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Giant field enhancement in photonic resonant lattices
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A giant field enhancement factor, defined as the ratio between the intensity of the resonant and the incident
fields, is achievable in a photonic crystal (PhC) slab realized in a low contrast dielectric medium. The key point
is the careful control of some parameters, first among all the slab thicknesses, which allows for stabilizing the
coupling resonant mechanism. These modes are closely correlated with symmetry-protected bound states in
continuum. Our study proves, in frequency as in time domain, that such modes can be excited with a normal
incident beam and that the giant resonant enhanced field starts to grow and is established after more than 105-cycle
time. Up to six orders of magnitude of field enhancement distributed along all the slab is achievable, making it
easier to use in many applications than localized enhancement.
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Local enhancement of the electric field in photonic struc-
tures can be very efficient to manipulate light and boost nonlin-
ear phenomena and is extremely appealing for a wide range of
applications, such as optical detection [1,2], single-molecule
sensing [3,4], and energy conversion [5]. Generally, high-field
enhancement factors can be generated in metallic nanoentities,
such as metallic nanostructures [6], nanoparticles [3] or
nanoantennas [7], by exploiting surface-plasmon polaritons
(SPPs), which propagate along a metal/dielectric plane inter-
face and localized surface-plasmon polaritons (LSPPs), which
involve other geometries, such as metallic particles. In particu-
lar, the electric field of a bound (nonradiative) SPP has a peak at
the interface and decays exponentially in both media. Devices
based on SPPs have been developed for label-free chemical
and biological sensing [6,8–13], allowing the study of the
interactions between a biomolecule and its specific target with
very high sensitivity and low detection limits. Another useful
application of plasmon resonances in optical biosensing is
represented by surface-enhanced Raman spectroscopy [14,15]
where local plasmon states are excited by the incident light near
metallic nanoparticles, allowing the enhancement of the Ra-
man signal coming from investigated analytes [15]. The field
enhancement factor is about 104–106, and in metallic nanopar-
ticles the degree of confinement is strongly dependent on
particles’ size, shape, composition, and relative arrangement.

Alternatively a large electromagnetic field can be produced
and confined in the gap region of metallic nanoantennas where
two metallic structures are separated by a short distance. In this
case the enhancement factor depends on the structures shape
and on their interdistances and can reach the value of 106 in a
gap of 1 nm [16,17].

Nevertheless, the strong electromagnetic-field enhance-
ment and the sensitivity upon changes in the refractive index
at metal/dielectric interfaces are penalized by the presence of
the metallic structures. In fact the large absorption at optical
frequencies in metals, the local heating, and the heat dissipa-
tion result in a broadening of the surface-plasmon resonance
profile and in probable biological material damage. Therefore,
the possibility of managing surface electromagnetic states,
mimicking surface-plasmon resonances in terms of spatial
localization, high-field intensity, and dispersion characteristics
while avoiding the metallic losses [18] would be of great
interest.

Plasmonic metallic materials are not the only way to achieve
optical-field enhancement and, in the past years, the field
enhancement in a structured dielectric surface has gained
increasing attention [19–23]. In particular an electromagnetic
wave of a specific frequency can be localized and trapped
by structures, such as photonic [24–26] and plasmonic [27]
nanocavities, in which outgoing waves are completely for-
bidden. Very recently [28,29] it has been demonstrated that
perfect light confinement can be achieved in PhC slabs because
of a particular type of localized state: a bound state in the
continuum (BIC) [30–32]. Historically, BICs first appeared in
quantum systems thanks to von Neumann and Wigner [33] who
interpreted the phenomenon as the interference of resonances
in direct and via the continuum channels. Hereafter it was
demonstrated that this effect affects not only the quantum
systems, but also many areas of physics, including photonics
[34–37] and acoustic waves [38].

In the following we show that a lattice in a thin low
contrast dielectric layer can exhibit an extremely large field
enhancement up to six orders of magnitude larger than the
intensity of the incident beam. Specifically, the finite dimen-
sion of a PhC slab introduces new characteristics compared
to an ideal two-dimensional (2D) photonic crystal composed
by infinitely long dielectric cylinders or holes. In general over
the light line the band structure is complex because modes are
leaky. However, in correspondence of some crucial symmetric
points, symmetries associated with complex band structures
can correspond to true infinite lifetime modes, above the
light line [39]. These modes represent a special case for the
PhC slab where bound states exist above the light line [40].
Since nonlinear effects are a function of the intensity and in
some cases are proportional to the field intensity (as for the
Raman effect), the enhancement discussed in the following
can really be defined as giant and has no equivalence in
other resonant dielectric structures. Moreover, the bound-state
stabilization occurs when the thickness parameter is such to
guarantee the matching between the PhC resonance frequency
and the standing wave frequency in the structure. This can
be considered the equivalent of the stabilization obtained by
optimizing the distance of coupled grating in Ref. [35].

Lattice resonances are an inherent property of the periodic
structure and are independent of the external excitation. In
particular, some modes with infinite lifetimes can exist at
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FIG. 1. (Color online) (a) Sketch of the photonic crystal consist-
ing of a square lattice of holes in a material with a refractive index
equal to 2. The sample is designed in order to have resonance modes
at normal incident directions. (b) Calculated reflectivity by means of
RCWA: In addition to the principal modes, a band with a very sharp
profile appears close to normal incidence (see the zoom). ωn = a/λ

is the normalized frequency.

normal incidence, i.e., in the � point of the Brillouin zone
where symmetry protects such modes preventing the radiation
coupling outside the photonic crystal [39,41]. Some symmetry
consideration can help in the modes’ analysis. In particular,
let us now be reminded that in the � point of the Brillouin
zone a square lattice photonic crystal slab as in Fig. 1(a) has
a C4v point-group symmetry inside the lattice plane and a
C1h symmetry in the direction normal to the lattice plane,
corresponding to even/odd symmetry with respect to such a
mirror plane. The symmetry condition matching allows only
doubly degenerate modes to couple with a normal incident
wave, and for such a reason the guided mode resonances are
always doubly degenerate [42].

The numerical study of the excited modes in the structure
had been performed by using a full tridimensional rigorous
coupled wave approach (RCWA) based on a Fourier modal
expansion [43]. The designed structure consists of a square
lattice of holes with a radius of r/a = 0.25 in a material
with a refractive index equal to 2. Figure 1(b) shows the
calculated band. At first analysis, the principal band around
the normalized frequency 0.96 is identified (ωn = a/λ, nor-
malized frequency). However, by zooming the region around
the incident angle θ = 0◦ [see Fig. 1(c)] extremely narrow

FIG. 2. (Color online) (a) Calculated reflectivity as a function of
normalized photonic crystal thickness and (b) a zoom of the bound-
state modes region.

bands appear around the frequency 0.995. In order to highlight
them a high-resolution numerical calculation of around 10−5

in terms of normalized frequency is required.
Moreover, the reflectivity as a function of the normalized

slab thickness for the normal incident beam, i.e., directed
along the z axis, is analyzed by considering the incident
electric field as directed along the x axis (see Fig. 2). Also
in this case different bands are visible, the modes clearly
identified around ωn = 0.96, and the modes around ωn =
0.995 with an extremely narrow profile as a function of the
thickness [Fig. 2(b)]. The first mode band clearly identifies
guided mode resonances, i.e., resonances due to the coupling
between the external radiation and the long-living radiative
states localized within a PhC. In particular, around the �

point and close to the first Bragg condition, agreeing with
previously highlighted symmetries, a 2D square lattice has four
dominant guided modes for each polarization associated with
the (±1,0) and (0,±1) lattice points. Close to the normalized
frequencies 1 (i.e., a ∼ λ) a very high quality resonance band
can be identified [see Fig. 2(b)]. In particular, the reflectivity
evaluated at normal incidence for a normalized thickness of
0.12a has a very narrow peak with a quality factor as high as
Q = 2 × 105.
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FIG. 3. (Color online) The electric field for a normal incident
beam in correspondence of ωn = 0.96 calculated by using the RCWA.
The electric-field intensity along the x, y, and z directions (a)–(c).
The electric-field vector in the slab median plane (d).

Let us now analyze the electric-field distribution within the
PhC slab in correspondence of the two bands of Fig. 2(a). In
general, all eigenstates in a slab contain a mixture between
transverse magnetic [(TM), the magnetic field is confined to
the xy plane, see Fig. 1(a)] and transverse electric [(TE), the
electric field is confined to the xy plane] modes so that it is
not possible to rigorously define a TE or a TM polarization.
However, it is still possible to distinguish between TM-like
or TE-like in modes according to the dominant component of
the excited electric fields (see Ref. [44]). Although at normal
incidence purely 2D TE and TM modes are degenerate, in a
2D slab modes split because of the different effective indices
of the slab for the two polarizations, in agreement with the
previous analysis [39].

In correspondence of ωn = 0.96 in the middle of the larger
band in Fig. 2, the electric field is almost completely directed
along the x direction, i.e., parallel to the incident beam.
This is illustrated in Figs. 3(a)–3(c) where the intensity of
the electric field along the different directions is shown. The
maximum field intensity in the x direction is about 85 times the
intensity of the incident beam, which can be useful for some
applications, but it is not enough to enhance weak effects,
such as the Raman signal emission. Figure 3(d) shows the
three-dimensional picture of the electric-field vector on the
median plane of the slab. The electric field is directed along
the x direction, and, residing on the (x,y) plane of the lattice,
this resonance can be classified as TE-like.

In Fig. 4 the electric field of the very narrow resonance
in correspondence of ωn = 0.995 is shown. As illustrated in
Figs. 4(a)–4(c), the field is strongly enhanced not only on the
(x,y) plane where the incident field lies, but also along the
z direction, i.e., longitudinal to the incident beam direction.
In particular, along the z direction the field intensity is about
two orders of magnitude higher than the intensity along the x

direction and is six orders of magnitude larger than the incident
beam, which is therefore particularly appealing for amplifying
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FIG. 4. (Color online) The electric field for a normal incident
beam in correspondence of ωn = 0.995 calculated by using the
RCWA. The electric-field intensity along the x, y, and z directions
(a)–(c). The electric-field vector in the slab median plane (d).

most of the nonlinear phenomena. In this case, the electric
field is essentially directed along the z direction as shown in
Fig. 4(d), and the modes corresponding to the narrow bands of
Figs. 1 and 2 are then TM-like modes. These results can find
interesting applications in the control of the radiation field
in absorption-free media, avoiding the typical limitation of
the metallic plasmonic structure. In addition, in this case the
field enhancement is distributed in a large area despite what
happens in other nanostructures with high-field enhancement,
such as nanoantennas or nanocavities [45]. We underline that
in the case of normal incidence the resonant electric field is
parallel to the incident wave vector. The resonant frequency
is just under the excitation of high order in the lattice which
corresponds to ωn = 1 for a normal incidence in a square
lattice. Due to the conservation of the tangential component
of the wave vector and the electric field, zero in both cases,
the mode cannot couple with radiative modes outside of
the PhC slab where longitudinal modes are not permitted.
It is therefore a real bound state within the continuum of
radiation [35,46].

To understand the temporal evolution of these bound
resonances a further study is carried out using a time-domain
simulation with a finite difference time-domain (FDTD)
algorithm. Figure 5 shows the electric field as a function
of the time in three points of the elementary cell. In an
arbitrary point out of any symmetry of lattice A, the modulus
of the field amplitude along the z axis evolves very slowly to
stabilize its steady-state value after about 2 × 104 periods. In
two symmetric points B and C, the field has a rather typical
evolution of resonances. After 2 × 105 periods, the field begins
to grow steadily in order to evolve to the steady-state regime.
The FDTD analysis confirms in the time domain the results
obtained in the frequency domain with the RCWA approach,
clarifying that the resonant z component grows very slowly
in the elementary cell and is negligible for 1000 periods.
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FIG. 5. (Color online) The modulus of the amplitude of the elec-
tric field along the z direction on the logarithmic scale. The incident
beam is in a normal direction and is calculated in correspondence
of ωn = 0.995 calculated with a FDTD algorithm in three different
points A,B,C as a function of the normalized simulation time cT ,
where c is the speed of light in vacuum and T is the time during
simulation.

This is not surprising because the Ez component is parallel
to the incident beam that is along the z direction. This field
component is excited in correspondence of the (±1,0) and
(0,±1) orders of the square lattice where the wave vectors
are directed along the x and y directions, respectively. As we
underlined before, such orders are evanescent in the air because
the frequency is slightly under the coupling with the first
diffraction orders in vacuum. The conservation of the tangen-
tial component of the electric field, which is incident along the
x direction, makes possible the electric-field excitation inside
the slab initially directed along the x direction. It is necessary
for a very long time in order to establish the electric field along
the z direction, corresponding to the resonant components of
the Ewald-Bloch expansion of the wave field inside the PhC.

We presented a full description of the wave-field compo-
nents of the resonant electric field in a photonic crystal slab
in correspondence of bound modes embedded in continuum
of the radiation in vacuum. These resonances have a predicted
an infinite lifetime connected with a huge field enhancement
and are protected by the lattice symmetry so they exist in
the slab and cannot couple with external radiation. However,
the numerical simulation approximations and fabrication
imperfections partially break this symmetry allowing the
coupling of the external incoming beam. A comprehensive
numerical analysis, both in time and in frequency domain,
shows that such modes can be excited by a normal incident
beam and can reach a giant field enhancement of about 106

distributed over all the structure. These remarkable results set
the foundation for immediate applications in several fields,
such as high sensitivity refractive-index sensing and surface
enhanced Raman spectroscopy, and can play a key role in some
optical phenomena, such as nonlinear effects and fluorescence
emission enhancement.

[1] A. D. McFarland and R. P. Van Duyne, Single silver nanopar-
ticles as real-time optical sensors with zeptomole sensitivity,
Nano Lett. 3, 1057 (2003).

[2] P. K. Jain, K. S. Lee, I. H. El-Sayed, and M. A. El-Sayed,
Calculated absorption and scattering properties of gold nanopar-
ticles of different size, shape, and composition: Applications in
biological imaging and biomedicine, J. Phys. Chem. B 110, 7238
(2006).

[3] J. Beermann, S. M. Novikov, K. Leosson, and S. I. Bozhevolnyi,
Surface enhanced Raman imaging: Periodic arrays and individ-
ual metal nanoparticles, Opt. Express 17, 12698 (2009).

[4] C. E. Talley, J. B. Jackson, C. Oubre, N. K. Grady, C. W. Hollars,
S. M. Lane, T. R. Huser, P. Nordlander, and N. J. Halas, Surface-
enhanced Raman scattering from individual Au nanoparticles
and nanoparticle dimer substrates, Nano Lett. 5, 1569 (2005).

[5] Z. Wang, P. Tao, Y. Liu, H. Xu, Q. Ye, H. Hu, C. Song, Z.
Chen, W. Shang, and T. Deng, Rapid charging of thermal energy
storage materials through plasmonic heating, Sci. Rep. 4, 6246
(2014).

[6] E. M. Larsson, J. Alegret, M. Käll, and D. S. Sutherland, Sensing
characteristics of NIR localized surface plasmon resonances in
gold nanorings for application as ultrasensitive biosensors, Nano
Lett. 7, 1256 (2007).

[7] A. E. Krasnok, I. S. Maksymov, A. I. Denisyuk, P. A. Belov, A. E.
Miroshnichenko, C. R. Simovski, and Y. S. Kivshar, Optical
nanoantennas, Phys.-Usp. 56, 539 (2013).

[8] X. Guo, Surface plasmon resonance based biosensor technique:
A review, J. Biophoton. 5, 483 (2012).

[9] P.-Y. Chung, T.-H. Lin, G. Schultz, C. Batich, and P. Jiang,
Nanopyramid surface plasmon resonance sensors, Appl. Phys.
Lett. 96, 261108 (2010).

[10] T.-Y. Liu, K.-T. Tsai, H.-H. Wang, Y. Chen, Y.-H. Chen, Y.-C.
Chao, H.-H. Chang, C.-H. Lin, J.-K. Wang, and Y.-L. Wang,
Functionalized arrays of Raman-enhancing nanoparticles for
capture and culture-free analysis of bacteria in human blood,
Nat. Commun. 2, 538 (2011).

[11] X. Yin and L. Hesselink, Goos-Hanchen shift surface plasmon
resonance sensor, Appl. Phys. Lett. 89, 261108 (2006).

[12] R. Slavı́k and J. Homola, Ultrahigh resolution long range surface
plasmon-based sensor, Sens. Actuators, B 123, 10 (2007).

[13] M. Nirschl, F. Reuter, and J. Vörös, Review of transducer princi-
ples for label-free biomolecular interaction analysis, Biosensors
1, 70 (2011).

[14] J. Kneipp, H. Kneipp, and K. Kneipp, SERS–a single-molecule
and nanoscale tool for bioanalytics, Chem. Soc. Rev. 37, 1052
(2008).

155117-4

http://dx.doi.org/10.1021/nl034372s
http://dx.doi.org/10.1021/nl034372s
http://dx.doi.org/10.1021/nl034372s
http://dx.doi.org/10.1021/nl034372s
http://dx.doi.org/10.1021/jp057170o
http://dx.doi.org/10.1021/jp057170o
http://dx.doi.org/10.1021/jp057170o
http://dx.doi.org/10.1021/jp057170o
http://dx.doi.org/10.1364/OE.17.012698
http://dx.doi.org/10.1364/OE.17.012698
http://dx.doi.org/10.1364/OE.17.012698
http://dx.doi.org/10.1364/OE.17.012698
http://dx.doi.org/10.1021/nl050928v
http://dx.doi.org/10.1021/nl050928v
http://dx.doi.org/10.1021/nl050928v
http://dx.doi.org/10.1021/nl050928v
http://dx.doi.org/10.1038/srep06246
http://dx.doi.org/10.1038/srep06246
http://dx.doi.org/10.1038/srep06246
http://dx.doi.org/10.1038/srep06246
http://dx.doi.org/10.1021/nl0701612
http://dx.doi.org/10.1021/nl0701612
http://dx.doi.org/10.1021/nl0701612
http://dx.doi.org/10.1021/nl0701612
http://dx.doi.org/10.3367/UFNe.0183.201306a.0561
http://dx.doi.org/10.3367/UFNe.0183.201306a.0561
http://dx.doi.org/10.3367/UFNe.0183.201306a.0561
http://dx.doi.org/10.3367/UFNe.0183.201306a.0561
http://dx.doi.org/10.1002/jbio.201200015
http://dx.doi.org/10.1002/jbio.201200015
http://dx.doi.org/10.1002/jbio.201200015
http://dx.doi.org/10.1002/jbio.201200015
http://dx.doi.org/10.1063/1.3460273
http://dx.doi.org/10.1063/1.3460273
http://dx.doi.org/10.1063/1.3460273
http://dx.doi.org/10.1063/1.3460273
http://dx.doi.org/10.1038/ncomms1546
http://dx.doi.org/10.1038/ncomms1546
http://dx.doi.org/10.1038/ncomms1546
http://dx.doi.org/10.1038/ncomms1546
http://dx.doi.org/10.1063/1.2424277
http://dx.doi.org/10.1063/1.2424277
http://dx.doi.org/10.1063/1.2424277
http://dx.doi.org/10.1063/1.2424277
http://dx.doi.org/10.1016/j.snb.2006.08.020
http://dx.doi.org/10.1016/j.snb.2006.08.020
http://dx.doi.org/10.1016/j.snb.2006.08.020
http://dx.doi.org/10.1016/j.snb.2006.08.020
http://dx.doi.org/10.3390/bios1030070
http://dx.doi.org/10.3390/bios1030070
http://dx.doi.org/10.3390/bios1030070
http://dx.doi.org/10.3390/bios1030070
http://dx.doi.org/10.1039/b708459p
http://dx.doi.org/10.1039/b708459p
http://dx.doi.org/10.1039/b708459p
http://dx.doi.org/10.1039/b708459p


GIANT FIELD ENHANCEMENT IN PHOTONIC RESONANT . . . PHYSICAL REVIEW B 92, 155117 (2015)

[15] J. Kneipp, H. Kneipp, M. McLaughlin, D. Brown, and K.
Kneipp, In vivo molecular probing of cellular compartments
with gold nanoparticles and nanoaggregates, Nano Lett. 6, 2225
(2006).

[16] L. Zhou, Q. Gan, F. J. Bartoli, and V. Dierolf, Direct near-field
optical imaging of UV bowtie nanoantennas, Opt. Express 17,
20301 (2009).

[17] M. D. Wissert, C. Moosmann, K. S. Ilin, M. Siegel, U. Lemmer,
and H.-J. Eisler, Gold nanoantenna resonance diagnostics via
transversal particle plasmon luminescence, Opt. Express 19,
3686 (2011).
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