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Abstract: Increasing the working optical bandwidth of a photonic circuit is important for many
applications, in particular chemical sensing at mid-infrared wavelengths. This useful bandwidth
is not only limited by the transparency range of waveguide materials, but also the range over
which a waveguide is single or multimoded for predictable circuit behaviour. In this work, we
show the first experimental demonstration of “endlessly single-mode” waveguiding in silicon
photonics. Silicon-on-insulator waveguides were designed, fabricated and characterised at 1.95
pm and 3.80 um. The waveguides were shown to support low-loss propagation (1.46 + 0.13
dB/cm loss at 1.95 um and 1.55 + 0.35 dB/cm at 3.80 um) and single-mode propagation was
confirmed at 1.95 um, meaning that only the fundamental mode was present over the wavelength
range 1.95 - 3.80 um. We also present the prospects for the use of these waveguides in sensing
applications.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

For many photonic integrated circuits (PICs), single-mode propagation is a requirement of the
waveguides for predictable optical behaviour. However, for a conventional rib or strip waveguide,
the wavelength range for solely supporting the fundamental mode is limited. This is exemplified
in Fig. 1 which shows the effective indices of the first three transverse electric/magnetic (TE/TM)
modes for a strip waveguide. Waveguide modes are considered guided if their effective index
is above the refractive index of the waveguide cladding at a given wavelength. For effective
indices below this cut-off, the modes can couple into the cladding modes and will be radiative.
Therefore, for single-moded guidance, the higher order modes must have an effective index above
this cut-off value. As demonstrated by Fig. 1, for a given waveguide cross-section, at shorter
wavelengths the waveguide is multimoded, while at longer wavelengths the waveguide ceases to
be guiding, thereby limiting the wavelength range for single-moded guidance.

The limited bandwidth of single-mode propagation is a significant issue for some applications
in the mid-infrared (MIR) wavelength range, where a PIC may need to have a working optical
bandwidth larger than a typical rib or strip waveguide can support. MIR absorption spectroscopy
can require chemicals to be differentiated by measuring multiple absorption peaks across a wide
wavelength range. For example, the MIR “fingerprint region” covers the wavelength range 4 = § -
20 um [1], i.e. more than an octave of frequency. Even when examining narrow spectral features,
it would be desirable to be able to use the same PIC to measure different analytes with absorption
features at vastly different wavelengths, so that the same chips could be used for multiple practical
applications without requiring redesign and re-fabrication. This is especially important since
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Fig. 1. Effective indices of the first three supported modes in a SOI strip waveguide, with
1.2 um width and 500 nm height, simulated in Lumerical MODE Solutions. Inserted images
show the electric field of the TE modes at the wavelengths indicated by the red arrows. For
effective index values below the refractive index of the SiO,, the waveguide modes are
radiative. The grey-shaded areas indicate wavelength regions where the waveguide is not
single-mode.

group-IV photonics technologies can only achieve low-cost fabrication when manufactured in
high volumes, and the markets for individual sensing applications may be small.

The need for waveguides with a wide single-moded bandwidth can be illustrated by considering
a particular device, such as a Fourier-transform spectrometer [2]. When higher order modes are
excited in a waveguide, their beating will form an interference pattern, so that the waveguides
exhibit a wavelength dependent transmission. In a spectrometer based on a Mach-Zehnder
interferometer it would create an unpredictable optical time delay for light travelling through
the two waveguide arms. It would effectively introduce frequency dependent errors into the
power spectral density measurement, limiting the achievable resolution and therefore restrict the
sensitivity of the device.

Beyond early efforts in establishing a condition for single-moded guidance based on the
waveguide geometry [3,4], surprisingly little effort has been made to actually find the single-
moded bandwidth of various waveguide designs. Most authors in literature either rely on the
aforementioned single-mode condition or simply find the waveguide geometry using numerical
solvers that supports only the fundamental mode for their specific wavelength of interest.

Endlessly single-mode (ESM) waveguide designs have previously been proposed for both
silicon-on-insulator (SOI) and a SOI/III-V hybrid platform [5], inspired by the well-known ESM
photonic crystal fibre [6]. Rather than using a step-index cladding, in this design the lateral
waveguide cladding is patterned as a grating, with the “grooves” and “teeth” of the grating
parallel to the waveguide core; the grooves are filled with an effective material, with an index
that can be controlled by patterning on a sub-wavelength scale (see Fig. 2). Since the cladding
consists of a grating that is solely silicon and air, the cladding mode for this waveguide has a
comparatively high propagation constant, and therefore also effective index. Furthermore, the
effective index of the cladding mode increases at shorter wavelengths where it becomes more
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concentrated within the silicon teeth of the grating, thereby preventing the emergence of higher
order modes. The lack of a sharp index change means that, at longer wavelengths where the
mode area is larger, the mode is not squeezed out of the waveguide and confinement within the
silicon core is maintained, meaning that it is still guided.

Fig. 2. Three-dimensional illustration of a fabricated ESM waveguide, with the labelled
design parameters. [top inset] top-view of a section of the sub-wavelength grating cladding.
[bottom inset] the sub-wavelength regions of the wavelength cladding, approximated as a
homogenous material with index ngwg (in yellow).

Although these waveguides were predicted to be single-moded across 1.1 - 5 pm in simulations
[5] (i.e. the whole transparency range of SOI), they have not been experimentally demonstrated
in silicon photonics. In this work, we show the optical characterisation of a similar waveguide
design based solely in SOI, that supports single-mode propagation over an octave of frequency.
Furthermore, although the absorption from the underlying SiO; layer limits the use of SOI at
longer MIR wavelengths, the waveguide design approach that we experimentally demonstrate
here could be adapted for use in other group IV material platforms, for 4> 4 um.

2. Design

The design of the ESM waveguides used in this work is shown in Fig. 2, for an SOI platform. A
waveguide with core width w is defined by a two-dimensional grating, to act as the cladding. The
longitudinal period of the grating, Ap, is small enough so that the grating is subwavelength in
the z-direction (i.e. the period is smaller than the Bragg period [7]) and can be modelled as an
homogeneous anisotropic material, so the cladding is effectively a one-dimensional grating in the
transverse direction with period At (see bottom insert of Fig. 2). The size of the silicon grating
teeth in the longitudinal and transverse directions are ai, and ar respectively.

By varying the duty cycle of the subwavelength regions of the grating, the refractive index
of the effective homogeneous material (and consequently the cladding index) can be tuned to
ensure single-mode propagation across a wide bandwidth. When the subwavelength regions of
the grating are treated as a homogenous material, they are considered to have a refractive index
tensor rgwa [8]:

nix 0 0
ngwg=|0 nl 0 (1)
0 0 n?z
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where 7y, n,y, and n., are the refractive indices in the x-, y- and z-directions respectively. For
structure in Fig. 2, in the deep sub-wavelength regime (i.e. 4 > Ar) each of these indices can be
approximated using Rytov’s formulae [9]:

2 4 2 av 2.
M~ 7 ST (1 - A_L) “Mair 2
my, = 3)
1 1 1
_ZNQ_L._2+(1_G_L).T’ (4)
nz AL ng AL) n

air
where ng; and n,;; are the refractive indices of silicon and air respectively.

The waveguide structure was modelled in Lumerical MODE solutions to determine the grating
parameters that would ensure single-mode propagation across 4 = 1.5 — 5.5 uym. Perfectly
matched layer boundary conditions were used so that optical power was allowed to leave the
simulation region, meaning that leaky modes would not be found by the simulator. Using
the dimensions in [5] as a starting point for the simulation, with n,, = 1.5 (achievable with a
longitudinal duty cycle ap /Ar = 0.6), At = 600 nm and a transverse duty cycle at/At = 0.5.
Note that as the eigenmode solver is two-dimensional, the longitudinal grating dimensions were
only input into the simulation as a duty cycle, to yield n_,. The waveguides were designed for an
SOI platform with 2 = 500 m and the grating holes etched halfway through the silicon layer, i.e.
d = 250nm. The core width was fixed as w = 1.2 um, as this was found to be sufficient to support
the fundamental mode in a conventional waveguide over 4 = 1.5 — Sum so it was expected
that this would be sufficient for the ESM waveguide also (see Fig. 1). The critical parameters
(both duty cycles, the transverse period and the etch depth) were varied over the wavelength
range to find the solution in which fundamental mode had the largest effective index (indicative
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Fig. 3. Effective indices of the fundamental TE mode and the TE cladding mode for the
ESM waveguide. Inserted images show the electric field of the TEy mode at the wavelengths
indicated by the red arrows. For comparison, the effective indices of the first two TE modes
for an SOI strip waveguide with the same core size (the same as in Fig. 1) and the refractive
index of SiO; are also shown.
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of confinement within the waveguide) and with no other modes supported in the waveguide.
The best solution found only the fundamental TE mode (not even the fundamental TM mode)
was supported over the entire simulated wavelength range, with At = 600 nm, d = 250 nm and
aT/AT = aL/AL =0.6.

The modal analysis for the ESM waveguide is shown in Fig. 3, alongside the modal analysis
for a conventional strip waveguide with the same core cross-sectional area. The effective index of
the ESM cladding mode was found by simulating the ESM structure without the waveguide core
in an eigenmode solver with metal boundary conditions (as the cladding mode would be leaky)
over the same wavelength range. From Fig. 3, the principle of the ESM waveguides is evident;
the large index of the cladding mode prevents any higher order modes from being supported
across this wavelength range. Furthermore, comparison of the TE; modes for both the ESM
and conventional waveguides shows that, for the ESM waveguide, the TEy mode has a greater
confinement within the waveguide core across the wavelength range.

3. Results and discussion

Since the simulation did not yield an optimal value of the longitudinal period, it was selected as
Ar = 300nm, as this was below the Bragg period and would give the critical dimension for the
hole size as 120 nm, facilitating fabrication by electron beam lithography. The transverse grating
was repeated for 16 periods, for a cladding width wcj,q = 9.6 um. To experimentally demonstrate
that the waveguides were single-moded over a broad wavelength range, the waveguides were
experimentally characterised at 4 = 1.95um and A = 3.80um, covering an octave of frequency.
The values of the resulting refractive indices of the homogenised subwavelength regions at each
of these wavelengths are shown in Table 1. The TEy mode profiles for these wavelengths are
shown in Fig. 3.

Table 1. Refractive index values for the
homogenous anisotropic sub-wavelength
regions of the cladding grating at the
characterisation wavelengths.

Wavelength, A (um) | ny (= nyy) Nz
1.95 2.7469 1.4901
3.80 2.7269 1.4888

The waveguides were fabricated on a 500 nm SOI sample, by patterning with a JEOL JBX-
9300FS electron beam lithography tool and ZEP-520A photoresist, and etching in an Oxford
Instruments ICP 380 plasma system. A scanning electron microscope (SEM) image of the
fabricated waveguide is shown in Fig. 4.

Two sets of waveguides were fabricated simultaneously on the the same sample, with grating
coupler and tapers for the optical input and output. Over the grating coupler region, the waveguide
core had a width of 10 um to enable easy fibre alignment and this width was tapered down to 1.2
um over 1 mm; in the taper, the sub-wavelength holes in the waveguide cladding were angled
to run parallel to the waveguide edges. In both sets, the waveguide design was identical but a
different grating coupler design was used for each measurement wavelength. Note that grating
couplers were used to facilitate easy characterisation in this case, but in a real device, broadband
inputs such as edge-coupled or on-chip sources could be used. Within each set, the propagation
loss of the waveguide design was determined using the cut-back method with waveguide lengths
spanning 0.15 - 1.5 cm in 0.15 cm intervals. The waveguide transmissions in each set were
normalised to the corresponding shortest waveguide in that set, as the different grating coupler
designs would have different insertion losses.
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Fig. 4. Top-view SEM image of the fabricated ESM waveguide.

The propagation loss measurements were performed at 1.95 pm using a Thorlabs TLK-L1950R
tunable laser (centred at 1.95 um, tunable over 1.89 - 2.02 um) and a Thorlabs PDA10DT-EC
InGaAs photodetector (sensitive from 0.9 - 2.57 um). The light launched into the waveguides
was TE-polarised using a polarisation controller. Likewise, at 3.80 um, the measurements were
performed with a Daylight Solutions quantum cascade laser (QCL), tunable over 3.72 - 3.90 um,
and a liquid nitrogen-cooled InSb detector (InfraRed Associates Inc. IS-1.0, sensitive 1.0 - 5.5
um). A half-wave plate was used for polarisation control, to ensure a TE-polarised input. For
both setups, the laser was coupled into a fibre and fibre-to-chip coupling was achieved using the
grating couplers.

The results of the waveguide propagation loss measurements are shown in Fig. 5; the
propagation loss was determined to be 1.46 + 0.13 dB/cm and 1.55 + 0.35 dB/cm at 1.95 um
and 3.80 um respectively. In both cases, not only does this demonstrate that the waveguides
support propagation at both wavelengths, but also that the propagation loss is comparable to that
of other silicon-based waveguides at these wavelengths [10—15], showing that the cladding does
not introduce significant additional loss.

In order to confirm single-mode propagation, the waveguides used for the propagation loss
measurements were cleaved to remove the output grating and associated taper, exposing the
waveguide end facet and allowing the waveguide output to be imaged with an infrared (IR)
camera. The same setup used for the loss measurements at 1.95 pm was used, replacing the
output fibre and photodetector with a 63% objective lens (to expand the output) and the IR camera
(Xenics Xeva 1.7 320, with 320256 pixel focal plane array and 30 um pixel pitch). One or more
reflective neutral density filters was placed in the beam path to prevent damage to the IR camera
from high optical power.

The waveguide outputs were only imaged around 1.95 um because the longer wavelength (3.80
um) was outside of the sensitivity range of the IR camera. However, confirming the absence of
higher order modes at 1.95 pm would be sufficient to demonstrate that the waveguides would
be single-moded across 1.95 - 3.80 um. In general, for a waveguide with a given cross-section,
it would be expected that a greater number of higher order modes would be supported when a
shorter wavelength of light is propagated, than for a longer wavelength. Therefore, demonstration
of solely single-mode propagation at the shorter wavelength would indicate that the waveguide is
also single-moded at the longer wavelength, provided that waveguide still allows transmission at
the longer wavelength.

To observe the evolution of the waveguide output with wavelength, the wavelength was swept
in 0.5 nm steps and an image of the output was recorded at each step. For comparison, strip
waveguides that were simulated to be single-mode (0.45 um width, 500 nm height) and multimode



Vol. 30, No. 6/14 Mar 2022/ Optics Express 8566 |

0.5r

O ) =1.95um, measured data
A =1.95 ym, linear fit
o + ) =3.80 ym, measured data
A = 3.80 um, linear fit

1.46 + 0.13 dB/cm

1.55 + 0.35 dB/cm

Normalised transmission (dB)

-2.5 ‘ ' ‘
0 0.5 1 1.5

Effective waveguide length (cm)

Fig. 5. Waveguide cut-back propagation loss measurements for ESM waveguides with the
same design at 1.95 pm and 3.80 pm. The transmission measurements are normalised to the
transmission through the shortest waveguide (0.15 cm) in each set. The quoted uncertainties
in the propagation losses are the 95% confidence interval of the linear fits.

(1.2 pm width and 500 nm height) were also fabricated on 500 nm SOI samples, in the same way
as the ESM waveguides. The simulated profiles of each of the TE modes supported by these two
waveguides are shown in Fig. 6. These strip waveguides were also measured in the same way and
their outputs were imaged at each wavelength step.

(a)

[®]

w =0.45 ym lE;
(b) (c) (d)
w=1.2pm TE, w=1.2um TE, w=12um TE,

Fig. 6. The electric field of (a) the fundamental TE mode a single-mode strip waveguide
(0.45 pm width) and (b)-(d) the first three guided TE modes of a multimode strip waveguide
(1.2 um width), simulated in Lumerical MODE Solutions at 4 = 1.95 um. Both waveguides
have a height of 500 nm.

For a given wavelength, a captured frame of the imaged outputs gives a measure of the output
intensities /(x, y). For each wavelength, the pixel intensities of the corresponding image were
summed in the y-direction to give the intensity profile in the x-direction only, /(x). These were
then plotted consecutively to create a “heat map” of the evolution of the intensity profile with
wavelength I(x, A), as shown in Fig. 7(a), Fig. 7(b) and Fig. 7(c) for the ESM, single-mode and
multimode waveguides respectively.
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Fig. 7. The heat maps of the output intensity, as a function of pixel position and wavelength,
are shown for the (a) ESM, (b) single-mode and (c) multimode waveguides. The intensity
values are normalised to the largest pixel intensity of each heat map. The white dotted line
shows the —3 dB contour for the heat map.

In Fig. 7(a), the overall intensity of the ESM waveguide output remains centrally located
throughout the wavelength sweep, with some intensity fluctuations at the output edges attributed
to background noise. This is comparable to the single-mode waveguide in Fig. 7(b), where the
output intensity also has no movement in the x-direction with wavelength (the noise is less evident
here, as the signal-to-noise ratio was larger for this waveguide). However, for the output of the
multimode waveguide in Fig. 7(c), the intensity has a significant lateral shift (in the x-direction),
much larger than any noise fluctuations. This is an indicator of multimode interference: in
addition to the fundamental mode, higher order modes in the waveguide have been excited and
they interfere with the fundamental mode. As the wavelength is swept, the relative phase between
these modes changes, resulting in the observed interference pattern where the peak intensity
(highlighted by the —3 dB contour) oscillates periodically in the lateral direction. The lack
of significant lateral shift of the intensity for the ESM and single-mode waveguides indicates
that no interference pattern is formed and, consequently, that no higher modes are supported
in this wavelength range. Thus, it can be concluded that the ESM waveguide does indeed only
support the fundamental mode at 1.95 um and, since the same waveguide has been confirmed as
guiding at 3.80 um, it therefore follows that the ESM waveguide will also only allow single-mode
propagation at 3.80 pm. Further, it is notable that the ESM and multimode waveguide cores are
both 1.2 um wide and 500 nm thick, so the lack of higher modes suggests that they are being
suppressed by the cladding design, rather than simply being avoided with a suitable waveguide
geometry.
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4. Prospects for ultra-wideband PICs exploiting ESM waveguides

The obvious question for future research is: how could low loss PICs be created that exploit the
full single-mode bandwidth of these ESM waveguides? Each individual component in such a
circuit must have low fundamental mode loss in a broad operating range. As an example, Fig. 8
shows a simple circuit for homodyne absorption spectroscopy using an external tunable laser,
in which light is coupled into the chip, split into sensor and reference waveguides, and then
waveguide integrated detectors are placed at the end of each waveguide.

Chip
facet

Sensing
window

Strip
waveguides

ESM-to-strip \

Spot size -
transition

converter

\

/ \ Euler
/ / bends Detectors
ESM 1x2 !
waveguide splitter

Fig. 8. Illustration of simple broadband PIC-based sensor.

The following passive components would need to be developed to achieve such a circuit.

a). Fibre-chip couplers: In this work we have used two different grating couplers to couple
light into the ESM waveguides at different wavelengths. However, grating couplers have
fundamentally narrow bandwidths due to their phase matching requirements. End-fire
coupling using spot size converters that adiabatically convert the fibre mode into the
fundamental waveguide mode are better candidates for broadband coupling. In the near-IR
several very efficient and broadband edge couplers based on different kinds of inverse
tapers have been proposed or demonstrated [16].

b). Waveguide bends: the low contrast between the indices of the ESM fundamental and
cladding modes suggests that the bending loss of the ESM waveguide will be quite
large—this is a known limiting factor for the photonic crystal fibre [17], on which this
design is inspired. This is confirmed by three-dimensional (3D) finite-difference time-
domain (FDTD) bending loss simulations of the waveguide, where at even fairly large bend
radii the loss is significant, as shown in Fig. 9. Fortunately, within integrated photonics
(unlike in fibres) there may be design approaches to overcome this limitation. For example,
one approach may be to use multimode strip waveguides for the bends to increase the
lateral mode confinement and decrease the bend radius. In this case the structure will need
to be carefully designed so that higher order modes are not excited. To do this, adiabatic
transitions between the ESM and multimode waveguides can be used in combination with
a bend shape with gradually changing curvature, such as Euler bends [18].

c). Beam splitters: Several solutions exist for broadband waveguide splitting in SOI. 1x2
Y-junctions that were numerically optimised for broadband mid-IR operation [19] have been
shown to have <0.3dB insertion loss over at least 2.8-3.7 um in simulations and 3.2-3.7 um
experimentally. In the near-IR “wavelength agnostic” 1x2 beamsplitters that rely on mode
engineering have been shown with <1dB insertion loss over at least 1260-1650nm [20].
Both of these work by gradually transforming one mode into two, which fundamentally has
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a weak dependence on wavelength. Further work is needed to integrate such splitters with
ESM waveguides and to confirm whether they can exhibit low loss over the octave spanning
wavelength range explored here. Where 2x2 beamsplitters are required (e.g. for switching)
it will be more challenging to achieve such broadband operation, but wideband multimode
interferometers have been demonstrated with <1 dB insertion loss and imbalance over
the 3.1-3.7 pm range [21] by implementing the multimode section of the device using a
subwavelength grating with an anisotropic effective refractive index.

—

90" bending loss (dB)
N W R OO N 0 © O

25 50 75 100 125 150 175 200 225 250 275 300
Bend radius (um)

Fig. 9. The 90° bending loss for the ESM waveguide, simulated in 3D-FDTD.

These same building blocks could be used to achieve FTIR spectrometers similar to [2]. It
should be noted that in some single-mode circuits individual multimode components (e.g. Euler
bends or very low loss multimode waveguides) may well be desirable. In those cases care should
be taken so that only the fundamental modes of those components are excited at their junctions
with other components. ESM waveguides could be used to filter out light from any higher order
modes that do get excited.

5. Conclusion

In this work, we have experimentally shown the well-known endlessly single-mode design
approach for fibres can be applied to silicon photonics, as has been previously predicted
theoretically [5]. We have demonstrated waveguides that support low-loss and single-mode
propagation over the wavelength range 1.95 - 3.80 um, covering an octave of frequency. To the
best of our knowledge, this is the first experimental demonstration of endlessly single-mode
behaviour in integrated photonics. We believe that this waveguide design approach can similarly
be extended to longer wavelengths and different materials, overcoming a key challenge for
MIR photonic devices that require a wide working bandwidth, particularly for chemical sensing
applications.
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