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Mode-Selective Hybrid Plasmonic
Bragg Grating Reflector
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Abstract— A mode-selective grating reflector based on a
hybrid plasmonic waveguide, together with a two-to-one
coupling structure, is proposed and analyzed. The grating
structure is designed to reflect only the fundamental even mode
existing in the hybrid plasmonic waveguide, and to pass through
the fundamental odd mode at a 1550-nm wavelength with
an extinction ratio of ~16.7 dB. The simulated transmission
spectra verify our analysis and the expected features of the
mode-selective hybrid plasmonic Bragg grating.

Index Terms—Bragg grating, even mode, hybrid plasmonic
waveguide, odd mode.

I. INTRODUCTION

S a solution to overcome diffraction limit in conventional

dielectric waveguides and photonic devices, surface
plasmon polaritons (SPPs) have been attracting tremendous
attentions in the past years [1]. SPPs propagate along a
dielectric-metal interface as a result of the interaction between
collective oscillations of conducting electrons in metal and
coupled electromagnetic (EM) waves. Utilizing their feature of
confining the light in sub-wavelength scale, various SPP-based
photonic devices with high integration density have recently
been reported, including novel waveguides [2], directional
couplers [3], and modulators [4].

Bragg grating reflectors play a central role in many photonic
integrated devices, such as filters, vertical-cavity surface emit-
ting lasers, micro-cavity resonators and light-emitting diodes
[5], [6]. Plasmonic Bragg gratings with various waveguides,
for instance insulator-metal-insulator (IMI) waveguide [7],
metal-insulator-metal (MIM) waveguide [8], and hybrid plas-
monic (HP) waveguide [9], have been investigated for their
potential in replacing traditional dielectric gratings in highly
integrated optical circuits.

In this letter, we propose a mode-selective Bragg
grating reflector based on a HP waveguide with two low-
index slots [2]. The structure is designed using effective
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Fig. 1. Schematic diagram of the mode-selective hybrid plasmonic Bragg
grating reflector (top view).

index method (EIM). It shows different responses to even
and odd optical modes in the waveguide. Different from the
odd mode reflector based on the low-index cut off barrier in
MIM waveguide [10], the proposed grating structure can be
designed to reflect either the even mode or the odd mode.
A 2-to-1 coupling structure is also proposed to stimulate the
fundamental even mode and odd mode independently in the
HP waveguide. Taking advantage of its different responses to
different optical modes, this Bragg grating device can find its
applications in many optical signal processing circuits such
as filters, logical operations, format conversions, and tunable
cavity resonators.

II. DEVICE STRUCTURE

Fig. 1 shows the schematic diagram of the proposed mode-
selective hybrid plasmonic Bragg grating reflector from top
view, which is composed of a SiO;-slot-width-modulated
grating structure and two coupling structures that can convert
the fundamental TE mode in two silicon waveguides into the
hybrid plasmonic even mode and odd mode.

The Bragg grating is a periodic structure with a period
of A = di + d». di and dy stand for the lengths of the
waveguides with cross section 1 and 2, respectively. As
depicted in Fig. 1 and 2(a), the cross section 1 comprises a
rectangular silicon waveguide core with a width of Wg;, a
height of Hg;, and a metal cladding with a thickness of Wa,
on a silicon-on-insulator (SOI) wafer. A SiO; layer with a
width of Wy is added between the sidewall of silicon core
and the metal region. To reduce the absorption caused by
the top metal layer, the thickness of the silica layer above
the silicon core is increased to Hsjor [2]. In cross section
2, the width of the SiO; slots is increased to Wy, and
the width of the silicon core is reduced to Ws;" accordingly.
In the following simulations, the refractive indices for SiO»
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Fig. 2. (a) Cross section of the hybrid plasmonic waveguide. Ey distributions
of (b) even mode and (c) odd mode in the cross section of a hybrid plasmonic
waveguide with two SiO; slots.
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and silicon around 1550-nm wavelength are assumed to be
1.445 and 3.475, respectively. The index for silver used in
the simulations is given by the experimental data reported
in [11]. Silver does not oxidize easily and has a relatively
small plasmonic loss at the 1550-nm wavelength. Other stable
metals with low losses could also be applied.

III. SIMULATION RESULTS AND DISCUSSION
A. Fundamental Modes in Hybrid Plasmonic Waveguides

The HP waveguide shown in Fig. 2(a) with a silicon core
width above 200 nm can support two fundamental optical
modes with the intensity maxima located in the low-index
silica slots between metal and silicon. One is an even mode
and the other is an odd mode [4].

We use full-vectorial finite-difference algorithm (Mode
Solutions) to numerically calculate the fundamental modes of
the proposed waveguides at the 1550-nm wavelength. In order
to support both the even and odd modes and get an appropriate
modulation depth of the refractive indices, the geometrical
dimensions are chosen as Ws; = 300 nm, Wsi’ = 200 nm,
Wiot = 50 nm, Wy = 100 nm, and Wp, = 200 nm.
Hsi = 220 nm is the thickness of the silicon layer on SOI
wafer. To avoid the metal absorption of the top metal layer,
Hsioz is chosen to be 200 nm.

The simulated field distributions of the major component E
for the fundamental even and odd modes are shown in Fig. 2(b)
and (c). Different field distributions cause an obvious variance
in the effective indices. For the waveguide with cross section 1,
the simulated real parts of the effective indices for the even
mode and the odd mode are 2.8431 and 1.9176, respectively.

With the increased width of the SiO; slots in cross section 2,
more optical field exists in the low-index region for both the
even mode and the odd mode, and the effective indices are thus
reduced. The simulated effective index for the even mode is
2.2258 and that for the odd mode is 1.5038.

B. Coupling Structure

To couple light from the TE mode in silicon waveguide
into the even and odd modes in the HP waveguide, a special
2-to-1 coupling structure is designed. As depicted in Fig. 1,
a taper is used to convert the quasi-TE mode in single-mode
silicon waveguide into a single-slot hybrid plasmonic mode.
Two single-slot HP waveguides are combined together after
the bends, and form a double-slot HP waveguide. Due to the

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 24, NO. 19, OCTOBER 1, 2012

4
x10

!1.2

0
X (um) (d)

0
X (um) (c)

Fig. 3. H intensity distributions when inputs are (a) in-phase and (b) out-
phase in the structure without gratings, and when inputs are (c) in-phase and
(d) out-phase in the structure with gratings.

high field confinement feature of the HP waveguides, the bend
radius can be reduced to ~1 xum with limited bending loss. At
typical conditions, two in-phase optical signals with identical
amplitudes input to port 1 and port 2 can form the even mode
in the double-slot HP waveguide with a simulated coupling
efficiency of ~86.2%, and two out-phase signals with the
same amplitudes can stimulate the odd one with a coupling
efficiency of ~84.8%. The distributions of magnetic fields
under these two conditions in the structure without the gratings
are illustrated in Fig. 3(a) and (b). If an arbitrary pair of signals
are input to port 1 and port 2, their complex amplitudes can
be expressed as £ = Es + E4 and Ey = Eg — E 4, where
Es is the in-phase component stimulating the even mode and
E 4 is the out-phase component stimulating the odd mode.

C. HP Bragg Grating Reflector for the Even Mode

Using the EIM, a grating structure can be designed to reflect
either the even mode or the odd mode around the 1550-nm
wavelength, whose schematic diagram is shown in the inset
in Fig. 1. In this letter, we present the reflector for the even
mode.

The condition for Bragg reflection is given by [8]:

2AAeffp, = MAB.m (D

where m is the order of the Bragg reflection, 1p ,, represents
the m-th order Bragg wavelength, and 7i.fs ;g1 is the averaged
effective refractive index for the even mode at the first order
Bragg wavelength, defined as:

;ieff,iBJ = (dlnre,el)en,l + dane,even,Z)/(dl + dy). (2)

In (2), nye,even,1 and Rpe even,2 Stand for the real parts of
the effective indices for even modes in cross section 1 and 2,
respectively. According to the simulation results, the solution
for (1) when m = 1 is di = Ao/(4nre,even,1) = 136 nm and
dy = A0/(4Nreeven,2) = 174 nm. Gratings with 25 periods are
used in the simulations to demonstrate the performance of
the design.

From Fig. 4(b) and (c), it is observed that the even mode
at the first order Bragg wavelength of 1550 nm, is reflected
by the Bragg grating and a standing wave is formed between
the source and the grating reflector. However, the odd mode
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Fig. 4. (a) Transmission spectrum for the even mode. (b) E intensity and

(c) H intensity distributions in the Bragg grating when input is even-symmetric
at the 1550-nm wavelength.
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Fig. 5. (a) Transmission spectrum for the odd mode. (b) E intensity and

(c) H intensity distributions in the Bragg grating when input is odd-symmetric
at the 1550-nm wavelength.
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Schematic diagram of the reflectance-tunable FP resonator.

Fig. 6.

at the same wavelength, as shown in Fig. 5(b) and (c), passes
through the grating structure to the output port with almost
no reflection.

The transmission spectra for the even and odd modes are
plotted in Figs. 4(a) and 5(a), respectively. For the even mode,
the transmission is below 5% between 1514-nm and 1578-nm
wavelengths and reaches the minimum value of 1.79% near
the 1550-nm wavelength. The odd optical mode, however,
passes through the grating with a metal absorption loss below
18% around 1550 nm. The extinction ratio is calculated to be
16.7 dB. The simulated H intensity distributions for the overall
structure with gratings are depicted in Fig. 3(c) and (d).

D. Proposed Application

The mode-selective hybrid plasmonic Bragg gratings can
find its applications in many optical signal processing cir-
cuits such as filters, logical operations, and tunable cavity
resonators. One possible application is a tunable Fabry-Perot
(FP) resonator, where both the resonant wavelength and the
amplitude of the filter can be tuned. As illustrated in Fig. 6,
a phase-shifting device is added on each of the arms between
two mode-selective Bragg gratings. The input signal to port 1
excites the even mode in the HP waveguide with the help of
a taper. Two gratings act as the reflectors in the FP resonator.
When the phase shifters are tuned with the same amount, the
effective cavity length is changed and the resonant peak is
shifted, as shown in Fig. 7(a). When the phase shifters are
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Fig. 7. Transmission spectrum of the FP resonator when the phase shifters
are tuned. (a) With the same amount. (b) Oppositely.

tuned oppositely, a phase difference forms between the optical
waves in two arms and a controlled portion of the signals is
changed into out-phase component. Using the mode-selective
feature of the gratings, only the in-phase component is mainly
reflected while the out-phase component passes through them.
The reflectance of two reflectors is thus changed in this FP
resonator, and the resonant peak is suppressed from maxima,
as shown in Fig. 7(b).

IV. CONCLUSION

In this letter, we propose and numerically analyze a mode-
selective grating reflector based on a HP waveguide and a
2-to-1 coupling structure. Using the proposed 2-to-1 coupler,
both even and odd modes can be independently excited in
the HP waveguide with coupling efficiencies of ~86.2% and
~84.8%, respectively. The hybrid plasmonic grating structure
is designed to reflect the even mode and to pass through the
odd mode near the 1550-nm wavelength with an extinction
ratio of about 16.7 dB.

With its different responses to the even mode and the odd
mode, the mode-selective hybrid plasmonic Bragg gratings can
be used to build new devices such as tunable cavity resonators.
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