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Design of resonant waveguide grating filter

with reflection and transmission modes
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Abstract: At present, narrow-band filter based on resonant waveguide grating structure applied to biosensors
can only achieve a single filter mode of reflection or transmission. In order to expand the variety of samples
and improve the accuracy of the samples testing, a resonant waveguide grating filter with both reflection and
transmission modes was designed based on the guided mode resonance effect. Firstly, based on the classical
one-dimensional resonant waveguide grating structure, a filter with convertible reflection-transmission mode
at the same wavelength (632.8 nm) was designed by adjusting the incident conditions. In both modes, excel-
lent filtering performance was presented, spectral efficiency was higher than 98%, and Q factor was greater
than 1000. Then, the resonance mechanism for that the same device can realize two filtering modes was ana-
lyzed. The results showed that the reflection and transmission narrow-band filtering modes could be conver-
ted at the designed wavelength with the same resonant waveguide grating structure under different incident

conditions.
Key words: resonant waveguide grating; guided mode resonance; reflection mode; transmission mode; clas-

sical incidence; full conical incidence
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1 Introduction

Resonant waveguide grating is composed of a
waveguide and a dielectric grating. Due to the inter-
action between the two components, the outgoing
spectrum shows many unique optical characteristics
when the light is incident on the device. This has be-
come an important branch of label-free bio-sensing
field"*. In the biosensor system, resonant wave-
guide grating is used as narrow-band filter to usu-
ally check the samples by observing the narrow-
band spectral drift before and after the sample at-
taching. In the early days, the researchers designed
the narrow-band filters in reflection or transmission
mode under classical incidence. Based on the reson-
ant waveguide grating structure, they designed and
developed the reflection filters that worked in differ-
ent wavebands®”. In the design, the period and fill
factor of sub-wavelength grating, as well as the
thickness and refractive index of grating and wave-
guide layer were adjusted to realize the reflection
filtering function at a certain wavelength. In addi-
tion, a transmission filter was realized based on a
more complex resonant waveguide grating structure
that combined the multilayer high-reflection film
structure with waveguide grating or adopted a grat-
ing in strong modulation™"'",

The filters with the above two modes were both
designed by changing the structural parameters of
resonant waveguide gratings. In fact, as the reson-
ant waveguide grating contains a periodic sub-
wavelength grating layer, the spectral performance
of the device is also strongly affected by the incid-
ent azimuth. Therefore, in recent years, the design

doi: 10.37188/C0.2020-0072

of resonant waveguide grating devices under conic-
al incident condition has become a research hotspot.
The studies in this field mostly focus on the design
of reflection filters, such as polarization-independ-
ent reflection filters!"'"'? and tunable reflection fil-

13-14]

ters!”'4. The research group has developed the

transmission filter of one-dimensional resonant
waveguide grating under full conical incidence!.
All the above resonant waveguide grating filters can
only achieve a single reflection or transmission fil-
tering function, so that when applied in the field of
biosensors, they can only reflect or transmit light in
the samples for sensing measurement. If a same fil-
ter device has both reflection and transmission fil-
tering functions, its detection range will be greatly
expanded, so that it can measure both the reflection
and transmission properties of the sample. There-
fore, in this paper, the classical and full-conical in-
cident conditions will be combined to analyze the
guided-mode resonance mechanism of a classical
one-dimensional single-layer resonant waveguide
grating. Taking the wavelength of 632.8 nm as an
example, a narrow-band filter that can realize the
conversion between reflection and transmission
modes at the same wavelength has been developed,
so as to expand the application scenarios of reson-
ant waveguide grating filter and further promote its

application in the bio-sensing field.

2 Design of a reflection-transmis-
sion convertible filter

2.1 Structure and design approach

Due to its simple structure and easy prepara-
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tion, one-dimensional resonant waveguide grating is
most commonly used to design narrow-band filter.
Therefore, this classical structure model is adopted
in this paper to analyze the resonance mechanism
and design the reflection-transmission convertible
filters. In order to obtain the narrow-band filter with
the working wavelength of 632.8nm, the design is
mainly carried out in two steps. At first, a transmis-
sion filter with good performance is obtained by op-
timizing the structural parameters and incident con-
ditions. This is because, compared with reflection
filtering, the transmission filtering of a resonant
waveguide grating is relatively difficult to realize
unless the incident angle is large within a certain
range'”. And then, based on the structural paramet-
ers, the reflection filtering is realized by changing
the incident conditions (azimuth and incident angle).

As shown in Fig. 1, the one-dimensional
single-layer resonant waveguide grating consists of
a substrate and a grating layer. Based on the above
design method, the optimized structural parameters
are as follows: the refractive indices of the grating
ridge and slot in the rectangular grating layer are
ny = 1.72 and n = 1.50 respectively, the thickness
of grating layer is d = 179 nm, the grating period is
A = 564 nm, and the fill factor is £ = 0.6. In this
structure, the grating layer also acts as the wave-
guide layer. According to the equivalent medium

[16

theory!'?, its equivalent refractive index for Trans-

verse Electric (TE) polarized light is approximately
Reg = m = 1.636. The refractive indices
of the covering layer and substrate are n, = 1.0 and
ng = 1.50 respectively. The TE polarized light is ob-
liquely incident from the top of the device. The azi-
muth and incident angle of incident light are de-
noted by ¢ and @ respectively. The azimuth ¢ is the
included angle between the incident plane and the
grating vector (in x-axis in Fig. 1). The incident
angle @ is the included angle between the incident

light and the normal line of the incident plane.

Fig. 1 Structural diagram of single-layer resonant wave-
guide grating (Structure parameters: ny = 1.72, n =
1.50, d =179 nm, A4 = 564 nm, /= 0.6, n. = 1.0, n, =
1.50)
B R IR SO A R B (S 2 H ny =
1.72, n, = 1.50, d = 179 nm, 4 = 564 nm, = 0.6, n, =
1.0, ng=1.50)

2.2 Calculation results and discussion

The transmission spectral characteristics of the
structure designed in Fig. 1 can be calculated by us-
ing Rigorous Coupled-Wave Analysis (RCWA)!'7 ",
In order to achieve the reflection filtering function at
a single wavelength of 632.8 nm and ensure no oth-
er resonance within the spectral range of 100 nm,
the adjustable range of incident angle is defined as
20°~25° under classical incidence (¢ =0°). As
shown in Fig. 2(a), as the incident angle increases,
the resonance wavelength will decrease gradually,
and the transmittance at the resonance wavelength
will stay at an extremely low level. When the incid-
ent angle is large, the transmission filtering func-
tion can be realized under full conical incidence
(¢ = 90°)"), Therefore, the structural parameters as
shown in Fig. 1 are still adopted and the incident
condition is changed into full conical incidence (¢ =
90°). As shown in Fig. 2(b), when the incident angle
between 80°~89° increases, the resonance peak will
drift to the short-wave direction, and the sideband
transmittance will gradually decrease. However,
when the incident angle is close to 90°, the transmit-
tance of resonance peak will decrease due to the
weakening of the coupling between evanescent

higher-order diffraction wave and guided mode. As
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shown in Fig. 2(b), when the incident angle is less

than 88°, the peak transmittance is greater than 95%.
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Fig. 2 Transmission spectra for different incident angles

(a) classical incidence; (b) full conical incidence
K2 AFEASHA T RESOEIEE (a) 2 AL (b)2[H
HEAST

The above analysis results show that, for reson-
ant waveguide grating devices with the same struc-
tural parameters, it is possible to realize the conver-
sion between reflection and transmission filtering
modes by adjusting the incident conditions. Under
the two incident conditions, the resonance wave-
length can be changed by adjusting the incident
angle. To realize the conversion between reflection
and transmission filtering modes at the same
wavelength (632.8 nm), the relationship between
resonance wavelength and incident angle under the
two incident conditions has been further analyzed.
The analysis results are shown in Fig. 3. As shown
in Fig. 3(a), under classical incidence, the reson-
ance wavelength will decrease almost linearly as the

incident angle increases. When the incident angle is

22.28° the resonance wavelength is 632.8 nm. As
shown in Fig. 3(b), under full conical incidence, the
resonance wavelength will gradually decrease as the
incident angle increases. When the incident angle is
86.08°, the resonance wavelength is 632.8 nm. Thus,
when the incident angles under classical and full
conical incident conditions are 22.28° and 86.08° re-
spectively, the resonant waveguide grating device
has both reflection and transmission narrow-band

filtering functions at the wavelength of 632.8 nm.
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Fig. 3 Relationship between resonance wavelength and in-

cident angle. (a) Classical incidence; (b) full conic-

al incidence
B3 AR KA AAE L, () ZHEAS; (b) 2
HEA S

The Oth-order transmission spectra of the re-
flection-transmission convertible narrow-band filter
is shown in Fig. 4. It can be seen that the spectral
characteristics under classical and full conical incid-
ent conditions are opposite. Under classical incid-
ence, the designed resonant waveguide grating

structure is characterized by reflection filtering, and
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the wavelength corresponding to transmission val-
ley is 632.8nm. At this wavelength, the transmit-
tance is only 1.9%, the linewidth is 0.58 nm, and the
Q factor is 1090. Under the condition of full conic-
al incidence, the same structure is characterized by
transmission filtering, with a peak wavelength of
632.8nm, a peak transmittance of 98%, a linewidth
0f 0.35 nm and a Q factor of 1 808. The designed fil-
ter has excellent spectral performance in both reflec-

tion and transmission filtering modes.
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Fig. 4 Transmission spectra under different incident condi-

tions
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2.3 Analysis of resonance mechanism

Based on the principle of guided mode reson-
ance, we used the MATLAB to analyze the reson-
ance mechanism of the above reflection-transmis-
sion convertible filter under different incident condi-
tions. According to the phase matching condition,

we obtained!"!;

A A
B.=k, \/ng sin’ 0+ 2n, sinecosgoix + izﬁ’ (D
where S, is the propagation constant of the m-th
guided mode; ky = 2m / 4; 4 is the wavelength of in-
cident light; and i is the diffraction order. For clas-

sical incidence, the Eq. (1) can be simplified as:

FEE
Bu =k, \/nz sin® 0+ 2n,sin@ i— + i2—
¢ A A

A
o fnsino+i2). 5
n, sm +lA

For full conical incidence, the Eq. (1) can be simpli-

fied as:

FB
B. =k, n§sin20+i2E. (3
According to the Eq. (3), the guided modes ex-
cited by *ith-order diffraction waves under the con-
dition of full conical incidence are degenerate.
Then it is combined with the eigenvalue equa-

tion of single-layer waveguide grating™:

k 5
tan(k.d) = 2Ot g 4

k2 = ¥On

2 k 2 + 26
tan (k) = 2B T 0 gy s

4
n?n%kz - nell"’yrndm

s c m
Yo =B, —kn)'", k= (king =)™ and

0n = (B2, —k;n?)"? are the wave numbers along the z-

where

axis direction in the cover layer, grating layer and
substrate respectively. Under classical incidence, TE
polarized-light incidence can only excite the TE
guided mode in the waveguide layer. The curves in
Fig. 5(a) are the positions where the +1st-order and
—Ist-order diffraction waves resonate with the TE,
guided mode, as estimated according to Eq. (3) and
Eq. (4), and are expressed as TE,; and TE re-
spectively. For the designed single-layer resonant
waveguide grating structure d/A = 179/564=0.3174
(expressed as dotted line), the intersections of the
dotted line and curves are the positions where the
filter structure resonates under classical incidence. It
can be seen from Fig. 5(a) that the dotted line only
intersects the TE,,, curve and that the point of in-
tersection corresponds to the narrow-band reflec-
tion filtering wavelength of 632.8 nm. This indic-
ates that, under this incident condition, only the res-
onance between +lst-order diffraction wave and
TE, guided mode will occur in the designed struc-
ture. Different from classical incidence, the full con-
ical incidence of TE polarized light can excite the
TE, and TM,, guided modes'"". Under the condition
of full conical incidence, the guided modes excited

by <ith-order diffraction waves are degenerate,
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namely, TE,, o and TE_,  are degenerate into TE, ,,
and TM,,, and TM_, , are degenerate into TM, .
The curves in Fig. 5(b) are the positions where the
diffraction waves resonate with the TE, and TM,
guided modes, as estimated according to Eq. (3), Eq.
(4) and Eq. (5). Similarly, the intersections of the
dotted line and curves are the resonance positions of
the designed filter structure. As seen from Fig. 5(b),
the dotted line only intersects the TE,, curve and
the point of intersection corresponds to the narrow-
band transmission filtering wavelength of 632.8 nm.
This indicates that, under this incident condition, the
designed structure has only one resonance peak,
which is caused by the resonance between *1st-or-

der diffraction waves and TE, guided mode.

) i
200 25 E i
LR TE,,
e TE 1,
<~ 16}t
=
14} L
12f i

1.0 1 H 1 1 1

MA

1.0 L L L L
0

0.2 0.4 0.6 0.8 1.0
d/IA

Fig. 5 Resonance locations estimated based on phase
matching condition and eigenvalue equation. (a)
Azimuth: 0° incident angle: 22.28°% (b) azimuth:
90°, incident angle: 86.08°

BlS 3 AR UG FC 2 A0 AR AIE D5 AR A 55 1) L IR 107

(a) Fr i fiy 0°, Adft A 22.28° (b) J7 i ff 90°, ASH
86.08

The Fig. 6 (color online) shows the electric
field spatial distribution of a one-cycle resonant

waveguide grating structure in the x-z plane. As

shown in the figure, under classical and full conical
incident conditions, the evanescent higher-order dif-
fraction wave is coupled with the TE, guided mode
due to phase matching, so the resonance behavior
occurs at the wavelength of 632.8 nm. Under the
two incident conditions, local electric field enhance-
ment is observed in the grating-waveguide layer,
and the enhanced electric field gradually penetrates
the substrate. The difference under the two condi-
tions is that the electric field penetrates the sub-
strate more strongly under full conical incidence.
This indicates that the coupling between diffraction
wave and guided mode in the resonant waveguide
grating structure under full conical incidence is
weaker than that under classical incidence, resulting
in a narrower linewidth in the transmission filtering

mode (as shown in Fig. 4).

‘min

Fig. 6 Spatial distribution of electric field at the resonance
wavelength of 632.8 nm. (a) Azimuth: 0° incident
angle: 22.28% (b) Azimuth: 90° incident angle:
86.08°

K6 AR 632.8 nm LI As AR . (a) J5 (L

0°, AGtfh 22.28% (b)J5 (i ff1 90°, A 86.08°

3  Conclusion

In this paper, based on the theory of guided
mode resonance, a theoretical design method for
one-dimensional single-layer resonant waveguide
grating to realize the reflection-transmission con-

vertible narrow-band filtering is presented. In the
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case of TE polarized-light incidence, the same
device can realize the conversion between reflec-
tion and transmission filtering modes by adjusting
the azimuth and incident angle. Under classical in-
cidence, reflection filtering mode is observed when
the incident angle is 22.28° and the reflection filter-
ing at the resonance wavelength of 632.8 nm is
caused by the resonance between +1st-order diffrac-
tion wave and TE,, guided mode. Under full conical
incidence, transmission filtering mode is observed
when the incident angle is 86.08° and the transmis-
sion filtering at the resonance wavelength of 632.8

nm is caused by the resonance between +lst-order

—— 3Ok il ——
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diffraction waves and TE, guided mode. This meth-
od can also be applied to the design of reflection-
transmission convertible filter based on one-dimen-
sional multilayer resonant waveguide grating struc-
ture, and can be extended to any specified working
wavelength by adjusting the structural parameters
such as grating layer thickness and period. As this
design method makes two filtering modes available
for the same device, its use is expected to expand
the varieties of tested samples and improve the de-
tection accuracy of the samples in the bio-sensing

measurement.
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2.3 HIRMIEBSH

T FRILYRF B, A SCR H MATLAB #X
PR T L3R RS -2 5 T e 40 U I AR AE AN R A
ST IRALEL . ARSI O D E A,
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/12
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SR 1 SR IR
4 YR SO HI A Iy A,

k +90,
m ()/m m) , T

tan(k,d) = B 5
m ym m

E 4

n2 k. (n2y, +né,)

tan (k,d) = ™ (5

25922 4 ’
ns nc km - neﬁ’ymém

Hhy, =@ -kn)"?, k, = &2, —B2)", 6, = (B -
Kk2n?)' a3 AR 55 2 L B FIEL I 2 7l
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