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Optical properties of the two-port resonant tunneling
filters in two-dimensional photonic crystal slabs*
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We have designed and fabricated two types of two-port resonant tunneling filters with a triangular air-hole lattice

in two-dimensional photonic crystal slabs. In order to improve the filtering efficiency, a feedback method is introduced by

closing the waveguide. It is found that the relative position between the closed waveguide boundary and the resonator has

an important impact on the dropping efficiency. Based on our analyses, two different types of filters are designed. The

transmission spectra and scattering-light far-field patterns are measured, which agree well with theoretical prediction.

In addition, the resonant filters are highly sensitive to the size of the resonant cavities, which are useful for practical

applications.
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1. Introduction

Photonic crystals (PCs)*? have become the fo-
cus of much attention because photonic band gap
(PBG) can be realized by these materials with pe-
riodically modulated refraction index. Many studies
have shown that two-dimensional (2D) PC slabs with
high index contrast possess many advantages, such as
large in-plane PBGs and ease to be fabricated com-
pared with their three-dimensional (3D) counterparts.
In 2D PC slabs, light waves are confined by a combi-
nation of the in-plane PBG confinement and vertical
total-internal-reflection (TIR) confinement. Various
photonic devices can be realized by introducing arti-
ficial defects in 2D PC slabs, such as waveguides, >8]
microcavities, 919 and filters.[*1—24]

Optical filters are the essential components for
photonic integrated circuits and dense wavelength-
division-multiplexing (WDM) optical communication
systems. Particularly, simple resonant tunneling filter
can function as an effective device of wavelength filter-
ing for the extraction of light trapped in a point-defect
cavity to another neighboring waveguide. However,
when mentioning the practical applications of the fil-
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ter devices in 2D PC slabs, much attention should
be paid to some key problems. First, the resonant
filters should have high coupling efficiency between
cavities and input/output waveguides in practical 2D
PC slabs. In Ref. [11], the dropping efficiency of the
simplest resonant tunneling filter is only 25% in the-
ory because the light is output from the four ends of
the two waveguides, which is not suitable for prac-
tical applications. Therefore, different designs have
been proposed to solve the problem. For example,
Noda et al.['2~1%] demonstrated that the dropping ef-
ficiency can be improved greatly by the reflection feed-
back of the heterostructure interfaces. However, the
bent waveguides have to be introduced, and optimiza-
tion of the distance between a resonator and a hetero
interface is required. Moreover, the resonant filters
should feel the subtle changing of the resonant fre-
quency when finely tuning the size of the resonant
cavities at present micro-fabrication precision.

In this paper, we present two types of two-port
resonant tunneling filters with a size on the order of
ten micrometers in 2D PC slabs by closing the bus

waveguide for reflection feedback. Because of the dis-
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tinct impact of the relative position on the dropping
efficiency, different designs are introduced and their
optical properties are measured, respectively. The re-
sults are conducive to design high-performance pho-
tonic devices. In our design, bent waveguides are ab-
stained, and careful consideration of interference pro-
cess is not required, which leads to a high dropping
efficiency. In addition, the designed filter is highly
sensitive to the size of the resonant cavities fabricated
at present micro-fabrication precision. All facts imply
that this filter may be a good candidate for wavelength
filtering and other optical operations in ultra-compact
photonic integrated circuits.

2. Design and analysis

Our two-port resonant tunneling filter consists of
one input waveguide, one output waveguide, and a res-
onant cavity between them. In order to improve the
dropping efficiency, we introduce two perfect reflection
mirrors at the input and output waveguides by clos-
ing both waveguides. According to the coupled-mode
analysis,[?!] the relative position between the closing
waveguide boundary and the resonator has an impact
on the dropping efficiency. However, there is no exper-
imental evidence yet. Moreover, what transformation
on the transmission spectra will occur when changing
the position of the closing waveguide boundary is un-
certain, which is imperative for the practical applica-
tion of the filter. Therefore, we design different types
of filters, where the lengths of the bus waveguides are
slightly different.

The schematic diagram of type-I filter is shown in
Fig. 1(a). P1 and P2 are the input and output waveg-
uides, respectively, which are formed by filling one row
of air holes along the I'-K direction of PC built on an
air-bridged silicon slab, and symmetrically arranged
with respect to the center of resonator C1. The lattice
constant of the PC and the hole diameter are 420 nm
and 270 nm, respectively. C1 is a three-point-defect
cavity, so-called L3 cavity. As is known, the slight
shift of air holes is conducive to confine light inside
the cavity and leads to a high quality factor. The two
air holes at the defect-cavity edges are shifted out-
ward by 0.25a from the regular positions, where a is
the lattice constant of the PC. The distance from the
closing waveguide boundary to the center of the res-
onator in the x direction is —4a. The distance between
the centers of the defect cavities and the neighboring
waveguide is three rows of holes in the y direction.

The 3D finite-difference time-domain (FDTD)
method is used to calculate the resonant frequencies of
C1 with TE-like polarization. The calculated resonant
wavelength of C1 is about 1521.1 nm. The refractive
index of silicon is 3.4, and the thickness of the silicon
slab is about 235 nm. Other parameters take the same
values as the design. Figure 1(b) shows the distribu-
tion of magnetic field H, in the central plane of the
silicon slab, which has even symmetry with respect to
the mirror refection plane passing through the waveg-
uide central axis. It clearly shows that the resonant
mode of resonator C1 expands in four directions, and
the light tunnels into the P1 boundary and reaches
P2 when the frequency is resonant. Interference oc-
curs between the light coupled out from the resonator
and that reflected back from the waveguide bound-
ary, which may destructively disturb the shape of the
transmission spectra.
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Fig. 1. (colour online) (a) Schematic diagram of the two-
port resonant tunneling filter (type I). (b) Magnetic field
profile (H.) when the frequency is on-resonant.

Type-II filter, as shown schematically in Fig. 2(a),
has the similar structure as type-I filter except a bit
shorter length of waveguides P1 and P2. The distance
between the waveguide boundary and the center of the
resonator in the x direction is 4a. The same resonant
cavity C1 is used. The magnetic field (H,) profiles
are shown in Fig. 2(b) when C1 is on-resonance. For
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type-1I filter, the coupling regions are on the waveg-
uide boundary. The phases of the light coupled out
from the resonator and the light reflected back from
the waveguide boundary are always opposite, and the
output toward P1 is automatically eliminated. Ac-
cordingly, most of energy is localized in the resonator
C1, as shown in Fig. 2(b), which indicates a high qual-
ity factor in this case. When the frequency is off-

resonant, strong reflection occurs at the P1 boundary.
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Fig. 2. (colour online) (a) Schematic diagram of the two-
port resonant tunneling filter (type II). (b) Magnetic field
profile (H.) when the frequency is on-resonant.

3. Fabrication and optical prop-

erties

The designed samples are fabricated on a silicon-
on-insulator (SOI) wafer by a combination of electron
beam lithography (Raith 150, Germany) and induc-
tively coupled plasma dry etching under the atmo-
sphere of SFg and C4Fg gases. Finally, the insulator
layer beneath the PC area is removed by hydrogen flu-
oride (HF) acid to form an air-bridged structure. The
top silicon layer of the SOI wafer is about 235 nm.

Figure 3(a) shows the scanning electron micro-
graph (SEM) of the fabricated sample of type-I filter.
The lattice constant of the PC and the radius of the
air holes are the same as that used in the FDTD sim-

ulation. The filter consists of one input waveguide

(P1) and one output waveguide (P2). The C1 is the
as-designed cavity generated by neglecting three air
holes. The light source is a tunable CW laser ranging
from 1500 nm to 1640 nm with the maximum power of
about 10 mW. The laser is coupled into P1 via a single-
mode lensed fiber, and the output light is collected by
a highly sensitive InGaAs detector via another single-
mode lensed fiber. The intensity of vertically scattered
light is monitored with an infrared camera. In order
to investigate the dropping performance, the transmis-
sion spectra are measured at outlet P2. The result is
shown in Fig. 3(b). The transmission peak is located
between 1520 nm and 1540 nm. Moreover, multiple
oscillating peaks appear at the top. According to the
magnetic field (H,) profiles (see Fig. 1(b)), we know
that the oscillating peaks on the top may be caused by
the destructive interference between the light coupled
out from the resonator and that reflected back from
the waveguide boundary.
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Fig. 3. (colour online) (a) SEM image of the fabricated

sample of type-I filter. (b) The measured transmission

spectra at P2.

Figure 4(a) shows the SEM image of the fabri-
cated sample of type-II filter, which has the same pa-
rameters as design. In order to compare the dropping
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performance with that of type-I filter, the transmis-
sion spectra are measured at the output waveguide P2.
Figure 4(b) shows the measured result. A single sharp
peak appears at 1539 nm within the wavelength range
of 1500 nm—1580 nm, and its full width at half maxi-
mum is only 3 nm. The results indicate that in-plane
filtering has been successfully achieved at a broader
bandwidth of 80 nm. It is obviously found that type-
II filter has a better filtering performance than type-
I filter by comparing Fig. 3(b) with Fig. 4(b). The
above result proves that the relative distance between
the closed waveguide and resonator plays an impor-
tant role in determining the mode matching among
waveguides, resonator, and the corresponding filter-
ing performance. To estimate the dropping efficiency,
a reference straight waveguide of the same parame-
ters is located near the two-port resonant tunneling
filter. By maintaining the intensity of input light and
keeping the input light at 1539 nm, the transmission
intensities of the reference waveguide and P2 are fixed
at 0.3 uW and 0.12 uW, respectively. The dropping
efficiency is estimated to be 40%.
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Fig. 4. (a) SEM image of the fabricated sample of type-1I
filter. (b) The measured transmission spectra at P2.

In order to observe the light propagation directly
in the two filters, we measured the far-field pattern
(FFP) by using an infrared camera set on the top of
the sample. This far-field intensity corresponds to the
scattering of optical near field by roughness in the sili-
con structure, and is well proportional to the near field
intensity. Therefore, it can roughly probe the near-
field pattern of optical wave transporting in the silicon
PC structure. Figures 5(a) and 5(b) show the FFPs of
type-1 and type-1I filters when they are on-resonant,
respectively. As shown in Fig. 5(a), when type-I fil-
ter is on the resonant state, the input light is trapped
and then emitted from cavity C1. Moreover, another
bright spot appears at the neighboring lower position
of cavity C1, which may be caused by the strong in-
terference between the light coupled out from the res-
onator C1 and that reflected back from the waveguide
P2 boundary. Correspondingly, one bright spot will
appear at the output end of P2. Comparatively, when
type-II filter is on the resonant state (see Fig. 5(b)),
stronger scattering light is observed at the cavity C1
than that of type-I filter. However, the bright spot at
the neighboring lower position of cavity C1 disappears,
which means that the destructive interference existing
in type-I filter is removed. Simultaneously, behaviors
similar to that of type-I filter can be observed at the
output end P2. The FFPs agree well with the theoret-
ical simulation shown in Figs. 1(b) and 2(b). The re-
sults show that this scattering-light analysis technique
can be a helpful complementary tool for the quantita-
tive transmission spectrum measurement.

P1

C1

Fig. 5. Far-field images when the frequency is on-resonant
for (a) type-I filter and (b) type-II filter.

In the above discussions, the resonator C1 is a
three-point defect cavity, which is formed by shift-
ing two air holes at the defect-cavity edges out-
ward by 0.25a relative to the regular positions. For
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practical applications, it is important that the res-
onant filter can feel the subtle change in the res-
onant frequency when finely shifting the size of
the resonant cavity, which means a highly sensi-
tive photonic device. For this purpose, we move
the end air holes at defect-cavity edges outward
by 0.2a, 0.la, and 0.05a, and designate them as
If the

above resonators are used in the designed reso-

resonators C2, C3, and C4, respectively.

nant filter of type-II filter, different filter properties
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Fig. 6. (colour online) Measured transmission spectra of
type-II filter by introducing cavities (a) C2, (b) C3, and
(c) C4 to substitute cavity C1, respectively.

can be achieved in theory. The calculated resonant
wavelengths of C2, C3, and C4 are about 1519.5,
1517.3, and 1514.0 nm, respectively. The related pa-
rameters take the same values as that of the designed
type-II filter.
real samples fabricated at present micro-fabrication

Now we want to know whether the

precision can feel the subtle change in resonant cavi-
ties. For this purpose, we fabricate the samples and
measure the transmission spectra at their own output
waveguides. Figure 6 shows the measured results by
tuning the wavelength of incident light. Three single
sharp resonant peaks corresponding to C2, C3, and C4
in type-II filter appear within the wavelength range
of 1500 nm—1680 nm, which indicates that tunable
in-plane filtering has been successfully achieved. For
a broader band width of 80 nm, single mode opera-
tion is possible, which is a favorable feature for prac-
tical applications, e.g., the wave division multiplexer.
The resonant wavelengths of C2, C3, and C4 are 1538,
1537, and 1535 nm, corresponding to Figs. 6(a), 6(b),
and 6(c), respectively. In spite of slight shift in the
measured resonant peak toward lower frequency, the
experimental results are in fairly good agreement with
the simulation results. Particularly, the measured
wavelength spacing between adjacent cavities C1, C2,
C3, and C4 are 1, 1, and 2 nm, which agree well
with the theoretical simulation results (1.6, 2.2, and

3.3 nm), respectively.

4. Conclusions

In summary, we have investigated both theoreti-
cally and experimentally the transmission properties
of two-port resonant tunneling filters in 2D trian-
gular lattice silicon PC slabs. In order to improve
the filtering efficiency, a feedback method is intro-
duced by closing the waveguide. Their optical prop-
erties were measured for different relative positions
between closing waveguide boundary and resonator
center, which is conducive to engender excellent fil-
tering performance. Furthermore, the designed filters
can feel the subtle change of the resonant cavities fab-
ricated at present micro-fabrication precision, which
is important to practical applications of the photonic
devices in 2D PC slabs. This work reveals that the
two-port resonant tunneling filter may be a promis-
ing element for future optical integrated circuits with

ultra-compact dimension.
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