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Particle swarm optimization and its application to the design of a
compact tunable guided-mode resonant filter*
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A compact tunable guided-mode resonant filter (GMRF) in the telecommunication region near the 1550 nm wave-
length is proposed in this paper. Particle swarm optimization (PSO) is used to design the GMRF. The tunability of the
GMREF is achieved by an MEMS-based physical movement (in the horizontal or vertical direction) combined with an in-
cident angle in a certain range. The results show that the resonant wavelength tuning of 110 nm (140 nm) is obtained by
horizontal movement of 168 nm (vertical movement of 435 nm) combined with an about 11° variation of incident angle.

Keywords: guided-mode resonant filter (GMRF), particle swarm optimization (PSO), tunable filter, rigorous

coupled wave analysis (RCWA)
PACS: 78.20.Bh, 78.20.Ci, 42.25.Fx

1. Introduction

Guided-mode resonant filter (GMRF) has received more
and more attention recently because of its distinct advan-
tages, such as high diffraction efficiency, narrow band, spec-
tral or color sensitivity, etc.!!=%! Particularly, GMRF with sub-
wavelength grating is of the most interest for the ability to con-
centrate the energy, allowing only 0"-order propagation.!”!

One of the important and desirable features of the GMRF
is its resonance tunability. The characteristics of the reso-
nance tuning are dependent on several parameters, includ-
ing the grating period, layer thickness, incident angle, refrac-
tive index of the material, and surrounding media. There-
fore, a tunable GMRF device can be achieved by control-
ling these parameters. Uddin experimentally demonstrated an
angle-tuned GMREF color filter, which exhibited blue, green
and red color responses at incident angles of 8°, 20°, and
35°, respectively.l¥] One year later, he designed and fabri-
cated a highly efficient tunable filter for three different grat-
ing periods.!”) Sang ef al. proposed a novel bandwidth tun-
able GMREF based on a contact coupled gratings with the ab-
sentee layers at oblique incidence.!'”! Lin and Huang fab-
ricated and characterized a linear variable filter based on a
GMREF with gradient grating periods.[!'l A tunable GMRF
for incident wave with arbitrary polarization was achieved by
placing two identical waveguide gratings close to and their

U2l There were also a

grooves perpendicular to each other.
few tunable GMREF devices proposed by utilizing electro-optic
effect!!314] and thermo-optic effect.!'>! Furthermore, MEMS-
based GMREF can also achieve the tunable functionality. For
example, a tunable double-grating resonant leaky mode micro-

electromechanical-type element was proposed by Magnusson
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and Ding in 2006, in which a significant level of tunabil-
ity was demonstrated by adjusting mechanically the struc-
tural symmetry of the grating profile; an MEMS-tunable leaky
mode structure had been investigated for applications in mul-
tispectral and hyperspectral imaging.!!”! However, the struc-
tures mentioned above are complex, which will increase the
difficulty in manufacturing and cost.

In this paper, a compact tunable GMREF in the telecommu-
nication region near the 1550 nm wavelength is proposed, and
particle swarm optimization (PSO) method is used to design
this structure since it is a robust, stochastic evolutionary strat-
egy. The designed tunable GMREF is achieved by an MEMS-
based motion in the horizontal and vertical direction combined
with an incident angle in a certain range. It should be noted
that the MEMS operation and design are both out of scope of
our work and only tuning by MEMS concept is treated in this

paper.

2. Design methods

The proposed tunable GMRF consists of a sub-
wavelength grating layer which is placed on a substrate as
shown in Fig. 1. The A and d denote the period and thickness
of the grating, respectively, ny and ny, are the refractive indices
of the materials in the grating region, respectively. Also, n
and ng refer to the refractive indices of the cover and substrate
media. Classic incidence is the precondition in this paper as
shown in Fig. 1(a), which means that the incident wave vec-
tor is in the xz plane with an azimuthal angle o = 0°.[!8 The
0 is the incident angle measured from the z-axis in the plane
of incidence. The polarization of the E vector is oriented in a
polarization plane normal to the direction defined by K, where
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¢ = 0° corresponds to the s-polarization and ¢ = 90° is for
the p-polarization. Here, we treat the case of an s-polarization
incidence.

horizontal tuning (F2)

vertical tuning (z)

Fig. 1. (color online) Schematic structure of the tunable filter based
on GMR effect, showing (a) three-dimensional view of the structure,
and (b) cross sectional view of the element in the XZ plane, with the
parameters of ny =2.5,ng =1.4,n, =n.=1l,and @ = ¢ =0°.

One period of the grating layer is composed of a mobile
fraction with fill factor F2 inside an air groove with fill factor
F1 as illustrated in Fig. 1(b). In addition, F2 fraction attached
to the substrate can be moved by the conceptual MEMS mech-
anism in two directions, horizontal and vertical. Meanwhile,
the structural parameters of the GMREF, including the period
and thickness of the grating, width of the mobile fraction F2
and air groove F1, remain constant in the moving process. The
movement in the horizontal direction can lead to the varia-
tion in grating profile symmetry and the vertical movement
can make alteration in the total grating layer thickness. As
the substrate moves through MEMS actuators, the position of
the F2 fraction in the structure changes, the distributions of
the refractive index in the grating layer and the symmetry of
the profile also change, and finally the location of the resonant
wavelength on reflectance spectrum is varied.

In order to obtain optimal structural parameters, we
choose the PSO method!!>?! to design this GMRF since it
is a robust, stochastic evolutionary strategy and has been uti-
lized in electromagnetic design problems. The basic solution
process of the PSO can be divided into four steps as shown in
Fig. 2.

start

v

initialize the size, the velocity and

the position of the particle swarm

v

calculate the fitness function for each particle; find

the optimal value of each particle and the global

optimal value of the whole group.

Y

update the velocity and position

of the particle

satisfy the end conditions

show the outputs

Fig. 2. Basic optimal steps of the PSO.

Firstly, we need to set the particle swarm size, the maxi-
mum velocity range, and the whole search space. The velocity
Vi and position Xy, of each particle can be randomly initialized
in the velocity range and the whole search space. The period
and thickness of the grating layer as well as the widths of F1
and F2 fractions need to be optimized in this paper. Thus, the
dimension of the particle is 4. In addition, the number of parti-
cles in the swarm is set to be 20. Velocity is the rate of a parti-
cle’s position change which is set to be between —1 and 1. The
whole search spaces of the structural parameters, i.e., grating
period, grating thickness, widths of F1 and F2 fractions are set
to be 0.8-1.3 um, 0.1-2.0 um, 0.5-1.0 um, and 0.1-0.5 pum,
respectively, according to the resonant wavelength. Secondly,
we need to calculate a fitness function (FF), the best previous
particle position (Pes) and the position of the best particle in
the swarm (Ghes ). The FF is defined and determined for each
particle according to its optimization parameters in order to
evaluate the quality of particles. Here, the FF is taken to be a
root mean square (RMS) error function

1
FF = \/M Z [Rdesired (A1) — Rdesign(/l)]za (1)
Ai

where M is the number of the wavelength points, Rgegireq and
Raesign are the target reflection and the calculated reflection by
PSO, respectively. Rigorous coupled-wave analysis (RCWA)
is carried out for the calculating of the designed reflection.
Forty-one wavelength points (i.e., M = 41) are used for FF

037801-2



Chin. Phys. B Vol. 27, No. 3 (2018) 037801

calculations and 21 diffraction orders are retained for analysis.
The By is set initially to be the first random particle position
Py, and if FE(XKH1) is better than FF(P,,), then Py, = XX+,
where XX*1 is the particle position in (k- 1)th iteration in step
3; Ghpegt 18 kept as the best position G of the swarm, and if the
best of FF(Py,) is better than FF(G), then G is the best of Py,.

In Step 3, we need to update the velocity and position.
The particle position and velocity in (k + 1)th iteration are
modified as follows:

VEH = @V 4 cprand, () (B, —X%)
+corandy ()(G — X1),
Xk = xk L yhriag 2)

where o, c1, and ¢, are the inertia weight, cognitive and so-
cial rates with the corresponding values of 0.5, 1.49, and 1.49,
respectively. rand; () and rand;() are two uniformly distributed
random numbers with values between 0 and 1. In addition, At
is the time step, and we consider Ar = 1.0. Finally, the total
iterations are set as the end condition: the calculate process
will turn to step 2 if it cannot meet the given iterations; on
the contrary, it will show the outputs if the given iterations are
completed.

3. Results and discussion

The (x1, y1, z1) is assumed to be the coordinate of the
F2 fraction. Here the inner F2 fraction is considered to be in
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Fig. 3. (color online) (a) FF of the best particle (Gbest) versus the num-
ber of iterations for the reflection filter, and (b) reflectance spectrum
of the designed filter by PSO co-plotted with the target spectrum. The
incident angle is 6 = 0°.

the middle of F1, with (x;, yi, z1) being (0, 0, 0). For the de-
sign of GMRF with a normal incidence, four parameters need
to be optimized by PSO: {A, d, F1, F2}. After 1000 iterations
by PSO method with code written in MATLAB, FF of the best
particle reduces to about 0.09 as illustrated in Fig. 3(a), with
filter structure being {1 pm, 1.8799 um, 0.876 pm, 0.1 pm}.
Figure 3(b) demonstrates the reflectance spectra of the de-
signed filter and a target which is a reflection filter (wavelength
ranging from 1.45 pm to 1.65 um) with a ~ 5 nm linewidth
as indicated by the red dotted line in Fig. 3(b). A commercial
software package (R-soft DiffractMOD) based on the rigorous
coupled wave analysis method (RCWA) is used to model the
optical responses of the designed GMRF.
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Fig. 4. (color online) (a) Color-coded map illustration of resonance tun-
ing R(A,x1) while holding y; = z; = 0, and (b) reflectance spectra for
various values of x;. The incident angle is 6 = 0°.

Figure 4 shows results of reflection spectra with F2 frac-
tion moving in the horizontal direction. To simulate this ac-
tion, x| parameter is set to be varied from —0.2 pum to +0.2 um
and y; and z; parameters are both assumed to be constant
(v1 = z1 = 0). Resonant wavelength tuning versus x; variation
R(A,x1) is depicted in Fig. 4(a). According to this figure, the
reflectance map is symmetric around (x; = 0). It means that,
for instance, the physical situation for x; = 0.1 pm is the same
as x; = —0.1 um. Hence the tuning with horizontal motion
varies the symmetry of the structure profile by changing x; pa-
rameter within the —0.2 um—+-0.2 um. Figure 4(b) illustrates
four reflectance spectra from the reflectance map in Fig. 4(a).
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These reflectance spectra display fairly narrow resonances. As
depicted in Fig. 4(b), the location of the resonance can be ad-
justed about 70 nm in the 1.48 um-1.55 pwm range, through a
horizontal movement of 168 nm via MEMS actuators. Also,
reflection efficiency of the shifted resonance remains constant.

In addition to the movement in the horizontal direction,
the inner F2 fraction attached to the substrate could also be
moved vertically via MEMS elements. Here we only treat the
case of downward movement, and z; parameter is used to mea-
sure this movement. Figure 5 shows the reflection spectra with
F2 fraction movements in the vertical direction, and x1, y; pa-
rameters are assumed to be constant (x; = y; = 0). Figure 5(a)
depicts the resonant wavelength tuning versus z; parameter
variation R(4,z1). As shown in this figure, the structure has
a tunability of 100 nm in the 1.45-1.55 pm region through
435 nm of vertical movement. Four reflectance spectra for dif-
ferent z; parameters in Fig. 5(a) are shown in Fig. 5(b).
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Fig. 5. (color online) (a) Color-coded map illustration of resonance tun-
ing R(A,z;) while holding x; = y; = 0, and (b) reflectance spectra for
various values of z;. The incident angle is 6 = 0°.

To study the angular sensitivity, structure responses under
different values of incident angle (0) are simulated while hold-
ing x; =0, y;1 =0, and z; = 0, and the results are illustrated
in Fig. 6. According to the two-dimensional (2D) color map
in Fig. 6(a), the reflectance is also symmetric around (6 = 0°),
that is, for example, the diffraction situation for 8 = 10° is the
same as for 6 = —10°. Figure 6(b) illustrates four reflectance
spectra under incident angles of 0°, 4°, 8°, and 11° from the

reflectance map in Fig. 6(a). The resonant wavelength can be
tuned from 1.55 pum to 1.59 pm through about an 11° varia-
tion of incident angle. These reflectance spectra display fairly
narrow resonances with high diffraction efficiency (100%).
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Fig. 6. (color online) (a) Color-coded map illustration of resonance tun-
ing R(A, ) while holding x; =y; =z; = 0, and (b) reflectance spectra
for various values of incident angle 6.

Since the movement (168 nm) of F2 fraction in the
horizontal direction can tune the resonant wavelength from
1.48 um to 1.55 pum as shown in Fig. 4, and about an 11°
variation of incident angle can tune the resonant wavelength
from 1.55 pum to 1.59 um as depicted in Fig. 6, it is pos-
sible to achieve 110 nm of resonance tuning if we combine
the two tuning strategies. At the same time, it is also possi-
ble to achieve 140 nm of resonance tuning in a 1.45-1.59 um
wavelength range, by combining a vertical motion of 435 nm
(Fig. 5) and about an 11° variation of incident angle (Fig. 6).

4. Conclusions

A compact tunable GMRF in the telecommunications re-
gion near the 1550 nm wavelength is proposed in this paper.
The PSO method is used to design this structure, in order
to obtain optimal structural parameters. The MEMS-based
physical movement of F2 fraction is achieved in the horizon-
tal and vertical directions. The results show that the location
of the resonance is shifted by about 70 nm (from 1.48 pum
to 1.55 wm) and 100 nm (from 1.45 pum to 1.55 wm), with a
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horizontal movement of 168 nm and a vertical movement of

438 nm, respectively. In addition, the resonant wavelength is

tuned from 1.55 pm to 1.59 um through about an 11° variation

of incident angle. Therefore, this dynamic structure is a good
candidate for tunable filters, by combining the MEMS-based
physical movement with a variation of incident angle.
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