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Abstract

The structural modes of a 2D periodic array of metallic cylinders near a
dielectric interface are studied, for large and small wavelength-to-period
ratios. We show that there are two clearly distinguished kinds of resonances:
waveguide modes of the gap between the array and the interface, and
eigenmode excitations (plasmons). While waveguide modes are present for
both polarizations, surface plasmon polaritons (SPPs) only occur for p
polarization, and, under particular conditions, this mechanism can produce an
efficient coupling (about 60%) between the incident evanescent wave and the
eigenmodes supported by the structure, which produces an enhanced
transmitted propagating order. The response of the structure is analysed in
detail by varying its relevant parameters, paying particular attention to the
interplay between SPPs and Rayleigh anomalies, and its effect on the grating

response.

Keywords: grating—waveguide structures, resonances, anomaly, surface

plasmons, enhanced transmission

1. Introduction

In recent years great effort has been devoted to understanding
the physical mechanism involved in extraordinary (enhanced)
optical transmission through periodic systems made up by
subwavelength slits [1-4] or two-dimensional holes in a
metallic plate [5-7].

Two main mechanisms have been proposed as responsible
for the field enhancement:

(i) excitation of surface waves or eigenmodes of the structure
in 1D and 2D structures, and

(i) structural resonances in subwavelength slits or arrays of
narrow slits (Fabry—Perot-like behaviour) in 1D periodic
systems.
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Surface waves are electromagnetic fields that propagate
parallel to the interface and whose amplitudes are exponen-
tially decaying in the normal direction [8, 9]. These eigen-
modes can be found in metal-dielectric interfaces, in which
case they are identified as surface plasmons [10-13], as well as
in dielectric—dielectric interfaces [14, 15].

On the other hand, structural resonances in narrow slits are
originated by constructive interference of multiple reflections
into each nano- or micro-cavity, and a periodic array of
narrow slits (grating) acts as an amplifier of these individual
resonances [1-3, 8].

Besides, in periodic structures such as diffraction gratings
or arrays of cylinders or holes, another mechanism takes place,
which is founded in the pseudo-periodic nature of the diffracted
field. This physical mechanism is responsible for propagating
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as well as for surface (grazing) modes, known as Rayleigh
anomalies [16, 17].

The resonant coupling between the incident radiation and
the different eigenmodes supported by the structure gives rise
to a large variety of electromagnetic effects, such as enhanced
transmission [5, 6, 18-20], suppression of transmission [21],
forbidden bands [1, 22, 23], near field intensification [24-26],
etc, depending on the relationship between the incident
wavelength and the geometrical and constitutive parameters of
the structure. Some of these phenomena already have concrete
technological applications in near-field microscopy [25],
imaging [27, 28], medical diagnostics [29, 30], optical
communications and computing [31], and many other potential
applications that are being investigated.

Several studies have considered a diffraction grating on
a single- or multiple-layer substrate as a system to get a
particular electromagnetic response. The capability of such
systems to couple the incident radiation to the eigenmodes
of the structure makes them attractive for different purposes.
In particular, the incoming radiation can be coupled and re-
directed to particular directions [32, 33], it can be used to
guide a mode in a planar waveguide [31], or it can produce
sharp variations in the reflected/transmitted response [34, 35].
The interplay between the excitation of different kinds of
eigenmodes, provides a rich variety of effects.

In this paper we investigate in detail the behaviour of a
periodic array of metallic nanowires, when illuminated by a
propagating or an evanescent wave. We analyse the transmitted
and reflected response of the system, and study the different
kinds of resonances that occur in this structure for a wide
range of wavelengths, and for both polarization modes. In
particular, SPP modes can be used to efficiently couple an
evanescent wave to a propagating diffraction order. Also,
the dynamics of the structure is analysed in view of the
waveguide and SPP modes, and the Rayleigh anomalies. In
section 2 we summarize the modal approach used to calculate
the response of the structure, and in section 3 we discuss the
results obtained. We show maps of reflected and transmitted
efficiency, varying the period of the array and the distance to
the interface. Finally, some conclusions are summarized in
section 4.

2. Modal approach

We consider a 2D periodic array of metallic wires near a
dielectric interface (see figure 1). The interface is at y = 0
and the half-space y < 0 is filled by a non-magnetic material
(1 = 1) with a permittivity €;. The periodic array is immersed
inair (g = 1, o = 1), and is at a distance e from the interface.
The period of the structure is d, the wires have a square cross
section of side 4 and a complex dielectric constant ;. The
system is illuminated from y < O by a plane wave, forming
an angle 0; with the y axis. The incident wavevector is k; =
ki(sin6,X +cos 0,y), with ky = /erko, ko = 27 /g, A being
the wavelength in vacuum. The incidence plane is parallel to
the (x, y) plane, and both fundamental modes of polarization
are considered: s (electric field perpendicular to the incidence
plane) and p (electric field parallel to the incidence plane).
The diffraction problem is solved using the modal method for
highly conducting wire gratings [36], extended to consider
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Figure 1. Geometry of the system.
(This figure is in colour only in the electronic version)

additional dielectric interfaces. We denote f* (fP) to the
electric (magnetic) field in the s (p) polarization case. The
space is divided into regions, separated by horizontal interfaces
aty =0,y = e,and y = e+h. Thereflected fieldin y < 0 and
the transmitted field in y > e 4 h are represented by outgoing
Rayleigh expansions. Then, the field in these regions is given
by

Fileoe y) = explifenx + B{y)1+ Y RY expli(e,x — B1y)],
' (1)

and

Fhen,y) =Y T explifenx + By — (e + M), (2)

respectively, here o, = (2w /A¢) sin6y + n(2w/d), (,8,{)2 =
(27 /ho)*e; — a2, O is the angle of incidence in the air region
(see figure 1), the superscript j denotes the region, and R}
and T,/ are the reflected and transmitted Rayleigh amplitudes,
respectively (g = s, p denotes the polarization mode). In the
layer between the interface and the array (0 < y < e), the field
is represented by a combination of up and down plane waves,

fieycete,y) =Y ALexpli(anx — BIy)]
n
+ > B explilanx + By, 3)
and inside the slits (e < y < e + h) the fields are expanded in

terms of eigenfunctions that take into account the SIBC on the
lateral walls of each slit [36]:
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and @) and b}, are unknown complex amplitudes. The

quantities u$, and u}, are determined by the following

eigenvalues equations, that come from imposing the SIBC on
the vertical walls of the slits:

s 20, -
tan(u,,c) = ————— for s polarization
(nu,)? — 1
1n
21y o
tan(ub,c) = for p polarization,

(um)? — (1°)?

where ¢ = d — h is the slit width. The fields are matched
at the horizontal interfaces by imposing the continuity of the
tangential components in the open sections, and by applying
the SIBC in the metallic regions. The x-dependent equation
that arises from the continuity of the tangential electric field
over the whole period is projected onto the basis {exp(ix,x)},
whereas the equation that results from the continuity of the
tangential magnetic field, which is only valid in the region
between wires, is projected onto the set {U,}(x)}, which forms
a complete and orthogonal basis in this interval. This method
leads to a system of coupled equations that can be put in matrix
form, which has to be solved for the unknown reflected and
transmitted amplitudes.

The results obtained have been checked for convergence
and the energy balance is satisfied within an error of 1% in
all the examples shown below. Among the comparisons with
published results used to validate the method, we reproduced
the transmission results of a nanowire-grid polarizer (table 1
of [37]) within an error of 1%.

3. Results

The periodic structure can be illuminated by two different
kinds of waves: propagating waves, for incidence angles 6; <
0., with 6, = arcsin y/egp/¢e1, and evanescent waves generated
by total internal reflection, which decay in the direction y > 0,
for incidence angles 6, > 6. [38, 39]. In this section we
analyse the response of the array in both incidence cases,
and study the evolution of the effects caused by the different
structural resonances in the transmitted and reflected responses
of the structure, when the period and the array—interface
distance (e) is varied.

3.1. Waveguide resonances

We start by considering periodic arrays that can only support
a single transmitted and reflected (specular) orders. For large
values of Ay/d, the cylinder array is expected to behave like a
metallic thin film. Therefore, a waveguide is formed between
the dielectric interface and the array, and the whole structure
can be regarded as a four-region planar multilayer system with
a dielectric substrate (¢1), a waveguide (), a metallic thin film
(&2), and the vacuum superstrate [32, 40, 41]. If the thickness
of the equivalent metallic layer—which is related to the typical
size of the cylinders—is large, no transmitted field is expected
since the electromagnetic field is absorbed in the metal.
However, if the metallic layer is thin enough, a transmitted field

can be obtained for certain incidence conditions, depending on
the vacuum waveguide thickness.

In figure 2 we show maps of total reflected and transmitted
intensity as a function of the effective waveguide thickness
e*/Xy and of the incidence angle. The effective thickness is
defined as ¢* = e + A, where e is the array-to-interface
distance and A is a correction introduced for each one of
the polarization modes. Figures 2(a) and (b) are the maps
for s polarization and figures 2(c) and (d) correspond to p
polarization. The incident wavelength is 1o = 650 nm, and the
period of the array is set to d = 162.5 nm, such that 1o/d = 4.
The cylinders are made of silver (¢, = —17.02+411.15), have a
square cross section of side # = 111 nm, and are immersed in
air; the dielectric constant of the incident medium is &, = 3.24,
which implies that 6. = 33.75°. The reflected intensity is
calculated inside the dielectric substrate.

The maps for s and p polarizations have some common
features. For incidence angles greater than 6, total internal
reflection occurs at the dielectric interface, and then most
of the field is reflected by the structure and no transmitted
field is found. For small enough values of the distance e,
part of the field is absorbed by the metallic array, which
reduces the reflected field, as observed in figures 2(a) and (c)
for & ~ 6. For 8 < 6, several regularly spaced
minima appear in the reflected intensity maps. These minima
correspond to structural resonances, and are characterized by
a strongly localized electromagnetic field between the array
and the interface. These resonances are produced by multiple
reflections between the periodic structure and the interface
(see [39]). In this case, the periodic array works like a
homogeneous metal (Lo/d = 4) and the periodicity is only
a perturbative correction.

If the skin effect is neglected, the structural resonances
would occur for

A
cos(01%) = n=2; forn =0,1,2,.... (12)
2e
In terms of the incidence angle 0;, and using Snell’s law,
sin(0;%°) = L sin(6,%). (13)
1 «/8—1 0

When 0.5 < e/Ap < 1, there is only one angle of
incidence for which equation (12) is satisfied (n = 1). This is
observed in the reflected intensity maps, since in this interval
only one minimum is found for a fixed value of e¢/1y. In
analogy with hollow waveguides, we can say that the system
supports only ‘one channel’. However, if 1| < e/Ay <
1.5, a new channel can be supported, which corresponds to
n = 2. As e/A increases further, new waveguide modes
are opened up each time the relationship n/2 < e/Ay <
(n + 1)/2 is fulfilled, for integer n. These resonances produce
the behaviour observed in the plots: for a given value of e,
the reflectivity has a fixed number of minima for different
incidence angles 6%, whose width decreases as the angle
approaches 0.. These resonances are purely structural, and are
not connected with the metallic characteristic of the cylinders
but only with the geometrical parameters e/1¢ and Ay/d.

In figure 2 the curves obtained from equation (12)
are superimposed on the reflectivity maps. An excellent
agreement between these curves and the dark fringes (low
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Figure 2. Maps of total reflected and transmitted intensity as a function of ¢*/Aq and 6;, for 1y = 650 nm, d = 162.5 nm, 2 = 111 nm,
g0 = 1,8 =3.24, e, = —17.02 +i1.15. (a) Reflected intensity and s polarization; (b) transmitted intensity and s polarization; (c) reflected

intensity and p polarization; (d) transmitted intensity and p polarization.

reflectivity) occurs when instead of e we introduce the effective
thickness e¢* = e + A in equation (12). Due to the
finite conductivity of the cylinders, the electromagnetic field
penetrates into the metallic structure (skin effect) [38, 42, 43],
and this produces an effective waveguide—formed between the
dielectric interface and the array—with a larger width. Then,
the resonant thicknesses are also modified [2, 21]. Therefore,
the agreement between equation (12) and the response of the
structure is better met for e¢*. Even though this structural
effect is present in both polarizations, there is an additional
reflectivity minimum for 25° < 6; < 6., only for the p case
(figure 2(c)). This minimum appears as a dark vertical fringe
in the contour plot, and corresponds to the Brewster angle of
the dielectric—air interface. Once again, the presence of the
metallic array does not appear to affect the response of the
structure for this value of Ao /d.

Another distinct characteristic of the p map (figure 2(c))
is the behaviour of the reflectivity for small values of e/Aq,
i.e., when the array is very close to the interface. In this case,
the reflectivity decreases significantly for 6 >~ 6.. When the
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angle of incidence exceeds the critical angle, it is possible to
excite an eigenmode of the periodic metallic structure when
the electromagnetic wave is p polarized, and this produces
a significant power absorption. For the set of geometrical
parameters used in this map, it is not possible to excite these
eigenmodes (surface plasmon polaritons) by a propagating
incident wave, and then, the resonance is obtained for 0 > 6.,
i.e., when the wave incident on the array is evanescent. In the
following section we analyse and discuss the SPPs and their
effects on the structure response for different wavelength-to-
period ratios.

3.2. Surface plasmon excitations

If the array is regarded as a metallic surface, in first
approximation the momentum associated with the surface
plasmon is given by

&2

s
&+ &

Kk = ko (14)
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or
K P

/2:—:

ko 8r+1,

& = &/€0. (15)
K is in general a complex quantity, and the double sign
of the square root represents surface modes propagating in
opposite directions. Since |Re[k]| > 1, these modes can
couple to an inhomogeneous wave if the coupling condition
IEOX = ap/ko = Re[k], is satisfied. Analogously to what
occurs in the excitation of a surface plasmon by TIR in a
prism [12, 26, 40], the efficiency of the coupling is mainly
governed by the distance between the periodic structure and
the interface, and, in a second order, by the cylinders’ cross
section [44].

If the ratio A¢/d is small enough, it is possible to have
diffractive effects due to the contribution of extra momentum
provided by the periodic array K = (27/d) x. Then, the
family of diffracted plasmons propagating in the X direction
is given by

kn =k +nk. (16)
Dividing equation (16) by k¢ and defining &, = «,,/ ko we
get
. . Ao
Kn =K + n; (17)

If we identify Re[k, ] with sin 6y, in such a way that (52)2
takes a real value, the surface plasmon can be diffracted and
coupled to a propagating wave. Then, the eigenmode excited
by the evanescent wave is diffracted by the periodic array
in certain particular directions. A similar reasoning can be
applied to the incident evanescent wave. The evanescent wave
is diffracted by the periodic array when the grating equation is
satisfied [16]:

A
sinfy, = /€1 sin6, +n=2,

7 (18)

and these orders are propagating orders if (cos6y,)> = g9 —
(sinfy,)? < 1, regardless of the incident wave polarization.
For the p mode, if the momentum associated with the
evanescent wave in the X direction (/€ sin6) is close to &
(SPP excitation), the incident wave is diffracted and gives rise
to propagating orders in the same directions corresponding to
the surface plasmon diffraction. Then, for the p mode it is
possible to get an enhancement of the transmitted orders via
the surface plasmon excitation.

In figure 3 we show maps of the total reflected and
transmitted efficiency, as a function of the incidence angle
and of the array period d for an array located at a distance
e = 0.2509 = 179.25 nm, for s (figures 3(a) and (b)) and
p (figures 3(c) and (d)) polarizations. The side of the square
cross section of the cylinders is 4 = 456.2 nm, the incident
wavelength is Ag = 717 nm (at which the permittivity of
silver is & = —21.6 4+ 11.36), and &; = 2.25. For these
parameters, the critical angle is . = 41.8°, and consequently,
different behaviours of the structure response are found for
both polarizations, for 8; > 6. and for ; < 6.. In this case
no structural resonances are expected, due to a smaller ratio
Ao/d.

For d < 814 nm a high reflectivity is found in the
s case, for all incidence angles. For 8; > 6., total internal
reflection in the dielectric—air interface governs the response

of the structure. However, for 6; < 6, the reason for a high
reflectivity is different. Since the size of the cylinders is fixed,
as the period increases the width of the slits between cylinders
also increases. Then, for d = 814 nm, the slit width is 358 nm,
which roughly corresponds to 1o/2. Consequently, for slit
widths smaller than X /2 no transmission is expected, whereas
for slit widths larger than A/2 some transmission is found,
what modifies also the reflected response. For 6, >~ 6, there
is also some transmission, especially for d > 814 nm. This
transmission is the result of the coupling of the evanescent
wave generated at the planar interface with the array, by tunnel
effect. It reaches up to the 20% of the total incoming power,
when d &~ 1.71¢ = 1218.9 nm, at most (see figure 3(b)).

The array transforms the decaying wave in a propagating
wave, and diffracts it in the forward direction. This effect is
independent of the material of the cylinders, and could even
be found if the metallic array were replaced by a dielectric
one [32]. The fundamental condition for this kind of coupling
is the proximity between the systems, in this case, the interface
and the array. The response of the same system under p-
polarized illumination, on the other hand, has other interesting
features. Even though there is a clear definition of the
critical angle (vertical line for 6y = 41.8°), a significant
amount of power is obtained on both sides, i.e., either for
propagating or for evanescent waves incident on the metallic
array (figures 3(c) and (d)). For a propagating incident wave,
the incoming power is divided into reflected and transmitted
in similar amounts. It is important to remark that this is not
a general feature but a characteristic of the set of parameters
chosen for this example. For d = 814 nm, a horizontal line
can be appreciated in the p maps (figures 3(c) and (d)). As
stated above, the slit width for this value of d is approximately
Ao/2, and then a new mode becomes propagating within the
slit, which produces an anomaly in the reflected/transmitted
response. The resonant period depends not only on the slit
width but also on the permittivity of the metal [2, 21].

For 6, > 0., and especially for 473 nm < d < 840 nm,
there is a wide region in which the reflectivity is low, and a
high transmission rate is found (figure 3(d)). This increase
in the transmission for an incident evanescent wave is the
result of the coupling between the incoming wave and the
SPP supported by the structure, as explained above. The
proximity of the array to the interface is exploited not only
to convert an evanescent into a propagating wave, but also
to couple this wave to an eigenmode of the metallic array,
thus producing an enhancement of the transmitted intensity,
which in this example reaches a maximum of 60% of the
total incoming power (for d = 817 nm and 6, = 46°). The
evanescent eigenmode or surface plasmon can be transformed
into a propagating wave and it is possible to transmit light for
angles greater than the critical one. For these parameters, only
the —1 and —2 transmitted orders are propagating, and the
total transmitted intensity is distributed between both in similar
amounts (not shown). In this case, the p-transmitted orders
carry up to five orders of magnitude more power than their s
polarization counterparts, for the same situation.

In figure 4 we show plots of the response of the
system when the periodic structure is located further from
the dielectric interface (e/Ag = 0.75). In this case, the
transmission effects for & > 6, weaken considerably for both
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Figure 3. Maps of total reflected and transmitted intensity as a function of d and 6;, for Ay = 717 nm, h = 456.2 nm, e = 179.25 nm, gy = 1,
&) = 2.25, &, = —21.6 +11.36. (a) Reflected intensity and s polarization; (b) transmitted intensity and s polarization; (c) reflected intensity

and p polarization; (d) transmitted intensity and p polarization.

polarizations, as it is expected for a decaying wave impinging
on a periodic structure. The tunnel effect for s polarization
is now much less significant: it occurs for a small interval
of angles close to 6., and with a very low efficiency. For the
p case, the response of the structure is similar to that observed
for e/Xy = 0.25, with the difference that now the coupling
of the incident evanescent wave with the SPP is produced
in a narrower interval of angles. Then, for a given d, the
transmission peak is more narrow, and less intense (it reaches
up to 40% of the incident power, at most).

3.3. Rayleigh anomalies

A set of curves is easily identified in the maps of figures 3
and 4. These curves correspond to the Rayleigh anomalies i.e.,
to the combination of d, Ay and 6; which produce a grazing
diffraction order, and these orders are indicated in figure 3.
It is well known that when this condition is satisfied, the
efficiency of the propagating diffraction orders exhibit sudden
variations [14, 17, 45]. In figure 3(c) it is observed that these
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curves are light (in a dark background), not only for incident
propagating waves (6; < 6.), but also for incident evanescent
waves (0, > 6.). This denotes an increase in the total reflected
intensity.

It is interesting to notice that when a Rayleigh anomaly
crosses a region of high transmission (figure 3(d) for 473 nm <
d < 840 nm and 6. < 6; < 55°), it redirects the power
backwards to the incident medium, increasing the reflectivity
of the structure in resonant form [14, 17, 45] (see figure 4
in [3]). In figure 3(d) this appears as a dark zone crossing
the light region. This effect can be understood if we take into
account that, at the Rayleigh condition, a grazing evanescent
order in the dielectric interface is allowed. Its physical
behaviour is similar to a surface wave, (a singularity is found
in the reflection/transmission coefficients [17]), in which case
the incident power is mainly reflected in resonant form. Then,
for a fixed period d, a wide transmission peak (more than 10°
wide) is obtained if d < 616 nm or if 717 nm < d < 840 nm.
However, for 616 nm < d < 717 nm, the total transmitted
intensity is crossed by the minimum produced by the Rayleigh
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T
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Figure 4. Same as figure 3 for e = 537.75 nm.

anomaly. This means that there are two transmission peaks
within the interval 6, < 6, < 55°.

Also in figure 4 the Rayleigh anomaly curves are very
well defined in the upper left region of the s maps (figures 4(a)
and (b)), and in the 0; < 0, region in the p maps.

4. Summary and discussion

We have studied different kinds of structural resonances that
take place in a system formed by a periodic array of metallic
cylinders and a planar dielectric interface. To solve the
diffraction problem we adapted the modal method, which was
found to be very suitable for the rectangular cross section of
the wires. Since the structure is illuminated from the dielectric
medium, propagating as well as evanescent incidences have
been considered.

The results show the existence of both structural and
SPP resonances. The first ones appear for propagating
incidences, i.e., when the angle of incidence is smaller
than the critical angle, and for large ratios Xo/d. These
structural resonances are due to constructive multiple reflection

of the electromagnetic waves between the array and the
planar dielectric interface. At the resonance condition, the
electromagnetic field is confined in the gap formed between
the array and the planar interface, and the whole system
behaves like a planar waveguide. The number of minima in
the reflectivity (resonant condition) increases with the distance
between the array and the interface, and in this regime the array
behaves like a thin film.

On the other hand, surface plasmons come into play when
the period of the structure is increased. In this case, when the
periodic wire structure is illuminated by an evanescent wave,
surface plasmons and evanescent waves can be diffracted into
reflected and transmitted propagating waves in the directions
given by the diffraction orders allowed in the configuration.

In particular we showed that for a given set of geometrical
parameters and when an efficient excitation of an eigenmode
occurs, enhanced transmission can be achieved for the p mode.
This enhancement is of about five orders of magnitude greater
than the s transmission in the same situation. Notice that even
without full optimization of the geometrical and constitutive
parameters, an important resonant transmission is obtained,
about 60% of the incident power. Thus it is possible to optimize
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the device for a particular purpose. This enhanced transmission
property could be interesting for applications such as filters,
polarizers, electromagnetic switches or efficient multiplexed
coupling devices.

Recently, the electrochemical synthesis of metal nanowires,
together with electron beam lithography, allowed the pro-
duction of metal nanowires with diameters of a few tens of
nanometres and finite lengths in the micron regime [46]. The
realization of samples in the nanometre scale opens up new ap-
plications for the results shown in this paper. For instance, they
can be used to increase the light extraction efficiency in solid
state light-emitting diodes (LEDs). In these devices, the rela-
tive refractive index between the external LED’s face and air
is bigger than unity (e.g., the refraction index for GaN is about
2.8) and, due to the critical angle, only a narrow light cone
emerges from the LED. The light impinging with larger an-
gles is reflected into the substrate and it is repeatedly reflected
and reabsorbed by active layers or electrodes. With a suitable
nanograting deposited on a glass substrate, with a thickness of
about A¢/4 and a refraction index smaller than that of the ex-
ternal LED cover (i.e. indium tin oxide doped glass, refraction
index ~1.7 [47]), it is possible to couple evanescent p waves
to propagating transmitted modes by increasing the light ex-
traction from the LED. As illustrated in figure 3(d), an efficient
transmission for a wide range of incidence angles can be ob-
tained with a suitable choice of geometrical parameters.
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