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Abstract

When excited over a periodic metamaterial lattice of gold nanoparticles (~ 100 nm), localized
plasmon resonances (LPR) can be coupled by a diffraction wave propagating along the array plane,
which leads to a drastic narrowing of plasmon resonance lineshapes (down to a few nm full-width-
at-half-maximum) and the generation of singularities of phase of reflected light. These phenomena
look very promising for the improvement of performance of plasmonic biosensors, but conditions of
implementation of such diffractively coupled plasmonic resonances, also referred to as plasmonic
surface lattice resonances (PSLR), are not always compatible with biosensing arrangement implying
the placement of the nanoparticles between a glass substrate and a sample medium (air, water). Here,
we consider conditions of excitation and properties of PSLR over arrays of glass substrate-supported

single and double Au nanoparticles (~100-200 nm), arranged in a periodic metamaterial lattice, in
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direct and Attenuated Total Reflection (ATR) geometries, and assess their sensitivities to variations
of refractive index (RI) of the adjacent sample dielectric medium. First, we identify medium (PSLRuj,
PSLRya for air and water, respectively) and substrate-related (PSLRgu,) modes corresponding to the
coupling of individual plasmon oscillations at medium- and substrate-related diffraction cut-off
edges. We show that spectral sensitivity of medium-related modes to RI variations is determined by
the lattice periodicity in both direct and ATR geometries (~ 320 nm per RIU change in our case),
while substrate-related mode demonstrates much lower sensitivity. We finally show that phase
sensitivity of PSLR can exceed 10° Deg. of phase shift per RIU change and thus outperform the
relevant parameter for all other plasmonic sensor counterparts. Combining advantages of nanoscale
architectures, including drastic concentration of electric field, possibility of manipulation at the
nanoscale etc, and high phase and spectral sensitivities, PSLRs promise the advancement of current

state-of-the-art plasmonic biosensing technology toward single molecule label-free detection.

Keywords: plasmonic surface lattice resonances, diffraction-coupled localized plasmon resonances,

biosensor, attenuated total reflection, phase sensitivity, plasmonic metamaterials for biosensing

1. Introduction

For last decade plasmonic biosensing has become a technology of choice for label-free
characterization of biomolecular binding interactions between a target analyte (antigens, DNA,
ligand etc.) and its corresponding receptor (e.g. an antibody, DNA capture, protein etc.) immobilized
on the gold surface (Liedberg et al., 1983, 1995, Schasfort et al., 2008, Homola, 2006). Plasmonic
biosensors take advantage of a resonant dependence of conditions of plasmon excitation on refractive
index (RI) of the medium contacting the plasmon-supporting metal. Conventional plasmonic
biosensors employ the phenomenon of Surface Plasmon Resonance (SPR), which is associated with
the excitation of surface plasmon polaritons over a thin (~ 50 nm) gold film using Attenuated

Reflection Geometry (Kretschmann-Raether arrangement). SPR effect leads to a dip in the reflected



intensity at a defined combination of the angle of incidence and the wavelength, whose values are
resonantly dependent on the RI of a thin layer near gold (Liedberg et al, 1983). Any change of the
thickness of biological film on gold due to mass accumulation is accompanied by a RI change, which
can be monitored by following spectral (Zhang et al., 1988), angular (Liedberg et al., 1983) or phase
(Kabashin et al., 1997, 1998, 1999) characteristics of reflected light. 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 (Schasfort et al., 2008), but they are hardly compatible
with current trends in biosensing focusing on the development of compact (Patskovsky et al., 2004,
Pilarik et al., 2003, Nemova et al., 2007) and nanoscale (Anker et al., 2008, Kabashin et al., 2009,
Sreekanth et al., 2016) transducer implementations.

A huge potential for the upgrade of plasmonic biosensing technology is now expected from
localized plasmon resonances (LPRs) excited over nanoscale structures (Anker et al., 2008), and
metamaterial arrays (Kabashin et al., 2009). Such biosensors are much better compatible with
nanoscale biochemical architectures (beacons, hybrid structures etc.), as well as can offer novel
functionalities such as size-based selectivity, possibility for a drastic localization and concentration
of electric field to profit from SERS and other field-enhanced effects (Nie et al., 2008), resolution
beyond the diffraction limit (Kawata et al., 2009), nanotweezing (Grigorenko et al., 2008), etc.
Plasmonic Surface Lattice Resonances (PSLR) produced in conditions of diffraction coupling of
LPR are of particular interest for biosensing applications due to their exceptional resonance quality
(Grigorenko et al., 2008, Auguie et al., 2008, Chu et al., 2008). 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 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



(Kravets et al., 2010, 2013). 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 (Kabashin et al., 1997, 2009; Huang et al., 2012).

However, the excitation of diffraction-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 (Auguie et al., 2010),
although certain narrowing of resonances is possible via a proper choice of size and geometry of
nanoparticles (Chu et al., 2008, Trackray et al., 2014). 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 (Kravets et al., 2008, 2010). 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. Alternatively, PSLR can be excited in Attenuated Total Reflection
(ATR) geometry (Kravets et al., 2010), but conditions of excitation and sensitivity of such resonances
have not yet been systematically studied.

In this paper, we compare conditions of PSLR excitation in direct and ATR geometries and
examine sensitivities of different PSLR modes under these conditions. Our analysis shows that PSLR
can be excited in both geometries and exhibit distinct resonance features with the spectral width of
a few nm FWHM and high resonance quality. We also show that the PSLR can provide spectral
sensitivity correlating with the periodicity of the structures and exceptionally high phase sensitivity,

which makes them very promising candidates for biosensing applications.

2. Methodology
2.1. Sample preparation

High-quality regular and homogenous square arrays of gold nanoparticles were produced by



e-beam lithography (LEO-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). After lithography we deposited 5nm of Cr (to improve adhesion)
and 80-90nm Au by electron beam evaporation, which was followed by the lift-off procedure. The
typical array size was 0.2*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 single and double nanodot

arrays are shown in Fig. 1(b,c), respectively.

2.2 Optical measurement setup

In our experiments, we used commercially available M-2000 ellipsometer system (Woollam
Inc, USA), which makes possible independent sample rotation and displacement, relative to
illumination and collection light paths, thus granting the possibility for precise alignment of focal
plane with respect to the examined area on a sample. Xenon wide spectrum lamp was used as a light
source. The sample was illuminated with weakly focused light (about 0.5 mm spot diameter). Device
output data represented in standard for ellipsometry ¥-4 values so that E,/E; = tan(‘¥)exp(id), where
E, and Ej are the reflected field amplitudes for the incident light E; of p and s polarizations and their
values are R,=|E,/Ei| and Ry=|Es/Ei| of p and s polarizations, respectively.

A homemade liquid flow cell was designed for sensitivity measurements. The cell contained
a rubber O-ring with input and output holes fixed between two cover slides for direct illumination
measurements and a cover slide with 45-45-90 deg. glass prism (n=1.5) on the other side for
attenuated total reflection (ATR) configuration. In ATR geometry, the light beam was passed through

a prism and reflected from its opposite facet where nanoparticle arrays were deposited.



3. Results and discussions
3.1 Conditions of excitation and properties of PSLR in direct and ATR geometries

Under normal light illumination PSLR can be normally excited only under symmetric
environment surrounding nanoparticle metamaterial arrays (Auguie et al., 2008, 2010), which
prevents the implementation of biosensing schemes as the substrate and tested media typically have
essentially different RI (725ur ~ 1.5 compared to nwe = 1.33 and 74 = 1). However, this problem can
be solved, e.g., by employing oblique light incidence (Kravets et al., 2008, 2010). In this case, 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 straightforward. For any
regular nanoparticle array, diffracted beam disappears when 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). It is obvious that if 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 (Kravets et al.,
2008):

AT = a/m(ng;, + sinf), 134 = a/m(ng,, + sind) (1)
where a is a period of the structure, m is integer, @ is the angle of incidence, ns 1s substrate RI.
Similarly, for water/substrate interface Rayleigh cut-off wavelengths will be:

AW = q/m(ny,q + sin@), 1340 = a/m(ngy, + sind) (2)

The effect of splitting of resonances can be easily seen in experiments. Fig. 2 and Fig. 3
present spectral dependencies of ellipsometric parameters ¥ and 4 for light reflected from a 320-nm

period metamaterial arrays: an array of single 163 nm gold particles (panels (a)) and an array of



double 134-nm particles having ~50 nm separation (panels (b)), contacting with air and water media,
respectively. It is visible that the resonances are indeed split into medium- and substrate-related
modes (PSLR.ir/PSLRwat and PSLRsup, respectively) and correlate with Rayleigh cut-off wavelengths
AT/ AWat and A$4P | which are indicated as vertical yellow lines on the spectra. It should be noted
that for single nanoparticle arrays diffraction-coupled PSLRs match Rayleigh cut-off wavelengths
(Fig. 2a, 3a), while for double nanoparticle arrays the position of PSLRs can remarkably shift from
these wavelengths (Fig. 2b, 3b) due to near-field coupling in the nanoparticle dimer structure.
PSLR typically appear in reflection as narrow Fano-shape dips over a positive background
spectrum (Kravets et al., 2008, 2010, Nikitin et al., 2013), 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

: . R
amplitudes of p- and s- components upon reflection tan ¥ = %, the resonances can appear as both
N

minima (PSLR.i: for single and double nanoparticle arrays, Fig. 2, a,b) and maxima (PSLRa: for
double nanoparticle arrays, Fig. 3b; PSLRgy for single and double nanoparticle arrays, Fig. 2a, 3b).
It is obvious that negative or positive polarity of PSLRs in P(4) spectrum is determined whether
resonant dips take place for p- or s-polarized component of light, respectively, or whether the
substrate reflection adds 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 unit cell (single or double particles), 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, the single 163-nm particle array provides a very distinct medium-related
mode under its contact with air medium (Fig. 2a), while the same mode is almost absent in the case
of its contact with water ambience (Fig. 3a). The substrate-related mode for this sample demonstrates

the opposite tendency, as it appears to be much more pronounced in the case of water medium. As



another example, the double 134-nm particle array provides much more pronounced medium-related
mode under its contact with water medium (Fig. 2b, Fig. 3b), while the substrate-related mode shows
the opposite tendency. As shown in figure insets presenting some resonances at a magnified scale,
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 (air, water). Fig. 2c, 3¢ show optical energy dispersion E(k,), which is constructed on
the basis of experimental data (combinations of the resonance angle of incidence and wavelength).
In fact, such dispersion summarizes conditions of excitation of medium- and substrate related modes
in direct geometry for air and water environments, respectively. One can find that the dispersion
curves E(ky) for both medium (PSLRai, PSLRywa) and substrate (PSLRsw) modes have a
characteristic descending course, which is related to a delocalized nature of diffraction-coupled
plasmon surface lattice resonances (Odom et al., 2011, 2014).

One of critically important characteristics of resonant phenomena is related to light intensity
in the very minimum of the resonance (light darkness). If the intensity approaches to zero, it can lead
to singularities of phase of reflected light (Grigorenko et al., 1999), which can be used to much
improve the sensitivity of plasmonic biosensing (Kabashin et al., 1997, 1998, 2009). As follows
from Fig. 2 and 3, all PSLRs are accompanied by phase jumps, shown by dashed curves, in the very
minima/maxima of the resonance. For example, the generation of air mode PSLRu;: for single 163
nm particle array (Fig. 2a) and water mode PSLRwa for double 134 nm particle array (Fig. 2b),
manifested as a dip and peak in ¥(4) dependence, respectively, is accompanied by extremely sharp
phase jumps at the resonance points with a total phase variation around 180 Deg. Note that the
generation of sharp phase jumps at resonant peaks and not dips does not contradict to our previous
explanations of phase topological properties (Grigorenko et al., 1999, Kravets et al., 2014). Indeed,
the appearance of PSLR as peaks in spectral dependence for ¥(4) is explained by a particular way

of presentation of ellipsometric data, as reflectivity of s-polarized component finds itself in the



equation denominator. In normal reflection, this resonance should obviously appear as a minimum
for s-polarized component.

Our experiments showed that all phenomena related to the excitation of PSLR over
essentially asymmetric substrate medium interface can be efficiently reproduced in ATR geometry
implying the illumination of the nanoparticle arrays from the glass substrate side. Furthermore,
characteristics of such PSLR can be advantageous compared to the direct geometry. Fig. 4 and 5
show the excitation of PSLR in ATR geometry using the same arrays: single 163 nm particle array
(panels a) and double 134 nm particle array (panels b), under their contact with air and water
environments, respectively. Here, similarly to direct geometry, one can observe ultra-narrow PSLR
modes near Rayleigh cut-off wavelengths, while the resonances equally appear as minima (e.g.,
PSLRair and PSLRya: for single 163 nm particle and double 134 nm particle arrays) or maxima
(PSLRgu for the 163 nm particle array contacting air, and PSLRg for the double 134 nm particle
array contacting water). As in the case of direct geometry, PSLRs are generated exactly at Rayleigh
cut-off wavelengths for single nanoparticle arrays (Fig. 4a, 5a), while for double nanoparticle arrays
the position of PSLR can be much shifted (Fig. 5b). The width and quality of resonances also
critically depends on nanoparticle size, geometry of unit cell (single or double particles), refractive
index of the environment. As an example, the array of single 163-nm particles demonstrates a
prominent medium related mode under its contact with air (Fig. 4a), while this resonance is very
weak under the contact of this structure with water ambience (Fig. 5a). Based on statistics of PSLR
excitation in ATR geometry using various samples, we can conclude that single nanoparticle arrays
demonstrate much better medium resonances under their contact with air ambience, while double
nanoparticle arrays can provide high quality medium-related resonances for both air and water
ambiences. As shown in insets to Fig. 4 and Fig. 5, the widths of PSLR in the ATR geometry are in
average smaller compared with this parameter in direct geometry and can range from a few nm to
15-20 nm FWHM. Similarly to the case of direct geometry, the generation of PSLRs is accompanied

by sharp phase features and the sharpness of phase jump is determined by the depth of resonances.



As an example, very sharp phase features with total phase variation close to 180 Deg. are observed
for medium related mode PSLR.ir using single 163 nm particle array (inset of Fig. 4a) and for PSLRuj,
PSLRyat using double 134 nm particle arrays (insets of Fig. 4b, Fig. 5b). As shown in Fig. Fig. 4c,
5c, optical dispersion E(ky) curves for medium (PSLRairand PSLR wat) and substrate (PSLRsup) modes
demonstrate the same descending trend as it was observed in direct geometry. It should be noted that
arrays of single 190-nm particles reveal a negative dispersion for PSLR.i: mode, which could be
related to too large size of gold nanoparticles and possible involvement of complex plasmon modes
(e.g., quadruple ones).

Thus, ATR geometry makes possible the excitation of ultra-narrow diffraction-coupled
plasmonic surface lattice resonances over arrays of gold nanodots contacting both air and water
ambiences, while characteristics of these resonances can be optimized by a proper selection of array
parameters. Our analysis shows that PSLR excited under ATR can be even narrower than relevant

resonances under direct geometry.

3.2 Sensitivity of PSLR; 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. In this case, the resulting response of biosensor system is determined by both optical
sensitivity of the plasmonic transducer to RI variations and the efficiency of the recognition element.
Since the main objective of this work is related to the development of optical transducer based on
PSLR, we use a physical model to simulate RI changes in order to simplify the analysis and avoid
artificial facts related to the performance of the recognition element. To simulate the increase of RI

of water ambience, aqueous solutions of ethanol of different concentrations were pumped through a

10



flow cell by a peristaltic pump and brought into contact with the nanoparticle arrays, while PSLR
were excited in both direct and ATR geometries. A block containing the metamaterial slide with
nanoparticle arrays and the flow cell was put onto the ellipsometer platform and examined.

Figure 6a 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 for an array
of single 190-nm nanoparticles. It is visible that an increase of refractive index (RI) due to the ethanol
addition leads to a red shift of PSLR and this shift is nearly linear. However, sensitivities of medium
and substrate-related modes appear to be quite different. Here, the slope of the linear dependence for
the medium mode PSLR . evidences the sensitivity of 357 nm/RIU, while the sensitivity of substrate
mode is much lower (200 nm/RIU). Statistical analysis of sensitivities of medium and substrate
modes for various samples shows that this parameter does not depend whether single or double
nanoparticle arrays are used and is in the range of 310-360 nm/RIU and 190-200 nm/RIU for PSLR wat
and PSLRuw, respectively. In general, sensitivity of medium modes PSLRya for different samples
strongly correlates with the period of structures (320 nm), similarly to other transducers based on
diffraction phenomena such as e.g., surface plasmon polaritons over nanohole thin film arrays (Brolo
et al., 2004), while sensitivity of the substrate mode PSLRwa: does not show any correlation with the
array period and is much lower.

A more complicated situation takes place for sensitivities of medium and substrates modes
in ATR geometry. Here, the value of sensitivity of the medium mode starts to depend whether its
excitation takes place before or after the angle of total internal reflection (TIR) for glass/water
interface (~ 63° Deg.) Indeed, as follows from Fig. 6b, sensitivity of PSLRy.t before the TIR angle
(~46° Deg.) is also of the order of the period of the structure (305 nm/RIU for double 134 nm particle
arrays), while for angles of incidence after 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. Here, the samples

typically demonstrate sensitivity in the range of 300-340 nm/RIU before the TIR angle and improved
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sensitivity of 400-420 nm/RIU after the TIR angle. On the other hand, as follows from 6b, substrate-
related mode appears to be weakly sensitive to variations of RI (50-55 nm/RIU) independently of
angle of incidence (before or after TIR).

It is clear that sensitivities of PSLR modes can be obtained within diffraction theory, but 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 should
correlate with the sensitivity of the diffraction edge. The position of this Rayleigh cut-off wavelength
for water and substrate modes in direct geometry can be derived as follows:

AR B = anyqc(sind + 1)
ilgfgir = a(NyqeSing £ ngyp)
In direct geometry, sensitivities of medium PSLRwa and substrate PSLRs, modes to

variations of refractive index of the aqueous medium can be expressed as follows:

a/lwat' .

Sair (PSLRyq¢) = % = % [an(sin + 1)]=a (sin9 +1+ S?:ZH)
—ﬂlf?ugir 7 1 . dsin

Sair(PSLRg,p) = Lo = — [a(nsind + ngp)]=a (sm@ +n 6n€)

where n is refractive index of ethanol/water mixture. Since the angle of light incidence at
water/substrate interface 6 can be derived through the angle of light incidence « at the air/water
interface (this interface is located at the flow cell entrance window) by the Snell’s law ngi-sina=

n-sin@, two latter equations can be rewritten as:

] N NgirSin ] .
Sair(PSLRyqt) = a (Sm@ +1- —a) = a(sinf £+ 1 —sinf) = t+a

n2

n NgyjrSin

Saqir(PSLRs,p) = a (sinH - 0() = a(sinf — sinf) = 0

n2
Thus, according to simplified diffraction theory, sensitivity of the medium mode (PSLRwa)

to RI in direct geometry is supposed to be of the order of the period of the structure (a nm/RIU),
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while the substrate mode should be insensitive to RI variations.
Similarly, sensitivities of medium PSLRva and substrate PSLRsw» modes in ATR geometry
are mainly determined by positions of corresponding Rayleigh cut-off wavelength:
iAK%R = a(NgypSind £ nyyqe)
ilgfﬁm = angp(sind £ 1)

Therefore, these sensitivities can be expressed as follows:

wat

aL
Sarr (PSLRwat) = B4R —

o .
~ = [a(ng,ysing + n)] = +a

Sub

oA o .
Sarr(PSLRsyp) = % = %[ansub (sind £ 1)]=0

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

Our experimental assessment of sensitivity of PSLRya: mode in direct geometry (Fig. 6a) and
ATR geometry before TIR angle (Fig. 6b) confirm these theoretical predictions, as these sensitivities
are in the range of 310-360 nm/RIU and 340-340 nm/RIU, respectively. However, a higher
sensitivity of this mode in ATR geometry (400-420 nm/RIU) under angles exceeding the TIR angle
is a pleasant surprise taking into account that this sensitivity does not follow from diffraction theory
considerations. We believe that this effect is related to the involvement of evanescent wave under
TIR, which can additionally react on RI variations. Another interesting issue is related to the
observation of some dependence of substrate related modes PSLRsu, on RIU variations for direct
and ATR geometries (190-200 nm/RIU and 55-55 nm/RIU, respectively), although diffraction theory
can not predict these dependencies. We believe that such a discrepancy of experiment and theory is
related to too simplified model used in our calculations. In this model, we considered the sensitivity
of the diffraction edge, which is not far from actual resonances for oblique angles, but still does not
match them. Nevertheless, even if the deviation from Rayleigh wavelength is small, it changes fast
with n, angle, etc, as the observed PSLR are very dispersive (Fig. 2c, 3c, 4c, 5¢), providing non-zero

sensitivities for substrate modes. In addition, the proposed theory does not take into account the
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excitation of evanescent wave under illumination of arrays at angles larger than 63° Deg. using ATR
geometry, which can explain unexpectedly high sensitivity of medium mode under these conditions
(Fig. 6 b).

Let us now consider phase sensitivity of plasmonic surface lattice resonances. It should be
noted that this parameter does not directly correlate with the spectral sensitivity. Indeed, as we
showed above, spectral sensitivity of PSLRwa 1s directly linked to the period of used metamaterial
arrays and does not depend on width of depth of generated resonances. On the other hand, phase
sensitivity is independent of the period of the arrays, but is determined by the sharpness of phase
jump, which in turn is critically dependent on the depth of resonances (“light darkness” in the
resonant minimum) (Grigorenko et al., 1999). As an example, one can expect high phase sensitivity
for double 134-nm particle arrays, which provide very deep resonances under ATR geometry leading
to extreme phase features (Fig. 4b and 5b, respectively).

As shown in Figure 6¢, the replacement of 80% solution of ethanol (80% ethanol / 20% water)
by 100% ethanol solution, corresponding to a change of RI by 4.4-107 RIU, leads to a dramatic shift
of phase curve (Fig. 6¢) and a huge (~205° Deg.) change of phase at the optimal wavelength of about
899 nm (inset to Fig. 6¢). Based on this data, we can now estimate phase sensitivity, which appears
to be equal to 5.7-10* Deg. of phase per RIU. Taking into account the level of noises of phase-
sensitive detection schemes, we can then estimate the low detection limit (LOD), which characterizes
minimal variation of RI detectable by an optical transducer. It is clear that LOD should be very high
for ellipsometry, as commercial ellipsometers are typically designed for optical characterization of
films and not for sensing tests, and thus have a high level of noises. However, as shown in our
previous study (Kabashin et al., 2009), resolution of phase measurements using an advanced
photoacoustic modulator-based scheme of phase detection and a thermally stabilized flow cell
system can be better than 5x10 Deg. Under this phase resolution, projected LOD is estimated to be
lower than 8-10 RIU, which is better than in commercial amplitude-sensitive SPR units by almost

2 orders of magnitude (Lindberg et al., 1995). Notice that the minimal variation of RI that could be

14



introduced into our system using calibrated ethanol-water mixtures was of the order of 4-10~ RIU.
Smaller variations of RI could not be resolved due to too high level of noises, conditioned by liquid
pumping system and flow cell. As shown in Fig. 6¢c, such a variation of RI already exceeded the
dynamic range of phase measurements, which inevitably lowered our estimation of phase sensitivity.
In our previous study (Kravets et al., 2010), we assessed phase sensitivity of similar nanoparticle
array metamaterials using a gas model, which made possible the introduction of much small
variations of RI of the medium by employing a calibrated mixture of gases with known difference
of RI (Ar and N). In this case, the system was in the optimal dynamic range for the whole set of
phase measurements, while the recorded sensitivity exceeded 10° Deg. of phase shift per RIU, giving
access to ultrasensitive measurements of RI with the detection limit lower than 10~ RIU.

Thus, ultra-narrow PSLRs over ordered nanodot array metamaterials can exhibit fairly good
sensitivity (300-400 nm/RIU), conditioned by the periodicity of used structures and extremely high
phase sensitivity, conditioned by a very low light intensity in the resonance minimum (nearly
complete light darkness). It is clear that a much reduced spectral width of PSLRs (2-20 nm FWHM)
compared to LPR (80-100 nm FWHM) and SPR (50 nm FWHM) can be used to improve the
precision of biosensing tests using plasmonic biosensors. To take into account the sharpness of the
resonance and thus examine system efficiency to sensitively measure small wavelength changes, one
normally uses a characteristic “Figure of Merit” (FOM) parameter (Mayer et al., 2011):
FOM=(AA/An)(1/Aw), where Aw is the width of resonance at FWHM and AAZ 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 (Anker et al., 2008)
and SPR (Zhang et al., 1988), respectively. The employment of PSLRs enables one to increase these
parameters up to 10, 100 and more. In particular, in our experiments FOM reached 183.8, which is
in a good agreement with our earlier works there it reached ~ 200-250 (Kravets et al., 2010). As

another illustration, it was recently shown (Offermans et al., 2011) that PSLRs in ordered
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metamaterial arrays of gold nanoparticles can offer a sensing performance that is at least an order of
magnitude improvement over 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 (Li et al., 2015; Shen et al., 2015). However, the main
advantage offered by PSLR is related to their phase sensitivity, which can be extremely high (over
10° Deg. of phase shift per RIU change). In general, the combination of ultrahigh point sensitivity
(provided by phase interrogation) and fairly high sensitivity for a wider dynamic range of
measurements (provided by spectral interrogation) looks like a very attractive basis for the
development of versatile biosensing platform based on PSLR for characterization of biomolecular
interactions.

The reported spectral sensitivity of PSLRs (300-400 nm/RIU) is comparable with the best
values of sensitivity reported for alternative nanoperiodic plasmonic transducers, including
uncoupled plasmonic arrays (200-300 nm/RIU) (Anker et al, 2008) and nanohole arrays (300-400
nm/RIU) (Brolo et al., 2004; Im et al., 2011), but almost one order of magnitude lower than in the
case of SPR using Kretschmann-Raether prism arrangement (~2000-4000 nm/RIU) (Zhang et al.,
1988). However, this tendency is not valid for phase sensitivities, which depend on “light darkness”
in resonances and manifest themselves quite differently. As an example, even after a rigorous
optimization and the thickness of thin Au films, SPR does not render possible intensities lower than
~5% in the resonance minimum compared to off-resonance conditions (Kabashin et al., 2009). As a
result, the jump of phase of the light is considerably smoothed out, such a phase smoothing effect
limits phase sensitivity of this approach by (5-10)-10* Deg. of phase per RIU. The employment of
diffractively coupled PSLR enables one to achieve extremely low light intensities (down to 10 %)
(Kravets et al., 2008, 2010, 2013) and thus obtain extreme phase sensitivities exceeding 10° Deg.
per RIU change. Thus, despite a considerable handicap of PSLR in terms of amplitude sensitivity,
the use of phase sensitivity completely compensates for this. To the best of our knowledge, PSLRs

outperform all plasmonic counterparts in terms of phase sensitivity.
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CONCLUSIONS

We established conditions of excitation and properties of diffraction-coupled plasmonic
surface lattice resonances over metamaterial arrays of single and double Au nanoparticles in direct
and ATR geometries. We first identified the possibility for excitation of medium and substrate-related
modes, corresponding to the coupling of individual plasmon oscillations at medium- and substrate-
related diffraction cut-off edges. We also determined that spectral sensitivity of medium modes is
conditioned by the periodicity of used structures and is of the order of 300-400 nm/RIU, while
substrate-related modes have much lower sensitivity. Finally, we found that PSLR can exhibit
extremely high phase sensitivity due to a very low light intensity in the resonance minimum (nearly
complete light darkness). Combining ultrahigh point sensitivity (provided by phase interrogation)
and fairly high sensitivity for a wider dynamic range of measurements (provided by spectral
interrogation) and a series of advantages of nanoscale metamaterial architecture, the proposed sensor
transducer based on PSLR can serve as a basis for the development of versatile platform for

ultrasensitive characterization of biomolecular interactions.
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Fig. 1 (a) Schematics of excitation of diffraction-coupled plasmonic surface lattice resonances (PSLR) 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%Tor A% and substrate (A54?); Typical Scanning electron Microscopy images of single (a) and double nanoparticle

arrays used for the excitation of PSLRs.
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curves describing conditions for the generation of resonances (combinations of the resonance angle of incidence and

wavelength) constructed on the basis of experimental data for air- and substrate-related modes PSLR.i: (solid) and
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curves indicated in the figure.
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