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Abstract: We have been numerically demonstrated the mechanism of spatial beam filtering with
autocloned photonic crystals. The spatial filtering through different configurations of the multilayered
structures based on a harmonically modulated substrate profile is considered. The paper demonstrates
a series of parameter studies to look for the best spatial beam filtering performance. The optimization
results show that a beam spectral width of 39.2◦ can be reduced to that of 5.92◦ , leading to high
potential applications for integrated optical microsystems.
Keywords: photonic crystal; beam shaping; angular filtering; autocloning; multilayered structures

1. Introduction
Angular/spatial filtering devices based on photonic crystals (PhCs) [1,2] provide diffraction of
the angular components of an incident beam. The effect of a PhCs-based spatial/angular filtering
device that works on a spatial frequency spectrum relies on an angular band-gap [3–7]. For spatial
filtering, a range of angular components of a beam can be removed due to the angular band-gaps,
that is, the waves can be reflected in a backward direction [3–5] or deflected at large angles in a forward
one [6,7].
Furthermore, double-periodic photonic structures enable manipulation of the zero diffraction
order of a transmitted beam [8]. For example, some angular components of an incident light source
diffract from the zero diffraction order to the other orders at resonance conditions. On the other
hand, some angular components, out of resonance, directly propagate through the PhCs. In this way,
low-angle-pass or high-angle-pass filtering devices are achievable through a proper interplay among
the grating characteristics.
In particular, the PhCs filtering has been already implemented for intracavity angular filtering
in an integrated platform such as microchip lasers [9]. Such a PhCs-based confocal filtering device
presents an alternative method for replacing conventional filtering devices [10], but has a critical
disadvantage that is the presence of an optical axis [11]. Therefore, the transmitted axisymmetric
concentric ring structures result in the limitation of angular filter merely for on-axis incident light.
It is noted that there have been other approaches to spatial filtering such as passive [12] or
light-induced [13] Bragg gratings and pulse-induced population density gratings [14]. However,
these alternative methods require not only more sophisticated schemes but additional optical
components, leading to limited applications in the compact micro-systems. Therefore, more compact
PhCs-based angular filters are desirable solutions for the use in the microlasers, e.g., autocloned
PhCs, which preserves the initial modulation during the deposition of multilayers [15]. For example,
a multilayered photonic microstructure based on a sinusoidal or braze profile was demonstrated
experimentally as one of the most compact PhCs-based angular filters [16]. However, this proposed
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Figure 1. Illustration of the proposed autocloning photonic crystals (PhCs) with a harmonic modulation.
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coupled-wave analysis (RCWA) method [21] and its 0th-order transmission is as plotted in Figure 2a.
The parameters of the studied structure are identical as those in [16]: N = 33 layers, Dx = 1.67 m, Dz
= 0.24 m, NSub = 1.5, NH = 1.42, and NL = 1.3. Since the parameter of Amp was not mentioned in [16],
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are narrower than SW1 (39.2◦ ) and SW2 (20.99◦ ), respectively.
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Figure 2. Numerical far-field simulation of autocloning-mode-based PhCs: (a) the diffraction map of
Figure 2. Numerical far-field simulation of autocloning-mode-based PhCs: (a) the diffraction map of
0th
order versus angles of incidence; (b) diffraction efficiency of 0th-order transmission (DE with
0th order versus angles of incidence; (b) diffraction efficiency of 0th-order transmission (DEt0)t0)with
respect to angles of incidence; far-field distributions for two different incident Gaussian beam widths:
respect to angles of incidence; far-field distributions for two different incident Gaussian beam
(c)
BW1 = λ; (d) BW2 = 2λ. The parameters of the structure in (a) and (b) are as following: N = 33 layers,
widths: (c) BW1 = λ; (d) BW2 = 2λ. The parameters of the structure in (a) and (b) are as following: N
Amp = 0.27 µm, Dz = 0.24 µm, and Dx = 1.67 µm. These two spectral width SW1 and SW2 mean the
= 33 layers, Amp = 0.27 m, Dz = 0.24 m, and Dx = 1.67 m. These two spectral width SW1 and
FWHM of the spectral width of the Gaussian beam for BW1 = λ and BW2 = 2λ, respectively. SW1 and
SW2 mean the FWHM of the spectral width of the Gaussian beam for BW1 = λ and BW2 =
SW1’ in (c) represent the normalized far-field distributions of the Gaussian beam passing without
2λrespectively. SW1 and SW1’ in (c) represent the normalized far-field distributions of the
PhCs in blue and with the PhCs in red for BW1 = λ. SW2 and SW2’ in (d) represent the normalized
Gaussian beam passing without PhCs in blue and with the PhCs in red for BW1 = λ. SW2 and SW2’
far-field distributions of the Gaussian beam passing without PhCs in blue and with the PhCs in red for
in (d) represent the normalized far-field distributions of the Gaussian beam passing without PhCs in
BW2 = 2λ.
blue and with the PhCs in red for BW2 = 2λ.

3. Minimum SWs for Different Configurations of Autocloned PhCs
3. Minimum SWs for Different Configurations of Autocloned PhCs
In this section, a series of numerical calculations is executed for the best filtering effect. We focus
In this section, a series of numerical calculations is executed for the best filtering effect. We
on scanning structural parameters such as Amp and Dz for obtaining a narrow FWHM of SW.
focus on scanning structural parameters such as Amp and Dz for obtaining a narrow FWHM of SW.
First, three configurations of the wavy structures are considered with different layer numbers (N = 40,
First, three configurations of the wavy structures are considered with different layer numbers (N =
30, and 20). Three related maps of their SWs are calculated by scanning two parameters Amp from
40, 30, and 20). Three related maps of their SWs are calculated by scanning two parameters Amp
0.005 to 0.5 µm and Dz from 0.2 to 0.4 µm, as shown in Figure 3a. It is noted that their transversal
from 0.005 to 0.5 m and Dz from 0.2 to 0.4 m, as shown in Figure 3a. It is noted that their
periods are identical, referred to [15].
transversal periods are identical, referred to [15].
The smallest SWs for the 40-, 30-, and 20-layer configurations are found at the longitudinal
periods Dz of 0.22, 0.24, and 0.3 m, respectively. The corresponding variances of the SWs at the
specific Dz, highlighted by white dashed lines in Figure 3a, are shown in Figure 3b. The optimal
Amps of these three harmonic structures with N = 40, 30, and 20 are 0.19, 0.275, and 0.435 m,
respectively. As a result, in the three configurations with the different layer numbers, the 40-layer
structure presents the smallest SW of 9.32° where BW of 1  is considered.
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Figure 3. (a) The SWs of autocloning-mode-based PhCs structures with different amplitudes of
Figure 3. (a) The SWs of autocloning-mode-based PhCs structures with different amplitudes of
harmonic modulation and longitudinal periods Dz for different layer structures. The smallest SW can
harmonic modulation and longitudinal periods Dz for different layer structures. The smallest SW
be obtained at Dz indicated by the dashed white lines. (b) Variation of the SW as a function of Amp at
can be obtained at Dz indicated by the dashed white lines. (b) Variation of the SW as a function of
Dz indicated by the dashed white lines in (a).
Amp at Dz indicated by the dashed white lines in (a).
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Furthermore, the diffraction efficiency for the center of the filtered beam is also considered as
depicted in Figure 4. The variations of the SW and DEt0 with respect to Dz are studied for the three
different configurations of the wavy structures. The SWs of 9.32◦ , 10.18◦ , and 12.68◦ and DEt0 values of
42%, 60%, and 58% are achievable for the 40-, 30-, and 20-layer structures, respectively. Although the
narrowest SW of 9.32◦ of a filtering beam is achievable by the configuration with 40 layers, it brings in
the lowest diffraction efficiency.

Crystals
FOR PEER REVIEW
Crystals2019,
2019,9,9,x585

55of
of99
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Figure 5. 2-D maps of normalized far-field distributions with respect to the angle of incidence and
Figure 5. 2-D maps of normalized far-field distributions with respect to the angle of incidence and
transversal period Dx for the multilayered structures with 40 layers (a), 30 layers (b), and 20 layers (c).
transversal period Dx for the multilayered structures with 40 layers (a), 30 layers (b), and 20 layers
In the 40-layer structure, the minimum FWHM is 9.23◦ at Dx = 1.69 µm with the DEt0 of 39%. In the
(c). In the 40-layer structure, the minimum FWHM is 9.23° at Dx = 1.69 m with the DEt0 of 39%. In
30-layer structure, the minimum FWHM is 8.89◦ at Dx = 1.7 µm with the DEt0 of 60%. In the 20-layer
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Therefore, the optimizing results not only present the best spatial
approach
to previous
a manufacturing
filtering to narrow the SW, but also demonstrate the use of the structures with fewer layers is a
more feasible approach to a manufacturing process.
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simulation domain along the z-direction. A plane wave incidence is used in the RCWA simulation.
The far-field distribution is obtained by using two methods. First, the FDTD method provides
Appendix A. Method
steady-state near-field distributions at an output plane while an incident Gaussian beam with a BW
The diffraction
efficiency
zero-order
transmission
is calculated
by using
the RCWAnear-field
method,
considered.
Second, we
use theof
discrete
Fourier
transform (DFT)
to convert
the steady-state
which solvestofull
vectorialdistribution.
versions of The
Maxwell’s
equations.
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covers aofwide
range of
scattering
distribution
the far-field
SW is defined
as the
the far-field
distribution.
problems
on
the
wavy
structures
with
horizontally
periodic
boundary
conditions
and
vertically
The Gaussian beam is launched at the position of 1 µm above the wavy structure. The horizontal
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simulation domain is equal to 50 periods of the proposed wavy structure and the vertical boundary
condition is the PML.
References
1.
2.
3.

4.
5.
6.
7.
8.
9.
10.
11.
12.

13.
14.

15.
16.

17.
18.

19.

Yablonovitch, E. Inhibited Spontaneous Emission in Solid-State Physics and Electronics. Phys. Rev. Lett.
1987, 58, 2059–2062. [CrossRef] [PubMed]
Sajeev, J. Strong localization of photons in certain disordered dielectric superlattices. Phys. Rev. Lett. 1987,
58, 2468–2489.
Luo, Z.; Tang, Z.; Xiang, Y.; Luo, H.; Wen, S. Polarization-independent low-pass spatial filters based on
one-dimensional photonic crystals containing negative-index materials. Appl. Phys. B 2009, 94, 641–646.
[CrossRef]
Colak, E.; Cakmak, A.O.; Serebryannikov, A.E.; Ozbay, E. Spatial filtering using dielectric photonic crystals
at beam-type excitation. J. Appl. Phys. 2010, 108, 113106. [CrossRef]
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