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Designing Plane Wave Modulators Using 1DPC Nanostructure
with r-GRIN Defect Layer
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Abstract—In this paper, we introduce plane wave modulators that are designed using one-dimensional
photonic crystals (IDPC) containing radial gradient refractive index (r-GRIN) defect layers. Three
kinds of r-GRIN materials with different refractive index distribution functions are applied in numerical
analysis. The properties of the phase and intensity of the transmitted plane wave beam through
proposed structures are studied using the transfer matrix method. Radially-dependent defect modes,
modulated phase and intensity are obtained according to the refractive index distribution functions.
The results are predictable by regarding the Bragg condition and destructive interference, which are the
origins of the photonic band gap (PBG). Due to the radial-dependency of the defect layer’s refractive
index, the rays passing through different transverse positions experience different optical pathways.
Therefore, the defect modes and transmitted spectrum (phase and amplitude) vary transversely. This
study demonstrates another ability of the artificial PC structures to design plane wave modulators and
manipulate its phase and intensity.

1. INTRODUCTION

Over a century ago, in 1885, Rayleigh [1], for the first time, investigated purely periodic system extending
to infinity in one direction. He found out that in these structures there are special wavelengths ranges
that electromagnetic waves with these wavelengths are forbidden to propagate inside them. Nowadays
this periodic arrangement of layers, having different materials in its layers, is called 1DPC, introduced
first time by Yablonovitch [2] and John [3]. They are designed to control and manipulate the propagation
of light [4-9]. It is called a crystal, because of its periodicity, and photonic because it acts on light. A
PC can be made with refractive index modulation of a medium either by arranging a lattice of air holes
in the materials or by forming a lattice of high refractive index material embedded in a transparent
medium with a lower refractive index in one, two or three dimensions. Different arrangements of 1DPC
structures have attracted much attention because it can be easily fabricated by modern experimental
techniques. The main characteristic of a PC structure is the PBG; the range of wavelengths of the
incident light that cannot propagate through the structure. If the periodicity of PC structure is broken
by introducing a different layer in nature (materials and size) or disordering the layers, it is possible to
create highly localized defect modes within the PBG [10-12]. The origin of the PBG in the transmitted
wave, in 1DPC structures, results from the destructive interference among the waves scattered by
interfaces of the layers in the forward direction. In the normal incident case, the characteristics of the
PBGs and defect modes, closely depend on the optical properties of the constituted layers and defect
layer. The existence of the PBG and defect modes in the optical spectrum (Reflectance, Absorptance
or Transmittance) of the PC have leaded to many interesting phenomena and numerous applications
of PCs in improving the performance of optoelectronic and microwave devices such as high-efficiency
semiconductor lasers, light emitting diodes, wave guides, high-Q resonators, antennas, all-optical diodes
and filters, frequency selective surface, optical limiters and amplifiers [13-16].
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In most of the previous works, a conventional 1DPC structure with different arrangements of
materials under irradiation of the plane wave (the phase and amplitude are constant in the transverse
direction) are studied that the refractive indexes of the layers are considered to be constant in the
lateral direction (perpendicular to the periodicity of the structure). In refs [17,18] we have obtained
the transfer matrix and studied the transmittance spectrum of 1DPC structure under irradiation of the
Gaussian beam (the phase and amplitude are varying laterally). Recently, a binary 1DPC structure has
been proposed that the refractive index of layers A and B is a function of space position [19, 20]. They
have presented the effects of the incident angle and number of periodicity on dispersion and transmission
curves, for linearly increasing and decreasing refractive index function on the longitudinal direction with
and without defect layer of constant refractive index.

The aim of this work is to study the properties of the defect modes, the transmitted phase and
intensity of a normally incident plane wave beam on a defective 1DPC structure with a r-GRIN defect
layer. We have used the transfer matrix method to calculate the numerical evolution of the transmitted
phase and intensity. Three r-GRIN distribution functions are applied to defect layer in the structure
of (AB)*C(AB)*, where A and B are constant refractive index materials and C stands for r-GRIN
defect layer. For these purposes, in Section 2, we have introduced the proposed PC structure and
materials that are used. A short brief results of the transfer matrix calculation are also presented. The
applied r-GRIN distribution functions are introduced and illustrated graphically. The behaviours of
corresponding defect modes in the first band gap, the phase and intensity of the transmitted beam are
presented in Section 3. Finally, the conclusions of the paper are summarized in the Section 4.

2. MODEL AND THEORY

Consider a binary defective 1DPC structure with arrangement of (AB)*C(AB)*, as schematically
depicted in Fig. 1, where A and B are two kinds of different materials with constant refractive indexes
of ng = 1.38 and np = 2.6, respectively. C stands for the r-GRIN defect layer, which is assumed
a symmetric function of x and y, and homogenous in the z direction. So, it is better to use the
cylindrical coordinate of r and z. All layers are placed on the z-y plane. Three r-GRIN distribution
functions of nc = ng(1 + aexp (—(%)2)), ne = no(1l + acos? (7)) and ne = no(1 + asinc%w%))
are used, where 7 is the radial coordinate, ng is the background refractive index and a is a parameter.
a displays the amount of the defect layer refractive index gradient by an external parameter such as
intensity or voltage. In numerical analysis, n¢c and r are normalized to ng and rg, respectively. Fig. 2
depicts the profiles of the normalized refractive index distribution functions proposed for the defect
layers. Thanks to the modern technological advantages, realization of such distribution functions inside
a material is possible. Using the modulated electrical field [21], glancing angle deposition technique [22],
optical holography and interferometric methods [23] are some of them. For the cases of under study,
the intensity distributions of the Gaussian, the square of the sinc and cosine, can be produced by
applying an intensity distribution of the Gaussian, which is the laser radiation fundamental mode, the
performance of the diffraction pattern by a single slit or double-slit interference inside a photosensitive
media, respectively. Then the refractive index of the medium will also be modulated accordingly.

In order to see the behaviour of the ray path inside the introduced r-GRIN defect layers, commonly

Figure 1. Schematic of a binary defective IDPC structure, where layers A and B represent the constant
refractive index materials with n4 = 1.38 and np = 2.6, respectively and C stands for a r-GRIN defect
layer.
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Figure 2. Profiles of the normalized refractive indices distribution functions of the (a) Gaussian,
(b) square of the sinc and (c) square of the cosine r-GRIN proposed for the defect layer.
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Figure 3. The behaviour of the ray path inside of the (a) Gaussian, (b) square of the sinc and (c) square
of the cosine r-GRIN defect layers.

used vector form of the ray equation is solved numerically [24]:

d dr

& (n0) %) = va 0
By considering these materials long, the ray paths are plotted in Fig. 3. Due to the inhomogeneity of
the defect layer, the normally incident rays at the entrance surface will not be normal to the output
surface and depend on r-coordinate. Therefore it is important to know the exit rays angle at the back
surface of the defect layer. It will be necessary to calculate the transfer matrix form of the next layers
correctly. In Fig. 4, we have plotted the behaviour of the rays angle in defect layer’s back surface versus
the incident beam’s radial distance in its front surface for used nanoscale thicknesses. As it is seen
obviously, the incident angles in the back surface of the defect layer are not considerable. Therefore,
these small angles do not clearly influence our results in comparison with the normal incidents. Let a
plane wave be normally incident from the vacuum into the PC structure (depicted in Fig. 1) propagating
in the z direction. Different analytical and numerical methods are proposed to investigate the optical
transmission of the PC structures [25-28]. Among them, the wave transfer matrix method is one of the
simplest and most common methods to investigate the band gap characteristics of the transmittance
spectrum and dispersion curves of the 1DPC [25].
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Figure 4. The behaviour of the rays angle 6 in defect layer’s back surface versus the incident beam’s
radial distance 7 in its front surface for the (a) Gaussian, (b) square of the sinc and (c) square of the
cosine r-GRIN defect layers.

During the propagation of electromagnetic wave in the periodic layered structure, the electric vector

FE and the magnetic vector H, between one layer and its neighbor, are related by the following matrix:
cosk;d; -+ sink;d;

M. — 3¢5 n; 3% 9

J (w) inj sin kijdj Z?OS k‘jdj :| ( )

where i = /1, k; = %, c is the speed of light in the vacuum, and d; is the thickness of layers in
which j = A, B, C. The transfer matrix of the whole structure is as following;:

M(r.0) = @) M) Mo(r) @) = | 7)) et ®3)

The transmission coefficient in free space can be obtained from the total characteristic matrix elements
as:
2

[maa(r,w) + ma1(r,w)] — [maa(r,w) + mo1(r,w)]

tr,w) = (4)
The real and imaginary parts of t(r,w) give the amplitude and phase of the transmitted wave. The
transmittance is given by T'(r,w) = [t(r,w)|?.

3. NUMERICAL RESULTS AND DISCUSSIONS

The material of the layer A is Magnesium fluoride (MgF>) with ng = 1.38 and the layer B is Zinc
selenid (ZnSe) with np = 2.6. The quarter-wave condition: nad4 = npdp = ncdc = A\o/4 is applied
for their thickness, where \g is the design wavelength and it is usually designed to fall around the center
of optical spectrum (= 550 nm). The parameter a is assumed to be 0.6.

Figure 5 shows the behaviour of the defect modes versus normalized frequency and transverse
coordinate (for simplicity only direction of y is used). Three different r-GRIN defect layers inserted
in the structure of (AB)*C(AB)*. Correspondingly, in Fig. 5 laterally varying defect modes with
(a) distribution of the Gaussian, (b) the square of the sinc and (c) cosine functions are appeared. The
behaviour of the defect modes can be used to design plane wave modulators from the proposed PC
structures. As it is seen, the rays passing from the different lateral positions are localized on different
frequencies. For example, in Fig. 5(a), for y = 0, the transmitted field is localized on w = 0.9wp. On the
other hand, for y = +2yq it is localized on w = wy and for other positions this localization can happen
on different frequencies with the trend of the Gaussian distribution. In two other ones Figs. 5(b) and
(c), a same procedure is achievable but with the trends of the square of the sinc and cosine, respectively.
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Figure 5. The behaviour of the resonant modes at the transmittance spectrum of the 1DPC structures
with three proposed r-GRIN defect layers under the irradiation of the plane wave beam versus the
frequency of incident wave and the normalized distance in the first band gap for the (a) Gaussian,
(b) square of the sinc and (c) square of the cosine r-GRIN defect layers (top view). The dark region in
the middle is the band gap and the white curve in it is the defect frequencies.
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Figure 6. Transmission on the output plane versus the normalized y/yo and x/xg directions for incident
frequency tuned to be w = wy for the (a) Gaussian, (b) square of the sinc and (c) square of the cosine
r-GRIN defect layers.

Figure 6 shows the transmission for w = wy versus normalized y/yo and x/x¢. It is obvious from
the figure that it is possible to modulate the transmission by choosing different incident frequencies
according to its usages.

In Fig. 7, the behaviour of the transmitted phases for three r-GRIN distribution functions is
illustrated. The frequency of the incident field is set to be the band gap central frequency: w = wyg. It
is clear in this figure that phases on the output plane of these photonic crystals are different from each
other. So, these structures have the capability to modulate the phase of the plane wave on the output
surface.

In Fig. 8, we have plotted the intensity of the transmitted field, on the exit surface of the PC
structure (a-y plane) for incident frequency of w = wgy. A single ring-shape intensity distribution is
seen for the r-GRIN Gaussian function in Fig. 8(a). For the square of the sinc function Fig. 8(b),
a corresponding intensity distribution is appeared and for the last r-GRIN function a periodic equal-
spaced double ring intensity distribution is obtained. Possibility to make some changes in the plane
wave’s intensity distribution can be clearly seen in this figure.

In order to have an explicit understanding of the introduced plane wave modulators, it is useful to
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Figure 7. The phase of the output wave on the output plane versus the normalized y/yo and x/xg

directions for the incident frequency tuned to the center of the first band gap corresponding to the
(a) Gaussian, (b) square of the sinc and (c) square of the cosine r-GRIN defect layers in PC.
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Figure 8. Intensity on the output plane versus the normalized directions at the center of the first band
gap corresponding to the (a) Gaussian, (b) square of the sinc and (c) square of the cosine r-GRIN defect
layers in PC.

compare the output intensities of different incident frequencies for 1IDPC structures. Figs. 9, 10 and 11
show the output intensity for two incident frequencies of w = wg and w = 0.99wy.

It is obvious in these figures that choosing different incident frequencies and refractive index
distribution functions for the defect mode can make some considerable changes in the output intensity.
So, some desired plane wave modulators can be obtained by designing 1DPC structures using the
proposed defect layers.

By considering the origin of the regular defect mode with a constant optical defect layer, the physical
interpretation of these behaviours is very simple. While all applied light sources have a finite lateral
extension, different rays can experience different optical paths. When such rays are passing through a
r-GRIN layer, inserted on a PC structure, every traveling ray will cause different Bragg condition and
corresponding defect mode will appear in PBG. Consequently, a localized defect mode according to the
defect layer radial refractive index distribution function will appear. So, the phase and amplitude of an
incident plane wave will be modulated on the output surface of the PC. In other words, on the output
surface of the PC we will have a light surface that is distributed according to the defect layer refractive
index distribution function. The propagation of these beams will cause different diffraction patterns at
the far field (Fraunhofer diffraction).
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Figure 9. Intensity on the output plane versus the normalized directions for two frequencies of
(a) w =wp and (b) w = 0.99wy for the Guassian r-GRIN defect layer in PC.
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Figure 10. Intensity on the output plane versus the normalized directions for two frequencies of
(a) w =wp and (b) w = 0.99wy for the square of the sinc r-GRIN defect layer in PC.
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Figure 11. Intensity on the output plane versus the normalized directions for two frequencies of
(a) w =wp and (b) w = 0.99wy for the square of the cosine r-GRIN defect layer in PC.
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4. CONCLUSION

We studied 1DPC structure with arrangement of (AB)*C(BA)?, that A and B represent the constant
refractive index materials and C' stands for a r-GRIN layer. In numerical analysis M gFs(n4 = 1.38),
ZnSe(np = 2.6) and quarter wavelength condition with design wavelength of A\ = 550 nm are applied
for the layers A, B and their thickness, respectively. The Gaussian, the square of the sinc and cosine
distribution functions, which practically are utilizable, are proposed for the r-GRIN defect layer C'. The
behaviour of the defect modes spectrum with lateral coordinate, the phase and intensity of transmitting
field, for different frequencies on the output surface of the structure (z-y plane) are investigated. Radially
varying defect modes, corresponding to the applied r-GRIN distribution function, appeared inside the
band gap.

This study introduces the capability of the artificial PC structure to modulate the phase and
amplitude of a plane wave, and make it possible to design required plane wave modulators. The
results showed that the output intensity and phase closely depend on the defect layers refractive index
distribution function and incident beams frequency. So, it is possible to change these factors to achieve
some desired outputs.
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