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Incident angle-tuned filter based on 1D resonant waveguide

grating in full conical mounting

FAN Li-na", SHA Jin-qiao, CAO Zhao-liang
(School of Physical Science and Technology, Suzhou University of
Science and Technology, Suzhou 215009, China)
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Abstract: This paper proposes and demonstrates a tunable filter using full conical mounting. The designed
1D resonant waveguide grating presents a tunable single reflection peak. The peak reflectance can theoretic-
ally reach 100%. The resonant wavelength can be tuned from 642.5 nm to 484.6 nm by changing the incident
angle. The resonance between the 1st-order diffracted wave and fundamental transverse electric (TE) guided
mode generates the reflection peak. This feature was achieved by optimizing the grating thickness to support
the TE guided mode and suppress the transverse magnetic (TM) guided mode. The same concept can be ap-
plied to tunable filters with high dynamic range by increasing the thickness and period of grating in equal

proportion.
Key words: tunable filters; resonant waveguide gratings; incident angle; full conical mounting
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1 Introduction

Resonant waveguide gratings (RWGs) can
achieve narrowband reflection or transmission res-
onant spectrum by utilizing periodic grating to
couple the incoming light into a thin waveguide!'-?.
The filtered spectrum, including wavelength, line-
width, sideband, and intensity, can be tailored.
RWGs have been extensively investigated in di-
verse applications™* due to their highly adjustable
performance. High-efficiency tunable narrowband
filters'™® are desirable components in various bio-
medical and industrial applications since they allow
a device to be adapted to different wavelengths.
Some tunable narrowband filters based on one-di-
mensional (1D) and two-dimensional (2D) RWGs
have been proposed. The 2D structures have a cer-
tain complexity in modeling geometries and fabrica-
tion techniques®. The 1D structures show the po-
tential for easy fabrication using well-established
processes? %,

In this paper, the focus is specifically on tun-
ing the resonant wavelength of 1D RWGs. The ba-
sic approach is mechanically changing the grating

112 guch as the grating period!Y, to

parameters!
realize wavelength tuning. The active approach is to
implement thermo-optic'™! or electro-optic modula-
tion to induce a change in the refractive index.
Dynamically adjusting the incident angle!™'® and
azimuth angle!"”"® of the incoming light is another
promising approach to achieving wavelength tuning
for a given device. The light paths of incident angle
modulation in classical mounting is simple. How-
ever, the oblique incidence gives rise to the splitting
of a single resonant peak!"”. Azimuth angle modula-
tion can achieve polarization-insensitive filters™.
However, the approach requires adjusting the incid-
ent and azimuth angles on two dimensions.

1D RWGs are intrinsically angle-sensitive

21-22

devices?'#, The incoming light may lie in two spe-

cific incident planes, namely, classical mounting

(with the incident plane perpendicular to the
grooves of the grating) and full conical mounting
(with the incident plane parallel to the grooves of
the grating)**). In this paper, the incident light lies
in the full conical incident plane. The designed 1D
RWG exhibits effective wavelength tuning with the
incident angle’s variation under this incident condi-
tion. The proposed method can avoid the deficien-
cies of incident angle modulation in -classical
mounting and azimuth angle modulation in conical

mounting.

2 Tuning method and results

The proposed filter is based on a conventional
single-layer 1D RWG structure, as illustrated in
Figure 1. The substrate and the environment medi-
um surround the grating layer. The subwavelength
grating layer has a higher effective refractive index
than its surrounding media, so it also acts as a wave-
guide layer in the designed structure. The rectangu-
lar grating parameters are as follows: ridge refract-
ive index of the grating ny, groove refractive index
of the grating n;, grating period 4, fill factor f,
grating thickness d, refractive index of the substrate
n,, and refractive index of the environment medium
n.. The thickness of the substrate and environment
medium was assumed to be greater than the grat-
ing thickness. Rigorous coupled wave analysis
(RCWA)P9 was used to calculate the spectral re-
sponses for the proposed device in this paper. In ac-
cordance with the guided mode resonance (GMR)
effect, the position of the resonant wavelength can
be modulated by altering the above structural para-
meters?’ ", This paper aims to realize wavelength
tuning through the adjustment of incident condi-
tions such that the plane light wave irradiates the de-
signed 1D RWG at a variable angle in the specific
full conical mounting (¢ =90°). Through optimiz-
ing the structural parameters, the coupling between
diffracted waves and guided modes was realized at a

large range of incident angles.
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Fig. 1 Schematic diagram of 1D RWG in full conical
mounting. The structural parameters are ny = 1.8,
ny = 1.63, ng =146, n, = 1.0, d = 102 nm, /= 0.5,
and 4 =440 nm

In the case of non-full conical mounting, since
the asymmetry of the +ith-order diffracted waves,
resonance may occur between the evanescent +ith-
order diffracted waves and the guided modes with
different polarization states. On the contrary, full
conical mounting reduces the probability of reson-
ance by half because the guided modes excited by
the +ith-order diffracted waves are degenerated at
oblique incidence in full conical mounting™
However, the guided modes may have two polariza-
tion states (TE and TM) in full conical mounting™.
Here, the grating thickness was engineered to sup-
port the certain guided mode (fundamental TE),
which was excited by the symmetrical +1st-order
diffracted waves. After optimizing, the single reson-
ant peak could be ensured over a large range of in-
cident angles in full conical mounting.

The incident angle of TM-polarized incoming
light was changed to obtain different resonant
wavelengths from the same 1D RWG by a RCWA
algorithm. As shown in Figure 2 (color online), the
center wavelengths of resonant peaks drifted to
short wavelengths when the incident angle in-
creased. As the incident angle increased from 0° to
80°, the resonant wavelength (ig) tuning ranged
from 642.5 nm to 484.6 nm. The reflectance of res-
onant peaks remained almost constant at 100% as

the incident angle changed. This feature resulted

from maintaining the high coupling efficiency
between the diffracted wave and the guided mode
when the incident angle changed from 0° to 80°.
The sidebands of these resonant peaks first de-
creased and then increased with the increase in in-
cident angle. The mean sideband reflectance was
less than 20% in incident angle modulation, indicat-
ing that the sidebands can be effectively suppressed
from 0° to 80°. This feature reveals that TM incid-
ence can handle low sideband reflectance. The side-
band of the resonant peak was the lowest when the
incident angle was 60°, which can be explained by
the Brewster effect. According to the effective me-
dium theory, the effective refractive index of the

grating for the TM-polarized wave was n.g =

1/ \/(1 — f)/n2 + f/n3 = 1709, and the correspond-

ing Brewster angle was 59.66°, which is around 60°.
Furthermore, the reflection peak’s linewidth in-
creased with the increase in the incident angle.
When the incident angles were 0°, 20°, 40°, 60°, and
80°, the linewidths were 0.23, 0.36, 0.64, 0.90, and

1.82 nm, respectively.
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Fig. 2 Calculated reflection spectra with the incident angle
variation when the TM-polarized wave irradiates 1D

RWG in full conical mounting

For clarity, the normalized amplitude of the in-
ternal electric field (£,) profile at various resonant
wavelengths is plotted along with the correspond-
ing incident angles. Figure 3 (color online) illus-
trates the E, profile in a cross-sectional xz plane
over one grating period. The bound-guided mode
was the fundamental TE mode in the longitudinal

direction (z direction). The leaky guided mode along
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the structure formed lateral standing wave patterns
(x direction). They exhibited strong field localiza-
tion in the grating layer, that is, the waveguide layer
in the designed structure. This electric field distribu-
tion confirmed the mechanism of resonant
wavelength tuning. The change in incident angle
caused the occurrence of resonance at different
wavelengths. The standing wave patterns showed
local electric field strength. As shown in Figure 3,

the strongest field region gradually moved from the

substrate to the grating layer with the increase in in-
cident angle. This happened because the effective
refractive index of the fundamental TE guided mode
at the short resonant wavelength region was larger
than that at the long resonant wavelength region.
The bound ability of the waveguide layer to the
guided mode was significantly enhanced because
the refractive index of the waveguide layer became
higher compared with the refractive index of the

surrounding media.

_ ~
L.. .

Fig. 3 Internal electric field (E,) profile for (a) g = 642.5 nm (6 = 0°); (b) Ax = 578.6 nm (8 = 40°); (c) Ar = 484.6 nm (0 = 80°)

3 Analysis and discussion

In accordance with the basic principle of the
GMR effect, the phase-matching condition in full

conical mounting is

2

A
n2sin*6 + Ps (D

ﬂmsz

where S, is the propagation constant of the m-th
guided mode, ky = 2m/4, A is the wavelength of the
incident light, and i is the diffraction order. The ei-
genvalue equations of the waveguide are expressed

as

km()/m+6m),TE ’ )

tan(k,d) = 2 —yd

nzﬂrkm(ng')/m + ”35m)

tan(k,d) = ,IM (3

2,202 _ 4
nZnZkl — N YmOm

where yn = (B2 —kin2)'? | kyn = (kin; —B%)"* and
Om = (B —kin2)'? are the wave numbers along the

z-axis direction in the cover layer, grating layer, and

substrate, respectively.

The resonant wavelength can be approxim-
ately calculated by using the phase matching condi-
tion [Eq. (1)] and eigenvalue equation of the wave-
guide [Eq. (2) & Eq. (3)]. When the conditions are
satisfied, a certain order-guided mode may be ex-
cited by the certain order-diffracted wave. Figure 4
(color online) indicates the calculated resonant
wavelength positions for various incident angles
from 0° to 80°. The curves plotted in accordance
with the eigenvalue equation represent the relation-
ship between the resonant wavelength and grating
thickness, where the 1st-order diffracted wave res-
onated with the fundamental TE guided mode (de-
noted as TE,; ) under the irradiation of various in-
cident angles. The curves did not split under ob-
lique incidence because of the symmetry of +1st-or-
der diffracted waves in full conical mounting. The
straight line of d/4 =0.232 was calculated in ac-
cordance with the structural parameters. The inter-
sections of the curves and the straight line show the

resonant positions for the proposed structure with
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the changing incident angle. As shown in Figure 4,
all the curves moved down as the incident angle in-
creased. When the incident angle varied by several
given values, a point of intersection was always
found between the curve and the straight line. The
resonant positions corresponding to these intersec-
tions show excellent agreement with the resonant
wavelength in Figure 2. The resonance behavior was
sustained when the incident angle varied from 0° to
80°. Figure 4 reveals that the 1D RWG can perform
dynamic filtering by changing the incident angle in
full conical mounting. The eigenvalue equation is a
function of the propagation constant and depends on
the incident angle. With the occurrence of reson-
ance, the resonant wavelength changed in corres-

pondence with the incident angle variation.
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0 i 1 1 1 1 1 800’I’.l"Eln
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Fig.4 Calculated resonant positions based on the eigen-
value equation of fundamental TE guided mode at

different incident angles

The grating thickness was engineered to exhib-
it only single-mode propagation in the waveguide so
that the structure presented a single peak during the
modulation of the incident angle. This process was
performed to ensure nonchaotic tuning. RWGs may
support various guided modes with TE and TM
polarizations in full conical mounting. Similar to
Figure 4, we calculated the resonant positions on the
basis of the eigenvalue equation of fundamental TE
and TM guided modes through sampling at incident
angles of 0°, 40°, and 80°. As Figure 5 (color on-
line) shows, these curves moved down as the incid-
ent angle decreased regardless of the coupling
between the 1st-order diffracted wave and the fun-

damental TE guided mode or the fundamental TM

guided mode (denoted as TE,, and TM, ,, respect-
ively). The optimization of grating thickness proved
crucial in 1D RWG. When d/A was less than 0.228,
the grating thickness did not support the generation
of resonance. In that case, there was no initial peak
at normal incidence. And the peak only appeared
when the incident angle increased to a certain value.
When d/A was greater than 0.266, the 1st-order dif-
fracted wave resonated simultaneously with the fun-
damental TE and TM guided modes, resulting in the
formation of two peaks at the incident angle of 80°.
The value of d/A4 was within a certain interval of
0.228 to 0.266, which is marked by the red dotted
box in Figure 5. The single peak always comes from
the coupling of the 1st-order diffracted wave and the
fundamental TE guided mode. This supports the
idea that the single resonant wavelength can be

tuned at angles ranging from 0° to 80°.

0.6
0.5}
04+
=
3 0.3}
—0° TE,,
0.2} 0°, T™, ,
—40°, TE, ,
01l 402, ™, |
—80°, TE, ,
0 ——80°, TM, ,
1.0 1.1 12 13 14 15 16 1.7

Fig. 5 Calculated resonant positions based on the eigen-
value equation of fundamental TE and TM guided

modes at different incident angles

The proposed structure also performs a filter-
ing function when irradiated by TE-polarized in-
coming light; however, it is not optimal as an angle-
tuned filter in full conical mounting because it is
difficult to suppress the sideband reflectance when
the incident angle is adjusted. Here, the grating lay-
er is equivalent to a thin film layer. The sideband re-
flectance of RWG is essentially the reflectance of a
multilayer stack outside the resonant peak. This
means that outside the resonant peak, the RWG's re-
flectance can be understood in terms of the multilay-

er stack properties without the influence of the res-
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onant enhancement. We calculated the reflection
spectra of equivalent multilayer stacks with TE- and
TM-polarized incoming light at different incident
angles. For TE-polarized incidence, as Figure 6(a)
(color online) shows, the reflectance increased shar-
ply and monotonously as the incident angle in-
creased from 0° to 80°. At the incident angle of 60°,
the mean reflectance was approximately 30%. High
sideband reflectance affected the recognition of the
reflected filtering signal. For TM-polarized incid-
ence, as Figure 6(b) (color online) shows, the re-
flectance decreased as the incident angle increased
when the incident angle was lower than the Brew-
ster angle. The reflectance was almost zero near the
Brewster angle. Subsequently, the reflectance in-
creased as the incident angle increased. These res-
ults are consistent with the sidebands of resonant
peaks shown in Figure 2. For the same incident
angle, the reflectance with TM-polarized incoming
light was lower than that with TE-polarized incom-
ing light. This results from the strong suppression of
reflectance by the Brewster effect in the TM polariz-

ation state.

0.7F@TE g0
06L
o 051
Q
g
8 0.4}
S 03} B e 60
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0.2 e 40°
01| === e 20
0L~ . .
400 500 600 700
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Reflectance
o
=
=)
T

A/nm
Fig. 6 Reflection spectra of equivalent multilayer stacks at

different incident angles. (a) TE-polarized incid-

ence; (b) TM-polarized incidence

Figure 7 shows the resonant wavelengths for
various incident angles in full conical mounting to
explore the tuning performance. The data was fitted
by a cubic polynomial function. Here, the tuning
rate is defined as the shift of resonant wavelength
over the change in the incident angle (A/x/A6) in
nanometers per degree. The tuning rate was low in
the large angle areas of 75°-80° and small angle
areas of 0°—10°. The proposed 1D RWG can per-
form wavelength modulation when the incident
angle varies from 0° to 80°. The wavelength tuning
range is approximately 157 nm with a variable tun-

ing rate.

650

600 -

Ag/nm

500 -

40 60 80
/(%)

0 20

Fig. 7 Resonant wavelength as a function of the incident

angle

The tuning rate and range can be extended by
altering the value of d and 4 in the proposed struc-
ture. The thickness and period of grating increase
simultaneously in equal proportion. Here, the pro-
portionality factor is defined as k. The dispersion ef-
fect of materials is ignored. In this way, the reson-
ant spectra are similar in form to the spectra before &
value amplification, except for the peak’s resonant
wavelength position and linewidth. This resonant
spectrum has a wavelength of A} = kxAg with the
linewidth of FWHM' =kXx FWHM at the equival-
ent angle incidence. Figure 8 (color online) shows
the result of the resonant wavelength as a function
of the k value and the incident angle. With an equi-
valent incident angle, the resonant wavelength in-
creases linearly with the k£ value in a direct propor-
tion. In addition, the tuning rate and range increase
in proportion to the increase in k value. For the pro-

posed structure with k£ = 2.5, the other parameters
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are consistent with Figure 1. The tuning range is
from 1606.2nm to 1211.5 nm when the incident
angle varies from 0° to 80°. This result implies that
a broader spectral range may be reached by chan-
ging the thickness and period of grating without

considering the dispersion.

study of the tunable filtering characteristics of 1D
RWG in full conical mounting. A tunable reflection
filter with high performance was proposed and
demonstrated by incident angle modulation. The

full conical mounting provided the degenerated

guided modes excited by the +l1st-order diffracted

waves at oblique incidence. Under the condition
480

I593 1600 of this certain incident plane, the grating thickness
;(1)8 11400 was optimized to obtain a single resonant peak. It
(1930245 1200 g was also demonstrated that TM incidence exhibits
i 53? ;0(:)00 ¥ better suppression of sideband reflectance than TE
{‘3‘2‘7‘ 600 incidence for angle-tuned filters in full conical
1610 400 mounting. These factors, including incident condi-

Fig. 8 Resonant wavelength as a function of the k& value

tions and grating thickness, improved the filter’s

80

S
° 8 TS performance. Furthermore, the spectral dynamic
G0 N S
© range of the proposed method can be extended by
reconfiguring the thickness and period of grating.
and the incident angle . .
The numerical results demonstrate the achievement

of tunability over a wavelength range of roughly

4 Conclusion 1210 nm to 1600 nm. The proposed tunable filter
has potential applications in biomedical optical ima-
In summary, this paper describes a numerical ging.
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