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Abstract

A dual waveguide heterostructure device that couples light from single mode optical fibres into nanophotonic devices with an overall
modelled efficiency of 81% has been investigated. A four-stage taper design for the ridge waveguide which allows for a total device length
of 610 lm is described. The fabrication of the ridge waveguide using chemically-assisted ion-beam etching has been optimised.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

There are three main aspects of the realisation of pho-
tonic crystal-based devices for miniaturised semiconductor
optoelectronic devices. These are active functions, passive
functions and active–passive integration. The indium phos-
phide (InP) material system provides promising scope for
the realisation of all three, given the availability of gain
in the near IR wavelength window. Given that the material
properties can be engineered in a wide range, passive func-
tions, e.g. for spectral selection and polarisation diversity,
can be realised equally well, and monolithically. This paper
focuses on efforts to design and fabricate a passive device
that will efficiently couple light from optical fibres into
and out of nanophotonic devices in the InP material sys-
tem. Direct coupling from standard fibres to nanophotonic
devices is inefficient, owing to the large refractive index
contrast, geometric size differences and the profile of the
optical modes. For example, the cross-section of the mode
of a single mode fibre is �65 lm2, while at the other
extreme, that of a photonic crystal waveguide [1] can be

as small as 0.1 lm2. Thus, 20–30 dB coupling loss can be
expected if the two are simply butt-coupled together.

Various schemes that employ nano-tapers have been
proposed and investigated in other material systems [2–8].
For example, in the silicon-on-insulator system, polymer
overlayers with inverse tapers have been used [2], but this
scheme is not available for the InP material system due
to the large refractive index of InP-based layers. However,
a similar inverse taper design, based on a dual waveguide
heterostructure with a buried waveguide and a tapered
ridge waveguide, can be realised, as illustrated in Fig. 1.
The buried waveguide layers are designed to give an optical
mode that is well matched to the circular mode of a single
mode optical fibre. The tapering of the ridge waveguide
then adiabatically matches the mode of the ridge wave-
guide to that of the buried waveguide, in order to induce
vertical coupling. Fig. 2 shows the calculated intensity of
the modes of the structure for ridge waveguides of widths
0.5, 0.6, 0.7, 0.8 and 0.9 lm, and this illustrates the
intended principle of operation for the coupler. The model-
ling was performed for a wavelength of 1.55 lm.

The efficiency of the coupling from the buried waveguide
to the ridge waveguide has been investigated, and, for a lin-
ear taper, a device length of 3 mm is required before this
efficiency reaches 95%. Therefore, in order that on-chip
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pydesigns remain compact, a four-stage taper, where the
angle of each stage is allowed to vary, has been designed.
Using such a scheme, nearly 100% transmission from the
buried waveguide into the ridge waveguide can be achieved
for a total device length of 610 lm. Fig. 3 shows the angle
of the taper against the width of the ridge waveguide for
the four-stage design. For comparison, a 3 mm long linear

taper and the criterion for adiabatic coupling are also
shown. The first (narrowest) stage has a relatively large
angle which breaks the adiabatic criterion, but as the

Fig. 2. Calculated intensity of modes of the double heterostructure for ridge waveguides of the indicated width. The top sequence shows TM-polarised
modes, and the bottom shows TE-polarised modes.

Fig. 1. Schematic illustration of the proposed dual heterostructure device.
The dark regions are the quaternary InGaAsP waveguide layers, and the
light regions are the InP cladding layers.

Fig. 3. Angle of the tapered ridge waveguide against its width for the four-
stage design (dashed line). A 3 mm linear taper (dotted line) and the
adiabatic criterion (solid line) are also shown.

Fig. 4. The effect of temperature on the CAIBE etching of the ridge waveguide. From left to right the temperature of the etch is 170, 200 and 230 �C. The
bottom images show the detail of the trench floor and side walls, as indicated by the white boxes in the top images.
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majority of the intensity is concentrated in the buried wave-
guide in this region, the large angle is non-critical to the
device performance. The second stage is the critical region
where the vertical coupling between the waveguides occurs,
and the angle of this stage is small (0.05�). This stage
accounts for almost 3/4 of the total device length. The final
(widest) stages have larger angles (below the adiabatic cri-
terion) in order to shorten the device length. The overall
efficiency of the fibre to nanophotonic device – a W3 pho-
tonic crystal waveguide was modelled – has been calculated
to be 81% for a single mode optical fibre.

2. Fabrication

The dual waveguide wafers were supplied by Alcatel,
and consist of InP layers and InGaAsP waveguide layers.
The fabrication of the ridge waveguide requires the accu-

rate etching of the top InP and InGaAsP layers to an
accurate depth of around 1 lm, to form trenches either
side of the ridge. The trenches are first defined using elec-
tron beam lithography in PMMA resist (950 K molecular
weight, 300 nm thick), which is then used to transfer the
pattern to a flowable oxide (deposited by spin coating)
hard mask using reactive ion etching with CHF3 chemis-
try. The lithography is challenging, as the angle of the
four stages must be accurately controlled to within
0.05�. Due to the area of the trenches required for the
tapers, the step size of the electron beam writer must
be kept relatively large (�30 nm) in order that the writ-
ing time is kept reasonable. The staircase approximation
that the electron beam writer uses for the angled tapers
can result in unacceptable back-scattering in the final
etched device. Thus the pattern is over-exposed by 10–
20% in order to smooth out the staircase. The etching
of the InP layers is then achieved using chemically-
assisted ion-beam etching (CAIBE). The conditions for
the deep etching of InP using CAIBE have been previ-
ously investigated [9], and smooth sidewalls can be
obtained. However, these etch conditions result in a
rough etch floor, which would hamper device perfor-
mance by causing scattering losses. The rough etch floor
is a result of ‘‘grass’’ caused by the etching, and the
resettling of reaction products during the etch. Therefore,
the CAIBE conditions have been modified to produce
smoother etch floors whilst retaining the straight side
walls. The temperature, gas flow and ion-beam parame-
ters have been independently varied in order to optimise
the process. For example, Fig. 4 shows the effect of tem-
perature on the resultant etching. Increasing the temper-
ature leads to an increase in the etch rate and also a
decrease in the size of the grass on the trench floor. This
is due to the promotion of the chemical reaction between
the Cl2 gas and the InP layers and the increase of the
mobility of the reaction products at higher temperatures.
Another notable parameter is the gas flow rate – by
decreasing this rate, the partial pressure in the etched
trenches is lowered, which promotes the escape of the
reaction products from the trench before resettling
occurs. The optimised etch conditions are a temperature
of 230 �C, a Cl2 gas flow rate of 5 sccm, an Ar gas flow
rate of 5 sccm, a beam voltage of 350 V and a beam cur-
rent of 10.0 mA, and the result of this etch is shown in
Fig. 4 (right images).

We have also investigated the possibility of wet etching
the trenches. However, standard etches based on hydro-
chloric/phosphoric acids are selective (they do not etch
the quaternary InGaAsP waveguiding layer) and result in
large undercuts of the hard mask, as shown in Fig. 5. Also,
the trenches have to be orientated correctly to the InP crys-
tal [10], in order to etch the correct crystal face and achieve
straight sidewalls (Fig. 5a). If these conditions were met, we
still observe that the parallel orientation results in slanted
side walls (Fig. 5b). We therefore conclude that wet etching
is not suitable for creating the ridges, also given the tight

Fig. 5. The effect of wet etching for 1 min with a 50:50 solution of
hydrochloric:phosphoric acid. There are large undercuts in of the mask,
and two perpendicular directions of the trenches on the InP wafer give
straight side walls (a) or slanted side walls (b).
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size tolerances, although a short wet etch may be used as a
post dry-etch step, in order to improve the smoothness of
the etch floor.

In summary, the design and fabrication of a fibre cou-
pler for nanophotonic devices has been investigated for
the InP material system. A dual heterostructure with bur-
ied and ridge waveguides is used, and a four-stage taper
design that adiabatically matches the mode of the ridge
waveguide to that of the buried waveguide is presented.
The optimal CAIBE etch conditions that provide almost
smooth floors and straight side walls in the fabrication of
the ridge waveguide are given.
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