRs associated
with disordered particle arrays. Other studies experimentally demonstrated a high-performance RI-sensitive sensor based
on PSLR, while its FOM reached 38 normal incidence®".

Even when sensitivities of PSLR modes can be obtained within diffraction theory®?, a detailed consideration of the
phenomenon should take into account not only the dependence of diffraction edge position on RI of the environment, but
also accompanying effects such as a certain mismatch of actual PSLR positions with that of the Rayleigh cut-off
wavelengths and evanescent near-fields in the case of ATR geometry. However, in the first approximation, this sensitivity

Table 1. Summary of results, obtained for different PSLR modes from series of double dot samples in ATR geometry and
corresponding sensitivity.

Distance Geometry Experimental Analytical
between sensitivity, sensitivity,
nanoparticles nm/RIU nm/RIU

190 nm ATR S+ 67 18 0

195 nm ATR (before TIR) W+ 47 305 320

195 nm ATR W+ 73 365 320

134 nm ATR (before TIR) S+ 46.5 16 0

134 nm ATR S+ 70 56 0

134 nm ATR (before TIR) W+ 46.5 263 320

134 nm ATR W+ 70 400 320

170 nm ATR (before TIR) S+ 46 11 0

170 nm ATR (before TIR) W+ 46 291 320

170 nm ATR W+ ~70 360 320

142 nm ATR S+ 70 19 0

142 nm ATR W+ 70 365 320

128 nm ATR S+ 74 21 0

128 nm ATR W+ 74 368 320
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should correlate with the sensitivity of the diffraction edge. The position of this Rayleigh cut-off wavelength for water and
substrate modes in ATR geometry can be derived as follows:

£ = (5008 £ ) .
illefETR = angp(sinbd £ 1) v

Therefore, these sensitivities can be expressed as follows:

awat o ,

Satr(PSLRq¢) = % =% [a(ngypsind £ n)] = ta )
é‘ASub E

Sarr(PSLRgyp,) = % = %[ansub (sind £ D]=0 (6)

Here, the sensitivity of the medium mode (PSLR,,) appears to be linked to the period of the structure (a nm/RIU), while
the substrate mode should be insensitive to these variations.

Experimental assessment of sensitivity of PSLR, mode with incidence below TIR angle (Fig. 2d, Table 1) confirm these
theoretical predictions, however, a higher sensitivity under angles exceeding the TIR angle is a pleasant surprise taking
into account the fact that this sensitivity does not originate from diffraction theory considerations. Results show that this
effect is probably related to the involvement of evanescent wave under TIR, which can additionally react on RI variations.

4. CONCLUSION

In this paper, conditions of excitation and properties of diffractively coupled plasmonic surface lattice resonances over 2D
metamaterial array of double nanoparticles in ATR geometry were established. Generation of PSLR,;/PSLR, and
PSLRy, plasmonic modes, corresponding to the coupling of individual plasmon oscillations at medium- and substrate-
related diffraction cut-off edges was identified. Their sensitivities to the variations of refractive index of adjacent sample
dielectric medium were assessed. The determined spectral sensitivity of medium-related PSLRs (300-400 nm/RIU) is
conditioned by nanostructure periodicity, while substrate-related modes showed much lower intensity. As follows from a
good coincidence between the proposed theory and the experimental data, this sensitivity level is mainly conditioned by a
Rayleigh cut-off spectral shift due to medium RI variation. However, near-field effects and other conditions must be taken
into account to describe unexpected rise of sensitivity after TIR angle. Combining advantages of nanoscale architectures,
including drastic concentration of electric field, possibility for manipulations at the nanoscale and high phase and spectral
sensitivities, PSLR; promise the advancement of current state-of-the-art plasmonic biosensing technology toward single
molecule label-free detection.
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