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Abstract
Diffraction of light of a visible spectral range by subwavelength metal gratings is
investigated theoretically and experimentally. The inﬂuence of different grating
parameters (ﬁlling factor, shape and depth, material, angle of incidence, wavelength
and polarization of radiation) on diffraction efﬁciency is investigated. The conditions
are found under which there are only zero diffraction order and the minus ﬁrst order.
Corresponding Author:
N.I. Petrov
petrovni@mail.ru

It is established that the zero order can be suppressed by selecting the depth and
shape of the grating relief. High diffraction efﬁciency in the -1st order is observed
with increasing depth of the grating relief (more than 70% at a depth h = 80 nm).
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It is shown that under certain conditions an effect of plasmon resonance occurs, at
which there is a complete absorption of the incident radiation. The considered optical
elements can be used in systems for image processing, projection displays, in the
development of a variety of sensors, etc.
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1. Introduction

credited.
Selection and Peer-review

The interest in subwavelength gratings is growing due to their promising applications
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in high performance transmission and reﬂection ﬁlters [1], optoelectronic devices using
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surface plasmons [2-4], spectral-selective external optical mirrors for lasers (VCSELs)
[5]. Subwavelength gratings have also been proposed for focusing light in the far [6],
and near zones [7].
Subwavelength dielectric gratings are an alternative to distributed Bragg multilayer
dielectric reﬂectors for broadband highly reﬂecting applications at the radiation ﬁltration. These structures are compact and cheap to manufacture and provide new
opportunities for control of polarization properties of radiation. The diffraction gratings
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also ﬁnd application in devices for splitting the light beam into colour components [814]. In [15] a new type of thin ﬁlm device to separate colour beams based on the
effect of frustrated total internal reﬂection was considered. Such optical elements can
be used for image processing in imaging systems, projection displays, etc.
In [16] subwavelength gratings were proposed and demonstrated for combining red,
green and blue light beams into a single beam. It was shown that such gratings have a
high efﬁciency and can signiﬁcantly reduce the size of the projection devices used in
mobile phones, etc. The efﬁciency of such devices is affected by several factors that
depend on material properties and structural parameters of the grating such as period,
ﬁll factor, and depth of the microrelief.
Multilayer dielectric distributed Bragg reﬂectors are commonly used for highly
reﬂecting broadband applications in ﬁltering radiation. The metal-dielectric plasmonic
structures for frequency-selective and broadband absorbers are also of practical
interest. Such structures for the complete absorption of radiation in the far IR region
were considered in [17].
In the present work it is shown that the effect of full absorption can be also observed
in sub-wavelength metallic gratings for radiation in the visible range of the spectrum.
The diffraction efﬁciencies of the gratings made of various metals (Ni, Ag, Al, etc.)
with different depths of the proﬁle are calculated and measurements are carried out.
The good agreement of measurement results with calculations is obtained. It is shown
that under certain conditions there is an effect of plasmon resonance. Subwavelength
gratings with a period of 400 nm and 600 nm are fabricated and measurements using
lasers and laser diodes that emit in the visible wavelength range (450 – 650 nm) are
conducted.

2. Simulation results
Since the scalar diffraction theory cannot be used in the case of subwavelength gratings [18], the electromagnetic theory [19] based on C-method [20, 21] and the method
of rigorous analysis of coupled waves (RCWA method) [22] are used for the calculations.
RCWA method (rigorous coupled wave approach) is based on the solution of the
Maxwell equations in a truncated Fourier space. Because of the periodicity, each component of the tensor of the dielectric permittivity can be expanded in a Fourier series.
DOI 10.18502/ken.v3i3.2035
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Wave propagation in periodic structures is described by the wave Helmholtz equation
Δ𝐸(𝑥, 𝑧) + 𝑘20 𝜖(𝑥)𝐸(𝑥, 𝑧) = 0,

(1)

where ε(x) is the periodic function of the dielectric constant, which can be represented
in the form of an inﬁnite series
∞

𝜖(𝑥) =

∑

𝛾𝑛 exp(𝑖𝑛ℎ𝑥).

(2)

𝑛=−∞

Here h = 2π/d is the minimum value of the vector of the reciprocal lattice, which is
directed along the x-axis and the z coordinate is directed perpendicularly to the surface
of the grating.
The coefﬁcients 𝛾𝑛 in (2) are determined by the Fourier integral within the grating
period d.
It is convenient to place the origin of the coordinate system in the middle of the
layer with the thickness d:
𝑑/2

𝛾𝑛 =

1
𝜖(𝑥) exp(−𝑖𝑛ℎ𝑥)𝑑𝑥.
𝑑∫
−𝑑/2

(3)

The ﬁeld inside the periodic medium is represented as a superposition of plane waves.
The method of calculation consists of two stages. The ﬁrst stage involves ﬁnding
eigenwaves of each layer within the medium. Maxwell’s equations for each layer are
recorded in the Fourier space taking into account the decomposition of the tensor of
the dielectric permittivity in a Fourier series and decomposition of the electric and
magnetic ﬁelds components on plane-waves. In the practical implementation a truncated Fourier space is used, the dimension of which is determined by the condition
of convergence of the obtained results. In the second stage after crosslinking the
solutions in the boundary layers, we obtain the system of linear algebraic equations
for ﬁnding the components of the reﬂected and transmitted electromagnetic ﬁeld in
all diffraction orders.

2.1. Diffraction efﬁciency
The diffraction efﬁciency of the grating is affected by a number of conditions: ﬁll
factor, shape and depth, material, angle of incidence, wavelength and polarization of
radiation.
In Fig. 1 the diffraction efﬁciencies in the dependence on wavelength are presented
for various materials. The angle of incidence of the radiation with TM polarization on a
DOI 10.18502/ken.v3i3.2035
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grating is of 60 degrees. The grating in the form of an isosceles triangle is considered.
The altitude of the triangle (depth of the microrelief) is equal to 160 nm. The grating
period is Λ = 400 nm. Materials – aluminium, chromium, silver, gold, copper, molybdenum. As follows from the calculations, the change of the diffraction efﬁciency is
stronger for blue colour. It is seen that the highest diffraction efﬁciencies are achieved
with the use of gratings made of silver and aluminum.
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Figure 1: Diffraction efﬁciencies at minus ﬁrst diffracted order C −1 (a), zero reﬂected order C 0 (b) and total
intensity C −1 + C 0 (c) depending on the wavelength of the radiation for various materials.

The angles of incidence of light beams can be determined from the equation for
gratings:
sin 𝜃𝑖 + sin 𝜃𝑤 =

𝑚𝜆𝑖
,
Λ

(4)

where 𝜃𝑖 is the incidence angle for red, green and blue light beams; 𝜃𝑤 the angle of
reﬂection of the combined light beam; 𝜆𝑖 is the wavelength of red, green and blue light
beams, respectively; 𝑚 = ±1, ±2, ±3, ... is the diffraction order; Λ is the grating period.
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For the angle of incidence of the light beam we obtain the following expression from
(4):
𝜃𝑖 = arcsin

𝑚𝜆𝑖
− sin 𝜃𝑤
( Λ
)

(5)

2.2. Surface plasmons
The light excites surface plasmons through a grating [23]. The excitation of surface
plasmons upon noncollinear scattering on a metallic diffraction grating was studied in
[3]. In [4], it is shown that the resonance features in the spectral-angular dependencies
of transmittance of nano-gratings are due to the excitation of surface plasmons at
metal-air and metal-dielectric boundaries.
If the grating constant is equal to Λ, then the wave vector of the light acquires an
additive 2𝜋/Λ, and the dispersion relation for surface plasmons should take into account
the component of the wave vector which is parallel to the surface. For the angle of
incidence 𝜃0 , the resonance condition takes the form:
𝜖𝑟
𝜔
2𝑚𝜋
𝜔
sin 𝜃0 +
=
,
𝐴
Λ
𝑐 √ 𝜖𝑟 + 1

(6)

where 𝜖𝑟 is the real part of the dielectric constant of the grating material, m is the
integer.
Note that this equation does not contain the depth of the grating, and for deep
gratings it can be considered only as the estimation equation. However, the values
of the resonance angles obtained from this equation are in good agreement with the
exact calculations. Using (6), it is possible to determine the values of the angles of
incidence of the beam on the grating at which the plasmon resonance occurs. Table 1
shows the values of the angles of incidence of the red, green and blue beams for Al,
Ni and Ag gratings.
Table 1: The angles of incidence satisfying the condition for the appearance of the plasmon resonance (Λ
= 400 nm) for various metals.
𝜆 = 641𝑛𝑚 𝜆 = 532𝑛𝑚 𝜆 = 450𝑛𝑚
𝜃0 (Al)

36.4𝑜

18.5𝑜

6.2𝑜

𝜃0 (Ni)

33.4𝑜

14.5𝑜

0.57𝑜

𝜃0 (Ag)

34.8𝑜

16.1𝑜

1.9𝑜

In Fig. 2 the diffraction efﬁciencies in various orders of nickel (a, b) and silver (c, d)
sinusoidal gratings with periods Λ = 600 nm and Λ = 400 nm depending on the angle of
DOI 10.18502/ken.v3i3.2035
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incidence of radiation of TM polarization with a wavelength of 𝜆 = 641nm at different
values of the depth of the microrelief are presented. At a certain angle of incidence
there is the effect of plasmon resonance. It is seen that when the relief depth of h = 80
nm and angle of incidence 𝜃𝑖 = 33𝑜 almost 100% of the incident energy is absorbed by
the grating made of silver (Fig. 2d). For the nickel grating full absorption of the incident
radiation is achieved with a relief depth of h = 50 nm and angle of incidence 𝜃𝑖 = 31𝑜
(Fig. 2b).
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Figure 2: Diffraction efﬁciencies in the zero order depending on the incidence angle for different depths
of microrelief gratings of nickel (a, b) and silver (c, d) at the radiation wavelength of 641 nm: (a, c) Λ =
600 nm; (b, d) Λ = 400 nm.

3. Measurement Results
Two groups of samples were investigated: the original gratings and their nickel replicas. The original gratings were fabricated using electron-beam lithography [24] and
etching in a ﬁlm of polymethylmethacrylate (PMMA) deposited on chrome glass substrate using spin-coating technology [25]. In Fig. 3 the image of the grating with a
period of Λ = 400 nm obtained by atomic force microscope (AFM) is shown. As follows
DOI 10.18502/ken.v3i3.2035
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from AFM measurements, the shape of the proﬁle of the grating is well described by
the trapezoidal model.

Figure 3: The grating image, obtained with an atomic force microscope (AFM). The period is of 400 nm, a
height of 110 nm.

In Fig. 4 the results of calculations and measurements of diffraction efﬁciency of the
zero order of the nickel grating depending on the angle of incidence of the radiation
with p- polarization at different values of the depth of the microrelief are presented.
It is seen that the effect of plasmon resonance at the incidence angle of ∼33𝑜 takes
place. With a relief depth of h = 80 nm and angle of incidence 𝜃𝑖 = 31𝑜 almost all incident
energy is absorbed by the grating. Note that the measured angles of incidence, at
which the plasmon resonance effect occurs, are in good agreement with the calculations.
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Figure 4: Calculated (solid lines) and measured diffraction efﬁciencies of the zero order depending on the
angle of radiation incidence for the nickel grating with a period of Λ = 400 nm and a depth of h = 40 nm
(a) and h = 80 nm (b) at a wavelength of radiation 𝜆 = 641 nm with p- polarization.Рис. 1.

4. Conclusions
Thus, studies have shown that it is possible to obtain high diffraction efﬁciency for
subwavelength gratings in a wide spectral range (450 – 650 nm). The advantage of
subwavelength gratings compared with conventional gratings is that there are only
DOI 10.18502/ken.v3i3.2035
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the zero diffraction order and the minus ﬁrst order. The zero order can be suppressed
by selecting the depth and shape of the relief. This allows high efﬁciency of minus
ﬁrst diffraction order in a wide spectral range for the same grating to be obtained. Such
gratings can ﬁnd application in many ﬁelds such as sensors and pico- projectors, where
efﬁciency and compactness are the determining factors. The obtained results can be
useful for development of new devices for combining [26] and/or splitting beams of
light, and also devices based on the effect of the excitation of plasmons [27, 28]. Such
optical elements can be used for image processing in imaging systems, 3D displays,
projection displays, etc.
When the plasmon resonance occurs it is possible to ﬁnd the optimal grating parameters (material, depth) and radiation (the angle of incidence, polarization), at which the
reﬂected and diffracted light is totally absent, i.e. 100% absorption of the energy of the
incident radiation of the visible range by metallic subwavelength grating takes place.
This property can be used to develop various devices, in particular, in solar cells and
displays.
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