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In this paper we present a theoretical study of dielectric nanostructures capable for localizing light in subwave-
length volumes. These are arrays of Si nanoparticles on top of reflecting substrates, which can be properly
designed to sustain resonances that confine light outside the particle, near the surface, resulting in increased
sensitivity of the resonance wavelength to the refractive index of the surrounding medium. A sensor based on
this concept could be advantageous in applications where losses, typical for metallic plasmonic sensors, are
unwanted.
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1. Introduction

Subwavelength confinement of light in nanoparticle arrays is a very
challenging topic and important for a plethora of applications such as
light harvesting [1] high resolution microscopy [2], or even optical
encoding [3]. Engineering surfaces that can confine light have attracted
lot of attention over the last years, and a lot of effort has been devoted in
the study of metallic [4–7], and dielectric [8,9] nanoparticle arrays on
top of a substrate. In such structures, the nanoparticles in the array act
as resonators for the electromagnetic (EM) field, and the interactions
between them generate a very rich optical response. The main differ-
ence between metallic and dielectric nanoparticles is that the first are
characterized by the particle-plasmon excitations which are collective
oscillations of the EM field and the free electrons of the metal, that
localize light near the surface of the particle, while, on the other hand,
dielectric particles support the so called Mie resonances, localizing the
field mainly inside them [10]. Structures that contain metallic nanopar-
ticles are for this reason privileged in sensing applications, because the
confinement of the EM field outside the surface of the particles leads
to increased sensitivity of the plasmonic resonance frequency to the
surrounding medium [11,12]. Unfortunately, there is an unavoidable
loss of energy due to the Joule-heating effect on themetals. To overcome
this problem, there have been proposals to replace metals in a wide
range of applications [13–18]. In Ref. [19], strongly absorbing surfaces
are designed with weakly absorbing dielectric materials. The concept
is simple: a Si sphere array is placed on top of a Bragg stack that acts
as a mirror, and a careful design of the geometry leads to resonant ab-
sorption. Following a similar concept, we can obtain the formation of a
resonant state between the Bragg mirror and the periodic arrangement
of Si scatterers, that minimizes reflectance and localizes the EM field in
the surface of the Si particles, opening the way for all-dielectric sensors
[20]. Similar guidedmode resonance filterswere proposed several years
ago [21]. The optical response is simulated with our implementation of
layer multiple scatteringmethod [22,23], which is an efficient and exact
electromagnetic solver. In all cases considered, dispersive materials are
described using realistic optical constants tabulated in the literature [24,
25].

2. Results and discussion

We consider a square array of Si spheres on top of a Braggmultilayer
as shown in Fig. 1. The sphere array has a lattice constant a = 370 nm,
while the diameter of the Si spheres is 2r=130nm. The Braggmultilay-
er consist of five TiO2(50 nm)/SiO2(100 nm) bilayers, supported by a
semi-infinite TiO2 substrate with refractive indices n SiO2

= 1.46,
n TiO2

= 2.50. Between the array and the Bragg stack, a 135 nm thick
SiO2 spacer, interposes. The surrounding medium is water (nenv =
1.33). This geometry supports various resonantmodes under normal in-
cidence of light, which are shown in Fig. 2a. Without the sphere array,
this surfacewould be an almost total reflector for light incident normal-
ly, in the spectral region under consideration (Bragg band gap). The
presence of the periodic array allows the excitation of the waveguide
slab modes [4], leading to a very rich optical spectrum with multiple
resonances as shown in Fig. 2a. The Mie resonances of the Si particles
are responsible for the drops found around 545 and 565 nm. While
there are several slab modes of the multilayer stack that are weakly
excited due to presence of the periodic array, and are responsible for
the small sudden drops in reflectivity close to 491 and 504 nm.
Moreover, there exist collective resonances due to the diffraction cou-
pling [26–28] between the particles in the array, which depend on the
lattice constant and periodicity that are outside thewavelengthwindow
considered here. The zero-reflectance, pointed outwith arrow in Fig. 2a,
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Fig. 1. Schematic of a square array (a= 370 nm) of Si spheres (2r= 130 nm) on top of a
Bragg multilayer consisting of five TiO2(50nm)/SiO2(100nm) bilayers (the thickness of
each layer is given in the parenthesis). The structure is supported by a semi-infinite TiO2

substrate, while the top side is water.
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is a result of a guidedmode resonance formed between the Braggmirror
and the high-refractive-index particle array [20]. As a result, the electric
field is concentrated outside the Si particles. This can be seen by the
corresponding field profile (Fig. 2b), where the field is mainly confined
on the top surface of the Si sphere, and only a small amount penetrates
inside the Bragg multilayer. By its nature, this resonance does not
crucially depend on the particle's exact shape.

By changing slightly the refractive index of the surrounding medi-
um, we observe a shift in the resonant wavelength (λres), depicted
with the gray line in Fig. 2a. As expected, the field concentration on
the surface of Si particles, results in strongly localized EM field, and
Fig. 2. (a) Reflectivity spectrum for the structure of Fig. 1 under normal incidence of light,
insidewater (black line)with index of refraction nenv=1.33, and inside a glucose solution
with nenv = 1.34 (gray line). (b) Field profile for normally incident light at the resonant
wavelength pointed out with arrow in (a).
increased sensitivity of the resonance position upon variations of the re-
fractive index of the surrounding medium [12]. Our calculations show
that similar structures with a rectangular lattice or arrays of cylinders
have similar modes in their spectra with strong field enhancement,
comparable to metallic nanoparticle structures. On the contrary, the
slab modes that guide light mostly inside the inner stack layers, or
particle-Mie resonances that confine light inside the spheres, do not
vary with small changes in the refractive index of the surrounding
medium nenv.

In Fig. 3 we see the linear dependence of the resonance wavelength
(λres) versus the refractive index of the surrounding environment
(nenv). The slope of this line is termed as sensitivity (S = Δλ/Δn),
which in this case is equal to 200 nm/RIU (Refractive Index Unit). An-
other quantity used to describe the sensing capability of a sensor, taking
into account the full width at half maximum (FWHM) of the resonance,
is the Figure Of Merit (FOM), which is defined as FOM = S / FWHM. In
our case, FWHM = 3.3 nm, which gives a FOM as high as 61. These
quantities indicate that this, all dielectric sensor, is very competitive to
plasmonic sensors [29].

As already discussed, the role of the reflecting substrate is essential
for the formation of the resonant state under consideration, and we
can assume that a metallic film could replace the Bragg mirror. In
Fig. 4a we see the schematic of a structure similar to that of Fig. 1, but
the Braggmirror is substituted by a Ag film separated from the Si sphere
array by a SiO2 spacer of thickness 110nm. The choice of themetal is not
of particular interest, as long as it plays the role of a reflector, and no
plasmonic excitation is required. In Fig. 4bwe seewith black line the re-
flectivity, under normal illumination, in water (nenv= 1.33), while with
gray line we assume a glucose solution with nenv = 1.34. The slight
change in nenv causes a shift in the resonance close to 520 nm, while
the other one, close to 545 nm, remains unchanged. This behavior is
clarified if we consider the nature of each resonance. Fig. 4c shows the
field profile for the resonances pointed out with arrow (λres =
520 nm), while the other resonance (545 nm) is a particle (Mie) reso-
nance, almost confined inside the particle. As already discussed, λres is
sensitive to changes of the environment medium (nenv). This depen-
dence is shown in Fig. 4d, while the slope is somewhat higher than
that of Fig. 3, obtaining a sensitivity S=265 nm/RIU. The corresponding
FOM= 88, indicates a very high sensoric capability of the structure. In
this way, very thin, low-loss, nanopatterned surfaces can be designed.
By replacing Si spheres with cylinders with the same radius = 65 nm,
and height = 130 nm, the resonance under consideration is shifted
close to 540 nm, while the calculated sensitivity is S = 206 nm/RIU. Of
course further optimization could tune the position of the resonance
and increase the sensitivity of the cylinders.

For the square lattice of Fig. 4a, under normal incidence of light,
polarizations along the x and y axis have identical spectrum. For a
rectangular lattice though, with ax = 370 nm and ay = 380 nm the
Fig. 3. Shift of the resonant wavelength (λres), pointed out with arrow in Fig. 2(a), to
changes of the refractive index of the surrounding environment medium (nenv). The
slope is equal to the sensitivity S.



Fig. 4. (a) Schematic of a square array (a=370 nm) of Si spheres (2r=130 nm) on top of an Ag film, separated by an 130 nm thick SiO2 spacer. The structure is embedded in water and
supported by a semi-infinite SiO2 substrate. (b) Reflectivity spectrum for the structure of panel (a) under normal incidence of light, insidewater (black line)with index of refraction nenv=
1.33, and inside a glucose solution with nenv (gray line). (c) Field profile for normally incident light at the resonant wavelength pointed out with arrow in (b). (d) Position of the resonant
wavelength (λres), pointed out with arrow in panel (b), versus the refractive index of the surrounding environment (nenv).
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resonance splits in two: one close to 521 nm excited by polarized light
along the y-direction, and the other close to 528 nm excited by
x-polarized light. The corresponding sensitivities are S1 = 280 nm/RIU
and S2 = 263 nm/RIU, respectively. This means that the lattice type is
not a crucial factor and gives more freedom to design substrates with
resonances at the desired wavelength.

3. Conclusions

We have presented a concept for dielectric metasurfaces that
support zero-reflectance, guided mode resonances forming between a
mirror and a silica-Si sphere boundary. Our results reveal that such
modes can sustain highly localized fields outside the Si particles, so
that they are sensitive to changes in the local environment outside the
spheres. Such modes could be of potential interest to be used as
alternatives to particle plasmon modes since they are tunable with the
geometry and on the same time relatively robust, since they do not
depend on the exact particle shape, or lattice type. In fact, these
non-plasmonic surfaces could be promising for biological and chemical
sensing applications.

References

[1] Carl Hägglund, G. Zeltzer, R. Ruiz, I. Thomann, H.B.R. Lee, M.L. Brongersma, S.F. Bent,
Self-assembly based plasmonic arrays tuned by atomic layer deposition for extreme
visible light absorption, Nano Lett. 13.7 (2013) 3352–3357.

[2] A. Ono, J.-I. Kato, S. Kawata, Subwavelength optical imaging through a metallic
nanorod array, Phys. Rev. Lett. 95 (2005) 267407.

[3] A. Siozios, D.C. Koutsogeorgis, E. Lidorikis, G.P. Dimitrakopulos, T. Kehagias, H.
Zoubos, Ph. Komninou, W.M. Cranton, C. Kosmidis, P. Patsalas, Optical encoding by
plasmon-based patterning: hard and inorganic materials become photosensitive,
Nano Lett. 12 (1) (2011) 259–263.

[4] G. Gantzounis, N. Stefanou, V. Yannopapas, Optical properties of a periodicmonolay-
er of metallic nanospheres on a dielectric waveguide, J. Phys. Condens. Matter 17
(2005) 1791.

[5] N. Papanikolaou, Optical properties of metallic nanoparticle arrays on a thin metallic
film, Phys. Rev. B 75 (2007) 235426.

[6] N. Liu,M. Mesch, T.Weiss, M. Hentschel, H. Giessen, Infrared perfect absorber and its
application as plasmonic sensor, Nano Lett. 10 (2010) 2342–2348.
[7] R. Ameling, H. Giessen, Microcavity plasmonics: strong coupling of photonic cavities
and plasmons, Laser Phot. Rev. 7 (2012) 1–29.

[8] J. Grandidier, D.M. Callahan, J.N. Munday, H.A. Atwater, Light absorption enhance-
ment in thin film solar cells using whispering gallery modes in dielectric nano-
spheres, Adv. Mater. 23 (2011) 1272–1276.

[9] M. López-Garca, J.F. Galisteo-López, C. López, A. Garca-Martn, Light confinement by
two-dimensional arrays of dielectric spheres, Phys. Rev. B 85 (2012) 235145.

[10] M. Terakawa, S. Takeda, Y. Tanaka, G. Obara, T. Miyanishi, T. Sakai, T. Sumiyoshi, H.
Sekita, M. Hasegawa, P. Viktorovitch, M. Obara, Enhanced localized near field and
scattered far field for surface nanophotonics applications, Prog. Quant. Elec. 36
(2012) 194–271.

[11] J. Homola, S.S. Yee, G. Gauglitz, Surface plasmon resonance sensors: review, Sensors
Actuators B Chem. 54 (1999) 3–15.

[12] W.A. Murray, B. Auguie, W.L. Barnes, Sensitivity of localized surface plasmon reso-
nances to bulk and local changes in the optical environment, J. Phys. Chem. C 113
(2009) 5120–5125.

[13] Q. Zhao, J. Zhou, F. Zhang, D. Lippens, Mie resonance-based dielectric metamaterials,
Mater. Today 12 (2009) 60–69.

[14] P. Moitra, Y. Yang, Z. Anderson, I.I. Kravchenko, D.P. Briggs, J. Valentine,
Realization of an all-dielectric zero-index optical metamaterial, Nat. Phot. 7
(2013) 791–795.

[15] R. Yahiaoui, U.-C. Chung, S.N. Burokur, A. de Lustrac, C. Elissalde, M. Maglione, V.
Vigneras, P. Mounaix, Broadband effective magnetic response of inorganic dielectric
resonator-based metamaterial for microwave applications, Appl. Phys. A Mater. Sci.
Process. 114 (2014) 997–1002.

[16] M.S. Wheeler, J.S. Aitchison, M. Mojahedi, Three-dimensional array of dielectric
spheres with an isotropic at infrared frequencies negative permeability, Phys. Rev.
B 72 (2005) 193103.

[17] J.A. Schuller, M.L. Brongersma, General properties of dielectric optical antennas, Opt.
Exp. 17 (2009) 24084.

[18] A. Devilez, X. Zambrana-Puyalto, B. Stout, N. Bonod, Mimicking localized surface
plasmons with dielectric particles, Phys. Rev. B 92 (2015) 241–412(R).

[19] E. Almpanis, N. Papanikolaou, Designing photonic structures of nanosphere arrays
on reflectors for total absorption, J. Appl. Phys. 114 (2013) 083106.

[20] E. Almpanis, N. Papanikolaou, Comparison of Ag and Si nanoparticle arrays: mimick-
ing subwavelength plasmonic field concentrations with dielectric components, J.
Opt. Soc. Am. B 33 (1) (2016) 99–104.

[21] S. Tibuleac, R. Magnusson, Reflection and transmission guided-mode resonance
filters, J. Opt. Soc. Am. A 14 (1997) 1617.

[22] N. Stefanou, V. Yannopapas, A. Modinos, Heterostructures of photonic crystals:
frequency bands and transmission coefficients, Comput. Phys. Commun. 113
(1998) 49.

[23] N. Stefanou, V. Yannopapas, A. Modinos, MULTEM2: a new version of the program
for transmission and band-structure calculations of photonic crystals, Comput.
Phys. Commun. 132 (2000) 189.

[24] D.E. Aspnes, “Properties of Silicon” EMIS Data Rev. Inspec IEE, London, 1988.

http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0005
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0005
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0005
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0010
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0010
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0015
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0015
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0015
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0015
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0020
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0020
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0020
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0025
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0025
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0030
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0030
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0035
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0035
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0040
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0040
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0040
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0045
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0045
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0050
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0050
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0050
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0050
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0055
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0055
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0060
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0060
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0060
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0065
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0065
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0070
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0070
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0070
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0075
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0075
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0075
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0075
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0080
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0080
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0080
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0085
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0085
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0090
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0090
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0095
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0095
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0100
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0100
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0100
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0105
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0105
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0110
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0110
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0110
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0115
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0115
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0115
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0120


63E. Almpanis, N. Papanikolaou / Microelectronic Engineering 159 (2016) 60–63
[25] B. Johnson, R.W. Christy, Optical constants of the noble metals, Phys. Rev. B 6 (1972)
4370.

[26] P. Spinelli, M.A. Verschuuren, A. Polman, Broadband omnidirectional antireflection
coating based on subwavelength surface Mie resonators, Nat. Commun. 3 (2012)
692.

[27] V.G. Kravets, F. Schedin, A.N. Grigorenko, Extremely narrow plasmon resonances
based on diffraction coupling of localized plasmons in arrays of metallic nanoparti-
cles, Phys. Rev. Lett. 101 (2008) 087403.
[28] E. Almpanis, N. Papanikolaou, B. Auguié, C. Tserkezis, N. Stefanou, Diffractive chains
of plasmonic nanolenses: combining near-field focusing and collective enhance-
ment mechanisms, Opt. Lett. 37 (22) (2012) 4624–4626.

[29] X. Lu, L. Zhang, T. Zhang, Nanoslit-microcavity-based narrow band absorber for
sensing applications, Opt. Express 23 (2015) 20715–20720.

http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0125
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0125
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0130
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0130
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0130
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0135
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0135
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0135
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0140
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0140
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0140
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0145
http://refhub.elsevier.com/S0167-9317(16)30084-3/rf0145

	Dielectric nanopatterned surfaces for subwavelength light localization and sensing applications
	1. Introduction
	2. Results and discussion
	3. Conclusions
	References


