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Abstract

We propose an alternative way of enhancing the intensity diffracted by a grating in a given
direction using a dual-period array. Each period comprises several identical cylinders with
diameters much smaller than the incident wavelength (subwavelength cylinders), whose axes are
aligned in a plane which is tilted with respect to the periodicity direction. We present results for
metallic and dielectric cylinders, and show that in both cases this structure behaves like a blazed

grating in the sense of its capability to enhance the intensity in a pre-designed direction. This
blazed-like behavior is found for both incident polarization modes. If we consider the quick
evolution of manufacturing techniques of nanogratings, such structures constitute a realizable
alternative not only for the microwave and millimeter wave regions but also for optical devices.

Keywords: dual-period gratings, blaze, diffraction

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Dual-period infinite gratings—in which each period is formed
by a subarray of cylinders forming a finite grating—have not
received much attention until recently. These structures offer
more versatility for the design of optical devices than the
usual gratings, since they have more geometrical parameters
that can be controlled to make them adequate for a particular
purpose. The dual-period characteristic of gratings has been
recently studied in connection with the coupling of surface
plasmon polaritons to the incident wave [1-3] to control
simultaneously the modes of a broad-area diode laser [4]
and to design electromagnetic resonance enhanced silicon-
on-insulator photodetectors [5-7]. Gratings with a period
comprising slits and grooves have been shown to modify the
transmission response [8], while infinite compound gratings
have recently been shown to exhibit remarkable properties.
In particular, they can support phase resonances which are
characterized by a field enhancement within the cavities
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or slits, producing sharp features in the electromagnetic
response. The effect of phase resonances on the response
of reflection gratings was studied for gratings formed by
rectangular grooves on a metallic substrate [9-13]. Later on,
phase resonances were also found in transmission gratings
comprising several subwavelength slits in each period [14-18].

It has been recently shown that blazed-binary diffractive
optical elements composed of subwavelength patterns in
a dielectric material have a remarkable performance in
comparison with that achieved with a classical echelette
grating [19-22]. Also, the use of high-index materials for the
fabrication of subwavelength diffractive components operating
in the visible domain has been reported [23]. Different design
methods of blazed gratings consisting of a binary grating with
subwavelength structures for a multilevel phase modulation
have been proposed, taking into account the constraints in
actual fabrication techniques [24]. In addition, etched blazed
gratings have been shown to achieve high efficiencies in high
orders; these results present opportunities for high-resolution
EUYV spectroscopy in astrophysics [25, 26], and blazed gratings
with mounted deterministic subwavelength roughness have
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been recently fabricated to optimize their properties [27].
In the search for more flexibility in generating arbitrary
effective-index distributions in the direction of the grating
period, novel ways have been proposed to design gratings with
desired diffraction properties by using subwavelength feature
sizes perpendicular to the ordinary superwavelength grating
period [28]. Blazed-binary diffractive elements composed of
pillars arranged on a two-dimensional grid have also been
analyzed [29, 30].

Recent studies have shown that compound gratings made
of cylinders can be designed to fulfill certain conditions such
as the intensification or minimization of the intensity diffracted
in a given order [31, 32]. These properties have been shown to
be purely geometric effects, independent of the materials and
cross section of the wires.

In this paper we enlarge the scope of compound structures
and add a new degree of freedom to the structures considered
in [32]: the array now consists of several equally spaced
identical subarrays, each of them comprising a finite number
of cylinders. All the cylinder axes in each subarray are
contained in the same plane, which is inclined with respect
to the periodicity direction. This is not a mere extension of
the analysis made in [32], but instead the present configuration
exhibits novel and interesting properties that lead to new
possibilities for the design of diffractive structures. In
particular, since these systems are reminiscent of echelette
gratings commonly used to maximize the intensity in a non-
specular direction, we study a similar blaze effect that can be
achieved in such structures when the diameter of the cylinders
is smaller than the incident wavelength (subwavelength
cylinders).

The results shown are calculated using an integral
method [33] that was implemented numerically to solve the
scattering problem of a compound array of circular cylinders
illuminated by a Gaussian beam. Metallic and dielectric
constituents as well as both polarization modes of the incident
beam are considered: s (electric field parallel to the cylinders’
axes) and p (magnetic field parallel to the cylinders’ axes).

In section 2 we describe the geometrical configuration,
briefly discuss the integral method used for calculation of the
field scattered by arrays of cylinders, and develop a simple
scalar model to predict the response of compound structures.
In section 3 we provide numerical results; we analyze the
evolution of the reflected and transmitted intensity as a function
of the inclination and the observation angle, and compare
the results with those obtained by the scalar model. The
dependence of the blaze effect on the geometrical parameters
of the array is also studied. Concluding remarks are given in
section 4.

2. Configuration and approach

The structure under study is a finite array of N cylinders of
radius r and circular cross section in vacuum. The cylinders are
grouped in M subarrays, each of which comprises J cylinders
(N = MJ) whose axes are separated a distance d. In the
scheme of figure | N = 15, M = 3 and J = 5. Although
each subarray constitutes a finite grating (and not a periodic
structure), we will designate the parameter d as the period
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Figure 1. Configuration of the scattering problem: a linearly
polarized Gaussian beam illuminates a compound grating comprising
subarrays of circular cylinders. The cylinder axes of each subarray
are contained in the same plane and the planes corresponding to
different subarrays are parallel to each other, forming an angle ¢ with
respect to the periodicity direction. In this case N = 15, M = 3 and
J = 5. Inset: propagation directions of incident K, transmitted kr
and reflected kg wavevectors in the x’y’ reference frame.

of each subarray. The cylinder axes of each subarray are
contained in the same plane and the planes corresponding to
different subarrays are parallel to each other, forming an angle
¢ with respect to the periodicity direction (X). The subarrays
are distributed periodically, forming a finite grating with period
D (see figure 1). The system is normally illuminated by a
Gaussian beam of wavelength A and half-width W.

2.1. Scalar approach

To get physical insight on the expected behavior, in this section
we develop a simple model which accounts for the response
observed, without using the rigorous method which is very
complex and demands large computation times.

Since the cylinders and the period of each subarray (d) are
subwavelength, we developed a very simple scalar model to
anticipate the behavior of such structures. The basic idea of
the model proposed here is that the response of the dual-period
structure can be regarded as the product of the response of the
periodic structure of period D and that of each subarray of
period d. This idea is based on the scalar model for diffraction
gratings [36]. A similar model was derived for compound wire
gratings made of slits [31], where an expression of the intensity
at a given point p on a screen far from the dual-period slit
structure was obtained:
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where o = %(sin@ —sinfy), y = ”Td(sinQ — sin6p) and
B = %(sin@ — sin6y), where 0 and 0, are the observation
and incidence angles, a is the width of each slit and Iy is
the incident intensity. The first, second and third factors on
the right-hand side of equation (1) can be identified as the
interference of the M subarrays (/y), the interference of the
J cylinders (I;) in each period and the diffraction of each
element, respectively. We adapted this simple model to deal
with structures comprising inclined subarrays, as shown in
figure 1. In this case, the M term remains the same—since
it accounts for the interference among different periods—but
in the J term y should be defined as

nd . Y
y = T(sm@ —sinf), )

where 6’ and 6, are the observation and incidence angles in the
primed reference system (see figure 1). Referring all the angles
to the unprimed system, for normal illumination we get

wd . .

y = T[sm(@ — ¢) —sing]. 3)
For slits much smaller than the wavelength, the third term in
equation (1) does not affect the response and then the M and J
terms govern the behavior of the dual-period structure. The M
term determines the directions of the diffraction orders, which
are given by

sinf,, = sinfy + m D meZ @)
and the J term, which involves the angle ¢, provides the
possibility of designing the dual-period array to send the
maximum intensity in a given direction. In particular, if this
direction coincides with that of a diffraction order, a significant
enhancement can be obtained. In this case

A
sin(0, — @) = sing + P

g peZ. (5)

The maximum intensity of the J term is obtained for p = 0
and then the optimum value of ¢ is ¢ = 6,,/2.

In figure 2 we show an example of the reflected response
given by the scalar model for a finite array comprising
five subarrays of five cylinders each, and for the following
parameters: A/d = 3, A/D = 0.6, ¢ = 1843° (M =
J = 5). The value of ¢ was chosen so as to maximize the
intensity in the direction of the 41 order. It is evident from
the curves that the J term modulates the response given by
the M term, and thus the intensity of the 41 order (6 ~ 37°)
is maximized, whereas those of the —1 (8 ~ —37°) and of
the specular order (& = 0°) are almost canceled out. This
constitutes a blazing effect obtained, in this case, by an array
of subwavelength apertures distributed in the form of a dual-
period grating. It is important to remark that this simple
model considers perfectly conducting objects, disregarding
the polarization of the incident wave and the thickness and
geometry of the scattering elements.
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Figure 2. Reflected response of a finite array comprising five
subarrays of five scatterers each, obtained by the scalar model, for
Ad=3,A/D=0.6and ¢ = 18.43° (M = J =5). (a) J term and
M term according to equation (1); (b) total reflected intensity.

2.2. Integral method

In what follows we summarize a general integral formalism
based on the extinction theorem (ET) method applied to 2D
systems, as is the case of the present study [32-35]. We
consider an array of circular wires in vacuum (host medium).
For systems with translation symmetry (2D geometries), the
expressions for the scattered field in each medium are

N (- M o
YO =y (r) + Z{% /C(+,dl/[aHo (/€okolr — 1 |)i|
j=1 i

an’
YO )
x i) = ' (eokolr — ') =21 6)
A ' IH "V (Jetkolr — ¥)) .
Dip) = — 1 | o 1%0 D
Yy (r) = 4/C;) dl[ o Ve ()
a (5(./‘)(1./)
_Ho(l)( /E]k0|r—r/|)l/f7/}7 (7)
on
for j = 1,..., N, where 1//()((‘j )(r) represents the complex

amplitudes of the electric (¢ = s) or the magnetic (@ = p)
field in the host medium (j = 0), or within any of the N
scatterers (j = 1, ..., N); d!’ is a differential element of a line
over the contour C;. The superscript (4) in CJ(.H represents
the cross-section contour of the jth scatterer when r’ tends to
C; from the host medium, and in this case n’ points towards

the interior of the jth medium. Conversely, CE_) represents
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Figure 3. Contour plots of the reflection coefficient (equation (15)) as a function of the observation (¢) and inclination (¢) angles for an array
formed by five subarrays, each of which comprises five cylinders of » = 50 nm, A = 800 nm, A/D = 0.6 (D = 1333.33 nm), A/d =3

(d = 266.66 nm). Panels (a) and (b) correspond to silver cylinders (€5, = —27.995 + 11.523) and panels (c) and (d) to silica cylinders

(es = 3). The vertical lines correspond to the specular and the 1 reflected orders. (a) Silver cylinders, s polarization; (b) silver cylinders,

p polarization; (c) silica cylinders, s polarization; (d) silica cylinders, p polarization.

the cross-section contour of the jth scatterer when r’ tends to
C; from the interior of the jth medium and n’ points outwards
of the jth medium. Ho(l) is the first-class zero-order Hankel
function.

In 2D problems, the boundary conditions reduce to two
separate equations for s and p modes:

Ve e = 0" e, ®)
" (1) oy (r)
[T =|njl@)——— ; )
n rec” on recy?
with j = 1,2,...,N and n;(s) = 1, n;(p) = €1/€ (we
consider identical cylinders, ¢, = € = -+ = €; = ¢).

Equations (8) and (9) do not couple polarization modes, which
implies that in a 2D system there is no cross-polarization.

To compute the far field, we make use of the asymptotic
expression for the Hankel function when |r — r'| — oo, and
substitute it in the previous equations:

1 2
(scatt) 0 — _
wa (r, r,t) 4 JT(G()) l/zkor

x expli(y/€okor — m/4)] x A5'(6r), (10)
where
N
AL 00 = Z{ / dl’((n’ Keea) Y (1)
= e
(0) (4o
- 1M> exp(_ikscatt 'I')}, (11)

an’

where K, 1s the propagation vector, defined by

kscutt - «/akO(Sin Gr,ta Oa CcoS er,t)s (12)

and 6., is the observation angle. Then, the reflected field
corresponds to —90° < 6, < 90° and the transmitted field to
90° < 6; < 270°. The incident field appears in implicit form
in the scattering equations.
To carry out the calculations we use an incident Gaussian
beam defined as [37]
" (r) = expliko(x sin6 + y cos 6p)g (x, )]
x exp[—(x cos by — ysin6p)?/ W], (13)

where 6 is the incidence angle, W is the half-width at half-
maximum and

2
g(x,y) =1+ — (xcosfp—y sin90)2—1:|. (14)

1
€o(koW)? [W

We define the angle-dependent reflection and transmission
coefficients as

o = 1

o /) — Poitnc
(15)

P |1

a\Yt Poitncs

where the incident power P.™ is given by [37]

inc cW 1
P =v 1-— 3
821 2(koW)

(1 + tan? 90)} (16)
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Figure 4. Reflection coefficient (equation (15)) as a function of the observation angle for an array comprising five subarrays of five cylinders,
with D = 1333.33 nm, d = 266.66 nm, > = 800 nm and ¢ = 18.43°. Different curves correspond to different radii of the cylinders: » = 50
nm (triangles), » = 100 nm (hollow circles) and r = 120 nm (solid circles). (a) Silver cylinders, s polarization; (b) silver cylinders,

p polarization; (c) silica cylinders, s polarization; (d) silica cylinders, p polarization.

v = /€ for s polarization and v = 1/, /€, for p polarization,
and |S5'| is the absolute value of the Poynting vector for the
reflected and the transmitted field (see equation (10)) and is
given by

— C.
1672k
The total reflection p, (6y) and transmission t, (6y) coefficients
can be obtained by

IS5 |AZY6, 012 (17)

90°
pa60) = / Ra(6) d6, (18)

90°

270°
76 = f T (6) (19)
8]

o

In the following examples we have tested the numerical
convergence of the integrals involved, and in all cases we
obtained an error less than 0.01%. Energy conservation was
achieved within an error of 0.001% in the case of dielectric
cylinders, and of 0.02% in the case of silver cylinders when the
imaginary part of the permittivity is neglected. For Im(e) # 0
the sum of the reflected and the transmitted power is slightly
smaller than the incident power due to absorption in the
cylinders.

3. Numerical results

We implemented numerically the integral formalism (see
section 2.2) to compute the field scattered (reflected and
transmitted) by finite arrays of cylinders when illuminated by
a Gaussian beam. In particular, we analyzed the response of
dual-period arrays formed by metallic or dielectric cylinders
with circular cross section in vacuum, distributed in several
subarrays aligned in planes forming an angle ¢ with respect
to the periodicity direction (see figure 1).

All the results shown correspond to structures with 25
cylinders in total (N = 25) distributed in five groups of five
cylinders each (M = J = 5), illuminated by a normally
incident Gaussian beam of width W = 5000 nm. Figure 3
shows contour plots of reflected intensity as a function of
the observation angle 6 and the inclination angle ¢. The
radius of the cylinders is » = 50 nm, A = 800 nm,
AD = 06 (D = 133333 nm) and A/d = 3 (d =
266.66 nm). In figures 3(a) and (b) the scatterers are silver
cylinders (the dielectric constant of silver at A = 800 nm is
€ag = —27.995 + i1.523), and 3(c) and (d) correspond to
silica cylinders (es = 3). Figures 3(a) and (c) correspond
to s polarization (electric field along the cylinder axes) and
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Figure 5. Contour plots of the transmission coefficient (equation (15)) as a function of the observation (f) and inclination (¢) angles, for the
same structure and incidence parameters of figure 3. (a) Silver cylinders, s polarization; (b) silver cylinders, p polarization; (c) silica cylinders,

s polarization; (d) silica cylinders, p polarization.

figures 3(b) and (d) to p polarization (magnetic field along the
cylinder axes). These intensity maps clearly show three vertical
fringes at the observation angles corresponding to the specular
and to the 1 reflected orders. The 6 location of these maxima
are independent of ¢, since these directions—diffraction orders
in the infinite grating case—are only determined by the
wavelength and the period D of the structure. In this case
these angles are 6+ = 36.8°. Although the inclination angle
¢ does not affect the maxima directions, it is evident from
the curves that ¢ modifies the intensity distribution. For
¢ = 0 the symmetry of the structure produces a symmetric
power distribution, most of which propagates in the specular
direction. As ¢ increases, more power propagates in the
positive region of observation angles and, as predicted by the
scalar model, the optimum angle at which the power carried
by the +1 order is maximized is ¢ ~ 18.4°. A further
increase of ¢ reduces the power in the +1 order direction, as
can be noticed in all the plots, for both polarization modes
and for silver and silica cylinders. According to the scalar
model described in section 2, the value of ¢ that optimizes
the intensity in the +1 order direction for this configuration
is ¢ ~ 18.4°, and this estimation agrees very well with the
results obtained by the rigorous calculation, as can be observed
in figure 3. It is important to remark that the behavior observed
is similar for metallic as well as for dielectric cylinders, and

this confirms that the enhancement produced by this kind of
compound structure is purely a geometric effect and does
not depend on the material of the scatterers [32]. In both
cases (silver and silica), the relative intensity in the 41 order
direction is maximized. Notice that, even in the silica case,
which is further than the silver case from the assumptions
of the scalar model for the case of dielectric cylinders, the
simple model predicts the optimum enhancement direction
very accurately.

In order to confirm that the only responsible parameter for
the blaze-like effect is the inclination angle ¢, we performed
calculations of reflected intensity for different arrays varying
only the radius of the cylinders and keeping the rest of the
parameters fixed, with the same values as those in figure 3.
These results are shown in figure 4 for silver cylinders
(figures 4(a) and (b)) and for silica cylinders (figures 4(c)
and (d)). All the curves correspond to ¢ = 18.43° which,
according to the scalar model, maximizes the intensity in the
+1 order direction. Even though the intensity in this direction
depends on the radius of the cylinders, it is evident from all the
curves that the relative intensity in this direction is maximized.
The total intensity scattered by the arrays is different in each
case, and this can be understood if we take into account that
each subarray can be regarded as a slab with an effective
dielectric permittivity which depends on the filling factor.
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Figure 6. Near-field plots for the silver structure considered in figure 5 for different ¢ values. (a) s polarization and ¢ = 62.5°;

(b) s polarization and ¢ = 71.5°; (c) p polarization and ¢ = 71.5°.

Since the period d of each subarray is fixed, the filling factor
varies with the radius of the cylinders.

The intensity maps of figure 5 correspond to the
transmission response of the same structures considered in
figure 3 for both polarization modes, for silver cylinders
(figures 5(a) and (b)) and for silica cylinders (figures 5(c)
and (d)). The transmitted response presents intensity maxima
located in the same 6 directions of the reflected maxima,
as predicted by the grating equation for a grating of period
D under normal illumination (4). However, in this case
the inclination angles that maximize the intensity in the +1
transmitted order direction are ¢ & 62.5° for s polarization
and ¢ ~ 71.5° for p polarization. For these large values
of ¢ it is to be expected that resonant mechanisms such as
cavity modes and coupling will be involved in the diffraction
process. However, to get some physical insight into these
results we apply a simple model again. If each subarray is
regarded as a plane for the incident wave—we recall that the
distance between adjacent cylinders is much smaller than the
wavelength of the incident wave—an intensification of the
transmitted beam should occur for the direction specularly
reflected at this plane. For ¢ > 45° the beam specularly
reflected by each plane propagates towards the y > 0 half-
space (see the inset in figure 1), i.e. it becomes part of the
transmitted field. According to the definition of the observation
angle in the transmission case, the intensification direction is
0 = m — 2¢. To enhance the mth order, this angle should be
the same as that of the transmitted order given by the grating

equation (4). Then the optimum ¢ value is given by

7 — arcsin(m %)
2

For the parameters of figure 5 this estimation leads to ¢ =
71.5°, which is in very good agreement with the maximum
intensity shown in figures 5(b) and (d) for p polarization.
However, for the s case the maximum is slightly shifted from
this value. This shift can be attributed to the excitation of a
cavity mode within the structure: since the diameter of the
cylinders and the distance between them are subwavelength,
each subarray can be regarded as a slab, with an effective
dielectric constant. Therefore, an open cavity is formed
between subarrays, whose length and width are approximately
I = D(1 —cos¢) and w = D sin ¢, respectively. For /1 =~ 1,
a longitudinal mode is excited while the field within the cavity
is intensified, producing an enhancement of the transmitted
field in the allowed directions. For the parameters of figure 5
and for ¢ = 62.5°, 1 ~ 0.9A and w =~ 1.5A, establishing
an eigenmode between subarrays, as can be observed in the
near-field plot in figure 6(a). It is evident from figure 6(b) that
the near field is still dominated by this mode for ¢ = 71.5°,
which inhibits the intensification of the transmitted 41 order
by the specular effect described before. For this value of
¢ the picture is different for p polarization, where the main
intensification mechanism is a significant coupling between
neighboring cylinders of the same subarray, as can be observed
in figure 6(c).

¢ = (20)
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Figure 7. Contour plots of the reflection coefficient (equation (15))
as a function of the observation (¢) and inclination (¢) angles, for an
array formed by five subarrays, each of which comprises five silver
cylinders, r = 50 nm, A = 810 nm, A/D = 0.4 (D = 2025 nm),
A/d =3 (d =270 nm). The vertical lines correspond to the specular,
+1, and £2 reflected orders. (a) s polarization; (b) p polarization.

Another example of the blazing property of dual-period
arrays is shown in figure 7, for which A/ D = 0.4, and therefore
the 42 diffraction orders are also propagating. This system
comprises five subarrays, each formed by five silver cylinders
of radius r = 50 nm, A = 810 nm, d = 270 nm and
D = 2025 nm. We show contour plots of reflected intensity
as a function of 6 and ¢. The directions corresponding to the
propagating orders are now 6y; = 23.5° and 01, = 53.1°.
These directions can be clearly identified as vertical fringes in
the maps corresponding to s (figure 7(a)) and p (figure 7(b))
polarization modes. It can be observed that the intensity
reflected in each order strongly depends on the inclination
angle, and that the maximum enhancement is obtained for the
¢ values predicted by the simple model presented in section 2,
according to which the +1 and the 42 orders should be
intensified for ¢ = 11.8° and 26.5°.

These results show that, with dual-period arrays of
subwavelength characteristics, a blazing effect can be obtained
for the reflection as well as for the transmission. It should be
noticed that this effect strongly depends only on the period
D and the inclination angle ¢, but it is independent of the
cylinders’ cross section and material, the incident polarization
and the subarray period d, as long as it is subwavelength. These
characteristics provide flexibility for the design of optical

devices since the material and geometry of the scatterers can be
chosen to simplify the manufacturing processes while keeping
the properties of dual-period structures.

The enhancement properties of the dual-period arrays
described above arise from a purely geometric effect and, as
such, the structures can be rescaled to produce the same effects
in other regions of the electromagnetic spectrum.

4. Concluding remarks

We investigated the blazing effect produced by dual-period
arrays of cylinders formed by subarrays inclined with respect
to the periodicity direction. The subwavelength characteristic
of the scatterers and of the distance between them is a key
factor to get the enhancement. Both polarization modes
were analyzed. We considered metallic as well as dielectric
cylinders and showed that the material is not a critical factor to
obtain the effect. It was found that, with this kind of structure,
a blazing effect can be obtained for reflection as well as for
transmission. Even though the proposed structures involve
subwavelength scatterers (nanowires in the optical range),
optical devices with these characteristics can be fabricated with
present-day technology. It was shown that for large inclination
angles the scattering process involves several mechanisms
that cannot be accounted for by the scalar model. Further
investigation on the complex response of these systems is
being carried out. It is important to remark that, although
this study has been done in the optical range of the spectrum,
no difficulties in the computer models are expected for larger
structures working in a longer wavelengths regime. Moreover,
the results show that the response of the dual-period structures
is basically produced by its geometry, and therefore a similar
behavior is expected for lower frequencies.
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