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Optical filter with very large stopband
„É300 nm… based on a photonic-crystal

vertical-directional coupler
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We have designed, fabricated, and demonstrated a vertical directional coupler based on the coupling be-
tween a polymer waveguide and a W1 photonic crystal waveguide. The filters have a bandwidth of �2 nm
within a stopband of ���300 nm and an on-chip insertion loss of 1 dB. This is the first (to our knowledge)
demonstration of a filter with such a large stopband that overcomes the bandwidth limitation of existing
filters. © 2009 Optical Society of America
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Optical filters are key building blocks for
wavelength-division-multiplexing applications. A
number of schemes are currently used to realize this
multiplexing function, such as arrayed waveguide
gratings, microring resonators [1,2], and coupled-ring
resonator systems [3,4]. Most of these fall short when
a large free spectral range (FSR) is required, as, for
example, in the combined L–C optical telecommuni-
cation bands ����100 nm�, in multimodal biosens-
ing, or in astrophotonics applications. A widely used
filter is the microring resonator, with the highest
FSR of 47 nm reported to date, using a ring radius of
2 �m [1], or even �60 nm based on the Vernier effect
[2]. The FSR is limited by the size of the microring,
however, and bending losses would increase sharply
if the device were made even smaller to achieve a
higher FSR.

As photonic crystals (PhCs) typically exhibit a very
wide bandgap �300–400 nm�, they have potential as
the basis for wide-stopband filters. Filters based on
the popular L3 PhC cavity have been proposed, but
these suffer from a relatively low (tens of nanom-
eters) FSR [5] owing to the multimodal nature of the
cavity. Heterostructure PhC cavities [6] are limited to
a similar range owing to the proximity of the wave-
guide mode. Evanescent mode coupling [7] and at-
tenuated total reflection [8] suggest an alternative
approach. In these cases, filtering occurs only when
the propagation constants of the respective modes
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are matched, leaving the stopband uncompromised.
Based on this concept, we design and demonstrate

a slow-light PhC waveguide combined with a polymer
waveguide as a directional-coupler-based filter (Fig.
1) with a very large stopband. It should be noted that
the bandwidth-limiting parameter here is the stop-
band of the PhC rather than the FSR of the filter, as
in other configurations. As discussed in [9], the spec-
tral position of the PhC waveguide within the stop-
band depends only on its width, so the filter response
can be placed anywhere within this range. The ad-
vantage of the 2D PhC approach compared to a 1D
realization is that the width of the stopband and the
coupling length of the grating can be optimized al-
most independetly.

In a two-waveguide coupled system, coupling oc-
curs when the two propagation constants coincide
[10–12]. From an analytical point of view, the coupled
bandwidth �� is given by [13]
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where �0, �, �i, ngi �i=1,2�, are the coupling wave-
length, the coupling coefficient, the propagation con-
stants, and the group index, respectively. Equation
(1) shows that in order to achieve a narrow band-
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width, a large-group-index difference and a small
coupling coefficient � are required. On the other
hand, � is related to the coupling efficiency at the
drop port by

T�L� = tanh2��L�, �2�

where T and L are the transmission at the output
port and the length of the device, respectively. Equa-
tion (2) shows the importance of finding a trade-off
between the coupling coefficient � and the length of
the device. Figure 2(a) depicts the dispersion curve of
the W1 PhC waveguide superimposed onto that of a
polymer ridge waveguide. These two curves refer to
the TE polarization and have been created using the
plane-wave expansion method with refractive indices
of 3.48, 1.54, and 1.4 for the silicon layer, the polymer
waveguide, and the silica layer, respectively. It is
worthwhile pointing out that the two waveguides
have very different group velocities, as indicated by
the different slopes in the band diagram. This dis-
similarity creates an anticrossing between the two
dispersion curves and gives rise to a ministopband
[Fig. 2(b)]. The coupling coefficient at the intersection
point is related to the spectral width of the anticross-
ing. Figure 2(b) also shows the supermodes of the
vertical coupler. The ministopband forces the input
signal to be coupled into a backward-propagating
mode, so the two supermodes are counterpropagating
in this case. Furthermore, Fig. 2(a) also shows that
the dispersion curve of the polymer waveguide inter-
sects the odd mode of the PhC waveguide. The cou-
pling between these two modes is negligible because
of symmetry, so coupling to the odd mode does not
limit the operating range. The TM mode of the low-
index waveguide can also couple to the TM mode of
the W1 waveguide. This occurs at a different wave-
length to than that for the TE modes. For a filter, this
is undesirable and limits the operation of this device
to the TE polarization.

We fabricated the device from a SOITEC silicon-on-
insulator wafer comprising a nominally 220-nm-thick
silicon layer on 2 �m of silica [14]. The PhC was fab-
ricated by means of e-beam lithography, using ZEP-
520A as a positive resist. The structure was trans-
ferred into the substrate by means of a dry-etching
process in a reactive-ion-etching system using CHF3
and SF6 as described elsewhere [15,16]. The sample
was then covered by a layer of FOx14 (Flowable Ox-
ide) from Dow Corning by spin coating after the re-

Fig. 2. (Color online) (a) 3-D calculated band structure �r /
section polymer waveguide (right vertical curve), W1 wave

PhC modes (gray); (b): anticrossing point (enlarged) and the ev
sist removal. The FOx penetrates the holes of the
photonic crystal, as demonstrated in [16]. This layer
is then annealed at 500°C for 1 h in N2 atmosphere
[17]. The polymer waveguide is created by using two
layers of ZEP for a total thickness of about 2 �m, and
a second e-beam lithography step (the fabricated
cross section is 2 �m	4 �m). To verify the theoreti-
cal assumptions, we fabricated two different types of
devices, which allows us to measure the counter-
propagating and the forward-propagating signals. In
both cases, a set of photonic wires are used to collect
the light from the PhC waveguide. The specific layout
of the respective waveguides was chosen to avoid a
coupling of light from the polymer waveguide directly
into the access waveguides or into the substrate. Fur-
thermore, in order to enable coupling between the
“fast-light” wire waveguide and the “slow-light” PhC
waveguide, we have incorporated an interface region
consisting of 10 rows of holes with slightly increased
�30 nm� lattice constant in the propagation direction
[18].

A supercontinuum source (Koheras Super-K Com-
pact) was used to characterize the devices in the
wavelength range from 1300 nm to 1650 nm for TE
polarization. The fabricated devices were realized
with and without the FOx layer and with different
lengths to determine the coupling length. Figures
3(a) and 3(b) show the measurements of the two de-
vices with lengths of 40 �m and 60 �m and lattice
periods of 420 nm and 410 nm, respectively. Maxi-
mum coupling occurs at wavelengths of 1587 nm and
1575 nm, respectively. The polymer waveguide mode
also couples to the continuum of modes in the dielec-
tric band (for wavelengths �1625 nm), but the cou-
pling is negligible elsewhere [the small peak at
1440 nm in Fig. 3(b) is due to coupling to the odd
(first order) mode of the PhC waveguide]. This is re-
lated to a small offset error in the alignment between
the two waveguides that breaks the symmetry of the
device. The measurements therefore confirm that the
useful spectral range over which the filter can be op-
erated extends across the entire stopband of the PhC,
i.e., across approximately 300 nm.

The FWHM of the coupled signal is 2.5 nm and
1.9 nm, and the sidelobe suppression ratio (SLSR) is
14 dB and 16 dB for the devices without and with an
intermediate silica layer, respectively. The propaga-
tion losses in the ZEP waveguide are 3 dB/cm and
were measured by Fourier transforming the Fabry–
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Perot fringes [19]. The coupling losses (fiber to poly-
mer waveguide) are estimated at 3 dB, and the on-
chip insertion loss between the polymer and the PhC
waveguide is only about 1 dB, which could be im-
proved further by optimizing the waveguide align-
ment and coupling length. This low value for the in-
sertion loss is due to the strong coupling between the

Fig. 3. (Color online) Measured filter response at the drop
port (a) without and (b) with the FOx layer (the small
peaks at 1310–1325 nm are due to the coupling to the air
band). Transmission in (a) is normalized to a straight-
through waveguide, and we observe a coupling efficiency
�80% (
1 dB coupling loss); the transmission in (b) and (c)
is plotted in arbitrary units. The insets in (a) and (b) show
the SLSR. (c) Coupling between the two waveguides
launching into the PhC waveguide and into the ZEP wave-
guide, the sidelobes are related to the sudden onset and
termination of coupling between the two waveguides, re-
sulting in a sinclike spectral response.
two waveguides, which at first sight is surprising,
given that the material indices are so different [Fig.
3(c)].

In conclusion, we have demonstrated a new type of
slow-light enhanced filter that may be used as the ba-
sic element of an on-chip spectrometer with nano-
meter wavelength resolution. Tailoring the slow-light
properties of the PhC waveguides offers the potential
for further enhancements in terms of filter response
(e.g., achieving a flat-top), sidelobe suppression, as
well as tunability, e.g., via localized heating (for ap-
plications as a reconfigurable add/drop system). Mul-
tiple filters can be cascaded for a multichannel de-
vice. The device does not require a spot-size
converter, allowing the input signal from an external
optical fiber to be coupled directly into the polymer
waveguide. The extremely large operating range
��300 nm� overcomes the bandwidth limitation of
existing filters.
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