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A bandpass filter with twin wideband channels in a single-layer guided-mode resonance grating is presented.
Strong refractive-index modulation is used to support the excitation of multimode resonances TE; o, TEq 1,
TE2,0, TE1,2, and TEs 1, which are excited by the first and second diffraction orders, relate asymmetrical
line shapes and broad low-transmission bands, where TE is the transverse electric. Taking advantage of
narrow linewidth and sharp edge line shape in the spectra of TEs ., (v is the mode), a bandpass filter with
form factors of 0.61 and 0.7 for long- and short-wave channels is presented to demonstrate this concept.
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Devices based on guided-mode resonance (GMR) for
their application potential have been extensively stud-
ied in recent years!'~'!. This GMR mechanism can
be applied in constructing a filter that has high diffrac-
tion efficiency and narrow linewidth arising from phase
matching. Most research to date has addressed the re-
flection properties of these elements, with the resonance
effect providing a high reflection peak or a wide reflec-
tion band. Considerably less attention has been paid
to resonant bandpass filters that have high transmissiv-
ity and wide bandwidth properties. In 2004, Ding et
al., presented a narrow bandpass filter based on double
resonance in a single-layer periodic waveguidel®”. The
full-width at half-maximum of the transmission peak was
2.2 nml%. Later, Sang et al. put forward the concept of
resonant enhancement transmission by the overlapping
of the edges of multiple leaky mode resonances. The
maxima of the twin transmission peaks were all approx-
imately equal to 41%![%.

In this letter, we present a single-layer resonant band-
pass filter that has twin wideband channels"® and very
high transmissivity, which are achieved using multimode
resonances. The form factors of transmission channels
can be modified through asymmetrical line shapes by in-
troducing the modes of high diffraction order to wide-
band high-reflection spectrum. The form factor (FF) is
defined as the ratio of bandwidths between 90% and 50%
of maximum transmissivity value, i.e., it is a measure of
how well the band approximates an ideal box shape. The
closer the ratio is to 1, the closer the passband is to a rect-
angular shape.

Figure 1 shows the scheme of the proposed single-layer
resonant bandpass filter, where ny and n; are the re-
fractive indices of the grating layer, n. and ng are the
refractive indices of the air and substrate, respectively, A
is the grating period, and D is the grating thickness. The
numerical method used to calculate the spectra is based
on rigorous coupled-wave analysis!!6l. For the transverse
electric (TE)-polarized normally incident plane wave, the
effective index of the periodic waveguide can be approx-
imately estimated by effective medium theory!'”), i.e.,
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e = [fn? + (1 — f)n?]*/?, where f is the fill factor. The
grating modulation is defined as (n? —n?)/(ni +n?). To
achieve resonance, waveguide modes should be generated
with the incident wave satisfying the phase-matching
condition of the periodic structure, that is

Bu/k = (nesinfy — mA/A), (1)

where (3, is the propagation constant of the mode, k is
the propagation constant in free space, and the integer
m represents the mth diffracted order. We express the
order-mode resonance as TE,, ,,, where v represents the
mode.

Using the homogeneous waveguide eigenfunction and
relationship expressed in Eq. (1), we plot the mode
curves drawn versus wavelength and grating thickness in
Fig. 2. For a given normalized filter thickness D/ A, the
locations of the GMR can be read off the plot, which has
high reflection peaks. By numerically tuning the parame-
ters such as A, D, and neg, we can modify the number of
modes and the locations of resonance wavelengths. The
modes of TE; ,, and TE, ,, are both present in the range
of A/A > 1, as shown in Fig. 2. That is, the high diffrac-
tion order appears at the resonance wavelengths.

The relative permittivity modulation of the periodic
waveguide can be expanded into a Fourier series as!®l
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Fig. 1. Scheme of the single-layer sub-wavelength grating un-
der TE illumination.
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Fig. 2. Estimated resonance locations based on the eigenfunc-
tion of the equivalent homogeneous Wavegulde 6 Parameters
used: ne=ns=1 and neg=3.19.

where g, is the gth Fourier harmonic coefficient, and
K = 2n/A. The grating harmonics |g,/¢¢| indicate the
coupling strength between the gth diffracted order and
the incident wave near resonance. The linewidths of the
resonances can be controlled by the coupling strength,
which is relevant to the grating modulation amplitude.
The wide reflection band occurs as a result of the cooper-
ation of several resonance modes excited by the strongly
modulated grating. Generally, a larger coupling strength
yields a wider linewidth.

Figure 3 shows two Fourier grating harmonics |eq/eq|
as a function of fill factor. Because |e1/eo| is always
higher than |e3/eg| for a periodic waveguide (the great-
est difference between the two is at f=0.5), TE;, has
wider reflection peaks and can be used to provide the
low-transmission background. Considering a numerical
example based on Fig. 2 and choosing a suitable param-
eter for D/A, we can select the numbers of modes and
introduce those of high diffraction order to the wideband
high-reflection spectrum. In this letter, the first and sec-
ond diffraction orders result in resonance responses with
asymmetrical line shapes/?l. We can use these consider-
ations to design the bandpass filter with twin wideband
channels and very high transmissivity (7' 2100%).

According to Egs. (1) and (2), when the effective in-
dex (neg=3.19) and fill factor (f=0.5) are kept constant
while the refractive indices of the grating layer are al-
tered, we can adjust the grating modulation and the
coupling strength depending on the Fourier harmonic
coefficient, and then change the resonance linewidths of
different modes.
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Fig. 3. Fourier grating harmonics |e4/c0| as a function of fill

factor!®. Parameters used: nh=4.4, ni=1.

Figure 4 shows the transmittance spectra of the sub-
wavelength grating with various modulation strengths
at D/A =0.39. The locations are indicated clearly in
logarithmic scale, seen on the right hand side of the plot
in Fig. 4(b). Figure 4(a) shows that the grating modula-
tion increases from 0.12 to 0.23 when n; decreases, which
results in the expansion of resonance linewidths and the
change in resonance locations, i.e., TE; o shows a blue-
shift; TE,,; and TE, ¢ approach each other; and TE; »
and TEy; show a red-shift. Using the analysis of Fig.
4(a) as basis, we show the spectra of the bandpass filter
with twin wideband channels in the strongly modulated
grating in Fig. 4(b). The grating modulation decreases
from 0.9 to 0.86 as n; increases. The leaky mode reso-
nances TE; ; and TE; ¢ correspond to a wide reflection
band; the same is observed for TE; > and TE5 ;. The
reflectivity is reduced while the overlap of each mode
gradually separates. In other words, wideband trans-
mission channels have higher sidebands. Because of the
small coupling strength and narrow bandwidth, sharp
edge line shapes are detected in the spectra of TEs ,,
indicating that the slope of the transmission channel for
m=2 is greater than that for m=1, as observed in the
short-wave passband shown in Fig. 4(b).

Because of the different coupling strengths (based on
Fig. 3), the resonance bandwidth associated with the
diffraction orders (m=1, 2) are also varied. To investi-
gate the form factor of the bandpass filter, we modify
the mode locations, change the separation of reflectance
bands, and take advantage of asymmetric line shapes
in the spectra of TE; ,, and TE;,. When the effective
index (neg=3.19) is kept constant while the D/A of the
grating layer is altered, we can modify the form factor of
the passband.

Figure 5 shows the spectra of the sub-wavelength grat-
ing with three different D/ A values: 0.08, 0.39, and 0.49.
As shown in Fig. 5(a) for D/A= 0.08, a wide transmis-
sion passband with very high transmissivity (7" > 99%)
arises from the overlap of the edges of leaky mode
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Fig. 4. Spectra of the sub-wavelength grating with differ-
ent modulation strengths. The parameters used A = 1.3 um,
f=0.5, D = 0.5 um, and n.=ns=1.
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Fig. 5. Transmittance spectra of the sub-wavelength grating
with (a) D/A=0.08, FF=0.361; (b) D/A=0.39, FF1=0.664,
FF2=0.678; (c) D/A=0.49, FF1=0.348, FF2=0.638. The pa-
rameters used in (d) are: 4 = 1.3 pm, f=0.5, D=0.5 pm,
nn=4.35, n1=1.2, and ny,=4.35, n1=1.2, and nc=ns=1.

resonances TE;, and TEyo. Given the gently slop-
ing transmission sidebands, the form factor is very small
(FF=0.361). With the increase in D/ A to 0.39, the trans-
mittance spectrum changes (Fig. 5(b)). Steep slopes are
observed for high-order modes TE; ;, TE; 1, and TE; 5
with asymmetric line shapes and narrow reflection bands.
The FF's of short-wave and long-wave passbands improve
(FF1=0.664 and FF2=0.678, respectively). Figure 5(c)
displays the transmission spectra at D/A=0.49. More
resonance modes and smaller separations are observed
between them (compared with those observed in Fig.
2) with FF;=0.348 and FF2=0.635. The parameters of
the final single-layer filter and the corresponding spectra
are shown in Fig. 5(d). The bandwidth of the short-
wave channel is 125 nm for T > 97% (A=1.425-1.55
pm), whereas that of the long-wave channel is 75 nm
for T > 99% (A=1.916-1.991 pm). The form factors
are FF1=0.7 and FF2=0.61, respectively. Of additional
interest is that the transmission line shape and the side-
band feature are kept almost constant as the grating
period is altered while D/A is preserved. Thus, we can
adjust the passband to the desired wavelength without
changing the spectral characteristics.

In conclusion, a twin bandpass filter in a single-layer

GMR grating is demonstrated using multiple leaky mode
resonances. We design the structure with wide band-
width channels and very high transmissivity. Through
the asymmetrical line shapes and high diffraction ef-
ficiency of high-order modes, we investigate the form
factor around the designed effective index and D/A of
the grating layer. The passband can be adjusted to the
desired wavelength, with the transmission line shape and
the sideband feature almost kept constant by changing
the grating period.
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