June 10, 2010 / Vol. 8, No. 6 / CHINESE OPTICS LETTERS 557

Guided-mode resonances in multimode
planar periodic waveguides

Tianyu Sun (#X %)"* Yunxia Jin (§%%)!, Jianda Shao (##ik)', and Zhengxiu Fan (G&.iEf5)!

! Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences, Shanghai 201800, China
2 Graduate University of Chinese Academy of Sciences, Beijing 100049, China

*E-mail: siomsun@gmail.com
Received November 20, 2009

Using the effective medium theory and the waveguide eigenvalue equation, we design a multimode planar
periodic waveguide. When a plane wave illuminates the grating at the designed angle and wavelength,
more than one leaky modes are excited coincidentally. Then the reflection efficiency around this designed
angle and wavelength is investigated using a rigorous coupled wave analysis formulation and a gap of
reflection peaks is found. Electric field distributions reveal that this high reflectivity gap is due to the
coupling between these two coincidentally excited leaky modes.
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Light propagation in resonant grating waveguide struc-
ture is of practical interest in many areas of physics
and engineering!!l. Resonant phenomena associated with
these structures have been investigated for some time
both theoretically and experimentally beginning with the
work of Wood!?!. Incident plane waves can induce leaky
waveguide modes, thereby generating guided-mode reso-
nance (GMR) field responses in a spectrum. This reso-
nance effect leads to the redistribution of diffracted en-
ergy and manifests as reflection or transmission peaks
arising from the background, which is provided by the
effective-medium thin-film characteristics of the struc-
ture. Normally, the resonant grating waveguide struc-
ture comprises a substrate, a waveguide layer, and a
grating layer. Many research works have focused on this
structure from different aspects, for example, to broaden
the angular tolerance using a bi-atom grating®?¥. An-
other configuration is the planar periodic waveguide or
photonic-crystal waveguide, in which the grating layer
also serves as the waveguide layer. Since the structure
is very simple, increasing attention has been paid to this
single-layer sub-wavelength dielectric grating, and many
distinguished structures have been proposed and realized
by previous experiments!® 1%, However, all these studies
concentrated on single-mode planar periodic waveguides
wherein only a leaky mode is excited. With the thick-
ness of the grating increasing, multiple leaky modes can
be excited and the multimode planar periodic waveguide
becomes universal. To our knowledge, little attention has
been paid to multimode planar periodic waveguides and
reflectivity when more leaky modes are excited simul-
taneously. In this letter, a multimode planar periodic
waveguide is designed with emphasis placed on investi-
gating the reflectivity when more than one leaky mode is
excited coincidentally.

Figure 1 shows a general planar periodic waveguide.
The structure is periodical along x direction and infinite
along y direction. Herein, d is the thickness of the equiv-
alent waveguide (grating), A is the period of the planar
waveguide, and f is the ratio of the width of the high
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refractive index material (ny,) to the period. Other rep-
resentations are marked in the figure. For the sake of
convenience, we only consider transverse electric (TE)
waves.

According to the effective medium theory (EMT), a pe-
riodic structure may be replaced by an anisotropic homo-
geneous medium only if the zero order diffraction prop-
agates and higher diffraction orders are evanescent(!l].
Under the TE-waves illumination, the effective index can
be written as
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where £ =n? f +n?(1 — f) and X is the free-space wave-
length. With this effective index away from resonance,
the waveguide eigenvalue equation can be written as

tan(xd) = r(y + 8)/ (x> — 62), (2)

where k = (n2k? — B2)Y2, 6 = (8% — n2k?)'/2, and
v = (% — n2k?)Y/? are the wave numbers of the grat-
ing layer, cover, and substrate in z direction, respec-
tively; k = 2n/A, and f is the waveguide propagation
constant of a certain diffracted wave in 2 direction!*213,
To achieve similar resonance between the first diffracted
order of the illumination and the leaky mode, the reso-

nant wavelength should be first obtained by the root of
Eq. (2) with 3 = ksin@ + 27/A4,
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Fig. 1. Structure of a general planar periodic waveguide.
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In the succeeding analysis, we assume the following val-
ues of the dielectric constants with n, = 1.0, ny = 1.46,
ny; = 1.46 (as appropriate for SiOs or other oxides), and
ny, = 2.0 (as appropriate for TipO5 or other oxides).
f=0.75,d = 700 nm, and A = 700 nm are also specified.
This structure can be realized on an etched BKT7 glass
substrate deposited by a layer of TasOs with a mag-
netron sputtering system subsequently. To excite two
different counter-propagating modes simultaneously, we
can choose free-space wavelength \g and the incident an-
gle 0y to satisfy the following conditions:

2

o sin 6y + A = BrE,(Ao), (3)
2r . 2

)\—O sin 6y — T = —bBrE, (M), (4)

where ftg,(Ao) and Srg, (A¢) are the propagation con-
stants of the fundamental TEy and first TE; eigen-
modes of Eq. (2). The desired values deduced from the
above-mentioned equations are about A\g = 1145 nm and
6o = 7.02°. That is to say, if we illuminate the grating
using TE plane waves with wavelength of 1145 nm and
incident angle of 7.02°, TEy and TE; leaky modes should
be excited simultaneously by the +1st diffracted order
and —1st diffracted order, respectively. The succeeding
segments shall expound on reflectivity.

Figure 2(a) shows reflection contour as a function of
wavelength and incident angle around A¢g = 1145 nm
and 0y = 7.02° using the I‘I%OYOUS coupled wave anal-
ysis (RCWA) formulation/'® High reflectivity cor-
responds to the excitation of GMR in the periodic
waveguide and the GMR locations closely track the
dispersion curves of the leaky modes. A wide gap of
high reflectivity can be seen in Fig. 2(a). As wave-
length is within this gap, no reflection peaks are found,
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Fig. 2. (a) Reflectivity contour calculated using a RCWA
formulation and (b) reflection spectra at the wavelengths of
1138 and 1145 nm.
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Fig. 3. Normalized amplitude of the electric field profile in
two periods of the structure at the corresponding resonant
states. (a) A = 1138 nm and 6 = 7.25°%; (b) A = 1138 nm and
6 = 5.19°% (c) A = 1150.34 nm and 6 =6.42°.

and thus, no leaky modes are excited. Constrained by
the resolution of the picture, high reflections at the lower
(upper) branch are not clearly profiled when the incident
angle is larger (smaller) than 6.5°. Figure 2(b) gives a
reflection spectrum at the specific wavelengths of 1138
and 1145 nm. The wavelength of 1138 nm is below this
gap and so the reflection spectrum has two peaks, one
with larger angular tolerance and the other with smaller
angular tolerance. At 1145 nm, which is within the gap,
no reflection peaks are found and so no leaky modes are
excited.

Electric field in resonant planar periodic waveg-
uides can help us explain resonance processes and
may contribute significantly to the design of GMR
structures'316:17 To investigate the origin of the high
reflectivity gap, rigorous calculations were conducted on
electric field distributions at several resonant states us-
ing the Fourier modal method!*®l. Figures 3(a) and (b)
demonstrate that the reflection peaks with larger angu-
lar tolerance is caused by the excitation of the TE; leaky
mode, while the reflection peaks with smaller angular tol-
erance is caused by that of the TEj leaky mode. In mul-
tilayer homogeneous planar waveguide, all eigenmodes
are orthogonal and propagate independently. Mean-
while, coupling between the two counter-propagating
leaky modes is inevitable in the planar periodic waveg-
uide due to periodical modulation®!. Mode coupling lifts
the degeneracy of TEy and TE; leaky modes and results
in high reflectivity gap. Figure 3(c) shows the electric
field distributions at the resonant state corresponding to
the upper edge of this gap. It has the characteristics of
TE( mode (no node along the vertical direction) and TE;
mode (one node along the vertical direction). Coupling
between TEy and TE; leaky modes is markedly observed.

In conclusion, we design a multimode planar periodic
waveguide with the EMT and waveguide eigenvalue equa-
tion, and obtain more than one leaky modes that are ex-
cited simultaneously in the structure. Using a RCWA
formulation, we investigate the reflectivity around this
designed incident angle and wavelength wherein a gap of
reflection peaks has appeared. This high reflectivity gap
is caused by the coupling between the two simultaneously
excited counter-propagating TEy and TE; leaky modes.
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