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Abstract

We have fabricated and measured a four-port coupled channel-waveguide device using W1 channel waveguides oriented
along 'K directions in a two-dimensional (2D) hole-based planar photonic crystal (PhC) based on silicon-on-insulator (SOI)
waveguide material, at operation wavelengths around 1550 nm. 2D FDTD simulations and experimental results are shown and
compared. The structure has been designed using a mode conversion approach, combined with coupled-mode concepts. The
overall length of the photonic crystal structure is typically about 39 um and the structure has been fabricated using a
combination of direct-write electron-beam lithography (EBL) and dry-etch processing. Devices were measured using a tunable
laser with end-fire coupling into the planar structure.
© 2004 Published by Elsevier B.V.
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1. Introduction waveguides within a limited space. Ideally, light

launched into one of the input waveguides can be fully

The four-port coupler photonic crystal (PhC) transmitted into an alternative output waveguide using

channel-guide device is a potentially important the coupling region, without any power remaining in

component for optical integrated circuits, since it the straight through waveguide and with negligible
allows light to cross (or not) between different reflection and radiation losses.

The device design described in this paper is based

* Corresponding author. Tel.: +44 141 330 8631: on high but variable filling factor PhC structures 'be%ng
fax: +44 141 330 4907. used to tune the modes and enhance the transmission
E-mail address: camargo@elec.gla.ac.uk (E.A. Camargo). [1], with shifted holes in the corners of the bend
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regions [2,3], as presented by the authors in previous
work [4-6], combined with the concept of PhC
channel-to-channel directional couplers, as presented
by Thorhauge et al. [7]. The design of PhC directional
couplers using a simple reversed Y-junction arrange-
ment was presented in [8] and showed that, in this type
of structure, a significant amount of the optical beam
maybe scattered into the other input port of the Y-
junction, rather than reach the coupled waveguide
section and also the output ports. Additionally, the
concept of directional coupling has been used to
develop wavelength selective optical filters, as
reported in [9,10], with strong wavelength depen-
dence.

1.1. The coupling mechanism

The coupling process is based on the coupled-mode
approach [11]—in which light travelling in one of the
waveguides can be described as a superposition of two
fundamental modes of the directional coupler, one
even and one odd (in the simplest case).

At certain propagation lengths the phase shift (¢)
between the two modes (even and odd) launched in the
coupler region via the input waveguides differs by an
odd integer multiple of m, the switching condition.

|¢even - ¢0dd| = (Q'm + 1)7‘[,
m=0.1,2.3,...,

D

At this point, when the two modes are correctly
synchronized, the guided optical power is maximally
transferred (totally in the ideal case) from the direct
channel-waveguide side of the coupler into the other
waveguide. The complete transfer of energy takes
place periodically in the direction of the propagation
with a period given by the coupling length Lx(m) and
the distance required for the coupling process,
determined by the coupling coefficient (x), is obtained
by:

M
L7T - 2[(',

According to the classical approach of the coupled-
mode theory [11] for the two dielectric waveguides
with good modal confinement, which is, we believe,
still appropriate for the case of the PhC channel-guide
coupler, the calculation of the coupling between the
waveguides often centres on an evaluation of the

for integer values of m 2)

coupling coefficient « [12], which may be expressed
as:

ke ks
T 28wk + 2)

L g

where the k, and ki terms are the transverse propaga-
tion constants in the waveguide and the exterior decay
constants, respectively, 8 is the modal propagation
constant, w is the width of the channel waveguides and
s is the spacing between the two waveguides. The
strong (exponential) dependence on the spacing can
explain the strong influence of the size of the holes in
the coupling region.

The value of the coupling coefficient (k) can also
be tuned properly by changing the radius of the
central row of holes between the waveguides [13] or,
more generally, by changing the effective index of
refraction of the region between waveguides, as was
previously stated in [14]. The size of the holes in the
coupling region should be smaller than that of the
holes in the rest of the structure because the
difference in phase-velocity between the modes, at
a given frequency, is directly dependent on the
distance between the waveguides which is given by
the size of the holes in the coupling region. Based on
numerical simulation of the propagation in the
coupler region, it was found that the length of the
coupling region of the device should be 27a
(11.34 pm), for our particular design, where “a”
is the lattice pitch of 420 nm used in our experiments
at wavelengths around 1550 nm.

3)

2. Design and simulation

The device design is shown in Fig. 1 and consists of
two input W1 PhC channel waveguides connected to
two outputs W1 PhC channel waveguides through a
coupling region. The coupling region consists of two
PhC channel waveguides placed next to each other and
separated by a single row of coupling holes with
reduced radius (20% of the periodicity).

In order to obtain stronger coupling of the modes
between the two integrated components of the full
device (the Y-junction and the coupler section), the Y-
junction design has required some modification. The
concept of adiabatic mode transformation, with the
technique of tapering of the holes in the PhC channel
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Fig. 1. The four-port device formed by two modified beam splitters connected by a 27 period directional coupler, with smaller holes in the
coupling region. Details of the modified splitter using a mode conversion region are also shown.

waveguides, as presented in [15,16], has been used.
The taper is formed by a series of holes in which the
feature dimensions vary progressively.

This progressive adaptation requires the size of the
holes to have dimensions smaller than those of the
holes forming the PhC channel waveguide. In this way
the taper implements a form of artificial material
effective-index gradient, permitting an independent
optimisation of the mode profile for effective and
smooth input and output coupling, thereby, increase
the transmission efficiency of the device. The device
design presented in this paper uses the tapering
technique to couple modes from the PhC beam splitter
into the coupler region and vice versa.

The PhC splitter has a Y-junction modified by using
a three rows of holes separation in order to avoid
coupling of the modes due to resonant cavity effects in
the junction region [8]. The channel waveguides
emerging from the Y-junction are then tapered down
towards the interface with the waveguide coupler
region, which also has hole sizes that taper upwards on
the outside edges of the channels, as can be seen in
Fig. 1.

The above conceptual approach is quite similar to
the design presented in [17], which was possibly the
first use of this approach in the design of tapered PhC
channel waveguides, in order to couple light from W3
to W1 PhC channel waveguides—giving a coupling
efficiency of about 50%. The same approach was also

used in W3 channel waveguide bends to reduce the
width of the corner, improving the modal propagation
and increasing the transmission efficiency [18].

The general parameters of the four-port PhC device
structure for 1550 nm operation were: peri-
od =420 nm, taper hole radius starting from 60 nm
and increasing to 150 nm in steps of 20 nm (the last
step was only 10 nm in order to provide the correct
designed filling factor), distributed along six periods
on the opposite sides of the channel waveguide
interface.

The radius of the ‘standard’ holes in the whole
structure was about 165 nm, giving a filling factor of
50%. The structure also had shifted holes in the bend
regions, as mentioned previously, and had a total
length of 40 pm.

The 2D FDTD simulated transmissions of field
spectral characteristics for the four-port device are
shown in Fig. 2 with light launched through input port
1 with the PML boundary conditions set by the
software. The effective index used in the simulation
was 3.28. The transmitted light into the output ports is
shown, with port 1 shown as a dashed line and port 2 as
a bold line. The high transmission region for the
coupled-across output, port 2, is between 1480 and
1535 nm, giving a total bandwidth in the simulation of
about 55nm (a 4% relative bandwidth). The
oscillatory features visible in the transmission region
have a spectral periodicity of 10 nm that corresponds
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Fig. 2. Simulated transmission power spectra for the two output ports of the four-port device.

to a distance of approximately 40 pm, in the guide
medium of the four-port coupler PhC structure, i.e. the
periodicity is determined by the sample total length
and is not due to external reflection effects.

The drop feature present in the transmission
spectrum around A = 1500 nm, is expected because
of the mini-stop-band (MSB) from the two periods
wide (W2) channel formed at the interface of the three
rows at the channel Y-junction and the direct channel-
to-channel coupler section. This type of behaviour has
also been reported in [16] and we believe that the W2
part can be optimized to reduce mini-stop-band
effects.

3. Fabrication processes

The device was fabricated on a silicon-on-insulator
(SOI) wafer. The upper cladding of the guide structure
was formed by a 200 nm thick layer of deposited
plasma enhanced chemical vapour deposition
(PECVD) SiO,, while the core was a 340 nm thick
layer of silicon and the lower cladding was a 3 pum
thick layer of SiO, on a silicon substrate.

The PhC pattern was then written on the sample
wafer using direct-write electron-beam lithography
(EBL). Two stages of reactive ion-etching were also
required to transfer the final pattern into the substrate.

The sample was thinned to provide good cleaved
facets, necessary for in-coupling and out-coupling of
the light through the measured structure in the end-fire
coupling method measurements. Fig. 3 shows scan-
ning electron micrographs with details of the device
fabricated in SOI material.

The fabricated holes diameters were 50 nm smaller
than the designed size, which may be due to the
smaller exposure dose used to transfer the pattern
generated by EBL. Use of a higher exposure dose can
cause over-exposure of the holes in the areas that
require a 50% filling factor and can also be due to
charging problems in the top and lower cladding silica
layers. This problem can be avoided by using a thin
film of metal on top of the resist, as reported in [19]
and could produce holes that are closer to perfectly
circular.

The wet steam thermal-oxidation process was
chosen to enlarge the size of the holes by 50 nm in
diameter by growing a thin layer of SiO, thermally on
the silicon core. This SiO; layer can be removed after
the thermal oxidation by wet etching using HF. The
wet process produced a good quality thin film oxide at
a fast rate (usually 3 nm/min) and also helps to
improve the shape and the sidewall of the holes and
waveguide used to couple light into the device.

On the other hand, the thin layer of thermally
grown SiO, decreases the effective refractive index,
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Fig. 3. Scanning electron micrographs of the four-port device fabricated on SOI material: (a) details of the small holes part of the 27 periods
directional coupler; (b) details of the modified splitter using a mode conversion region showing taper holes.

changing the operational bandwidth of the device: this problems related to the size of the PhC holes produced
phenomenon can help also in tuning the device, if in SOI material.

necessary, due to fabrication tolerances—but needs to

be used carefully because the beneficial effects of

forming the SiO, layer can be over-taken by the 4. Experimental results

behaviour resulting from enlargement of the hole size.

The wet steam thermal oxidation is one of the The device was characterized using TE-polarized
processes that can be used to overcome the fabrication light from a tunable laser source over the range from
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Fig. 4. Transmission spectra: the dashed line shows the output of the direct channel waveguide, output 2 (light launched in the input 2) and the
bold line shows the output for the coupled channel waveguide, output 1 (light launched in the input 2). Inset, infrared camera image of the two
output at A = 1520 nm.
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1460 to 1580 nm. Light was coupled into and out of
the waveguides using an end-fire approach. Fig. 4
shows the transmission characteristics measured on
the device fabricated in SOI material. The dashed line
is the transmission straight through to output 2 when
light is coupled into input 2 and the infrared image
(inset) shows that a small amount of light still remains.

The bold line is the transmission through to output
1 with light coupled into input 2. The infrared image
shows a more intense spot and the difference in the
total transmission is shown spectrally in the curves of
Fig. 4. A Vidicon infrared camera is used to facilitate
the alignment of the stage and also helps to estimate
the intensity profile of the out-coupling waveguide,
inset in Fig. 4.

Measurement and simulation show close agree-
ment, with a measured transmission bandwidth of
approximately 55nm over the range X =1505-
1560 nm. The modest shift in the curves of about
25 nm required to obtain close agreement is probably
due to the changes in the refractive index caused by the
Si0, grown during the thermal-oxidation process and
also could be due to the difference in the effective
index used in the simulation.

The drop feature is also present in the measured
device, confirming the mini-stop-band (MSB) beha-
viour associated with the mode conversion region
(PhC waveguide W2). The re-designed Y-junction
avoids the incoming signal resonating and scattering
back into other input to the Y-junction and, combined
with the shifted holes in the bend region, contributes to
enhancement of the transmission. The two measured
‘side-lobe’ features were also fairly closely repro-
duced in the simulation. The experimental result was
normalized with respect to a PhC waveguide with the
same total length and the total additional loss expected
in the device is about —8 dB.

5. Conclusions

This paper has presented work on a four-port
coupler device based on 2D photonic crystal structures
fabricated in silicon-on-insulator material, using W1
channel waveguides oriented along the PhC IK
direction. A device operating at > = 1550 nm has been
successfully fabricated and measured. The measured
and simulated transmission spectra have been shown

to be in good agreement, with a modest shift in the
main pass-band attributable to the change in the
effective refractive index caused by the thermal-
oxidation process used to enlarge the fabricated holes.

The structure was fabricated using a combination
of direct-write electron-beam lithography (EBL) and
dry-etch processing. The device has demonstrated its
potential for use in future low cost and compact optical
switches that could be produced, e.g. by incorporating
an appropriately designed and located heater electrode
on the photonic crystal structure, in order to use the
thermo-optic effect as a mechanism for modifying the
phase-shift in the coupler, as related in the authors’
previous paper [5] and, equally importantly, modify-
ing the refractive index distribution across the coupler
section. Other switching mechanisms, such as the
Pockels electro-optic effect, could also be used, in a
suitable material system.
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