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Abstract: In this work we present our recent progress in the development of a platform for the mid-infrared wavelength
range, based on suspended silicon waveguides with subwavelength metamaterial cladding. The platform has some intrinsic
advantages, which make it a very promising candidate for sensing applications in the molecular fingerprint region.
Specifically, it can cover the full transparency window of silicon (up to a wavelength of 8 um), only requires one
lithographic etch-step and can be designed for strong light-matter interaction. Design rules, practical aspects of the
fabrication process and experimental results of a complete set of elemental building blocks operating at two very different
wavelengths, 3.8 um and 7.7 um, are discussed. Propagation losses as low as 0.82 dB/cm at Ao = 3.8 um and 3.1 dB/cm at Ao

= 7.7 pm are attained for the interconnecting waveguides.

1. Introduction

The Mid-InfraRed (MIR, wavelengths from around 2 um
to 20 um) is an interesting wavelength range because of its
applications in free-space communications and sensing [1].
This band includes the molecular fingerprint spectral region
of many substances [2]. Each molecule is uniquely identified
by a specific absorption spectrum which can be measured to
determine the presence and concentration of substances as
diverse as greenhouse gases, explosives, food, petroleum
byproducts, polluting substances, plastics or even human
tissues, among others. Regardless of the final application, to
operate with a high degree of integration it is necessary to
provide the most appropriate platform for this new band of
wavelengths. The silicon on insulator (SOI) platform [3],
which is widely used for optical communications (around
1.55 um), could only be used up to a wavelength of 4 um,
given the strong absorption of the buried silicon dioxide at
longer wavelengths. Therefore, to move towards longer
wavelengths and cover the full range of the MIR band, it is
necessary to develop new platforms. The different
alternatives that are currently being considered in the
literature can be grouped into three types: i) platforms that
combine materials with a greater range of transparency,
including silicon on sapphire [4], silicon on silicon nitride [5],
chalcogenide crystals [6], germanium on silicon nitride [7],
germanium on silicon-on-insulator [8] or germanium on
silicon [9] (a summary of the attainable propagation loss of
most of these platforms can be found in [2]); ii) air-clad
silicon pedestal structures [10]; and iii) suspended platforms
that are based on the elimination of the buried oxide layer
(BOX), producing suspended silicon waveguides [11-14]. In
this way, the complete transparency of silicon, up to 8 pum,
could be covered, while still benefiting from the consolidated
SOI manufacturing processes.

Several methods have been proposed to suspend the
waveguides. In [11], an array of holes far away from the
waveguide core is used to let hydrofluoric (HF) acid reach
and remove the BOX, yielding silicon membrane waveguides.
Narrower, more stable suspended waveguides are
demonstrated in [12], where silicon membranes are fusion-
bonded to a silicon substrate with pre-patterned air trenches.
Alternatively, we have proposed an approach based on
periodic subwavelength metamaterial claddings [13, 14]. In
these waveguides the holes surrounding the core not only
allow the flow of the etching agent used for BOX removal but
also enhance the light-matter interaction needed for sensing
applications. In this work we will only focus on this latter
platform, reviewing the current state of development. The
operation principle of the elemental suspended waveguide,
practical issues and experimental results of essential building
blocks operating at two different wavelengths, 3.8 pmand 7.7
um, will be covered throughout the present work. In section
2 the theoretical design of the proposed platform is presented.
Then, details of the fabrication process are explained in
section 3. Experimental results of the so-far measured devices
are provided in section 4. Finally, in section 5 conclusions are
drawn.

2. Design of the suspended silicon platform

The complete silicon suspended platform, composed of
straight waveguides, 90° bends and S-bends, multimode
interference (MMI) couplers and grating couplers, is
designed for the TE polarisation. In our simulations, we
employed our in-house 2D Fourier eigenmode expansion tool
(FEXEN) [15] together with Rsoft [16] and Photon Design
[17] suites to refine dimensions.

2.1. Interconnecting waveguides
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Fig. 1. (a) 3D schematic of the suspended silicon waveguide,
(b) 2D cross view.

A schematic representation of the suspended silicon
waveguide is shown in Fig. 1(a). As can be seen, it is
composed of a silicon core of width Wy, and thickness ts;
which is anchored to the unsuspended lateral silicon areas
making use of a subwavelength grating (SWG) [18] pattern
of silicon bars of length Lsi with a separation Lpge. The
periodic cladding of width Wci.g represents an equivalent
homogeneous medium, by means of which it is possible to
control the lateral refractive index contrast required for
optical waveguiding (see Fig. 1(b)). The SWG cladding must
also perform two additional crucial functions: to have enough
mechanical stiffness to support the weight of the wider and
hence heavier waveguides present in the circuit and to allow
the flow of the HF acid through the holes to remove the buried
oxide layer. This makes the design process to determine the
adequate dimensions more intricate than that of conventional
photonic  waveguides, because each one of the
aforementioned functions imposes its own constraints.

First, to enable waveguiding, the cladding period A = Ls;
+ Lnotle must be smaller than the Bragg period [18]. Using our
in-house simulator, we estimated Agragg = 600 nm (1o = 3.8
pm) and 1300 nm (4o = 7.7 um). Moreover, power leakage to
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the silicon substrate must be avoided for the fundamental
mode by choosing high ts; and tsox values, albeit supported
high-order modes should be leaked with small enough tsiand
tsox thicknesses. Similarly, power leakage to the lateral
unsuspended silicon must also be minimized for the
fundamental mode and maximized for high-order modes (if
supported). For a given hole size, lateral leakage
minimization can be achieved by increasing Weias, Wwg and
the index contrast An between the waveguide core and the
cladding (i.e. by reducing the ratio Lsi/A). On the contrary,
high-order modes suppression requires reduced Weiad, Wig
and An values. The influence of the widths Wiy and Weiag 0N
the propagating modes is exemplified in Fig. 2, where a y-cut
of the two first mode profiles at the centre of the waveguide
is represented for several Wyq widths when Weiag = 3 pum and
An = 1.6. In Fig. 2(a), narrowest waveguide, only the
fundamental mode is guided, but at the expense of an
unacceptable leakage loss. Conversely, in Fig. 2(c), widest
waveguide, the fundamental mode is strongly guided, but also
the high-order mode is. Figure 2(b) represents an intermediate
scenario with a well confined fundamental mode and weakly
guided second-order mode. From the figure, it is clear that
higher Weiag values will move the lateral unsuspended silicon
further from the waveguide core and so leakage will be
reduced for both the fundamental and the high-order modes.
Increasing An would have a similar effect by confining the
modes within the waveguide core.

Secondly, mechanical robustness requires torque
reduction that can be achieved by using small Wejag Widths,
lowering the weight of the waveguides (small Wy and tsi) and
assuring that the silicon strips in the cladding do not break
(high Lsj)

Finally, the size of the cladding holes, defined by Welag
and Lnoie, must be enough to facilitate the flow of HF acid
through them.

As it can be seen, the optimum values for each case move
towards opposite directions. Therefore, a trade-off solution
must be chosen to simultaneously fulfil waveguiding,
mechanical stability and HF flow conditions. The final
selected values of the interconnecting waveguides at the two
operating wavelengths, 3.8 um and 7.7 um, are indicated in
Table 1. For these parameters, Fig. 3 shows the distribution
of the fundamental TE mode supported by each waveguide.
For both waveguides, the second-order mode (hot represented
in the figure) is weakly guided, with leakage loss greater than
50 dB/cm.
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Fig. 2. Cut at the middle of the waveguide core of the first two guided TE mode profiles (electric field normalized to unit
peak) for several widths: (a) Wwg = 1 pm, (b) Wwg = 3 pum and (¢) Wwg = 5 um. Rest of parameters: 1o = 7.7 pm, tsi = 1.4
UM, Weiag = 3 pm and An = Neore — Netad = 1.6, where neore = 3.42 is the refractive index of Si and ngjag = 1.82 is the

equivalent refractive index of the SWG cladding.
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Fig. 3. Magnitude of the main component (Ex) of the
simulated TE mode for the designed waveguides at (a) Ao =
3.8 umand (b) Ao = 7.7 um.

Table 1 Designed values of the interconnecting waveguides
at both operating wavelengths, Ao = 3.8 pym and 7.7 ym

Parameter Ao =3.8 um Ao =7.7 um
Wolag 25 pm 3 pm
Wig 1.3 um 2.9 um
tsi 0.5 um 1.4 ym
tBox 3 um 3 um
Lsi 0.1 pm 0.25 pm
Lnote 0.45 um 0.9 pm

The Ls; value for 1o = 3.8 um reflects the main limitation
of these waveguides from the fabrication point of view. If the
silicon strips become too thin, the suspended waveguide may
collapse. Thus, fabrication errors greater than ALs; = £50 nm
are unacceptable for the waveguides designed at Ao = 3.8 um.
At longer wavelengths fabrication tolerances are more
relaxed because structures are wider and thicker. For our
designs, simulations show that errors of this magnitude will
slightly affect An and so the leakage loss should only scarcely
change.

Although these waveguides were specifically designed
and demonstrated for TE operation, we simulated their
behaviour for TM polarisation. At Ao = 3.8 um the leakage
loss to the substrate and the lateral silicon is so high that
waveguiding is not practicable. At 2o = 7.7 um, on the other
hand, the fundamental TM mode has a total loss, including
material and leakage loss, less than 1 dB/cm higher than the
loss for the TE polarisation reported in [14]. A comparative
analysis of the sensing capabilities of suspended waveguides,

together with a study of leakage loss for both polarisations,
can be found in Ref. [19].

2.2. Bends

More complex interconnecting waveguides include 90°
bends and S-bends to carry light to other parts of optical
circuits. Scanning electron microscope (SEM) images of both
suspended structures are shown in Fig. 4. The constant
curvature radius R of 90° bends must be designed to achieve
negligible bend loss. Likewise, for sinusoidal S-bends the key
parameters are the offset S between the input and the output
sections and the length L of the curve. Table 2 shows the final
values at 1o = 3.8 pmand 7.7 pm.

Table 2 Designed values of the 90° bends and S-bends at
both operating wavelengths, Ao = 3.8 ym and 7.7 um

Parameter Ao =3.8 ym Ao =7.7pm
R 16 pm 35 um
S 7 pm 5um
L 41 pm 75 um

2.3. MMI couplers

Multimode interference (MMI) couplers are essential
building blocks in integrated photonics, as they can be used
as power splitters and combiners. These devices comprise a
wide multimode waveguide of width Wwmi and length Ly
with M input and N output waveguides of width W, and
separation Ws. Figure 5 shows a schematic of a suspended 2x2
MMI (M = 2, N = 2). The working principle is based on the
self-imaging phenomenon: when light is injected into the
wide waveguide through one of the access ports, labelled
from 1 to 4 in the figure, the interference between the
supported modes produces several replicas or images of the
input mode at different positions along the propagation
direction. A further explanation of MMI operation and design
procedures can be found in [20].

In this work we have designed 2x2 MMIs for both
operating wavelengths. These couplers typically exhibit more
compactness, bandwidth and relaxed fabrication tolerances
than conventional directional couplers. The performance
metrics of MMIs are the excess loss (1), the power imbalance
(2) and the phase error (3), which can be calculated as

EL = —101log;,(1S3112 + 1S411%), (1)

IB = —1010g;(1S311%/1S411%), (2)

PE = £(831/S41) — 90°(3)

Fig. 4. (a) SEM image of suspended 90° bend with
constant radius R, (b) SEM image of suspended S-bend
with sinusoidal shape defined by length L and offset S.
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Fig. 5. Schematics of a suspended 2x2 MMI. Circled
numbers designate each access port.

where S;; is the s-parameter associated to the input port i and
the output port j.

Table 3 summarizes the geometrical parameters of the
designed MMIs. Likewise, Fig. 6 shows the simulated
performance of both devices with respect to the wavelength.
It can be seen that EL < 0.4 dB, |IB| < 0.3 dB and |PE| < 1.5°
in all cases for the depicted ranges.

Table 3 Designed values of the 2x2 MMI couplers at both
operating wavelengths, Ao = 3.8 ymand 7.7 pm

Parameter Ao =3.8 um Ao =7.7 um
Wa 3.1 um 5.9 um
W 1.3 um 1.84 pm
Wy 2 um 2 um
Wwmi 7.1 pm 13.38 um
Lmmi 71.5 pm 136.9 pm
Ltaper 40 um 30 um

2.4. Grating couplers

Surface grating couplers are periodic waveguides
employed to couple light between an optical chip and an
optical fibre (see Fig. 7(a)). Unlike edge couplers, surface
grating couplers allow wafer scale testing and avoid the
necessity of polishing or cleaving the chip facet [21]. This
latter advantage is especially appropriate for suspended
structures, which can easily collapse in polishing/cleaving
processes. The key parameters that are usually utilized to
characterize the performance of these devices are the
coupling efficiency, which can be defined as the fraction of
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Fig. 7. Schematic (a) side view (including input
waveguide and optical fibre) and (b) top view (including
input waveguide) of the designed focusing grating coupler
at 2o =17.7 um.

the input power that is coupled into the optical fibre, and the
1-dB bandwidth.

At Jo = 3.8 um we employed grating couplers available in
the literature for the suspended membrane platform [11, 22],
but we specifically designed new focusing couplers (Fig. 7(b))
for the long-wave range at 4o = 7.7 um. Table 4 contains the
geometrical parameters of this grating coupler. Figure 8
shows the propagation of the electric field radiated by the
grating coupler and its calculated coupling efficiency as a
function of the wavelength. As it can be seen, a simulated
peak coupling efficiency of 58% and a 1-dB bandwidth of 230
nm are achieved for a mid-infrared optical fibre with a mode
field diameter of 29.52 um. This grating coupler radiates with
an angle of ~19° Back-reflections are reduced with an
adaptation section composed of a Si strip of length a;gand a
hole of length baq before the grating (see Fig. 7(a)).

Optical

Fig. 8. (a) Radiated electric field of the grating coupler,
(b) Simulated coupling efficiency of the designed grating
coupler.
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Fabrication Process
BOX REMOVAL (HF ETCHING)

The optimum HF etching time
for a narrow waveguide is not
enough for a wide waveguide.

Wide waveguides require much more
time for complete BOX removal.

Narrow waveguide
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Fig. 9. Graphical illustration of the wet etching process to remove the BOX beneath the devices

Table 4 Selected values of the designed grating coupler at Ag

=7.7 ym
Parameter A =7.7pum
a 2.75 pm
b 1pum
Aad 1.6 um
Dad 0.5 um
Wi 4.5 um
L¢ 22.5pm
N 40

3. Fabrication

The fabrication process of any device in the proposed
suspended platform requires only one lithographic etch step
after the structures have been patterned in a ZEP-520A
photoresist. Thus, dry etching with an inductively coupled
plasma (ICP) tool is utilized to transfer the pattern to the
silicon layer. Then, an additional wet etching is applied to
locally remove the buried oxide (BOX) beneath the silicon
layer. This consists in dipping the chip into a 1:7 HF bath to
remove the silicon dioxide. The difficulty arises from the
required immersion time, which, as is shown in Fig. 9, is
greater for wide waveguides (e.g. MMIs) than for narrow
ones (e.g. interconnecting waveguides). Although the HF
acid is highly selective and, in theory, should not affect the
silicon, measurements done with an elipsometer show that in
practice the silicon is slightly affected, suffering from an
overetching which produces a reduction in both the thickness
and width of the nominal dimensions (see Fig. 10). This
silicon overetching can have dramatic consequences not only
in the performance of the device but also in its mechanical
stability. To cancel this effect out, holes patterned in the
photoresist need to be smaller in such a way that the silicon
overetching caused by the HF is compensated. Therefore,
required biasing for the dry etch must be accurately known in
advance. Figures 11(a) and 11(b) show, respectively, the
consequences of the dip time: when it is too short, the BOX

is not completely removed, and when it is excessive, the
overetching is so large that it ends up breaking the silicon bars.
Figure 11(c), in turn, shows the results of a more optimised
dip time. At 2o = 3.8 pm, about 50-minute etch was enough
to suspend the widest structures, while around 2 hours were
required at Ao = 7.7 pum.

4. Experimental results

The straight waveguides, bends and MMI couplers
designed at o = 3.8 um have been characterized. At 1o = 7.7
pm only the propagation losses of straight and bent
waveguides have been measured. Tables 5 and 6 summarize
the attained performance for each structure. Figure 12 shows
the normalised measured loss of several waveguides with
different lengths and the calculated propagation loss. Note
that at 1o = 7.7 um silicon has material losses around 2 dB/cm
[23], what justifies the higher loss of waveguides at this
wavelength with respect to their counterparts at 1o = 3.8 um.
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Fig. 10. Undesired reduction of the vertical silicon thickness
as a function of the immersion time into the HF.
Measurements were taken with an elipsometer after 0, 90,
120 and 150 min of immersion into the HF.
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Table 5 Experimental performance summary of some basic
building blocks at A¢ = 3.8 um (TE polarisation)

Device Parameter

Straight waveguide  Propagation loss 0.82 dB/cm

S-bends Propagation loss  0.01 dB/bend

90°-bends Propagation loss  0.02 dB/bend

2x2 MMI Excess loss <0.3dB
Imbalance <0.3dB

Table 6 Experimental performance summary of some basic
building blocks at Ao = 7.7 um (TE polarisation)

Device Parameter

Straight waveguide  Propagation loss 3.1 dB/cm
S-bends Propagation loss  0.06 dB/bend
90°-bends Propagation loss  0.08 dB/bend
2x2 MMI Experimental characterisation in

progress

5. Conclusion

We have presented and reviewed the current state of a
recent platform for the mid-infrared band, the suspended
silicon waveguide with SWG lateral cladding, which would
allow us to extend the usage of silicon photonics up to
wavelengths of 8 um. The first results at 3.8 um and 7.7 um
in waveguides, bends and MMIs are very promising, thus
paving the way to a complete set of new devices and sensors

and leaving open the possibility of suspending other materials
such as silicon nitride or germanium to cover the full mid-
infrared band.
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