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Wideband mid-infrared group IV photonic devices and platforms

by Callum John Stirling

Mid-infrared group IV photonics is a field which, by adapting techniques from silicon
photonics at visible and near-infrared wavelengths and using mature semiconductor
fabrication processes, could establish an enabling technology for a diverse range of
applications in numerous areas. In particular, integrated photonic sensors could take
advantage of the characteristic absorptions of many chemicals at mid-infrared
wavelengths, due to strong fundamental molecular vibrations in this region. Such
“lab-on-a-chip” devices would be applied to areas like medical diagnostics and
environmental monitoring.

To develop complex mid-infrared photonic integrated circuits, a set of core
building-block components are required. Currently, the components in mid-infrared
group IV photonics are limited to operating at relatively narrow wavelength ranges.
This lack of spectral bandwidth is not an issue for some applications, but to unlock the
full potential of the field, it is essential to develop wideband devices.

The operating wavelength range of mid-infrared devices may be limited by
absorptions of the material platform or the geometry of the component; this work
considers both to increase the available spectral bandwidth. Silicon-on-insulator
waveguides with propagation losses ∼1.5 dB/cm are shown to only support the
fundamental mode over an octave of frequency, as an experimental demonstration of
a technique that in principle will be applicable to much of the mid-infrared range.
Beam splitters were fabricated on silicon-on-insulator platforms with low insertion
losses and high performance over a bandwidth of 3.1− 3.7µm: multimode
interferometers are shown with an insertion loss of <1 dB and imbalance of <0.5 dB;
and an insertion loss of ∼0.2 dB was achieved for 50/50 Y-splitters. Further,
considering material platforms, silicon membrane devices have been successfully
transfer printed onto a high-transparency zinc selenide substrates, to develop
waveguides without substrate absorption losses.
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Chapter 1

Introduction

At a very general level, group IV photonics is the utilisation of a planar stack of thin
films (made from elements in group IV of the periodic table) on a silicon wafer to
create devices that use visible, near-infrared (NIR) or mid-infrared (MIR) light,
depending on the materials used. By processing the thin films to make micrometre or
nanometre-scale structures, the light can be confined, guided and manipulated to
enable a wide range of applications. Devices that use these types of structures are
known as photonic integrated circuits (PICs), which are analogous to the integrated
circuits on planar semiconductors of the microelectronics industry.

1.1 Silicon photonics

Integrated photonics in silicon has attracted increasingly great research and industrial
interest over the past few decades for a range of applications at NIR wavelengths
(780− 2000 nm, but particularly the telecommunications wavelengths of 870 nm,
1310 nm and 1550 nm), such as: short-reach optical interconnects [1], LiDAR and 3D
imaging [2]; signal processing [3]; computing [4]; gyroscopes [5]; wireless optical
communications [6]; and on-chip refractometers for gas sensing [7].

The popularity of silicon photonics, despite it not being an ideal photonic
material for modulators, detectors or sources, has endured because it is poised to use
the mature production lines of the microelectronics industry, that are used for making
complementary metal-on-semiconductor (CMOS) devices [8, 9]. This will enable
high-volume production at low cost, for a cost efficiency that is hard to rival with
other technologies.

By extending silicon (and other group IV) photonic devices out to MIR
wavelengths, additional applications can be unlocked that are specific to this range
(discussed in the next section). However, the same advantages in terms of
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cost-efficient fabrication hold true for group IV photonic devices at MIR wavelengths,
provided that they can remain compatible with CMOS processes.

1.2 Mid-infrared wavelength range

FIGURE 1.1: Illustration of an integrated photonics chemical sensing device. The black
lines indicate waveguides, while the yellow lines are electrical connections.

One of the largest attractions to implementing integrated photonics in the MIR
wavelength range is the opportunity to miniaturise MIR spectroscopy setups (that
typically require bench-top scale apparatus) into a photonics circuit for a
“lab-on-a-chip” [10, 11]. An illustration of the type of device that could be made is
shown in Figure 1.1, where all of the functionality of a bench-top optical setup is
available on a single chip. Light is provided by an broadband integrated laser source
that could be an array of discrete lasers, a tunable source [12] or utilise
supercontinuum generation [13]. The signal is then modulated to improve the
signal-to-noise ratio and sensitivity [14], acting similarly to the chopper in the
experimental setups in Chapter 3. The waveguides are exposed to an analyte over a
particular channel and the spectral analysis performed using the spectrometer section
of the circuit. The signal is then recovered using an on-chip detector array at the
output and passed to the electronics, that are integrated on the same chip.

The control and analysis of a liquid-phase analyte can be implemented by
combining the PIC with a microfludic chip, as shown in Figure 1.2(a). Taking
measurements of liquids is a key method, for example, for enabling direct analysis of
biofluids in healthcare applications. To illustrate how this might work, consider the
identification of a drug in a blood sample. The blood is dropped onto the sample
input, which consists of a paper pad to act as a filter to remove any biological cells in
the sample and leave only blood plasma and any solutes, including the analyte. The
sample is drawn along the microfluidic channel by capillary forces until it meets a
region where the dissolved chemicals can diffuse through an analyte-permeable
membrane into a different solvent in an underlying channel. The water in blood is
highly absorbing in the MIR range so an organic solvent with a greater transparency is
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FIGURE 1.2: Prospective devices using combined PICs and microfluidics: (a) Diagram
of a potential method to combine a PIC with microfluidics; (b) PIC-based therapeutic
drug monitoring device, that uses an insertable disposable microfluidics/PIC device

(reproduced with permission from David J. Rowe).

used to increase the signal-to-noise ratio of the device. This solvent is then passed
over the PIC to interact with the waveguide for spectroscopic analysis. In this
example, everything required is integrated in a single device, but alternatively the
chip could be made to be disposable. In this case, external electronics and light
sources would be used, which may be more suitable to some applications where
contamination or potentially hazardous biological material may be used (for example,
in medicine). An example of such a device is shown in Figure 1.2(b).

In principle, such sensors could be made at high-volume and low-cost by
leveraging silicon photonics for a wide variety of biological and chemical sensing
applications, such as medical diagnostics or environmental monitoring. Lightweight,
portable and cheap sensors could enable rapid and reliable chemical testing
independent of the location and access to facilities, potentially revolutionising
decentralised point-of-need testing. In context of the time in which this thesis is being
written (during the COVID-19 global pandemic), the exigency for point-of-need
testing with widespread availability and fast throughput has only been further
emphasised.

Spectroscopy is a powerful tool at MIR wavelengths because many chemicals
have uniquely identifiable absorption spectra in this region due to molecular
vibrations [15]. At shorter wavelengths, MIR spectroscopy can provide information on
the functional groups in a molecule, as shown in Figure 1.3. In the “fingerprint
region” of 7− 20µm, there are many absorption features that are difficult to assign to
a particular functional group, but the absorption spectrum in this region is unique to
the given chemical, so it can be identified with comparison to reference data.

From Figure 1.3, it is evident that a considerable wavelength range of the MIR
region must be covered to distinguish the bond absorptions of different functional
groups, identify broad absorptions or be able to investigate the important fingerprint
region. However, many recent sensing demonstrations in integrated photonics have
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FIGURE 1.3: Absorptions in the mid-infrared wavelength range due to common
molecular bonds. The multiple absorptions of each bond type will correspond to dif-
ferent types of vibration and the functional group, which is not specified here. The
fingerprint region shown contains absorption features that are unique to a given com-

pound. All data obtained from [16].

focused on small wavelength ranges for specific absorptions [17–20] or have used
multimode waveguides [21], both of which have issues to address. For the latter, the
multimode waveguides are problematic to use in a practical PIC as they prevent
predictable optical behaviour (this will be discussed further in Chapter 4). For the
former, focusing on a narrow wavelength range can only be used for a very controlled
environment where the outcome of the test is binary; the chemical, which has an
absorption at this wavelength, will either be there or not be there, and there will be no
other chemical that could have an overlapping absorption feature.

To illustrate, consider an example: an integrated photonics test has been
developed for cocaine using narrowband MIR spectroscopy, similar to the system in
[24]. In this hypothetical scenario, the absorption peak at a wavelength of 5.8µm,
Figure 1.4(a), is being used to identify the presence of cocaine; it is a reasonably strong
peak with high transmission on either side in the spectrum, so easily identifiable with
a narrow bandwidth. In a laboratory environment where the chemicals present are
known and quantifiable, the test is simple and the positive or negative outcome of the
test for cocaine obtained from whether or not there is an absorption at 5.8µm.
However, in most situations where identifying the presence of cocaine would be
desired (for example, in accident and emergency department or roadside police
testing), the testing conditions cannot be controlled. There may be multiple substances
present including the common and widely available painkiller paracetamol, which
has a similar absorption at 5.8µm, which can be seen in Figure 1.4(b). Evidently, it
would be fairly likely that a false positive could be obtained on the test, which makes
it at best unreliable and useless at worst. However, if the hypothetical testing device
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FIGURE 1.4: MIR transmission spectra for (a) cocaine [22] and (b) paracetamol [23].
The inserts show the molecular strucutre of each chemical.

could work across a wider wavelength range (such as λ = 5− 10µm), then the two
absorption spectra are dramatically different and are easily distinguishable.

Although this exact hypothetical scenario is very specific, the underlying reasons
for the problems in the test would arise in many applications. In the cocaine and
paracetamol example, both have C O functional groups and it is the stretching
vibration of this bond that causes the absorption discussed above (the cocaine peak
has a slightly split peak because it has two C O groups with different adjacent
atoms in the molecule). The absorptions in the MIR range correspond to specific
bending and stretching vibrations of the molecular bonds, chemicals that have
functional groups in common will have absorptions at similar points in the
transmission spectrum. Therefore, multiple absorption peaks (and therefore a wider
operating wavelength) need to be measured to distinguish similar molecules.
Furthermore, as stated above, the fingerprint region holds little information at specific
peaks (in narrow wavelength ranges) but is incredibly useful when the entire range is
assessed. Expanding the working bandwidth of integrated photonics devices is
essential for practical MIR spectroscopy applications.

Sensing capability is not the only driver to have a larger accessible wavelength
range in MIR silicon photonics. In particular, there are opportunities for integrated
photonics to have a large impact in application areas such as astronomy [25, 26],
free-space communications [27] and infrared countermeasures for defence [28]. For
each of these applications, MIR photonic devices need to have a working spectral
bandwidth that can cover one or both of the the atmospheric transmission windows at
3− 5µm and 8− 14µm, shown in Figure 1.5, to maximise their usefulness.
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FIGURE 1.5: Atmospheric absorption spectrum calculated with data from the HITRAN
database [29], using HITRAN on the Web [30], over 1 nautical mile (1.85 km). The red

lines indicate the atmospheric transmission windows at 3− 5µm and 8− 14µm.

1.3 Thesis outline

The work detailed in this thesis is intended to form part of a library of core building
blocks for group IV integrated photonic circuits that could be used over a broad
wavelength range in the MIR. The various components are developed and
demonstrated, potentially providing more functionality. In particular, this work
focuses on the passive components in the device, such as the waveguides and power
splitters critical for analyte channel, splitting tree and spectrometer parts of the
sensing device shown in Figure 1.1.

Chapter 2 is a review of existing literature, which consists of two parts: a
discussion of recent results for the various passive device components at MIR
wavelengths; and an evaluation of materials suitable for use in a MIR photonic device.
In both cases, the background theory and working principle for each component is
explained to contextualise the discussion.

Chapter 3 covers simulation, design, fabrication and characterisation techniques
that were used within this work and were common to all devices.

Chapter 4 details the development of waveguides that are single-moded over an
octave of frequency. Single-mode waveguides are critical for predictable circuit
behaviour and are therefore needed for wideband PICs.

Chapter 5 shows the work on a multimode interferometer that can act as a power
splitter or coupler within a PIC. The device was a subwavelength structure, that
enables low imbalance, insertion loss and phase error over a 700 nm bandwidth
centred on the MIR wavelength of 3.4µm.
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Chapter 6 shows an alternative type of broadband power splitter: a Y-junction
with an insertion loss of 0.2 dB over a 2.8− 3.7µm wavelength range and a
fabrication-tolerant design.

Chapter 7 discusses the work undertaken to develop a new material platform, by
combining group IV waveguides with chalcogenides with a CMOS-compatible
back-end process. Chalcogenides have high transparency at MIR wavelengths, but
also offer sufficient refractive index contrast with group IV materials that could
potentially realise compact devices with low propagation loss.

Chapter 8 concludes this thesis and projects possible future research directions
for the work detailed in previous chapters.
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Chapter 2

Literature Review

2.1 Passive photonic integrated circuit components

In this section, a selection of components commonly used in the passive integrated
photonics is presented, to give the theoretical background on the components and to
provide context that will be relied upon in later chapters.

2.1.1 Waveguides

Waveguides are the core underlying component of all photonic integrated circuits. To
understand discussions of more complex waveguide designs and other components in
general, it is important to discuss the underlying physics and behaviour of simple
waveguiding structures first.

All forms of electromagnetic radiation propagating through some medium are
subject to Maxwell’s equations for electromagnetism. These equations describe the
relationship between electric field E and the magnetic flux density B in the medium
with charge density ρ, conductivity σ, permittivity ε and permeability µ:

∇ · E =
ρ

ε
Gauss’ law; (2.1a)

∇ · B = 0 Gauss’ law for magnetism; (2.1b)

∇× E = −∂B
∂t

Faraday’s law of induction; (2.1c)

∇× B = µ

(
σE + ε

∂E
∂t

)
Ampère’s law. (2.1d)
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Note that the change in E and B with respect to both time t and space are considered,
since the operator ∇ is given by

∇ =

(
ı̂

∂

∂x
+ ̂

∂

∂y
+ k̂

∂

∂z

)
(2.2)

with ı̂, ̂ and k̂ as the unit vectors in x, y and z respectively.
Assuming a charge-free, non-magnetic and dielectric material (such that ρ = 0,

µ = µ0, and σ = 0), it is relatively straightforward to derive the equation for a
propagation of a light wave in terms of E or B:

∇2E +∇
(

1
n2∇n2E

)
=

1
v2

ph

∂2E
∂t2 ; (2.3)

∇2B +
1
n2∇n2 × (∇× B) =

1
v2

ph

∂2B
∂t2 , (2.4)

where vph = 1/
√

µε is the phase velocity of the wave and n = c/vph is the refractive
index (c is the speed of light in free-space, c = 1/

√
µ0ε0). In homogeneous media,

∇n2 = 0 and so Equations 2.3 and 2.4 reduce to the well-known wave equations:

∇2E =
1

v2
ph

∂2E
∂t2 ; (2.5)

∇2B =
1

v2
ph

∂2B
∂t2 . (2.6)

However, to manipulate light in useful way, an inhomogeneous structure is
required to enable the guiding of a wave: this type of structure is known as a
waveguide. The simplest waveguide structure is the configuration of materials show
in in Figure 2.1, the planar waveguide. In this case, the refractive index only varies in
the y-direction, n = n(y), the structure extends infinitely in the x-direction and the

FIGURE 2.1: Planar Waveguide
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light propagates in the z-direction. The three layers have refractive indices nt, nw and
nb for the top cladding layer, waveguiding layer and bottom cladding layer
respectively (for a symmetric waveguide, the cladding layers will be the same
material, with nt = nb). Light can be confined in the central waveguiding layer if it
has a larger index than the cladding layer, so nw > nt, nb. The confinement of light
within the waveguiding layer will depend on the difference between the refractive
indices of the waveguide and cladding layers, ∆n. For larger values of ∆n, the light
will be more tightly confined, while the reverse is true for smaller values of ∆n.

Light within the waveguide is considered as having transverse electric (TE) or
transverse magnetic (TM) polarisation, or a combination thereof. For TE-polarisation,
the electric field is parallel to the layers in the planar waveguide and zero in the other
directions (so E = Ex, Ey = Ez = 0, Bx = 0), while for TM-polarisation the magnetic
field is parallel to the layers (so B = Bx, By = Bz = 0, Ex = 0). Considering the
TE-polarisation, the electric field is then given by

E(r, t) = Ex(y) exp[i(ωt− βz)]ı̂, (2.7)

with angular frequency ω and propagation constant β.
The behaviour of guided light within a waveguide can be derived using

Equations 2.3 and 2.7; the full derivation is well-known so will not be shown here, but
the reader is directed to [31] for the full treatment of the mathematics. By combining
these equations the TE wave equation can be found (likewise for TM-polarisation):

d2Ex(y)

dy2 +
[
k2

0n2(y)− β2] Ex(y) = 0; (2.8)

where k0 is the free-space wavenumber and is defined by k0 = 2π/λ0, for free-space
wavelength λ0. The propagation constant β is related to k0 by β = k0neff, where neff is
the effective refractive index of the guided mode (the distribution of electric and
magnetic fields for light guided by the waveguide) and nw > neff > nt, nb. Modes for
which neff < nt, nb can exist, but they will radiate out of the waveguide as they
propagate.

For a waveguiding layer of thickness h, the solutions of Equation 2.8 for each
n(y) can be assumed to have the form

Ex(y) =


A exp[−γty] y ≥ 0

B exp[iκwy] + C exp[−iκwy] 0 > y > −h

D exp[γb(y + h)] y ≤ −h

(2.9)

where A, B, C and D are determined by the boundary conditions of the structure
(namely that Ex and dEx/dy should be continuous over each of the interfaces between
the different materials to satisfy Gauss’ and Faraday’s respective laws) and γt, κw and
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γb are positive, real constants:

γ2
t = β2 − k2

0n2
t ; (2.10a)

κ2
w = k2

0n2
w − β2; (2.10b)

γ2
b = β2 − k2

0n2
b. (2.10c)

By substituting Equation 2.9 into Equation 2.8 for each of the three waveguide regions
and, using the boundary conditions of the structure, a transcendental equation for the
TE-polarisation can be obtained:

tan(κwh) =

[
γt

κw
+

γb

κw

]/[
1− γt

κw

γb

κw

]
. (2.11)

Likewise, a transcendental equation can also be found for TM-polarisation:

tan(κwh) =

[
γt

κw

(
nw

nt

)2

+
γb

κw

(
nw

nb

)2
]/[

1− γt

κw

γb

κw

(
n2

w
ntnb

)2
]

. (2.12)

For a given polarisation, the solutions of the corresponding equation will yield a value
β and thus the field amplitudes can be calculated in all regions of the waveguide.
Since there are only a finite number of solutions to these eigenvalue equations, there
will be a finite number of values for β.

Important physical conclusions can be extracted from the mathematics. Firstly,
each value of β corresponds to a unique distribution of the electric and magnetic fields:
a mode of propagation. Since there are a finite number of values for β, only discrete
modes are allowed, each with a different effective refractive index neff. Where there is
only one value for β, the waveguide is referred to as being single-moded; likewise, a
waveguide with multiple values of β is multimoded. If there are no solutions to the
transcendental equation, then there are no guided modes in the waveguide.

Secondly, from Equation 2.9, in addition to the electric field (and therefore optical
power) confined within the waveguide, the field also continues outside of the
waveguide and into the cladding layers. The field decays exponentially with the
distance from the waveguide, so it is known as the evanescent field, and can be both
an advantage and disadvantage depending on the application of the device. If the
cladding absorbs light at the wavelength of the waveguide mode, this overlap of the
modal field with cladding can lead to optical loss and attenuation of the signal in the
waveguide. Generally, this is undesired but it is also the mechanism by which MIR
absorption spectroscopy can be implemented in a waveguide; the overlap of the
evanescent field with an analyte (shown in Figure 2.2) can lead to a detectable change
in intensity through the waveguide, which can be used to identify the analyte.

In practice, the planar waveguide is not useful in an integrated photonic circuit,
as the light is only confined in one direction. By adding another dimension of
confinement (such as a rib waveguide, Figure 2.3), the waveguide can realise practical
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FIGURE 2.2: Illustration of the evanescent field sensing of an analyte (the field shown
is for nb > nt, which is expected for a waveguide exposed to an analyte).

FIGURE 2.3: Cross-section of a rib waveguide.

devices but the modes can no longer be found analytically, with the exception of
certain two-dimensional geometries (such as circular optical fibres, where the radial
symmetry allows this). Consequently, the waveguide must be modelled numerically,
which underlies the need for the simulation tools discussed in Chapter 3. Further, the
modes within the waveguide will not be solely TE- or TM-polarised, but have a
combination of the two polarisations. However, in integrated photonics, the
waveguides are typically designed so that the TE and TM components of polarisation
are weighted to be close to 100% or zero respectively (or vice-versa), making it a
quasi-TE (or quasi-TM) mode. For the avoidance of confusion, note that in literature it
is common to drop the ”quasi” term; this will be followed through the remainder of
this work.

Rib and strip waveguides are by far the most ubiquitous design used in group IV
photonics; a cross-section of a rib waveguide can be seen in Figure 2.3. The underlying
substrate for a typical wafer material stack is omitted from this diagram, but it is
usually silicon of thickness 0.5 − 1 mm to prevent the wafer bending and bowing; the
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exact thickness depends on the size of the wafer. The various parameters concerned in
rectangular waveguide design are the width of the waveguide core w, the core height
h, etch depth d and slab thickness s = h− d; strip waveguides differ only from rib
waveguides in that s = 0. The thickness of the lower cladding layer T is typically
2 − 5µm at MIR wavelengths, sufficient to optically isolate the waveguide and
prevent leakage of power into the wafer substrate (note that this is dependent on
wafer materials and the specific wavelength of operation).

For any given waveguide design, single mode propagation will only be
supported over a limited range. This is evident when it is recognised that all of the
variables in Equations 2.11 and 2.12 have a wavelength dependence and therefore the
number of solutions (i.e. discrete values of β, or modes) will also be
wavelength-dependent. Although Equations 2.11 and 2.12 are for planar waveguides,
this also holds true for the rib and strip waveguides.

Figure 2.4 shows the effective indices of the first three waveguide modes for a
silicon-on-insulator, 1.2µm-wide and 500 nm-tall strip waveguide; when the effective
index of each mode is less than the refractive index of the cladding (shown by the
dotted red line), the mode is no longer guided. Since the value of β for each mode
varies with wavelength (and therefore also its effective index neff), there is a

FIGURE 2.4: Effective indices of the first three supported modes in a silicon-on-
insulator strip waveguide, with 1.2 µm width and 500 nm height, simulated in Lumer-
ical MODE Solutions. Inserted images show the amplitude of the TE mode fields at the
wavelengths indicated by the red arrows (red indicates positive amplitude, while blue
shows negative). For effective index values below the refractive index of the SiO2, the
waveguide modes are radiative. The grey-shaded areas indicate wavelength regions

where the waveguide is not single-mode.
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wavelength range (λ = 3.2− 5µm for this example) where only the fundamental
modes are guided and outside this range the waveguide is either multimoded
(λ < 3.2µm) or the fundamental mode is cut-off (λ > 5µm). Note that the support of
both the fundamental TE/TM modes is still classed as the waveguide having
single-mode propagation, as coupling into only the desired mode can be achieved
either by polarisation control on-chip [32, 33] or by using external optics.

2.1.2 Propagation loss

When characterising a waveguide, one of the most important considerations is the
propagation loss or attenuation; that is, the proportion of the input optical power that
is absorbed, scattered or otherwise lost while propagating through a unit distance in a
waveguide, α. Generally, it is useful to express the propagation loss of light through a
waveguide of length L on a logarithmic-scale, so

αL = −10 log10

(
Pout

Pin

)
, (2.13)

where Pin and Pout are the optical powers input into and output from the waveguide
respectively. The propagation loss effectively limits the usefulness of a device. For
example, considering a chemical sensing device, with a larger propagation loss it
becomes more difficult (if not impossible) to distinguish an absorption peak, thereby
reducing the sensitivity of a device. Specifically, the fractional change in optical power
∆P through a waveguide where there is also an analyte-induced loss α′ is given by

∆P = exp(−αL) · [1− exp(−Γα′L)] ≈ exp(−αL) · Γα′L (2.14)

where Γ is the modal confinement factor in the analyte [11]. It is easy to see that, due
to the exponential dependence on α in Equation 2.14, the waveguide propagation loss
can quickly dominate and mask any absorption due to the analyte.

The propagation loss in a waveguide can be influenced by several mechanisms,
but the primary ones considered here are absorptions from the waveguide and
cladding materials, and the scattering induced by the roughness of the waveguide
sidewalls. To illustrate this discussion consider Table 2.1, which shows a selective
group of various waveguides used for MIR wavelengths, with differing group IV
material combinations and geometries. The discussed material platforms are
silicon-on-silicon dioxide (commonly known as silicon-on-insulator, or SOI),
silicon-on-silicon nitride (SON), silion-on-sapphire (SOS), silicon nitride-on-insulator
(NOI), germanium-on-insulator (GOI), germanium-on-silicon (GOS),
germanium-on-silicon nitride (GON) and silicon-germanium (SiGe) graded index
waveguides. Most of these waveguides had no upper cladding (i.e. the upper
cladding was air), so the phrase “X-on-Y” denotes the X as the waveguide material
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# Waveguide λ (µm) α (dB/cm) w (µm) h (µm) d (µm) Ref.
A1 SOI 2 1.00± 0.08 0.6 0.24 0.1 [34]
A2 2.12− 2.28 0.45− 0.65 0.9 0.22 0.22 [35]
A3 3.39 0.6± 0.2 2 2 1.2 [36]
A4 3.68− 3.88 2− 3 1.2 0.4 0.4 [37]
A5 3.75 1.75± 0.22 1.2 0.4 0.24 [38]
A6 3.75 2.65± 0.08 1.2 0.4 0.4 [38]
A7 3.77 1.46± 0.20 1.35 0.4 0.22 [39]
A8 3.8 1.28± 0.65 1.3 0.5 0.5 [40]
A9 3.8 2.72± 0.57 1.1 0.5 0.5 [40]
B SOI slot 3.8 1.4± 0.2 1.378 0.5 0.5 [41]
C SON 3.39 5.2± 0.6 2 2 0.8 [42]

D1 SOS 2.08 1.09− 1.44 0.4− 1 0.28 0.28 [43]
D2 4.5 4.3± 0.6 1.8 0.6 0.6 [44]
D3 5.18 1.69− 1.92 0.4− 1 0.28 0 [43]
E SOI pedestal 3.7 2.7± 0.15 8 5 n/a [45]
F1 Suspended Si 2.75 3.0± 0.7 1.0 0.34 0.24 [46]
F2 3.8 3.4 1.1 0.5 n/a [47]
F3 3.8 0.82 1.3 0.5 n/a [48]
F4 7.67 3.1± 0.3 1.3 0.5 n/a [49]
G1 NOI 2.65 0.16 4 2.5 2.5 [50]
G2 3.7 2.1 4 2.5 2.5 [51]
H1 SiGe 4− 5 < 0.4 5.0 2.7 2.7 [52]
H2 4.5 < 1 3.3 3 3 [53]
H3 7.4 < 2 7.0 3 3 [53]
H4 5.5− 8.5 2− 3 4 13 4 [54]
H5 5− 11 < 4.6 6.2 13 6.1 [55]
I GOI 3.8 4.5± 0.5 1.1 0.515 0.265 [56]
J1 GON 3.8 3.35± 0.5 2 1 1 [57]
J2 3.73 7.86± 0.7 1 1.5 1.5 [58]
K1 GOS 3.8 0.58± 0.12 2.7 2.9 1.7 [59]
K2 5.8 2.5 2.9 2 2 [60]
K3 7.575 2.5 4.3 3 1.8 [61]
K4 7.5− 11.0 < 5 4 2 1 [62]
K5 9.0− 11.5 < 10 6 1.5 0.9 [63]
L1 Suspended Ge 2.155 5.4 0.9 0.3 0.15 [64]
L2 3.8 2.9 1.1 0.4 0.25 [56]
L3 7.67 2.6± 0.3 3.5 1 0.3 [65]
L4 7.7 5.3± 1.0 2.7 1 n/a [66]

TABLE 2.1: Propagation losses of some waveguide geometries based on group IV ma-
terials at different wavelengths in the MIR wavelength range, using the geometrical

parameters shown in Figure 2.3.

and Y as the lower cladding, but the reader is referred to the given references for each
specific waveguide design.

The roughening of the waveguide sidewalls is introduced when the waveguide
is fabricated by vertical etching [67], as described in Chapter 3, and it can cause light
to be scattered out of the waveguide. This scattering can be reduced by increasing the
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confinement of the mode within the waveguide, as there is less overlap of the mode
with the sidewalls [68, 69]. This is evidenced by considering waveguides A8 and A9 in
Table 2.1, which only differ in terms of the waveguide width; the mode is more
confined in the silicon waveguide for the larger design, resulting in ∼ 1.5 dB/cm less
propagation loss compared with the smaller waveguide. Alternatively, the scattering
can also be reduced by simply decreasing the height of the sidewalls. This explains the
difference in propagation loss between waveguides A5 (a fully etched strip
waveguide) and A6 (a partially etched rib waveguide), as the sidewalls are smaller if
some of the slab remains. Light can be scattered of the waveguide surface as well; the
propagation loss of waveguide A3 was reduced to 0.6± 0.2 dB/cm from
1.9± 0.2 dB/cm when the surface was oxidised with 30 nm of thermal oxide to reduce
the surface roughness. It should be noted that the scattering is proportional to λ−4

[70], as expected from Rayleigh scattering, so the sidewall roughness becomes less
dominant as a loss mechanism for longer wavelengths.

The material absorption is not just determined by the absorption from the
waveguide material, but from the cladding layers as well. It was shown above that an
evanescent field exists within the waveguide cladding (Equation 2.9). This can mean
even if the waveguide core is transparent at a particular wavelength, absorption from
the cladding can lead to a considerable propagation loss. For example, for a SOI
waveguide, the silicon dioxide cladding has significant absorption for wavelengths
longer than 4µm. Using different cladding materials (such as SON or SOS,
waveguides C-D3 in Table 2.1) can extend the low-loss propagation to longer
wavelengths, but ultimately the cladding absorption will limit the operable
wavelength range. Likewise, germanium-based waveguides (transparent up to
∼ 14µm [71]) also suffer increased propagation losses due to cladding absorption.
GOS waveguides (K1-K5 in Table 2.1) can be low loss up to ∼ 8µm until multiphonon
absorption begins in silicon [72]. Waveguide K4 in particular has a region of low loss
(9.5− 11µm) but considerably larger losses outside, following the absorption
spectrum for silicon.

Alternatively, appropriate engineering can minimise the overlap of the
waveguide mode and the cladding by increasing the confinement. GOI and GON
waveguides (I and J1-J2 in Table 2.1) have claddings that absorb at shorter
wavelengths in comparison to silicon, but offer a considerably higher refractive index
contrast with germanium than silicon does. This will increase the confinement and
thereby decrease the loss, although so far better losses than GOS have not been
achieved. In spite of this, higher index contrast layers may be useful for increasing the
modal overlap with an analyte; the waveguide J2 (air-clad GON) was predicted as
having a threefold increase in the evanscent field fraction present in air compared to a
GOS waveguide with a similar design.

Graded-index SiGe waveguides (H1-H5 in Table 2.1) use an alloy that changes
composition gradually from high silicon concentration to high germanium, as
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opposed to the step index change between the cladding and waveguide layers in a
conventional rib or strip waveguide. These comparatively large waveguides can have
a tailored mode confinement, in principle minimising silicon absorption by preventing
overlap with the mode and a pure silicon layer. However, the alloy means that there
will inherently always be some overlap with silicon and the waveguides in [55] had
silicon-related absorptions, particularly around 9µm. Further, the SiGe waveguides
are very large compared the other waveguides in the table, which brings other issues
into consideration, such as the large footprint of a potential circuit made from these
waveguides.

Other attempts at reducing the cladding absorption have been to simply reduce
or remove it. Underetching of silicon and germanium waveguides for pedestal
(waveguide E in Table 2.1) or suspended structures (waveguides F1-F4, L1-L4) have
been successful at reducing the propagation losses and in particular have extended
low-loss propagation to the end of the silicon transparency range. This is
advantageous because the significant overlap of the evanescent field and the cladding
is desirable for MIR absorption spectroscopy [18], where an analyte is introduced to a
waveguide with no upper cladding layer and is identified by identifying its
absorption peaks in the waveguide transmission spectrum. Suspended waveguides
could potentially offer increased sensitivity, as an analyte could also be present
beneath the waveguide, increasing the absorption from the analyte [20]. For designs
that require high mode confinement with an analyte, a slot waveguide maybe more
appropriate. For these waveguides, a gap is introduced in the centre of the
waveguide, resulting in the light being tightly confined in this slot. Since the analyte
will be present in this slot, this could greatly increase the device sensitivity due to
significantly increased overlap of the waveguide mode and the analyte [73, 74],
although at shorter wavelengths the increased sidewall-roughness-induced scattering
from the slot might cancel out any benefit [75].

Other mechanisms can have a significant impact on the propagation loss and
therefore must be considered in waveguide design. Combining crystalline materials
with dissimilar lattice constants can cause defects at the material interface, which in
turn can contribute to scattering loss [61, 76]. For example, for germanium deposited
on silicon (i.e. GOS), typical densities of threading dislocation defects are 107 cm−2 [59,
77, 78]. As with other waveguide scattering, this scales by λ−4 so it is a smaller
concern at longer wavelengths; in-depth discussion of this can be found in Section 2.2.
Free-carrier absorption is caused by the presence of electrons and holes in a
semiconductor, in addition to usual material absorption. It is generally considered
negligible unless the material is highly doped (i.e. with high levels of free carriers),
but for certain materials it is worth considering. For example, in germanium the
free-carrier absorption is much higher than it is in silicon [79, 80] and it also scales
significantly with wavelength. Consequently, for germanium waveguides at longer
wavelengths, the free carrier absorption may result in a large or dominant loss
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contribution, even at background doping concentrations.

2.1.3 Splitters and couplers

In a PIC-based sensing device, power splitting is essential to make realistic devices
such as the one suggested in Chapter 1. As a simple example, a Mach-Zehnder
inteferometer (a key compoment for many sensors, see Section 2.1.4) requires a splitter
and a coupler to operate. There are several ways to approach power splitting, the
most common and relevant to this work (Y-junctions, directional couplers, and
multimode interferometers) are discussed in this section.

2.1.3.1 Y-junctions

Y-junctions (Figure 2.5) are the simplest splitter design, where the input waveguide is
split into the two output waveguides with the same width. The output waveguides
are then separated by a sufficient distance to minimise any coupling between them.

Their simplicity means that they are straightforward to design and their
symmetry means that there fundamentally will not be any imbalance between the
outputs. However, their significant drawback is their basic design requires the tip of
the “Y” to be infinitely sharp to minimise the insertion loss, as the tip interacts with
the centre of the waveguide mode where the optical power is greatest. For example,
some optical loss at the tip can be seen in the simulation of a sub-optimal Y-junction
shown in Figure 2.6. However, the resolution of waveguide fabrication limits the tip
sharpness that is realistically achievable, which can lead to considerable insertion
losses: for example, a loss per junction of 2.6 dB have been recorded in the NIR [81].
Additionally, small fabrication imperfections can also cause asymmetry in the
junction, yielding imbalance in the outputs.

The fabrication limitations have been addressed in the NIR range. By setting the
tip size to a minimum size allowed by fabrication (200 nm), the optimal geometry of
the splitting region around the tip was found using a particle swarm optimisation, to

FIGURE 2.5: Illustration of a Y-junction as a waveguide power splitter.



20 Chapter 2. Literature Review

FIGURE 2.6: Optical power through a Y-junction. Red areas indicate high intensity
and blue areas indicate low intensity.

minimise the insertion loss to 0.28± 0.02 dB at λ = 1.50µm [82]. Furthermore, the
design has a higher tolerance to fabrication overall, meaning that it is less susceptible
to the effects of any imperfections. A similar design has been used for a polarising
beam splitter with an insertion loss less than 1.4 dB over λ = 2.45− 2.55µm [83]. This
approach is discussed further in Chapter 6.

A different approach to relax this fabrication requirement is to use very gradual
changes in the waveguide geometry, giving a smoothly changing refractive index
profile and not exciting any higher order modes that can cause wavelength
dependence or loss. This technique is called adiabatic mode evolution and has been
used for various waveguide configurations in the NIR [84–86]. Although different in
principle to the Y-junction, the layout of the device can be arranged in a similar
configuration for an identical effect (see Figure 2.7). In the MIR, adiabatic power
splitters in a Y-junction configuration have been demonstrated by the input and
output waveguides tapering down to a small tip, separated laterally by a small gap.
The mode in the input waveguide is squeezed out by the decreasing width and
couples into the output waveguides via intermediate modes propagating within the
gaps. This splitter showed an insertion loss of < 0.6 dB over 3.66 − 3.89µm [87];

FIGURE 2.7: Illustration of an adiabatic power splitter, in a Y-junction configuration
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importantly, the splitter was fairly tolerant to the smallest tip sizes of the taper over
30 − 120 nm (the upper half of this range is achievable with e-beam lithography).

2.1.3.2 Directional couplers

A directional coupler (Figure 2.8) is a device in which two parallel waveguides are
separated by a small gap g. Optical power can couple across from one waveguide to
another in an arbitrary ratio Pout,1 : Pout,2 that can be tuned with the design of the
coupler. Typically, this is either 50:50 for a power splitter, or 0:100 for a cross-coupler.

FIGURE 2.8: Illustration of a directional coupler, with coupling length LC and waveg-
uide separation g.

The working principle behind the directional coupler is based on the sum of two
supermodes (Figure 2.9) that propagate in the two waveguides of the coupling section
with constants β1,2. As the modes travel, they will have a relative phase difference; if
the input is into the top waveguide only (so Pin,2 = 0), when the modes are in phase
the optical power will be localised in the top waveguide, while when they are in
anti-phase the power will be in the bottom waveguide. The phase difference between
the two modes, after a coupler length LC, is

β1LC − β2LC =
2πneff,1

λ
LC −

2πneff,2

λ
LC

=
2π∆n

λ
LC = 2CLC

(2.15)

where ∆n = neff,1 − neff,2 is the difference between the two effective indices of the
supermodes and the coupling coefficient C = π∆n/λ. The coupling coefficient (and
also ∆n) will decrease exponentially as the gap size g increases [88]. ∆n can be found
using numerical eigenmode solvers, as detailed further in Chapter 3.

FIGURE 2.9: The modal field for the supermodes in a directional coupler. Red indicates
positive electric field amplitude, while the blue areas indicate negative amplitude.
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FIGURE 2.10: Location of optical power in directional couplers of different lengths:
(a) long cross coupler showing multiple oscillations of the optical power within the
directional couplers; (b) cross coupling; (c) 3 dB power splitting. All couplers shown
have the same waveguide separation, g. Red areas indicate high intensity and blue

areas indicate low intensity.

Consequently, for a given geometry, selecting the desired power ratio can be
achieved by designing the length of the coupler to give the correct phase difference at
the output of the coupler. This is illustrated in Figure 2.10, where it can be seen that
different coupler lengths will give different power ratios, for the same waveguides
and value of g.

Importantly, the coupling coefficient C has an inherent wavelength-dependence.
This means that, for the same device operating at a different wavelength, the phase
difference between the supermodes will change and the power ratio will differ as a
consequence. This limits the tolerable performance range with respect to wavelength
of the standard directional coupler for broadband PICs. At λ = 3.8µm, this means
that one reported 50:50 splitter had a bandwidth that is tens of nanometres (assuming
a normalised power of 0.5± 0.05 in each output) [89].

The bandwidth of directional couplers can be improved by manipulating the
waveguide dispersion to compensate for the wavelength dependence of neff,1 and
neff,2, yielding an 85 nm bandwidth around 3.8µm wavelength for 50:50 splitting and
145 nm bandwidth for 0:100 cross-coupling [90]. However, this necessitated a more
complicated fabrication, with multiple etch steps on the same waveguide, and it still
does not provide an operable bandwidth sufficient for sensing applications.
Alternatively, inserting a subwavelength grating metamaterial into the gap of a
conventional directional coupler has been demonstrated to provide a bandwidth of
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175 nm at a wavelength of 3.80µm (for 0:100 cross-coupling) [91]. This device uses the
dispersion of the subwavelength metamaterial to compensate for the wavelength
dependence of neff,1 and neff,2, but this can be achieved using the same etch step that is
used to define the waveguides and therefore the fabrication is less complicated.
Subwavelength structures are discussed further in Section 2.1.5.

2.1.3.3 Multimode interferometers

FIGURE 2.11: Illustration of a M × N MMI (in this case, M = 3 and N = 4). The
multimode region of the MMI has a width wMMI and length LMMI.

A multimode interferometer (MMI) consists of a multimode waveguide, of width
WMMI and length LMMI, with M input waveguides and N outputs (Figure 2.11). The
multimode waveguide is wide enough to support a large number of modes, which are
excited by the modal field launched from one or more of the input waveguides. The
higher-order modes will interfere, resulting in the input mode being replicated along
the length of the multimode region. As an illustration, consider the single-input MMIs
shown in Figure 2.12, where the points at which a single replication of the input mode
(the self-imaging point) and two replications (the two-fold imaging point) occur are
highlighted. If LMMI is equal to the distance from the input to the two-fold imaging
point, the MMI can be used as a 1× 2 splitter for example (or, in reverse, as a combiner
for two inputs). It is also evident that the MMI could be used as a splitter or combiner
for more than two waveguides choosing a suitable length to coincide with, for
example, the three-fold imaging point, or as a 2× 2 cross-coupler by using the
self-imaging point with an off-centre input waveguide.

The position along the multimode region at which N replications of the input
occur is determined by the beat length, Lπ, between the two lowest order modes in the
multimode region, given by [92]:

Lπ =
π

β0 − β1
≈ 4neff,ww2

e

3λ
, (2.16)

where β0,1 are the propagation constants of the two lowest order modes, neff,w is the
effective index of the waveguide and we is the effective width of the multimode
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FIGURE 2.12: Intensity plots of the field in the multimode region of: (a) a symmetric
MMI with a centred input; (b) an asymmetric MMIs with an offset input, with the
self-imaging and two-fold imaging points shown by the dotted white line. Both MMIs
have the same beat length Lπ . The red areas indicate high intensity, and the blue areas

show low intensity.

region. Since the waveguide mode has a non-negligible penetration into the
waveguide cladding (see Section 2.1.1) we will be slightly larger than wMMI and, for an
effective cladding index neff,c, is given by [92]:

we = wMMI +

(
λ

π

)(
neff,c

neff,w

)2ζ

(n2
eff,w − n2

eff,c)
− 1

2 (2.17)

where ζ = 0 for TE-polarisation and ζ = 1 for TM-polarisation.
Generally, for an M× N MMI and for propagation in the z-direction, N images

will first occur when
z =

3Lπ

N
, (2.18)

so the self-imaging (N = 1) and two-fold imaging points (N = 2) will be z = 3Lπ and
z = 3Lπ/2 respectively. In the specific case of a symmetric MMI with a centred input
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waveguide, the N images will first occur at

z =
3Lπ

4N
, (2.19)

meaning that the self-imaging point will be at z = 3Lπ/4 and two-fold imaging point
z = 3Lπ/8.

The quadratic dependence of the MMI beat length, and therefore also the entire
MMI length, on the width of the multimode region is a significant consequence for the
MMI design, as it can be made with a small footprint. In principle, this is only limited
by having a sufficiently wide multimode region to support enough higher order
modes. Moreover, the smallest feature size in the device is that of the input and output
waveguides, meaning that it is fairly tolerant to fabrication processes. The modal
mismatch between the thin single-mode input and output waveguides and the wider
multimode region will cause optical loss, but this can be reduced by tapering the input
and output waveguides [93], as illustrated in Figure 2.11.

The inherent wavelength dependence of the MMI can be exploited for the
(de)multiplexing of signals (i.e. separating or combining a signal into different
wavelength components), such as in an angled MMI [94] shown in Figure 2.13. This
can also be useful for some sensing applications, for example, the different
wavelengths of a broadband source can be split into separate channels for sensing
different gases on the same device [19]. However, for broadband PICs, the wavelength
dependence considerably limits its utility. Conventional silicon MMIs have been
reported with losses as low as 0.1 dB/MMI and imbalance as low as 0.15 dB [39, 48, 95]
at 3.8µm, and 0.24 dB/MMI at 7.9µm on GOS [61], but these all have a
wavelength-dependent performance. MMIs based on the graded-index SiGe alloys
can offer bandwidths up to an octave of frequency [96, 97], but these rely on the
dispersion on the material itself and do not provide an approach to improve the
wavelength range of an MMI more generally. Tunable graphene-based plasmonic
MMIs can offer low imbalance over a 2µm bandwidth and with a compact footprint,

FIGURE 2.13: Illustration of an angled MMI.
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but they suffer from very high insertion loss (up to 10 dB per device) and a much more
complicated fabrication process [98, 99].

Alternatively, engineering of the multimode region itself can yield devices with a
broader operating bandwidth. In the NIR, MMIs in which a strip of a sub-wavelength
metamaterial has been inserted has been shown to halve the length of a conventional
MMI [100]. Significantly, an MMI in which the entire multimode region is replaced
with this sub-wavelength metamaterial has been demonstrated with a 300 nm
bandwidth around 1.55µm [101]. In this design, the refractive index varies with
wavelength to compensate for the change in beat length with wavelength;
importantly, the dispersion is due to etched features and not the waveguide material,
so this approach is applicable to different waveguide platforms (unlike the
ultra-broadband SiGe MMIs). Subwavelength engineering is discussed further in
Section 2.1.5, and the subwavelength grating MMI will be revisited in Chapter 5.

2.1.4 Mach-Zehnder interferometers

Mach-Zehnder interferometers (MZI) are useful components for PICs and are used for
a variety of applications, such as spectrometers [102–104], refractive index sensors [7,
105, 106], modulators [107–109], switches [110, 111] or (as discussed in Chapter 5) for
device characterisation [112].

In an MZI, input optical power is divided into two separate optical paths, called
the arms of the MZI. The phase change of the light by propagating in each arm of
length L1,2 will be given by φ1,2 = β1,2L1,2, where β1,2 is the propagation constant in
each arm. The light in both arms is then recombined and will interfere, with the
output power depending on the phase difference ∆φ = φ2 − φ1 between the two arms.
If we consider the transfer matrix of a 1× 1 MZI (such as those in Figure 2.14), the
electric field at the input and output ports, Ein and Eout, of the MZI are related by its
total transfer matrix TMZI, which in turn is the product of the transfer matrices of its
constituent components:

Eout = TMZIEin = T50:50TarmsT50:50Ein (2.20)

where T50:50 is the well-known transfer matrix for an ideal 50:50 beamsplitter (any
splitter may be used)

T50:50 =
1√
2

[
1 i
i 1

]
(2.21)

and Tarms is the transfer matrix for arms of the MZI, with respective phases φ1 = φ

and φ2 = φ + ∆φ and assuming no propagation loss

Tarms =

[
exp[i(φ + ∆φ)] 0

0 exp(iφ)

]
= exp(iφ)

[
exp(i∆φ) 0

0 1

]
. (2.22)
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With a single input to the MZI, and multiplying through the transfer matrices:

Ein =

[
0
1

]
⇒ Eout =

exp(iφ)

2

[
i[exp(i∆φ) + 1]

1− exp(i∆φ)

]
. (2.23)

Since the optical output power is related to the output field by Pout ∝ |Eout|2, it is then
straightforward to show that the normalised output power of the 1× 1 MZI is

Pout

Pin
= cos2

(
∆φ

2

)
. (2.24)

It is this sinusoidal-like behaviour of MZIs that makes them, for example, useful for
modulators and switches (although the latter requires more output ports) because
small changes in the phase difference can make large changes in the output power.

The phase difference between the MZI arm can be induced in two different ways,
depending on whether symmetric or asymmetric MZIs are used. In the case of the
symmetric MZI (where L1 = L2), the phase is due to a change in the waveguide
effective index ∆neff, so that β2 = β1 + ∆β. As shown in Figure 2.14(a), this is caused
by changing the local refractive index by ∆n over a section of the waveguide, which in
turn will change the effective index of the waveguide mode. In silicon, the localised
refractive index shift can be achieved by using thermo-optic or plasma dispersion
effects [113], or by exposing a section of the waveguide to a different substance other
than the top cladding (such as an analyte, for refractive index sensing techniques). In
an asymmetric MZI, Figure 2.14(b), the phase difference is directly due to the

FIGURE 2.14: Illustration of 1× 1 MZIs, using Y-junctions as power splitters. The pink
box for the symmetric MZI indicates an area with a localised refractive index shift.
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difference in the length of the optical path ∆L. In this case, the waveguides in each
arm are kept the same, so β1 = β2. In either case, the phase difference between the two
arms can be described similarly and is given by

∆φ =

 2πL
λ ∆neff for a symmetric MZI

2πneff
λ ∆L for an asymmetric MZI.

(2.25)

The free spectral range (FSR), ∆λFSR, of a resonator such as an MZI is defined as
the separation in wavelength between two extinctions (where Pout = 0) in the
transmission spectrum in an MZI. From Equation 2.24, it is evident this occurs when
∆φ = m2π, where m = 0, 1, 2... is an integer multiple. Considering the phase change
with wavelength:∣∣∣∣∂φ

∂λ

∣∣∣∣ =

∣∣∣∣ ∂

∂λ

[
2πneff(λ)L

λ

]∣∣∣∣ =
2πL
λ2

[
neff(λ)− λ

∂neff

∂λ

]
=

2πngL
λ2 (2.26)

where ng is the group index of the waveguide. Assuming an asymmetric MZI, then a
relative phase change ∆φ = 2π will be induced for light travelling a distance L = ∆L,
which yields

∆λFSR ≈
λ2

ngL
. (2.27)

2.1.5 Subwavelength structures

Historically, the phenomenon of electromagnetic radiation interacting with periodic
structures of different materials as if they were a single homogenous material has been
known since the 19th century, with Hertz’s experiments with radio wave and wire
grids [114, 115]. For these structures, their periodicity is much smaller than the
wavelength of light and so diffraction effects are suppressed, and the structure can be
considered as an effective medium. In recent years, the engineering of silicon photonic
devices on a subwavelength scale has been widely considered, as it allows selective
manipulation of the device refractive index without the need of additional materials,
and can be implemented in the same fabrication steps that are used to define
conventional devices. Subwavelength structured devices have been used in a variety
of passive components, such as waveguides [47, 116, 117], directional couplers [91],
MMIs [100, 101], Y-junctions [118], polarisation splitters [119, 120], edge couplers [121]
and grating couplers [122–126].

Figure 2.15(a) shows a periodic one-dimensional grating with period Λ and
alternating features of size a and (Λ− a) with refractive indices n1 and n2 respectively.
The bandstructure of this structure is shown in Figure 2.15(b) where the bandgap
occurs when k = π/Λ (i.e. the edge of first Brillouin zone) with allowed bands above
and below the bandgap. When the frequency ω is above the bandgap, the structure
carries radiative modes (i.e. the light is diffracted out of the waveguide), while at
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FIGURE 2.15: Illustration of (a) a one-dimensional dielectric periodic structure and
(b) its resulting photonic bandstructure. For light propagating with wavevector k,
propagating modes at frequency ω are shown in the bandstructure by blue lines. The
yellow shaded region indicates the bandgap, with no propagating modes. The red
dashed line shows the dispersion for a homogenous waveguide (with n1 = n2), and
the region in which the periodic structure can be approximated as homogenous is

shown by the dashed orange circle.

frequencies below the bandgap, the structure has guided modes. If n1 = n2, the lattice
structure becomes a homogenous material and the bandgap closes, and we have the
case of the conventional strip waveguide [127].

At frequencies within the photonic bandgap, no propagating mode exists (the
field will exponentially decay within the structure) and the light is reflected back
opposite to the direction of propagation. This is the Bragg reflection and, for a given
structure, the wavelength at which it occurs is λ = 2neff,BFΛ (note that neff is the
effective index of a mode within the periodic structure, known as the Bloch-Floquet
mode [114]). Therefore, the condition for the above structure to be subwavelength is

neff,BF <
λ

2Λ
. (2.28)

At smaller values of k (equivalently at long wavelengths, λ� Λ) within the
dashed orange circle in Figure 2.15(b), the grating can be considered as a
homogeneous waveguide. The refractive index of this material will be
polarisation-dependent (i.e. birefringent), with the index for light polarised parallel
(n‖) or perpendicular (n⊥) to the periodic grating interfaces approximated by Rytov’s
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equations [128]:

n2
‖ ≈

a
Λ

n2
1 +

(
1− a

Λ

)
n2

2; (2.29a)

1
n2
⊥
≈ a

Λ
1
n2

1
+
(

1− a
Λ

) 1
n2

2
. (2.29b)

When considering the approximated homogeneous material as a whole, it is
sometimes more convenient to describe its anistropic refractive index with a single
tensor nSWG [129]. By denoting the refractive index in each of the x-, y- and
z-directions as nxx, nyy and nzz respectively (using the same directions as in Figure
2.15), nSWG is given by:

n2
SWG =

n2
xx 0 0
0 n2

yy 0
0 0 n2

zz

 =


n2
‖ 0 0

0 n2
‖ 0

0 0 n2
⊥

 . (2.30)

The power of subwavelength structuring of a dielectric waveguide is evident
when considering Equations 2.29a and b; by simply designing a and Λ appropriately,
the refractive index of the waveguide can be tuned between n1 and n2, provided the
condition of Equation 2.28 is met.

2.1.6 Coupling light from an external source

Where on-chip sources have not yet been realised, or where it is more useful to have a
device to be connected to a larger optical system (for example, for use with optical
fibres in telecommunications or for experimental characterisation in a laboratory), the
approaches for coupling light into and out of an integrated photonics device are
important. Generally, these strategies can be broken down into two groups: in-plane
(where the input or output light propagates parallel to the surface of the chip) or
out-of-plane (where light is, or is close to, normal to the surface of the chip) [130]. In
general, in-plane coupling is broadband and polarisation-independent but requires
additional post-fabrication processing and consistent coupling losses can be hard to
achieve due to difficulty in alignment, while in contrast out-of-plane coupling is
narrowband and polarisation-dependent and has higher losses but has a relaxed
alignment approach, requires no post-fabrication processing and can be implemented
anywhere on a device.

2.1.6.1 In-plane coupling

For in-plane coupling, the end facet of the waveguide (perpendicular to the
waveguide direction) needs to be first exposed with post-fabrication processing, such
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FIGURE 2.16: Illustration of butt coupling, with light propagation indicated by yellow
arrows (not to scale).

as by polishing or cleaving (see Chapter 3). Light propagating in the same plane is
coupled into the waveguide by aligning an optical fibre with the waveguide (Figure
2.16) or a lens focussed on the end facet.

While simple in principle, these approaches have no inherent bandwidth
limitations or polarisation dependence beyond that of the waveguide and fibre.
However, the simplicity does mean that it is heavily reliant on external controls and
requires precise alignment in three directions whether using a lens or fibre. This is a
particular issue when reliable and reproducible alignment is required, for example
assuming consistent insertion losses during optical characterisation. Further, low
coupling loss also necessitates high-quality facets, which can be problematic to
achieve consistently with cleaving or polishing.

When considering alignment with a fibre, the cross-sectional area of the fibre
core is approximately 100 times larger than the cross-sectional area of a waveguide
into which it is coupling. This means that there is a significant mismatch between the
optical modes in the fibre and the modes in the waveguide and this modal mismatch
leads to considerable losses in the coupling. To mitigate this, the waveguide can be
tapered to the output facet, as in Figure 2.17(a), to increase the waveguide width and
therefore the mode area; this approach also eases the alignment in the lateral direction.
Alternatively, and somewhat counter-intuitively, a waveguide that tapers in the
opposite direction, to decrease the waveguide width towards the facet as in Figure
2.17(b), have also been used as the mode becomes less confined as the width decreases

FIGURE 2.17: Illustration of waveguide tapering schemes for edge coupling: (a) wide
waveguides at the chip facet; (b) narrow waveguides at the chip facet. The yellow

arrows indicate the direction of light propagation.
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and therefore the waveguide mode area increases [131–133]. This effect can be further
enhanced using the sub-wavelength patterning to tune the waveguide index (and thus
modal effective index) [121] or by considering the mode evolution in the vertical
direction as well, with two-dimensional tapers [134] or multilayer structures [135].

2.1.6.2 Out-of-plane coupling

By far the most popular approach for the out-of-plane coupling is to use waveguide
gratings, which can be achieved by a straightforward vertical etch into the waveguide.
In the simplest implementation, consider an infinite one-dimensional grating in a
waveguide, such as the one shown in Figure 2.18, with etch depth d, period Λ and
unetched feature (or tooth) dimension a (the dimension of the etched features, or
groove, is correspondingly Λ− a). Note that the etch depth of the grating is not
necessarily the same as the etch depth used to define the waveguide.

FIGURE 2.18: Illustration of a waveguide grating coupling, with light propagation
indicated by yellow arrows. Only the first diffraction order into the top and bottom

cladding are shown.

When an optical mode propagating in the z-direction with constant β is present
in the waveguide grating, the light will diffract according to the Bragg condition, here
expressed as [130]:

km,z = β−mK, (2.31)

where km,z is the z-component of the wavevector km for the mth diffraction order. K is
a vector used to describe the grating and is solely in the z-direction, with magnitude
|K| = 2π/λ. The wavevector of the diffracted light will have a magnitude
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|km| = 2πnt,b/λ, depending on whether the diffraction orders are in the top or bottom
cladding respectively. Therefore, the diffraction orders will only occur when Equation
2.31 can be satisfied, i.e. for β−mK < km,z the orders are not permitted.

Assuming that km,z is non-zero and that β is only in the z-direction, then
Equation 2.31 can be re-written for the first diffraction order directed upwards into the
upper cladding (with index nt):

sin θ =
β− K

k1
⇒ λ

Λ
= neff − nt sin θ (2.32)

where θ is the angle of k1 from the y-axis. Consequently, by placing an optical fibre at
the same angle θ, light can be coupled out of the waveguide. By reciprocity, the
reverse will also hold true, meaning that the same grating design and fibre
arrangement can be used to couple light into the chip as well.

There are a few important things to note by approaching input and output
coupling in this way. Firstly, although Equation 2.32 gives the design condition for the
upwards diffracted order, there will also be light in the higher diffraction orders and
in the diffraction orders that propagate into the bottom cladding, leading to inherent
optical loss at each grating. For material platforms that have an underlying substrate
(for example, SOI) there will be some reflection at the interface of the bottom cladding
and substrate (shown in Figure 2.18), which can couple back into the waveguide,
which can be useful for increasing the coupling efficiency of the grating coupler. In
fact, the inclusion of metal layers beneath the grating coupler to increase this reflection
has been suggested [136], but this approach is not CMOS-compatible. Secondly, while
it is possible to have vertical propagation (θ = 0 and km=1,z = 0), this will also give a
second diffraction order that is reflected back into the waveguide, which is
undesirable and so this specific design is generally avoided. Thirdly, the dependence
of Λ on neff means that the grating couplers have a strong polarisation-dependence; in
silicon photonics, waveguides have TE and TM modes with significantly different
values of neff and will therefore require different optimal grating periods for coupling
each polarisation. Finally, although the Bragg condition (Equation 2.31) implies that
the grating coupler will only work for a specific λ, this is for an infinite grating. For a
finite grating in a real device, there will be a range of k-vectors that are allowed by the
Bragg condition, meaning that the grating coupler has some, albeit narrow, spectral
bandwidth around the specific design value of λ.

Practically, the grating coupler has advantages over in-plane coupling.
Alignment effectively only takes place in two directions, as the fibre is lowered very
close to the surface of the chip and then its position is only varied over the area of the
grating (the optimised one-dimensional grating design will be applied over
∼ 10µm-wide waveguide). This makes the alignment simpler, faster and more
reproducible, as the optimal coupling position only has to be found in two axes rather
than three. Furthermore, as the grating couplers are made using nanoscale fabrication
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methods, they typically have more consistent insertion losses as any defects tend to be
smaller than macroscale processes (like polishing or cleaving). Gratings are also not
limited to be placed at the edge of a chip, meaning that they can be used for testing at
multiple points on a device or across a wafer, particularly as they can be made as
erasable [137].

In the MIR range, the best grating coupler designs have bandwidths of ∼ 200 nm
and coupling efficiencies of less than −3 dB [35, 126, 138]. Material platforms that
have a low refractive index contrast, such as GOS [139], tend to have grating couplers
with low coupling efficiencies without more sophisticated design strategies [140].

2.2 Materials for the mid-infrared wavelength range

When selecting appropriate materials to use for group IV photonics in the MIR
wavelength range, there are two important questions to answer:

1. can the materials enable compact devices with low-loss propagation?

2. can the materials be integrated easily together and the devices be realised using
CMOS-compatible fabrication techniques?

This section will discuss the material properties and integration techniques to aid the
answering of these questions and to explain the choices of material platforms in this
thesis.

2.2.1 Transparency range

Before discussing individual materials, it is important to highlight the absorption
mechanisms that dictate the transparency range of semiconductors. The electronic
bandgap of the semiconductor determines the shortest wavelength that can be
transmitted with low loss; at shorter wavelengths, photons have energies larger than
the bandgap and will therefore be absorbed, exciting electrons from the valence to
conduction band. Typically, the bandgap-related absorptions are not relevant in the
mid-infrared range as the photon energy is too small; for example, silicon has a
bandgap of 1.1 eV which is equivalent to a photon wavelength λ ∼ 1.1µm [141].

At the other edge of the transparency range, the transmittance is determined by
multiphonon absorptions [71, 72]. Phonons (the quantisation of crystal lattice
vibrations) are termed either acoustic or optical, where adjacent atoms in the lattice
move in or out of phase respectively. Individually, optical phonons will generally have
lower frequencies and lower energies than are required for the absorption of photons
(acoustic phonons have even lower frequencies than optical). However, multiple
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FIGURE 2.19: Transparency ranges of various crystalline materials commonly used at
MIR wavelengths, approximated from the extinction coefficients. Data from [142–158].

optical phonons can have a total energy equivalent to a single photon, allowing it to
be absorbed; the multiphonon absorption occurs when the photon energy becomes
low enough (or photon wavelength becomes long enough) for this to happen. Crystal
lattices with heavier elements will have the multiphonon absorption edge at a longer
wavelength, as the phonon energies will be lower. This can be seen by comparing the
upper edge of transparency ranges of crystalline materials with their counterparts
below them in the periodic table: for example, contrasting silicon with germanium or
oxides with chalcogenides (see Figure 2.19).

Figure 2.19 shows the transparency ranges (with minimal material absorption) of
materials commonly used at MIR wavelengths. The choice of appropriate waveguide
materials is determined by the part of the MIR wavelength range for which a device
would be used. As discussed in Section 2.1.2 silicon waveguides are typically used,
while at longer wavelengths germanium waveguides have been considered. The
limitations of using silicon dioxide as a cladding longer wavelengths is also evident,
so different cladding materials must be used for λ > 3.5µm.

Looking beyond group IV materials however, there are a range of materials that
at first glance seem more suitable for MIR waveguides. The transparency of silver
halides (AgBr and AgCl) cover the entire MIR range so could in principle allow
low-loss propagation at any wavelength. Such waveguides have been demonstrated
at λ = 10µm, albeit with high loss attributed to the large sidewall roughness [159].
However, it has long been known that silver halides will decompose when exposed to
visible light [160], a fact that made them very useful for early photographic plates
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[161]. This would likely make them unsuitable for devices that need to be placed in
situ, greatly limiting the number of applications that they could be used for.

Chalcogenide glasses (containing sulphur, selenium and tellurium atoms instead
of oxygen) have also been explored for low-loss waveguides in the MIR [162–165], and
are particularly suitable for applications at longer wavelengths. However, many
chalcogenides also contain toxic elements such as arsenic and antimony, leading to
their suitability for biological sensing being widely discussed within the fibre
community [166, 167]. Furthermore, chalcogenide glasses generally lack mechanical
robustness when contrasted with comparable materials. For example, characteristic
measures such as the Knoop hardness, fracture energy and Young’s modulus all have
values for chalcogenides that are small fractions of the values for oxide glasses [168,
169].

GaAs waveguides have also been demonstrated at longer wavelengths [170].
However, III-Vs have a shared issue with chalcogenides and silver halides: by
conventional wisdom, they are not compatible with CMOS foundries. As discussed in
Chapter 1, this is critical to have devices that can be produced at high-volume and low
cost and maximise the potential of MIR integrated photonics. Therefore, the reliance
continues to be on the group IV materials (particularly silicon, germanium and the
nitride and oxide of silicon), unless non-CMOS materials can be integrated into the
material platforms.

2.2.2 Other material considerations

Beyond the transparency range, other material properties must be considered to assess
suitability. Table 2.2 shows the crystalline lattice constant, the coefficient of thermal
expansion (CTE) and refractive index of a selection of the crystals from the previous
section.

Crystal n @ Lattice constant CTE @ 300 K
λ = 6µm @ 300 K (Å) (10−6 K−1)

Si 3.4 5.43108 2.6
Ge 4.0 5.6576 5.7

GaAs 3.3 5.65325 5.7
InSb 4.0 6.4794 5.19
ZnS 2.2 5.4105 7.1
ZnSe 2.4 5.6687 7.1
CdTe 2.7 6.481 5.0

TABLE 2.2: Crystal properties of select cubic lattice semiconductors in Figure 2.19.
Data from [143, 144, 150–152, 154, 155, 171].

As discussed in Section 2.1.1, there must be a contrast between the refractive
index of the waveguide core and the cladding. For example, for the SOI platform
typically used in the NIR and short wavelength MIR, Si has a refractive index of
n ∼ 3.4 while the SiO2 cladding has a refractive index of n ∼ 1.4. While the refractive



2.2. Materials for the mid-infrared wavelength range 37

index contrast does not necessarily have to be this marked, a greater contrast enables
strong confinement of the light within the waveguide core and enable more compact
PICs to be realised. For example, for the GOS platform the difference in refractive
index between Ge (n ∼ 4.0) and Si is only ∆n = 0.6, meaning the GOS waveguides
have larger waveguide cross-sections, bend radii, etc. in comparison to SOI. It is
evident from Table 2.2 that the chalcogenides could offer a good contrast to group IV
or III-V waveguides.

For certain heterogenous bonding techniques or epitaxial growth of dissimilar
materials, the size of the crystal lattice is very significant. Mismatch in the lattice
constants can cause threading dislocations at the interface of the two layers, causing
optical scattering from these defects if the waveguide mode overlaps with them [59,
76]. Likewise, significantly differing thermal expansions of the lattice will contribute
to defects at the interface of the layers, which is an issue as many fabrication processes
take place at elevated temperatures [171]. To avoid inducing additional propagation
losses, the lattice constants and CTEs must be matched closely.

If the need for CMOS-compatibility is temporarily ignored (this will be
addressed in the following section), the choice of core and cladding materials can be
decided based on the transparency range, refractive index constrast and crystal
structure parameters. If group IV waveguides are assumed (as they have the highest
refractive index, excluding InSb), then GaAs and ZnSe would allow for the entire
transparency range of Ge and ZnS to cover the full transparency of Si. CdTe is
transparent over the full MIR range but it has a large lattice mismatch with both Si
and Ge (16.20% and 12.70% respectively), while InSb is not suitable for shorter
wavelengths.

At this point, trade-offs between the materials have to be considered. ZnS offers
a large index contrast with Si (∆n = 1.2) and has a small lattice mismatch (0.38%), but
the difference in the CTE would likely cause signifcant strain at the Si-ZnS interface
during fabrication. GaAs and ZnSe both advantages as cladding layers for Ge
waveguides, but drawbacks as well. GaAs has a small lattice mismatch (0.08%) and a
similar CTE, but a lower index contrast (∆n = 0.7). ZnSe, on the other hand, gives a
large refractive index constrast (∆n = 1.6) and also has a small lattice mismatch with
Ge (0.20%), but with a significant difference in CTE (although smaller than between Si
and Ge, which is an existing platform).

2.2.3 Heterogeneous integration

A material platform with a non-group IV bottom cladding offers a challenge because
wafers containing layers of both group IV materials and, for example, chalcogenides
are not currently commercially available. This means that material layers must be
added during fabrication.
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A typical approach would be to deposit layers of each material onto a substrate,
with the cladding first and then the waveguide layer. However, although the
crystallinity of the films can be controlled by selecting the deposition conditions,
deposition of group IV materials at CMOS-compatible temperatures (lower than
400◦ C) will lead to an amorphous structure. For Ge, this is an issue as an amorphous
Ge waveguide will have higher losses than its single-crystal counterpart [172, 173].
The additional loss from the material absorption can also occur at specific bands due
to different defects in the material, which could potentially mask analyte absorptions;
amorphous Ge has absorption peaks at wavelengths of 5.4µm and 13.8µm [174],
within the region of interest for chemical sensing applications with Ge waveguides.
Further, as noted in the previous section, epitaxial growth of these thin films can
create defects at the layer interfaces for materials with different CTEs and a lattice
mismatch, particularly at the elevated temperatures required for deposition.
Additionally, once a non-CMOS buried cladding layer is deposited, the resulting
material stack would be incompatible with further CMOS processing.

Alternatively, group IV waveguides could be first made on a separate wafer and
then later transplanted to a transparent substrate. Using an approach such as this
could in principle have most of the fabrication workflow be CMOS-compatible, as the
integration would be a back-end process. There are several ways to approach
developing a waveguide platform in this way. Direct bonding is a process for
adhering two semiconductor wafers or samples together solely with the adhesive
forces between the two surfaces (van der Waals and hydrogen bonding). The
advantages of this technique mean that it requires no intermediate adhesive layers like
other methods [175], which could cause additional waveguide loss, and can be used to
bond materials with dissimilar material properties without introducing strain into the
material [176]. Further, the bonding will often spontaneously occur at low
temperatures and the strength of the bond can be improved by plasma treatment of
the surfaces before bonding [177, 178]. This latter property means that it could relax
the criteria for the choice of materials in the previous section so all of GaAs, ZnS, ZnSe
and CdTe could be used as waveguide cladding. Further, it is used on an industrial
scale as part of the process to produce SOI wafers [179, 180], although this requires
annealing for stronger covalent bonding between the surfaces and reintroduces issues
with lattice mismatch and dissimilar CTE [181].

However, the surface conditions for direct bonding are very strict, requiring a
surface roughness of less than 1 nm and the surface to be free of all potential
contamination [177]. Further, there is also the question of defining the devices in the
platform before integration with the substrate, as the donor substrate must be
removed. The SOI wafer production flow follows a process similar to Figure 2.20(a);
an implantation of H+ ions is used to create a layer of microscopic defects beneath the
wafer surface, which will result in a crack along this layer and parallel to the surface
when the wafer is annealed [179, 180]. However, this is not suitable as the heating will
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also lead to chemical bonding at the interfaces and therefore defects due to lattice
mismatch. This approach also results in the presence of a non-CMOS compatible layer
before fabrication.

Alternatively, Si substrates can be removed by first thinning the substrate by
grinding and then a selective acid etch [182]. In this case, the process flow would
appear similar to Figure 2.20(b), where the waveguides of the PIC have already been

FIGURE 2.20: Different approaches for substrate removal after direct bonding of dif-
ferent wafers: (a) substrate removal by H+ ion implantation; (b) substrate removal by

grinding and wet etching.
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defined. The features do not necessarily mean that the wafer no longer meets the
minimal roughness requirement for direct bonding, as direct bonding of crystals to
pre-etched waveguides has been shown previously, for use as optical isolators [183]
and for III-V layers to Si waveguides for light sources [184]. Note that a buffer layer is
required between the device layer and substrate to prevent etching of the waveguides.
The simplest case for this would be for the buffer layer to be SiO2 (for example, if
Wafer A was SOI) that could be removed by a second selective acid etch, to etch only
the SiO2 and not the underlying Si.

Although this approach would yield the full material platform required,
questions remain over the quality of the bond between the two wafer surfaces when
one already has a waveguide defined, as [183] only shows this for small samples and
[184] required pre-etched outgassing channels to prevent void formation at the
bonding interface [185]. Furthermore, this process would be costly in terms of
resources, the entire donor substrate is effectively being destroyed each time.

A more resource-efficient approach might be then for the transfer of complete
circuits to be integrated with a transparent substrate. In recent years, transfer printing
has been used to achieve the integration of heterogeneous materials for multiple
applications [186]: placing micrometre-scale light emitting diodes on flexible
substrates with nanoscale-accuracy for displays [187], integrating III-V lasers into
photonic circuits [188] and transferring membranes devices without damage [189].
Typical areas of the transferred devices are on the order of 100µm× 100µm, although
membranes up to 2 mm× 2 mm have been successfully printed [190].

Although the individual technique can differ, all transfer printing generally
follows the same process. The devices to be transferred are fabricated on a donor
wafer or substrate and “released” from it, such as by underetching and suspension.
An elastomeric stamp is then used to take advantage of reversible adhesion, so that
the released devices can both be picked up and deposited by manipulating the speed
of the stamp [191]. The placed devices are held in place on the receiving substrate by
adhesive forces (i.e. van der Waals) between the thin device and the surface of the
substrate. Since the technique can be used for thin membranes, it could work a feasible
technique for integrating group IV waveguides with dissimilar but transparent
substrates, by fabricating an entire PIC on a membrane and then transferring it to a
new substrate. Furthermore, since the membranes can be placed with high accuracy, it
may be possible to place multiple membranes adjacent to one another to realise a
larger device, with edge coupling between the membranes or with a technique such as
photonic wire bonding [192] to facilitate inter-membrane coupling.
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2.3 Summary of literature review

In this chapter, the existing relevant literature on mid-infrared integrated photonic
components, materials and platforms has been explored. In particular, the theoretical
concepts have been introduced and working principle of each component has been
discussed to, in most cases, illustrate the wavelength dependence that must be
overcome for a fully wideband circuit. Other components that were not addressed
directly in this work but are useful to later discussions (such as MZIs or directional
couplers) were described. Furthermore, the opportunities and challenges of
integrating materials outside of group IV into silicon photonics has been reviewed.
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Chapter 3

Tools and techniques

3.1 Introduction

This chapter is concerned with the methods and techniques used to develop the
devices and platforms detailed in this thesis. Like the previous chapter, the
discussions here are important for providing context for the presentation and analysis
of the results in later chapters.

3.2 Simulation

Various commercial software packages exist for the simulation of photonic devices,
such as Photon Design, RSoft and the Lumerical DEVICE suite of programs. The
choice of software is largely determined by the personal preference of the user because
each package offers similar optical solvers: in this work, the Lumerical DEVICE suite
was solely used. Details of the individual simulations and their results will be given in
the relevant chapters.

In particular, the finite-difference time-domain (FDTD) and waveguide simulator
programs were used. The FDTD program is a two- and three-dimensional
electromagnetic simulator and is useful for comprehensive simulation of a structure or
device. However, for larger structures the full simulation can often be costly in terms
of computing resources. In this work, it was particularly used for designing grating
couplers. The waveguide simulator, MODE, can be used for: performing modal
analysis of the waveguides (such as for determining the single-moded geometry, or
calculating bending losses); bidirectional eigenmode expansion (useful for designing
MMIs or waveguide tapers); and variational FDTD (varFDTD). The varFDTD
simulator is referred to as a “2.5D solver” as it collapses a three-dimensional geometry
into a two-dimensional problem, making the simulation faster and using less
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FIGURE 3.1: Exemplar simulation setup for modal analysis of a waveguide: (a) Cross-
sectional structure of a waveguide, with simulation region highlighted by orange line
and additional mesh over orange region; (b) The meshed structure as a map of the
refractive index, with structure superimposed; (c) Simulated E-field intensity of the

waveguide mode.

FIGURE 3.2: Exemplar simulation setup for determining coupling efficiency of a grat-
ing coupler, with a fibre above (in blue). The red and green arrows show the input and
output ports of the simulation, with the yellow monitors used to track the propagation

of the optical power.

computer memory. The varFDTD solver is only applicable for problems where light is
confined to one plane of the device, i.e. where there is negligible vertical coupling
between different slab modes in the material stack, or conversion from TE polarisation
to TM. This makes it useful for designing devices like Y-junctions or directional
couplers.

Examples of simulation setups for the modal analysis of a waveguide and the
coupling efficiency of a grating coupler are shown in Figures 3.1 and 3.2 respectively.

Where possible, to check the simulation results, it is good practice to first use the
faster solvers in MODE to sweep many design variations to the optimal geometry. The
optimum can then be simulated again in FDTD to confirm the result.

3.3 Fabrication

The fabrication processes used in this work generally followed the same approach and
it is therefore useful to detail them all in this section. Specific parameters (such as
resist thicknesses and etch depths) and where any fabrication steps have deviated
from those outlined below will be stated in the relevant following chapters.
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3.3.1 Layout design

After the requisite components or the circuit as a whole have been designed and
simulated, the layout of the device on the wafer or chip is drawn using a
computer-aided design tool, which was the Tanner L-Edit software package in this
work. In this software, the masks are prepared from a top view of the PIC, as is
required by the lithographic and vertical etching fabrication processes to fabricate the
device. By default, the layout can be drawn manually with a selection of geometry
tools, but this software additionally has the advantage that external C++ code can be
used as macros for drawing features or large designs. In particular this facilitates
quick designing of the layouts, as a library of macros can be established for similar
components that only need the design parameters (for example, waveguide width) to
be updated for the new layout. All layout designs were output from L-Edit in the
industry-standard GDSII file format and can then be used to create lithographic masks
or transferred directly to the chip with maskless lithography.

The form of maskless lithography used in this project was electron beam
lithography. In this case, the GDSII layouts designs were converted using the GenISys
BEAMER software. Unlike optical lithography techniques, the pattern data from the
GDSII must be first optimised for electron beam lithography, to include information
about the beam (such as dose size) and to account for various process effects, such as
electron scattering in different material stacks.

In either case (mask or maskless), some features are common for both layout
designs. For designs that require multiple lithography and etch steps, alignment
marks are essential. These are pre-defined marks that are placed at the edge of the
design area on the wafer or chip, to provide a reference point for the lithography tool
to ensure that the features defined in later steps have the correct placement respective
to the earlier ones. Furthermore, all dry etch steps need to have metrology boxes.
These are squares or rectangles, often 100µm× 100µm in size, that are etched at the
same time as smaller features. Unlike the smaller features, their large size means that a
light beam in an ellipsometry tool can be positioned to reflect off them and the
remaining material thickness therefore be determined. Consequently, they are crucial
for determining accurate etch depths.

3.3.2 Lithography

Lithography typically follows the process as in Figure 3.3, which shows an SOI wafer
that will be processed. First, a layer of a photosensitive chemical, known as a
photoresist, is applied evenly to the surface of the wafer. This is achieved using a
technique known as spin coating, where the wafer or sample is placed on a turntable
and the resist is dispensed onto the surface. The turntable is then rapidly rotated,
causing the resist to spread across the surface; the thickness of the resist (with a given
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FIGURE 3.3: Process flow for lithography, before etching.

viscosity) can then be controlled by the rotation speed of the turntable. The coated
wafer or sample is then baked to remove the solvent from the resist.

In the exposure step, a mask is used to selectively expose the photoresist to
ultraviolet (UV) light. Features on the mask are transferred to the resist by blocking
areas from the light, while the exposed areas will chemically react to the light. With a
positive resist, the exposed areas will be softened and for a negative resist, they will be
hardened (see Figure 3.3). The softer areas of the resist can then be removed by
developing the resist (by cleaning it in a solvent), leaving areas of the Si surface
exposed to be etched.

Note that there are different approaches for the exposure step. For projection
lithography as shown in Figure 3.4(a), the mask has macroscopic features and the light
transmitted through the mask is focused onto the surface using a lens, resulting in the
micrometre- or nanometre-scale features in the resist. As a rule of thumb, the critical
dimension (i.e. the size of the smallest feature in the transferred pattern) is around
200 nm for this style of lithography, although this depends on the wavelength of the

FIGURE 3.4: Diagram of lithography tools: (a) projection lithography, where light is
passed through a lens and projected onto the wafer; (b) e-beam lithography, where the

layout is written directly onto the wafer using a beam of electrons.
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source. In contrast, in contact lithography the mask is placed in contact with resist,
similar to the setup as in Figure 3.4(a) except without the projection optics.
Consequently, the features in the mask need to be the same size as the transferred
pattern. Mask resolutions below 1µm are achievable, but this process results in etched
features with comparatively rough edges, which can lead to scattering in waveguides.
As a consequence, contact lithography is generally not used for fabrication of PICs, to
avoid large waveguide propagation losses.

Alternatively, the designed pattern can be transferred without the use of a mask,
in processes like electron beam (e-beam) lithography that is shown in Figure 3.4(b). In
this case, under vacuum electrons are accelerated by an anode and focused into a fine
beam, before being used to write the pattern directly into the resist (controllable by the
deflector). The resists used for e-beam lithography behave in a similar way to the
photoresists for UV lithography, with the chemical or physical structure changing on
exposure.

Maskless lithography techniques take much longer than light-based lithography,
as it is much quicker to expose a wafer to light than it is to write individual features
and, since the same mask can be used repeatedly for many exposures, the use of
masks facilitates scalable, high-volume fabrication. On the other hand, masks also
require a significant initial cost and will have a non-negligible lead time when ordered
from an external supplier, making e-beam far more practical for rapid prototyping.
The resolution of e-beam lithography is also better than can be achieved by UV
lithography as the wavelength of an acclerated electron is smaller than the wavelength
of a UV photon. A resolution of 50 − 100 nm can be routinely achieved, with better
resolution if the acceleration voltage is increased. For these reasons, e-beam
lithography was almost exclusively used in this work, unless otherwise noted.

A positive resist ZEP520A was used for e-beam lithography with the
corresponding developer ZED-N50. Before spinning, the wafer surface is cleaned with
oxygen-based plasma for 2 minutes to remove any organic contaminants and then
placed in an oven at 200 ◦C to dehydrate for 1− 2 hours. As with all resists, the
thickness of the ZEP520A can be controlled by adjusting the rotational speed of the
spinning turntable; the spin-speed curve is given in the manufacturer documentation.
The wafer or sample is then baked on a hotplate to harden the resist by removing
some of the solvent, for 2− 5 minutes at 180 ◦C (depending on the applied thickness).
To avoid charge build-up while patterning in the e-beam, and the resulting beam
deflection and pattern distortion, the conductive polymer ESpacer 300Z was applied
on top of the resist. The ESpacer can be rinsed off in water post-exposure and before
development. After etching, the ZEP520A can be removed using an oxygen-based
plasma asher or by dissolving in anisole.
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3.3.3 Etching

With the designed pattern now transferred to the wafer, the exposed surface layer can
be removed or etched to fabricate waveguides and other devices. Two types of etching
process were used in this work, simply referred to as “wet” or “dry” etching to denote
the presence or lack of liquid chemicals during the process.

Note that the etching processes will also etch the resists, although if
appropriately selected it will be at a slower rate than for the wafer. Consequently,
when applying the resist for lithography, a sufficiently thick layer must be used so that
the resist is not etched completely through. However, for deeper etches this can be an
issue when attempting to define smaller features in lithography.

3.3.3.1 “Dry” etching

“Dry” etching is a general term but, in this work, refers to the bombardment of the
wafer or sample surface with ions to remove material through transfer of kinetic
energy and chemical reaction. Specifically, this process is called reactive-ion etching
(RIE).

An example of a RIE tool is shown in Figure 3.5. An electrode is situated inside
and is electrically isolated from a vacuum chamber, on which the wafer or sample is
placed. A radio frequency (RF) voltage is applied to the electrode, while the chamber
is grounded; the electric field removes the electrons from the gas (input from the top
of the chamber) and creates a plasma consisting of electrons and positive molecular

FIGURE 3.5: Diagram of a RIE tool. The electrode has a RF voltage applied to it, while
the chamber is grounded.
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ions. Low pressure is maintained in the chamber using vacuum pumps at the bottom
of the chamber.

As the oscillating electric field cycles, the mobile electrons are accelerated up or
down within the chamber, while the positive ions (which are much more massive)
move comparatively little. Electrons that strike the walls of the chamber are removed
to the ground, while electrons that enter the electrode will cause it to have an electric
charge, as it is isolated in terms of direct current (DC). Likewise, electrons being
removed from the plasma will cause the plasma to be positive overall, leading to a DC
bias between the plasma and the electrode.

The resulting DC electric field means that the positive ions are accelerated
towards the sample and collide with it. If only inert chemicals (such as argon) are
present in the gas inserted to the chamber, bonds in the sample will only be broken
through the transfer of kinetic energy. However, the etch rate can be increased by
using oxidising chemicals such fluorine, to chemically react with the sample. Since the
ions are accelerated in one direction, the subsequent removal of the wafer material is
anisotropic (i.e. the wafer is only etched in one direction), as shown in Figure 3.6.
Furthermore, since the etch rate will be more dependent on the chemical reaction than
the etching from kinetic bombardment, the etch is selective (i.e. for an SOI wafer, the
etch rate for Si is much higher than for SiO2 with the appropriate chemistry).

FIGURE 3.6: Illustrative diagram of the anisotropic and selective etch of an SOI wafer.

Increasing the RF power applied to the electrode will increase the DC bias and in
turn the energy of the ions, therefore increasing the etch rate. However, some ions will
then have too much energy, causing additional etching in undesired directions or to
other materials, thereby decreasing the selectivity and anisotropy of the etch.
Consequently, an induction coil is added to the upper part of the chamber with a
different RF power applied to it. This coil can increase the plasma density, known as
an inductively coupled plasma (ICP), meaning the number of positive ions increases
and therefore so too does the etch rate without increasing the DC bias.

This type of ICP-RIE system was used in this work: an Oxford Instruments ICP
380 plasma system. As all dry etching processes in this work were on SOI wafers or
samples of varying thicknesses, the same recipe was used but with different lengths of
time exposed to the plasma, corresponding to the desired etch depth and material
thickness. In all cases, a C4F8/SF6 chemistry was used, at a table temperature of 15◦C
and at a pressure of 15 mTorr. The applied DC and RF voltages were set to 800 V and
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50 V respectively. This chemistry is used as it is highly selective for Si over SiO2 and
will therefore allow overetching of Si, which is important to ensure complete
definition of etched features with large depth-width aspect ratios.

Generally, the areas to be etched on a design have dimensions that are on the
order of micrometres or larger and the etching process will behave with a reasonably
consistent etch rate across the wafer. In contrast, etching features that have small
dimensions in-plane with the material layers, such as small holes, can lead to a loss of
the etch anisotropy. The small features limits the access of the plasma as the feature is
etched and, as illustrated in Figure 3.7, this can lead to a rounding at the bottom of the
hole or for a thin layer of material to remain at the bottom of the hole (or both); it is a
more notable problem as the etch depth increases (for the same size hole). The
geometry of the feature will then deviate from the simulation or design, which can
lead to further issues in both the device performance and later fabrication steps, as
will be discussed later. One way to mitigate this is to “overetch” the features, or
running the etch process beyond its endpoint, to ensure that the features are
completely defined. When etching features completely through the Si layer, this relies
on the selectivity of the plasma chemistry as described above for there to be no
significant etching of the underlying SiO2.

FIGURE 3.7: Potential incomplete etching in small etched features; the black dotted
line shows desired cross-section of the etched feature.

3.3.3.2 “Wet” etching

“Wet” etching consists of any techniques that use liquid chemicals to remove material
through chemical reaction. In this work, the sole chemical used was hydrofluoric (HF)
acid at a ratio 7:1, for H2O:HF. HF etches are highly selective, in that it reacts with Si at
approximately 1/100 of the rate at which it reacts with SiO2. For SiO2, the reaction
that occurs is

SiO2 + 6HF→ H2SiF6 + 2H2O (3.1)

with an etch rate of ∼ 100 nm/min.
HF etches are isotropic so the etch rate is the same in every direction, in contrast

to dry etching. In particular, this is useful for underetching layers and can be used for
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suspending structures. This is shown in Figure 3.8, where a hole through the top Si
layer in an SOI wafer has been made using a dry etch to expose the SiO2 beneath. The
wafer is then immersed in aqueous HF which isotropically etches the SiO2 layer,
appearing as a rounded etched region. If left for a sufficiently long time, the lateral
etching will mean that the SiO2 layer will be removed under the Si layer, meaning that
areas of the Si layer can be suspended.

FIGURE 3.8: Isotropic HF etch of underlying SiO2 in an SOI platform to suspend the
Si layer.

3.3.4 Waveguide facet preparation

Typically, fabricated samples are designed so that the waveguides are not close to the
edge of a chip or wafer, to both allow for easier handling and to prevent causing
lithography errors. For use in a butt-coupled setups (see Section 3.4.2.4), the end facets
of waveguides have to be exposed in order to couple light in and out of a sample. To
do this, the excess material of the sample is removed using one of three methods:
cleaving, dicing or grinding. Each of these have their own advantages and
disadvantages. If appropriate, the sample edges are then polished to improve the facet
quality.

3.3.4.1 Facet exposure

Cleaving, the simplest method of the three, is the technique of deliberately breaking
the sample in one direction to separate different parts of the sample (in this case,
separating the wanted and unwanted parts of the chip). Making a small scratch at the
edge of the sample and applying physical stress is all that is required to cleave a
sample with a crystalline substrate. As well as being simple and quick to employ, this
technique has the advantage that the end facets should not require any further
processing (i.e. polishing), as proper usage will mean that the break is along a crystal
plane. However, the efficacy can heavily depend on the skill of the user; improper
implementation can lead to the break passing through features in the worst case, or an
uneven and irregular break in the best. In the latter case, this would likely require
additional polishing, as otherwise it becomes difficult to ensure consistent fibre-facet
alignment and would introduce an unsystematic insertion loss, thereby losing one of
the inherent advantages for cleaving.
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When dicing a sample, a circular saw makes cuts in a sample at programmed
locations and orientations. As this is often used to divide a larger wafer into smaller
chips, it is most useful when the design has been fabricated on a wafer (so multiple
chips can have the waveguide facets exposed at the same time), but it is can also be
used for individual chips. Due to the nature of the tool, the placement of the cuts (and
therefore end facets) is very reproducible for this technique but the dicing saw leaves
the facets with a comparatively rough surface, meaning fine polishing is needed for
any usable coupling into the chip. Dicing also requires the resist S1813 to be spun onto
the surface to act as a protective layer during the process.

However, it should be noted that there is a form of dicing (not used in this work)
that can provide optical quality facets. Ductile dicing is an optimised form of dicing
that relies on machining material via plastic deformation, rather than the brittle
machining that results in the rough edges [193]. This technique can yield
nanometre-scale roughness on the cuts and has been used to make optical quality end
facets in GOS [61] and chalcogenide waveguides [194], and even to produce
waveguides in lithium niobate [195].

Grinding is in principle an almost identical process to polishing, that will be
outlined below in Section 3.3.4.2. The only differences are that the grit size of the
silicon carbide (SiC) abrasive discs are larger (15 µm diameter first, then 8.4 µm) to
remove more material with each disc revolution. An advantage of grinding is that,
like dicing, the placement of the chip edge (and waveguide facet) can be precisely
controlled and is reproducible. Further, as grinding uses the same tool as for
polishing, it is straightforward to carry out both processing steps subsequently.
Conversely, grinding is much slower than both cleaving and dicing, as the length of
the processing depends on the amount of material to be removed. As a consequence,
grinding can be fairly laborious, taking at least one hour or possibly multiple (when
re-mounting to do the other side), while both cleaving and dicing will take less than 30
minutes (cleaving is effectively instantaneous, while dicing also requires the wafer or
chip to be mounted into a tool).

In this work, where consistent and reproducible fibre-facet alignment was
required, dicing or grinding were used to create a flat facet at the correct location
within a waveguide, before further polishing with a finer grit size to ensure a
high-quality facet. However, in some cases (such as the imaging of the waveguide
facets for the endlessly single-mode waveguides in Chapter 4), cleaving was sufficient
for the facet exposure as no alignment with the fibres was required.

3.3.4.2 Polishing

Ahead of polishing (or grinding), a protective layer needs to be present on top of the
chip to protect the surface and any fabricated devices. For the Y-splitters (Chapter 6), a
thick layer of resist AZ2070 was spun onto the chip, achieved by spinning
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comparatively slowly at only 1000 rpm. The resist was hardened by baking it for
longer than typical (for 7 minutes at 100◦C) to remove as much solvent as possible
from the resist. For the wideband MMIs (Chapter 5), hard-baking the AZ2070 caused
small features to be damaged and they would be removed with the resist. In this case,
the wax that is used for mounting the samples (see below) was applied to the surface;
it can act as a protective layer as it is solid at room temperature. As it is applied by
hand and not spun, it is generally much thicker and less uniform compared to
hard-baked AZ2070. As the wax layer will also melt upon mounting the chip,
additional care had to be taken to ensure sufficient surface coverage.

The polishing apparatus can be seen in Figure 3.9(a). Before placing it in the the
polishing tool (Metaserv 2000 Grinder/Polisher), the sample was fixed to the mount to
be safely held in the tool. A small amount of molten wax was applied to the backside
of the chip using a toothpick, before placing on the mount. Likewise, a “dummy chip”
(a spare or scrap sample of similar size) was attached to the other side of mount, to
balance it while in the polishing tool. A sample ready to be polished after being
attached to the mount is shown in Figure 3.9(b).

FIGURE 3.9: Photographs of the apparatus used for the polishing of waveguide end
facets: (a) sample in the polishing tool; (b) sample to be polished on the chip mount.

An aluminium oxide (Al2O3) abrasive disc is attached to the surface of the
rotating wheel and then the sample holder is positioned such that the edge of the
sample is in the contact with the disc. The sample is orientated so that its edge is
parallel to the radius of the polishing wheel; this way, the abrasive action is normal to
the substrate and the end facet polishing can be in a consistent direction. The sprung
rod is then lowered to apply pressure to the chip mount and ensure the chip is firmly
in contact with the polishing surface. The water directed onto the disc acts as both a
lubricant and to remove excess debris.

The sample is polished for a predetermined interval and rotational speed
(dependent on the sample), before the end facets are inspected under optical
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microscope. If the facets were sufficiently visible for that polishing step, the abrasive
disc was swapped for one with a smaller grit size, starting at a 3 µm diameter, then 1
µm and finally 0.3 µm. When imaged under an optical microscope, if the waveguide
facets were sufficiently contrasted with the dark adjacent etched areas and appeared
bright (indicative of reflectivity and therefore a smooth surface) then the polishing
was determined to be completed.

After polishing all sides of the samples on which there are waveguide facets, the
chip is then detached from the mount by melting the wax on the backside of the chip.
Both the protective layers (either wax or AZ2070) can be removed by submerging in a
solvent, either acetone or N-methyl-2-pyrrolidone (NMP), before rinsing in isopropyl
alcohol (IPA) and water separately.

3.3.5 Post-fabrication inspection

During and following fabrication steps, various microscopy techniques can be used to
inspect chips and ensure the critical dimensions agree with the designs. Optical
microscopy, which uses visible light, use objective lenses to magnify a sample and
produce a real image for the user’s eye. The resolution of optical microscopes is
restricted by the diffraction limit (or Abbe limit), which for visible light corresponds to
several hundred micrometres. However, they are still useful for device or chip-level
inspection and in particular for ensuring features have developed properly and are
correctly aligned during lithography.

Scanning electron microscopes (SEMs) uses an electron beam rather than light to
image a sample. Conceptually very similar to the e-beam lithography tool (Section
3.3.2), in SEMs the electron beam is scanned across the surface of the sample to yield
its topography and spectroscopic analysis of its composition. In particular relevance
to this work (although not the sole imaging technique used), electrons that escape
from the surface of the sample as a result of inelastic collision between the beam and
the surface (termed secondary electrons) are used to build the image. The low energy
of the secondary electrons means that they are localised to a small area on the surface
and can therefore give nanometre-scale resolutions.

A focussed ion beam (FIB) tool uses, instead of a beam of electrons, a beam of
ions that can be used for both imaging and milling of the sample. The imaging
principle is similar to that of the SEM, where the collisions of the ions with the surface
generates secondary electrons, but much more massive ions will cause damage to the
surface even at low currents and, for example, can result in roughening of waveguide
surfaces. As a consequence, it is preferable to only use FIB imaging for samples in
which destructive testing is acceptable (normally after optical characterisation has
finished). However, the destructive nature of the FIB beam is useful to mill samples, in
which higher currents are used so that the FIB beam cuts away material. This is
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commonly used to provide a cross-section of materials that lie beneath the surface of
the sample.

3.4 Optical characterisation

3.4.1 Normalising transmission

Normalisation waveguides are important to include in any chip layout for optical
characterisation, as they can provide a reference for the losses in the system. For
example, consider the simple implementation of the cut-back method for determining
propagation loss in a waveguide, as shown in Figure 3.10.

FIGURE 3.10: Schematic diagram of the grating-coupled implementation of the cut-
back method.

In this layout, there is an array of waveguides where each successive waveguide
increases by a length ∆L, so the length of the mth waveguide is

Lm = L + m∆L (3.2)

and, from Equation 2.13 in Chapter 2, it will have a loss of αLm, assuming that the
waveguide loss is constant across the array.

However, this is not the only loss present across the system: the waveguide
tapering and the coupling efficiency of the grating couplers will also contribute losses.
By dividing the power of each of the longer waveguides by the shortest waveguide (or
normalising the transmission to the shortest waveguide), the losses that arise from
elements common to all devices (in this case, the tapers, gratings and propagation
along the initial length L) can be factored out and so the only loss being measured is
due to the differences between the devices, which is α∆L in this case.

Importantly, this works across more complicated measurement layouts and is
used to factor out losses caused by aspects such as waveguide bending, attenuation or
scattering for example.
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3.4.2 Measurement setups

Multiple experimental setups were used for the optical characterisation of the devices
presented in this thesis. These were predominantly arranged so that the coupling of
light in and out of the chips would be achieved using gratings (at λ = 1.95µm,
λ = 3.80µm and λ = 7.67µm) but, for broadband characterisation over
λ = 2.5− 3.7µm, light was butt-coupled into the chips.

3.4.2.1 Characterisation at λ = 1.95µm

FIGURE 3.11: Experimental setup used for characterising devices at 1.95 µm.

A schematic for the experimental setup used for characterisation at λ = 1.95 µm
is shown in Figure 3.11. A Thorlabs TLK-L1950R tunable laser (centred at λ = 1.95 µm,
tunable over λ = 1.89 - 2.02 µm) was used as a source and coupled into a silica optical
fibre (Thorlabs SMF-28e). This laser has an external cavity and tuning is provided by
driving a servo motor to adjust the position of a grating that forms part of the cavity.
The fibre is wound through a 3-paddle polarisation controller, that uses stress-induced
birefringence within the fibre for control of the polarisation. The fibre is attached to an
angled mount, that allows for control of the fibre relative to the sample stage. The
fibre mounts are supported on 3-axis stages for position control during alignment; the
output fibre (also Thorlabs SMF-28e) is mounted in a similar way. The chip under test
is placed on the sample stage, and fibre-to-chip coupling is achieved using gratings
patterned onto the chip during fabrication. The output fibre is coupled onto a
Thorlabs PDA10DT-EC InGaAs photodetector (sensitive over λ = 0.9 - 2.57 µm), with a
PicoScope 2000 oscilloscope used to recover the detector signal.

Both the oscilloscope and the controller for the servo motor were connected to a
computer and run by a Python program. This provided automation of the sweep of
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the laser wavelength and synchronisation between tuned wavelength and the
recorded detector signal.

The end of the fibre was initially aligned with the grating coupler by observing
both the end of the fibre and the sample with a visible camera. After initial alignment,
the laser was tuned to the central wavelength (λ = 1.95 µm) and the detector signal
monitored. The positions of both the input and output fibres were then adjusted
systematically to optimise the magnitude of the detector signal.

FIGURE 3.12: Experimental setup used for imaging waveguide outputs at 1.95 µm.

The setup of this apparatus was adapted for the imaging of the waveguide
output as in Figure 3.12, for the confirmation of single-mode waveguide propagation
(see Chapter 4 for further discussion). In this case, the chip was cleaved to expose the
waveguide facet and remove the output grating coupler (the input was left intact).
The output fibre and photodetector were then replaced with a 63× objective lens, to
expand the output beam, and a Xenics Xeva 1.7 320 infrared camera, to image the
waveguide output. A neutral density filter was placed in the beam path between the
lens and the camera to prevent damage to the infrared camera from high optical
power. As with the standard arrangement for this setup, the camera and the tuned
laser wavelength were synchronised by connecting them to a computer and running a
Python script.

3.4.2.2 Characterisation at λ = 3.8µm

The experimental setup used for optical characterisation around λ = 3.80µm is shown
in Figure 3.13. In this setup, a Daylight Solutions quantum cascade laser (QCL),
tunable over 3.72− 3.90µm, was used as a source and coupled into the input fibre
(Thorlabs InF3 single-mode fibres) using a ZnSe lens. The QCL was orientated such
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FIGURE 3.13: Experimental setup used for characterising devices at 3.8 µm.

that its output would be TE-polarised with respect to the waveguides, but the
propagation through the fibre would cause some non-negligible polarisation rotation.
Consequently, an adjustable half-wave plate was placed in the beam path prior to
coupling into the fibre, to compensate for this polarisation rotation and to ensure that
the output of the fibre was TE-polarised. Alignment of the input and output fibres
with the on-chip grating couplers was facilitated placing the fibre holders in three-axis
stages and imaging overhead using a visible camera. The output light, after couplig
into a fibre using the grating, was collected using a Vigo Systems PVI-4TE fan-cooled
HgCdTe detector (sensitive over 3.0− 6.5µm or, for measurements requiring greater
sensitivity, an InfraRed Associates Inc. IS-1.0 liquid nitrogen-cooled InSb detector
(sensitive over 1.0− 5.5µm).

To recover the comparatively low-amplitude voltage signal from the detector, a
lock-in amplifier was used. The input beam was modulated using a chopper, driven
by the chopper controller with the same frequency that was passed to the lock-in as a
reference.

3.4.2.3 Characterisation at λ = 7.67µm

For longer wavelength measurements, a similar experimental setup to that shown in
Figure 3.13 was employed, but instead using a single-mode continuous-wave
distributed-feedback QCL (Thorlabs QD7500CM1) as the source. Unlike the other
sources in this work, this laser was not tunable and had a 106 mW maximum output
power at a wavelength of 7.67µm. A black diamond-2 lens with a focal length of
1.9mm was used to collimate the output laser beam before modulation using a
chopper wheel, as in the setup for λ = 3.8µm. A second black diamond-2 lens was
used to focus the beam and enable coupling into a single-mode As2Se3 fibre (Coractive
IRT-SE-28/170). Fibre-to-chip coupling was achieved using on-chip grating couplers
and, after coupling into another single-mode fibre, the output light was collected with
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a liquid nitrogen-cooled HgCdTe detector (Infrared Associates Inc. MCT-13-1.00). As
above, the signal-to-noise ratio was improved using a lock-in amplifier.

3.4.2.4 Broadband characterisation across λ = 2.5 − 3.7µm

FIGURE 3.14: Experimental setup used for broadband characterisation over 2.5 −
3.7µm.

For large optical bandwidth measurements, a butt-coupled setup was required to
avoid the wavelength-dependence of grating coupling. In this setup, an M Squared
Firefly-IR optical parametric oscillator (OPO) was used as a source (with an
manufacturer-specified upper bound on the linewidth as < 10 cm−1), as it is tunable
over λ = 2.5 − 3.7µm. Similar to the 3.8µm grating, the OPO output beam was
coupled into a single-mode fibre using a ZnSe lens and an adjustable half-wave plate
was used to compensate for polarisation rotation within the fibre. The same detector
used in the 3.8µm setup was used to measure the optical signal, and it was recovered
using a similar chopper and lock-in amplifier arrangement.

Unlike the 3.8µm setup, a large-core multimode fibre was used to collect the
waveguide output power, to facilitate easy chip-to-fibre coupling. Further, the
alignment of both the input and output fibres with the waveguide facets was achieved
using an overhead FLIR infrared camera.

Observing the waveguide facet with the OPO emitting, a bright spot would
appear on the chip edge if the fibre had an approximately correct height alignment
with the chip. Then by observing the output facet, the effective coupling into the
waveguide can be seen as a small bright spot will appear at the output if the input is
aligned correctly. The output fibre can then be positioned so it is in focus with the chip
(indicating the height alignment is approximately correct), before the measured signal
on the detector is used to optimise the alignment.

To prevent damage to the camera when observing the intense spots at the input
and output waveguide facets, one or more neutral density filters were placed in the
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OPO beam path before coupling into the fibre. These were then removed once
observation with the camera has been completed.

3.5 Summary

This chapter detailed the various techniques used throughout the development cycle
of the devices in this work. In particular, the techniques shown here are common
throughout the design, fabrication and characterisation procedures for the majority of
the devices, where deviations from these procedures will be detailed in the relevant
chapters.

The simulation tools are introduced and described, with preference in this work
being for the Ansys Lumerical DEVICE suite of modelling tools. The procedures for
translating the simulated designs into fully fabricated devices are presented, with
discussion around areas where there is risk the fabricated devices differing from the
intended design to provide context for later chapters. The experimental setups used
for characterising the devices are also detailed, as they must be considered in device
design and in the discussion of the experimental results.
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Chapter 4

Endlessly single mode waveguides

4.1 Introduction

For most photonic integrated circuits (PICs), waveguides that support multiple modes
are undesirable because, if light is coupled into more than one of these supported
modes, they will interfere and the output will depend on the phase relationship
between the modes. This phase relationship will vary along the length of the
waveguide as each mode has a different effective index (the phase constant
β = 2πneff/λ). Consequently, the optical behaviour of any PIC made of such
waveguides becomes complicated to predict and, once other circuit components are
considered for a PIC of realistic complexity, the behaviour is near impossible to predict
and reproduce consistently. Therefore, waveguides that only support the fundamental
mode, termed “single-moded”, are essential for any real PIC.

For PICs that only require a small working optical bandwidth, single-mode
propagation at or around a specific wavelength is easily achievable with an analysis of
the waveguide modes, as discussed in Chapter 2. However, conventional rib or strip
waveguides have a limited wavelength range over which they support only the
fundamental waveguide mode: towards shorter wavelengths it will become
multimoded, while at longer wavelengths the waveguide will cease to be guiding. For
a device that needs to cover a much larger wavelength range (for example, a MIR
spectroscopy device), an alternative waveguide design needs to replace the
conventional rib or strip.

Over the last few decades, photonic crystal fibres (PCFs) have been used for
single-mode propagation seemingly independent of wavelength, otherwise known as
endlessly single-mode (ESM) guidance [196, 197]. In the PCF, a two-dimensional
photonic crystal runs along the length of the fibre to act as a cladding, as shown in
Figure 4.1, while light is guided along the defect (the missing hole) in the centre of the
fibre. This structure causes, in theory, the higher-order modes to be cut-off at all
wavelengths, while the fundamental mode can still expand in size with wavelength
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FIGURE 4.1: Illustration of the cross-section of a PCF. The white circles indicate air
holes that run the length of the fibre, while the blue area is the core material of the

fibre.

and is therefore supported at all wavelengths (this mechanism is explained in more
detail in Section 4.2.1).

The application of the ESM guidance concept to integrated photonics has been
previously proposed for SOI and for a SOI/III-V hybrid platform [198]. For this
design, the cladding on either side of the waveguide is a one-dimensional grating in a
direction transverse to the propagating wave. This is comparable to taking only the
middle row of holes, including the defect, in the PCF; the PCF defect is equivalent to
the waveguide core. The etched features of the grating (i.e. the “grooves”) are filled
with an effective material (instead of air for the PCF). This material has a refractive
index that can be controlled by nanopatterning of the silicon layer in the longitudinal
direction (i.e. parallel to the direction of propagation).

Although these waveguides were predicted to be single-moded across 1.1 - 5 µm
in simulations [198] (i.e. the whole transparency range of SOI), they have not been
experimentally demonstrated in silicon photonics. This chapter will detail the
successful design, fabrication and characterisation of these waveguides to support
single-mode waveguiding over an octave of frequency.

4.2 Modelling and design

4.2.1 Geometry and working principle

The geometry of the ESM waveguide is shown in Figure 4.2, for an SOI platform. A
two-dimensional grating is patterned into the silicon layer of thickness h, with a strip
of width w left unpatterned to act as the waveguide core. In each of the transverse and
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FIGURE 4.2: 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 nSWG (in yellow).

longitudinal directions (the x- and z-directions in Figure 4.2), the grating had a period
ΛT and ΛL respectively. Consequently, the grating is formed by a patterned array of
holes with size ΛT − aT and ΛL − aL in the transverse and longitudinal directions
respectively. The width of the waveguide cladding wclad formed by the grating with m
transverse periods is then

wclad =

(
m− aT

ΛT

)
ΛT (4.1)

as the external part of the last grating period (with width aT) is part of the slab.
The waveguide cladding can be approximated as a one-dimensional cladding

filled with an effective index material if ΛL is small enough so that the grating is
subwavelength in the z-direction (i.e. the period is smaller than the Bragg period
[114]). As discussed in Chapter 2, the subwavelength regions of the grating can be
modelled as an homogeneous anisotropic material (see bottom insert of Figure 4.2)
with refractive index tensor nSWG:

n2
SWG =

n2
xx 0 0
0 n2

yy 0
0 0 n2

zz

 (4.2)

where

n2
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Note that as well as the refractive index of silicon, nSi, the refractive index of air, nair,
is also used because there is no deposited upper cladding and the grating holes are
therefore filled with air.

As discussed in Chapter 2, modes within a waveguide can be considered guided
if their effective index is greater than the refractive index of the cladding. Below this
point, 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 mode
below the cladding index, with only the fundamental mode having an effective index
above this cut-off value. In material platforms with high-index contrast, this can be
more difficult to design as the cladding index (for example, the refractive index of
silicon dioxide nSiO2 ∼ 1.4) is fairly low while any higher order modes concentrated in
the high-index waveguide (such as silicon, nSi ∼ 3.4) will have a higher index as well.

The ESM waveguide overcomes this limitation by using cladding with a
generally higher index, by a similar mechanism as the PCF [197]. The propagation
constant, and consequently effective index, of the cladding mode for this waveguide is
comparatively large over the entire wavelength range, preventing higher order modes
from being supported. In particular, at shorter wavelengths, the cladding mode
becomes more concentrated in the non-etched features and its effective index increases
as a consequence. This avoids the emergence of the higher order modes at short
wavelengths, where they have a higher effective index than typical waveguide
cladding (but a smaller effective index than the fundamental mode). Also notably, this
design leads to the field of the fundamental mode in the waveguide being more highly
concentrated within the waveguide core across the wavelength range in comparison
to the conventional waveguide. This is discussed further in the following section.

4.2.2 Waveguide modes

The waveguide parameters in [198] were used as a starting point, with nzz = 1.5 (by
Equation 4.3c, achievable with a longitudinal duty cycle aL/ΛL = 0.6 for nSi ∼ 3.4)
and a transverse duty cycle aT/ΛT = 0.5. The waveguides were designed for an SOI
platform with a 0.5µm-thick silicon layer, with the grating holes etched halfway
through this layer (etch depth d = 250 nm). The core was fixed with w = 1.2µm; from
Figure 2.4 in Chapter 2, a 1.2µm-wide, 0.5µm-thick SOI conventional strip waveguide
will support the TE0 mode over 1.5− 5µm, so it was expected it would also
sufficiently support the fundamental mode of the ESM waveguide across the desired
range as well.

The modes in the waveguide were simulated using Lumerical MODE, as shown
in Figure 4.3. To determine which modes were guided, perfectly matched layer (PML)
boundary conditions (shown with thick orange lines in Figure 4.3) were applied to the
simulation region. PML boundary conditions allow power to leave the simulation
region, so leaky modes (such as those that radiate out of the waveguide) are not found
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by the simulator. The critical parameters (the duty cycles, transverse period and the
etch depth) were varied over different wavelengths to find the optimal solution with
the largest effective index of the fundamental mode (indicating confinement within
the waveguide) and with no other modes supported by the waveguide. The optimal
solution found had a similar design as in [198], with equal transverse and longitudinal
duty cycles, aT/ΛT = aL/ΛL = 0.6, a transverse period ΛT = 600nm and an etch
depth d = 250 nm. Only the fundamental TE mode, TE0, was found over the
wavelength range λ = 1.5µm− 5.5µm when this optimal design was simulated.

To confirm the single-moded guidance principle, the cladding mode was also
simulated by removing the waveguide core from the structure with the optimised
parameter values. As the cladding mode would be leaky, metal boundary conditions
were used instead of PML to prevent power leaving the simulation region. The
cladding mode was then tracked over the wavelength range λ = 1.5µm− 5.5µm; the

FIGURE 4.3: Screenshots of the simulation of the ESM waveguide mode in Lumerical
MODE. (a) The three-dimensional view of the simulation. (b) The cross-sectional view,
in which the PML boundary condition (the thick orange line) shows the edge of the
eigenmode solver region. A mesh was applied across the entire simulation region to
account for the large simulation region, with a finer mesh over the waveguide core (to

enable modes to be found).
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effective indices for the TE0 mode and the cladding mode are shown in Figure 4.4. For
comparison, the effective indices of the first two guided TE modes in a strip
waveguide with the same cross-section (1.2µm× 0.5µm) are also shown.

Evidently from Figure 4.4, the effective index of the cladding mode is sufficiently
large across the simulated wavelength range to only allow the TE0 mode to be guided
(the TM0 mode could not be found by the eigenmode solver with PML boundaries)
and the TE0 modes of the waveguides behave differently over the wavelength range.
Despite both TE0 modes being guided over approximately λ = 1.5µm− 5.0µm (and
for the ESM up to 5.5µm), for the ESM waveguide the mode is concentrated within
the waveguide as evidenced by the large effective index. On the other hand, for the
strip waveguide the effective index gradually decreases, showing the mode is
becoming less confined within the waveguide.

As there was no source available that covered the full wavelength range over
which the ESM waveguide was simulated, specific wavelengths were chosen for
characterisation: 1.55µm, 1.95µm and 3.80µm. For these wavelengths, the refractive
index values of the homogenised subwavelength regions of the waveguide cladding
are given in Table 4.1. The simulated mode profiles in the waveguide at each of these
wavelengths are shown as the insets in Figure 4.4.

FIGURE 4.4: Modal analysis of an ESM waveguide, showing the modal effective in-
dices of the ESM fundamental waveguide TE mode and the ESM cladding mode. The
first two TE modes of a conventional SOI strip waveguide with the same waveg-
uide core size are also shown for contrast. [inset] the TE0 mode profiles (E-field) at

λ = 1.55µm, λ = 1.95µm and λ = 3.80µm.
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Wavelength, λ (µm) nSi nxx (= nyy) nzz
1.55 3.4757 2.7656 1.4913
1.95 3.4510 2.7469 1.4901
3.80 3.4244 2.7269 1.4888

TABLE 4.1: Refractive index values for the homogenous anisotropic sub-wavelength
regions of the cladding grating at the characterisation wavelengths. It was assumed

that nair = 1 at all wavelengths.

4.2.3 Bend radius

Exploiting a large cladding index for ESM guidance brings its disadvantages as well.
Due to the small index contrast between the TE0 and cladding modes, the lateral
confinement of the fundamental mode in the ESM waveguide is minimal, leading to
significant bending losses at even large bend radii.

The setup for the simulation of the bending loss is shown in Figure 4.5, carried
out in the full 3D-FDTD. Although FDTD is not the fastest simulation tool, unlike for
the modal analysis, MODE could not be used for various practial reasons. In MODE,
the modes found by the solver (with PML boundaries) depends on the size of the
simulation region, but at shorter radii (below 125µm) where the mode is very weakly
confined, the modal field would overlap with the boundaries (undesirable for PML
boundaries) and give inaccurate results. Conversely, enlarging the simulation region
meant that a finer mesh had to be used to avoid averaging of the cladding features,
meaning that the computing resources required significantly increased and became
prohibitive for shorter bend radii. Alternatively, not using the finer mesh meant that
the solver found non-physical modes at all radii and, since the solver only finds an
input number of modes, it would sometimes not find the actual waveguide mode.
This lead to massive and unrealistic losses when considering modal mismatch in the
bend and the solution was to increase the number of modes the solver looks for, which
would also increase the required computing resources.

The simulation was setup with curved strips of the homogenised anisotropic
material as the waveguide cladding. The software treats anisotropic refractive indices
fixed to the dimensions of the simulation, whereas for the waveguide the anisotropy is
relative to the direction of propagation. Therefore, a rotation attribute (the blue line in
Figure 4.5 that extends rightward from the left side of the bend) was applied to the
index of the homogenised strips such that the index rotated with direction of
propagation. The rotation attribute is not available for varFDTD so, despite being a
faster simulation tool, it could not be used. The fundamental mode was excited in the
straight waveguide immediately ahead of the bend and the bending loss was
calculated by considering the light passing through the input and output monitors
(the yellow lines in Figure 4.5). The bending loss was evaluated at a wavelength of
3.8µm, where the modal confinement was the weakest of the characterisation
wavelengths (i.e. the effective index of the waveguide mode was closest to the
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FIGURE 4.5: Top-view of the 3D-FDTD simulation of the waveguide bend radius
(pictured for a 25µm radius).

effective of the cladding mode, see Figure 4.4) and so the bending loss would be the
limiting case. Note that the structure does not extend through the PML boundaries,
which increased reflections at the simulation edges but avoided diverging simulations.

The results of the bending loss simulation are shown in Figure 4.6, in which the
bending loss converge to approximately 0.6 dB/90◦ for radii above 300µm. As the
simulation appeared to converge, and because the FDTD computation time became
prohibitive, larger bend radii were not investigated. It should be noted that the small
lateral confinement does not solely determine the bending loss, as the simulation
predicts larger propagation losses due to the overlap of the waveguide mode with the
SiO2 lower cladding at 3.8µm because the absorption is considerably large at this
wavelength and the overlap is larger as wavelength increases (see Figure 4.4).
Nevertheless, the bending radius and loss is impractical for many PICs and is a
known issue for ESM guidance in the photonic crystal fibre [196]. However, unlike the
photonic crystal fibre, in integrated photonics there may be alternate design
approaches to minimise the radii of waveguide bends. For example, one approach
could be to use multimode strip or rib waveguides for the bends, thereby increasing
the lateral mode confinement and decreasing the bending loss. To avoid exciting the
higher order modes in the multimode waveguides, adiabatic transitions between the
ESM and multimode sections can be used with combination with bends that have a
gradually changing curvature, like Euler bends [199]. Overcoming this limitation is
highlighted as an area of work for the future.
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FIGURE 4.6: Simulated bending losses for the ESM waveguide at λ = 3.8µm, calcu-
lated in 3D-FDTD.

4.2.4 Subwavelength design

The period of the subwavelength features is determined by considering both the
wavelengths at which the waveguide will be characterised and realistic fabrication
requirements. Recalling from Chapter 2 that the condition for single-moded guidance
is

neff,BF <
λ

2ΛL
(4.4)

and using a fixed duty cycle aL/ΛL = 0.6, a design criterion for the grating can be
found.

The size of the etched holes in the longitudinal direction are ΛL − aL, or
equivalently 0.4ΛL for the given duty cycle. To realise these small features in a device,
the resolution of the lithography techniques have to be considered: e-beam
lithography allows reliable fabrication of features down to ∼50 nm. However, the
design of the ESM waveguides assumes that all the features in the subwavelength
regions are defined as a perfectly right-angled cross-sections with a uniform etch
depth. From the dry etching discussion in Chapter 3, the small etched features will
likely have some rounding at the bottom of the hole and this effect will be more
significant for smaller ratios of d : 0.4ΛL. For the subwavelength regions, this is a
problem as the values of nSWG will be sensitive to variations in the shape of the holes;
incomplete etching will give a different cross-sectional profile of the refractive index.
Consequently, for a given etch depth, the hole size 0.4ΛL must be maximised to give
the best etch profile, therefore meaning that the longitudinal period must also be
maximised, while still fulfilling the subwavelength condition in Equation 4.4.

This design criteria can be observed in Figure 4.7. The effective index of the
Bloch-Floquet mode neff,BF will vary with grating design. However, if the
subwavelength condition is met, the grating will change from behaving as a periodic
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FIGURE 4.7: The subwavelength threshold, λ/2ΛL, for different infrared wavelengths,
for fixed duty cycle aL/ΛL = 0.6.

medium to an homogeneous medium, i.e. the Bloch-Floquet wave will become the
usual guided wave. Consequently, the effective index of the Bloch-Floquet for the
design criteria can be roughly approximated as the effective index of the fundamental
mode in a waveguide with homogeneous index nyy (as this will only depend on the
fixed duty cycle of the grating, not its period directly), with the same upper and lower
cladding layers as the subwavelength waveguide. From Equation 4.4, for a given
period the wavelength of 1.55µm will give the lowest threshold value so the
waveguide mode was evaluated at this wavelength, yielding neff,BF ∼ 2.55 (shown by
the red dotted lie in Figure 4.7). Using this criteria, the largest possible grating period
while still meeting the subwavelength criterion is ΛL = 300 nm, for a corresponding
hole size of 120 nm.

4.2.5 Grating coupler design

Lacking a continuous source available across λ = 1.55− 3.8µm, the waveguides were
to be characterised separately at three different wavelengths in this range: 1.55µm,
1.95µm and 3.80µm. Consequently, multiple sets of waveguides with the same design
were required for each wavelength, with a corresponding different grating coupler
design to optimise fibre-to-chip coupling for that wavelength.

The grating couplers were simulated using a 2D simulation within FDTD, with
the fibre angle fixed at 10◦ from the normal to the waveguide (such as the simulation
pictured in the simulation section of Chapter 3). A 2D simulation was used to
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minimise the computing time required; an accurate simulation was achieved by
reducing the geometry in the in-plane direction perpendicular to the waveguide to a
constant small value (∼ 1µm). In each case, the etch depth was fixed equal to the etch
depth of the waveguide cladding (250 nm) or to the etch depths of the reference
waveguides (500 nm, see Section 4.3.2) for ease of fabrication, while the duty cycle and
period of the grating were varied. The designs used for the fabricated gratings are
shown in Table 4.2 and illustrated in Figure 4.8; note that the grating coupler for
3.8µm has two periods and duty cycles because a subwavelength design was used
(this last design was not new and had been reliably used in previous work).

The grating couplers were implemented on-chip using a waveguide that had a
core width of 10µm for easy fibre alignment (see Figure 4.8), before tapering down to
the designed core width of 1.2µm over 1 mm. In the cladding of the taper, the holes
were orientated to be parallel to the edges of the waveguide core. However, in the
eigenmode expansion (EME) simulations in MODE, Figure 4.9(a), the holes were
replaced with strips with anisotropic index nSWG for faster simulations. The loss is
simulated by calculating the scattering matrix for the taper input and output porrts,
based on the fundamental TE modes in the straight waveguides at either end of the
taper. The EME simulation predicted that the taper loss was negligible for tapers
longer than 200µm at λ = 3.8µm, Figure 4.9(b), so the insertion loss due to the taper
was minimal for this length. It is unclear what is causing the “rippling” in the loss for
shorter taper lengths, but it is perhaps caused by interference between the
fundamental mode and radiating modes, resulting in mode beating and fluctuations
in intensity over the output port. This would explain why the effect is more

FIGURE 4.8: Implementation of the grating couplers over 10µm-wide waveguides, for
(a) λ = 1.55µm, (b) λ = 1.95µm and (c) λ = 3.80µm. The red features show the ESM
grating cladding, the purple features show the 250 nm etched gratings and the blue

features show the 500 nm etched gratings.

Wavelength, Period (µm) Duty cycle (%) Etch depth Simulated coupling
λ (µm) (nm) efficiency (%)

1.55 0.78 75 250 54
1.95 0.8 40 250 35
3.80 2.0 (1.0) 50 (75) 500 27

TABLE 4.2: Optimised grating coupler parameters and simulated efficiencies. Brack-
eted values indicate the duty cycle and period for the subwavelength region of the

grating coupler design for λ = 3.8µm.



72 Chapter 4. Endlessly single mode waveguides

pronounced at shorter taper lengths where the loss is higher and more power is
coupled into the radiating modes.

4.3 Results and discussion

The waveguides were fabricated using the techniques described in Chapter 3 on an
SOI sample with 500 nm Si and 2µm SiO2 layers. Two different lithography and etch
steps were used: a 250 nm etch to define the cladding holes and the grating couplers
for 1.55µm and 1.95µm, and a 500 nm etch to define the reference waveguides (see
Section 4.3.2) and the grating coupler at 3.80µm. A captured image of the fabricated
ESM waveguide in an SEM is shown in Figure 4.10. The measured dimensions of the
cladding from SEM micrographs showed good agreement with the design, as shown
in Table 4.3, meaning that the waveguide was expected to behave as simulated.

To confirm single-moded propagation in the waveguides across the wavelength
range, evidence was required to answer the following questions:

1. Do the waveguides guide at each measured wavelength?

FIGURE 4.9: Simulation of the ESM taper in MODE: (a) top-view screenshot of the
EME simulation; (b) the taper loss with respect to taper length.
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FIGURE 4.10: Top-view SEM micrograph of the fabricated ESM waveguide.

Dimension Designed value (nm) Measured value (nm)
Waveguide width, w 1200 1180

Transverse period, ΛT 600 580
Transverse hole size, ΛT − aT 240 230

Longitudinal period, ΛL 300 310
Longitudinal hole size, ΛL − aL 120 130

TABLE 4.3: Comparison of the designed and measured (from SEM micrographs) ESM
cladding dimensions. Note that the values were measured to the nearest 10 nm.

2. At the shortest wavelength, are the waveguides single-moded or multimoded?

For the latter question, it was sufficient to show only single-moded propagation at the
shortest wavelength because, for a waveguide with a given geometry, it expected that
a greater number of higher order modes would be supported when a shorter
wavelength is propagated than for a longer wavelength. Therefore, if only the
fundamental mode is supported at the shortest wavelength, then only the
fundamental mode will be supported at the other end of the measured range,
provided that the longest is still guided. Consequently, by answering the two
questions above, there is strong evidence that the waveguide behaves as expected
from the ESM working principle.

4.3.1 Propagation loss

The propagation loss of the waveguides was determined using the cut-back method
(see Chapter 3) with waveguide lengths spanning 0.15 - 1.5 cm in 0.15 cm intervals.
Multiple sets of cut-back waveguides were used for measurements at each wavelength
of 1.55µm, 1.95µm and 3.80µm, with the corresponding grating coupler design. 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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The propagation loss can be a good proxy for demonstrating guidance in the
waveguide, as high propagation loss would suggest that light is leaking from the
waveguide. In this case, to investigate the effect of the width of the cladding on the
leakage of the guided mode into the slab, two variations of the waveguide cladding
thickness were fabricated. The first had the grating repeated for 10 periods (resulting
in wclad = 5.64µm, see Equation 4.1) and the second was repeated for 16 periods (as
pictured in Figure 4.10, for wclad = 9.24µm). For the 10-period cladding, the
propagation loss at 3.80µm was found to be large and with significant variance
between the waveguides, as shown in Figure 4.11. In addition, coupling was found
between adjacent waveguides (i.e. power was measured at the output of one
waveguide, with the light input into a different waveguide). Since the centre of the
waveguides were separated by 50µm, this coupling was likely due to intermediate
coupling of the light into the slab and then into the next waveguide, rather than due to
a directional coupler-like effect. Consequently, it was concluded that light was leaking
out of the waveguide and that the 10-period cladding was determined to not be wide
enough to ensure guidance.

From this point onwards, all references to the ESM waveguides are to those with
width wclad = 9.24µm. For this cladding thickness, four sets of waveguides across two
different chips were fabricated for the determination of the propagation loss.
However, for λ = 1.95µm, an error in the lithography step to define the waveguide
cladding meant that two sets of the waveguides were unusable. Despite this, from the
remaining waveguides the best propagation loss was determined to be
1.46± 0.13 dB/cm, as showing in Figure 4.12 at λ = 1.95µm.

From the four sets of waveguides measured at λ = 3.80µm, the best propagation
loss was 1.55 ± 0.35 dB/cm if both the fitted loss and corresponding uncertainty are

FIGURE 4.11: Waveguide cut-back propagation loss measurements for ESM waveg-
uides with wclad = 6µm at λ = 3.80µm. The transmission measurements are nor-
malised to the transmission through the shortest waveguide (0.15 cm). The quoted

uncertainty is the 95% confidence interval of the linear fit.
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considered. In both cases at λ = 1.95µm and λ = 3.80µm, 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 SOI waveguides at these
wavelengths (see Table 2.1 in Chapter 2), indicating that the cladding design does not
introduce significant additional loss.

At λ = 1.55µm, the propagation loss could not be determined. Beyond the
shortest waveguides, measurable transmission through the waveguides was not
observed and as a consequence there were insufficient data points to calculate the
propagation loss. Coupling loss into the waveguides was not a limiting factor, as the
coupling efficiency for the grating couplers at 1.55µm was simulated as larger than for
the grating couplers used at the longer wavelengths and the taper loss was simulated
as minimal, as discussed in Section 4.2.5. When investigated by using both optical
microscopy and an SEM, no fabrication defects were found that would affect
transmission. However, similar to waveguides with the thinner cladding, coupling
between adjacent waveguides was observed, suggesting that the light was leaking
into the slab. Given that the confinement of the waveguide mode was simulated as
being the greatest at this wavelength (see Figure 4.4) and that the longer wavelengths
were guided with low propagation loss, the cladding width was not likely to be the
cause of the leaking waveguide.

The cause becomes more evident when the subwavelength threshold is
reconsidered. From Section 4.2.4, the longitudinal period chosen for the cladding
design lies close to the limit of the subwavelength threshold. However, the Rytov
equations that are used to calculate the refractive index of the subwavelength regions
as an homogeneous material are only applicable for the deep subwavelength regime,

FIGURE 4.12: Waveguide cut-back propagation loss measurements for ESM waveg-
uides with wclad = 9.6µm at λ = 1.95µm. The transmission measurements are nor-
malised 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.
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FIGURE 4.13: Waveguide cut-back propagation loss measurements for ESM waveg-
uides with wclad = 9.6µm at λ = 3.80µm. The transmission measurements are nor-
malised 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.

i.e. for λ� Λ. Consequently, when the value neff,BF is close to the subwavelength
threshold of λ/2ΛL, the Rytov equations are no longer good approximations.
Therefore, the mode simulations that use the approximations of the Rytov equations
are likely less accurate at 1.55µm and, while it was predicted as being guided at this
wavelength, the TE0 mode may not be guided in reality. To confirm this, future
iterations of the design will have to be adapted to balance the hole size (and duty
cycle) for fabrication purposes and the longitudinal period for the approximation of
the Rytov equations to be applicable.

For example, if it is assumed that the duty cycle is kept the same and that the
e-beam lithography limit is 50 nm, then ΛL = 125 nm and λ/2ΛL = 6.2, which is well
above the effective index of the grating Bloch-Floquet mode (neff,BF ∼ 2.55) and would
therefore be in the deep subwavelength regime. However, in this case, then aspect
ratio of the holes (for the 250 nm etch depth) will likely mean that the holes are
ill-defined after etching and the fabricated device will not match the simulation as a
consequence. To adjust for this, the duty cycle can be altered to increase the hole size
without changing the period (effectively lowering neff,BF) but this will also decrease
nzz and will require new simulations of the waveguide to ensure broadband
single-moded guidance. This will effectively impose another limit on the hole size.
Alternatively, for original duty cycle, ΛL = 200 nm is also above the subwavelength
limit (λ/2ΛL ∼ 3.9) and gives a 80 nm hole size, for a hole aspect ratio of ∼ 3 : 1
(depth-width) that is more realistic fabricate.
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4.3.2 Test for single-moded behaviour

In a waveguide in which multiple modes have been excited, the individual modes a
propagate with a different propagation constant β. Consequently, the relative phase
between the waveguide modes will be wavelength-dependent and, as the modes
within the waveguide will interfere with each other, then output of the waveguide
will form an interference pattern that varies with the wavelength. In contrast,
single-mode waveguides will not form an interference pattern, as there will be no
higher order modes supported to interfere with the fundamental mode.

In order to obtain the interference pattern (or lack of), the ESM waveguides were
cleaved to remove the output grating coupler and the associated taper to expose the
waveguide facet; the output facets were then imaged in the setup shown in Figure 3.12
of Chapter 3. As a reference for outputs of single-mode and multimode waveguides,
strip waveguides (with widths 0.45µm and 1.2µm for the single-mode and
multimode waveguides respectively) were also designed and fabricated in the same
material platform. The guided TE modes predicted for these waveguides at
λ = 1.95µm are shown in Figure 4.14. It should be noted that the multimode
waveguide has the same core width as the ESM waveguide and is the same
waveguide for which the modal analysis is shown in Figure 2.4 in Chapter 2 and the
strip waveguide in Figure 4.4. The same grating coupler design was used for the input
and the waveguides were also cleaved to expose their output facets. The reference
waveguides were designed for 1.95µm only because, as discussed previously, it is
sufficient to show only single-mode propagation at the lower end of a wavelength
range and the waveguides (under the current design) were shown not to work at
1.55µm. Furthermore, the outputs could not be imaged at 3.80µm because this was
outside of the sensitivity range of the camera that was used.

FIGURE 4.14: The electric field (red and blue areas indicate positive and negative am-
plitudes respectively) of (a) the guided fundamental TE mode of the single-mode strip
waveguide (0.45µm width) and (b)-(d) the first three guided modes for the multi-
mode strip waveguide (1.2µm width), at λ = 1.95µm. Both waveguides had a height

of 500 nm.
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To observe the evolution of the waveguide output with wavelength, the
wavelength was swept in 0.5 nm steps over λ = 1.95− 2.01µm and an image of the
output was recorded at each step. Examples of these images are shown in Figures
4.15(a-c), all of which were taken at λ = 1.95µm. The output intensity was measured
in this way in an attempt to perform spatial and spectral (S2) imaging as used in
optical fibres [200], which has previously been achieved using a similar IR camera for
real time measurements [201]. Recording images at each step of the wavelength sweep
and plotting the subsequently results an intensity map of the waveguide output, with
pixel intensities I(x, y, λ). Equivalently, each pixel at position (x, y) can be considered
as having its own intensity spectrum I(λ). In the S2 imaging technique, the Fourier
transform of the intensity spectrum F [I(x, y, ν)] is used to yield the relative intensities
of each guided mode against their differential group delay, with respect to the
fundamental mode. Note that I(x, y, ν) is equivalent to I(x, y, λ), but defined in terms
of frequency ν. In this way, each mode in the waveguide (or fibre) appears as a strong
peak, providing clear evidence for either single-moded or multimoded guidance.

In fibres, S2 imaging requires fibres that are metres in length, due to
comparatively small differences in the modal effective indices and consequently small
group indices and group delays. In waveguides, the refractive index of the
waveguiding materials are typically much larger than in fibres so the group index of
each waveguide mode will also be larger. Consequently, it was expected that these
waveguides would have greater differential group delays (per unit length) that should
have been resolvable in short centimetre-long waveguides. However, in [201], the
wavelength resolution was ∼ 1 pm in a NIR system, roughly two orders of magnitude
better than was achievable with the MIR laser used here. Since the wavelength
resolution directly determines the resolution of the Fourier transform, the limited
wavelength step combined with the comparatively small group delays (due to short
waveguide lengths) meant that no mode peaks could be resolved even in the designed
multimode waveguide.

However, while the S2 analysis was unsuccessful, the recorded intensities for the
multimode waveguide showed variance with wavelength, suggesting an interference
pattern. To show this, the intensities were summed in the y-direction to yield, for a
given wavelength step, the intensity profile in the x-direction only, I(x, λ). The plot of
I(x, λ) then shows a “heat map” of the intensity profile evolving with wavelength.
This analysis was performed on the recorded intensities of each of the ESM,
single-mode and multimode waveguides, as shown in Figures 4.15(d-f).

For the ESM waveguide, Figure 4.15(d), the centre of the intensity profile
(outlined by the white-dotted 3 dB contour) at the output remains centrally located
throughout the wavelength sweep, with some intensity fluctuations at the output
edges attributed to background noise. Similar behaviour of the output intensity with
wavelength can be seen for the single-mode waveguide in Figure 4.15(e), where the
output intensity also has no movement in the x-direction (the noise is less evident
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FIGURE 4.15: Imaged outputs of the ESM, single-mode strip, and multimode strip
waveguides. The output intensity (normalised to the largest pixel intensity in the
image) at each camera pixel at position (x, y) captured at λ = 1.95 µm is shown for
each of the (a) ESM, (b) single-mode and (c) multimode waveguides; the low intensity
area in the southwest of (b) is attributed to the use of multiple filters for imaging this
waveguide. The heat maps of the output intensity, as a function of pixel position and
wavelength, are shown for the (d) ESM, (e) single-mode and (f) multimode waveg-
uides. 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.
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here, as the signal-to-noise ratio was larger for this waveguide). However, for the
output of the multimode waveguide in Figure 4.15(f), the intensity has a significant
lateral shift (in the x-direction), much larger than any noise fluctuations, indicative of
a multimode interference pattern having been formed. Conversely, the lack of
significant lateral shift of the intensity for the ESM and single-mode waveguides
indicates that no interference pattern has been formed and therefore 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 1.95µm and,
since the same waveguide has been shown as guiding at 3.80µm from the propagation
loss measurements, it therefore follows that the ESM waveguide will also only allow
single-mode propagation at 3.80 µm. Further, it is notable that since the ESM and
multimode waveguide cores have the same cross-sectional area, the lack of higher
order modes provides evidence that they are being suppressed by the cladding
design, rather than simply being avoided with a suitable cross-sectional geometry.

4.4 Summary

In this chapter, the well-known endlessly single-mode guidance principle of photonic
crystal fibres has been successfully experimentally demonstrated in integrated
photonics. Building on previous theoretical work, a simulated modal analysis of the
waveguide is presented to illustrate the working principle of the waveguide design,
predicting single-mode propagation over a wavelength range of 1.5− 5.5µm. The
results of the optical characterisation of the waveguides are shown, yielding
propagation losses of ∼ 1.5 dB/cm and confirmation of single-mode propagation over
the wavelength range 1.95− 3.80µm, equivalent to an octave of frequency. For further
development, the design of the cladding grating must be adjusted to match the
simulation and to allow for single-mode propagation at shorter wavelengths.
Furthermore, different approaches for designing the waveguide bends are required to
prevent the waveguide bending loss from being prohibitive.
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Chapter 5

Wideband multimode
interferometers

5.1 Introduction

As discussed in Chapter 2, power splitters and couplers are essential for making MIR
photonic sensing devices, particularly in realising on-chip spectrometers or splitting
light between sensing and reference arms. However, many existing power splitters
have a significantly narrow bandwidth over which they can effectively operate or
have other fabrication-related drawbacks (such as the requirement for an infinitely
small tip on a Y-junction), meaning that this is an important area to address for the
development of MIR PICs.

In the NIR wavelength range, MMIs have been demonstrated with a
subwavelength-patterned multimode region for an extended bandwidth compared to
conventional designs [101]. In this chapter, this concept is extended to the MIR, where
demand for greater optical bandwidth is required. These MMIs were characterised
using a method of embedding the MMIs in MZIs and are demonstrated with a
twofold bandwidth improvement over conventional MMI designs.

5.2 Design

From Chapter 2, recall that the two-fold imaging point of an MMI occurs at the point
z = 3Lπ/2 (for propagation in the z-direction), where Lπ is the beat length of the MMI.
Therefore, to create a 3 dB power splitter based on an MMI, the length of the MMI
needs to be LMMI = 3Lπ/2. Since the length of the MMI is fixed in a given design, any
variance in Lπ will result in a loss of performance.
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However, further recall that the beat length Lπ of an MMI is given by

Lπ ≈
4w2

e
3λ

neff,w (5.1)

where neff,w is the effective index of the waveguide and we is the effective width of the
multimode region (slightly larger than its actual width, wMMI). Examining each factor
in Equation 5.1 individually, evidently Lπ has an explicit wavelength dependence
from the factor 1/λ. From Equation 2.17 in Chapter 2, we has some
wavelength-dependence but for TE-polarised waveguides and to a first-order
approximation, we ≈ wMMI and is thus determined by the device design. As a
consequence, it can be considered as approximately invariant with respect to
wavelength. The effective index of the waveguide neff,w is determined by waveguide
materials and their dimensions (such as thickness). As such, for an SOI waveguide, its
value is nSi > neff,w > nsilica to be guided (typically neff,w = 2.5− 3). As such, the
change in the value neff,w is comparatively small to 1/λ. Therefore, Lπ has strong
dependence on λ and accordingly it has a peak performance at the central wavelength
for which it is designed. This means that, as the wavelength changes from its optimal
value, the MMI is effectively detuned and its performance degrades.

To overcome this limitation, the multimode region of the MMI can be replaced
with a periodic grating, as shown in Figure 5.1. In this design, the multimode region
of the MMI now consists of an array of silicon strips that span the width of the MMI.
These strips have a thickness h, equal to the thickness of the silion layer, and a length
in the z-direction of a. The silicon strips alternate with regions that are fully etched to
the SiO2 layer and are filled with air. Recalling from Section 2.1.5 in Chapter 2, if the
period of this grating Λ is sufficiently small with respect to λ, it can be considered as a

FIGURE 5.1: Structure of the SWG-MMI: (a) top-view diagram; (b) cross-sectional view
of the multimode region.
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subwavelength grating (SWG) with a refractive index tensor nSWG:

n2
SWG =

[
n2

xx 0
0 n2

zz

]
(5.2)

where the grating is considered in two-dimensions only. It is this anisotropy of the
metamaterial that gives the SWG-MMI its advantageous properties. The beat length of
the MMI is now given by [101]:

Lπ,SWG ≈
4w2

e
3λ

n2
zz

nxx
. (5.3)

In contrast to the beat length of the conventional MMI given in Equation 5.1
(where nzz = nxx), the factor of n2

zz/nxx is roughly proportional to variation of Lπ with
wavelength, thereby cancelling out the wavelength dependence. Furthermore, the
value of n2

zz/nxx is two or three times smaller than neff,w and this reduces the beat
length and the length of the MMI correspondingly. This is shown in Figure 5.2, in
which the beat lengths of a conventional MMI and a SWG-MMI with the same wMMI

have been calculated by Equations 5.1 and 5.3, with nxx and nzz approximated by the
Rytov equations, Equations 2.29(a-b) in Chapter 2, for illustrative purposes. Figure 5.2
also shows the effect of the duty cycle a/Λ on the beat length, as it changes the values
of nxx and nzz. By designing the pitch and duty cycle, the bandwidth of the MMI is
enhanced by tuning the dispersion of the SWG metamaterial to compensate for 1/λ.

While each of nxx and nzz can be approximated by the Rytov equations as in the

FIGURE 5.2: Beat length of conventional and SWG-MMIs, for a silicon or silicon-air
multimode region with wMMI = 7.7µm, using nxx and nzz approximated by the Rytov

equations.
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previous chapter, in this chapter it was more appropriate to utilise the full Floquet
analysis of the grating. In particular, this provides a more accurate value for nxx and
consequently also provides greater accuracy for the calculation of the beat length and
the MMI performance. The simulations of the MMI structure were carried out by
collaborators at the University of Málaga using their in-house Floquet mode
simulation tool, Fourier expansion simulation environment (FEXEN). FEXEN is based
on the Fourier eigenmode expansion method and is optimised for the simulation of
periodic structures [202].

To design the SWG-MMI, the initial geometry was first defined based on the
parameters defined in Figure 5.1. The duty cycle of the grating was first fixed to 50%,
as this maximised both the size of the silicon strips and the etched regions between
them, which was important to facilitate the etch step in the fabrication. Single-mode
strip waveguides (wI = 1.1µm, h = 500 nm) were used at the input and outputs of the
MMI. These waveguides were linearly tapered with a SWG cladding (with the same a
and Λ as the multimode region) to provide an adiabatic transistion from the strip
waveguide to the multimode region, ending at a width wA = 3.1µm. The taper
structure was “inversed” over the taper length LT ∼ 13µm, such that the strip
waveguide decreased in width as the SWG cladding increased in width. To ensure
that there was negligible coupling between the two inputs or the two outputs, both
inputs and both outputs were separated by a distance s = 5.1µm.

Using the Floquet mode simulations, the grating period that resulted in the
smallest variation in beat length of the design wavelength range of λ = 3− 4µm was
Λ ∼ 465 nm. Using this period and a fixed duty cycle, the critical design parameters
are then the length and width of the multimode region itself. These dimensions were
iteratively optimised, yielding an optimal design with wMMI = 7.7µm and a grating
length of 52 periods (equivalent to LMMI ∼ 24.2µm).

The performance of an MMI can be defined by three metrics: the insertion loss
IL, the imbalance IB, and the phase error φerr. The insertion loss is the amount of
optical power lost by the inclusion of the MMI in the device, such that if the overlap of
the input field with the fundamental mode of the MMI output waveguides is A and B
respectively, then the insertion loss is

IL (in dB) = −10 log10(|A|2 + |B|2). (5.4)

For a perfect 3 dB (50:50) power splitter, the input power is split equally between the
outputs. Therefore, the imbalance is then the ratio of the output powers:

IB (in dB) = −10 log10

(
|A|2
|B|2

)
. (5.5)

For an ideal 50:50 beamsplitter (with IL = IB = 0 dB), A = B = 1/
√

2. The phase
error is simply the deviation of the phase difference between the MMI outputs ∆φ

from its ideal value of π/2, i.e. φerr = ∆φ− π/2.
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Based on these metrics, the simulated performance of the optimal SWG-MMI
design is evaluated in Figure 5.3. Evidently, the SWG-MMI shows excellent
performance, with all three performance metrics close to zero over most of the
wavelength range.

FIGURE 5.3: Simulated performance of the SWG-MMI with WMMI = 7.7µm, 50% duty
cycle and LMMI = 52Λ, where Λ ∼ 465 nm.

5.3 Fabrication

The designed MMI was fabricated on an SOI sample with a 500 nm-thick Si layer
using the e-beam lithography and dry etching techniques outlined in Chapter 3. In
particular, the samples were overetched (i.e. etched beyond the end of the silicon
layer), in an attempt to avoid the rounding at the bottom of grating features and to
ensure that no silicon remained in the etched areas. As it was expected that this may
cause some lateral etching in addition to the vertical etch, designs with variations in
the critical parameters (i.e. the number of grating periods and the duty cycle of the
SWG) around the simulated optimal values were included. Specifically, the duty cycle
was biased by +5% to account for lateral etching, then the duty cycle was varied in
different structures by ±10%. The number of periods in the grating was varied over
42− 55, to investigate the tolerance of the MMI performance to its length. Figure 5.4
shows the best-performing measured device (discussed later), after fabrication. The
measured duty cycle of the grating in this device in the SEM was ∼ 54%, suggesting
that the effect of the lateral etching was overestimated.

The fabricated MMIs were embedded in asymmetric MZIs to evaluate their
performance [112], with a path difference of ∆L = 20µm between the arms. Reference
waveguides were used to obtain a reference for the coupling, propagation and
bending losses in the MZIs. For comparison, conventional MMIs designed for
λ = 3.4µm (with wMMI = 6.85µm and LMMI = 76µm) were also fabricated in
asymmetric MZIs with the same path difference.
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FIGURE 5.4: SEM micrograph of the best-performing fabricated SWG-MMI.

In addition, for broadband measurements of the devices, the input and output
waveguide facets were exposed and polished to enable fibre-to-chip butt coupling.
However, the preparation of the chip ahead of polishing introduced a challenge into
the fabrication. The previously used standard process was to apply a layer of
protective resist (AZ2070) via spin coating. Generally, this layer would be
comparatively thick (several micrometres) and hard-baked (7 minutes at 110◦C) to
fully protect the surface of the chip. This protective layer could then be removed by
cleaning with acetone, IPA, and water.

For the first batch of devices, after the removal of the resist, it was found that the
subwavelength features in the MMIs were partially broken or even completely
removed (for example, a SWG-MMI that received comparatively minor damage is
shown in Figure 5.5). No damage had been noticed in inspections of the chip surface
under optical microscope during the polishing process (i.e. before removal of the
resist) and acetone would not cause damage to the silicon layer in this way. Therefore,
it was concluded that the gratings were breaking at some point during the processing
to polish the waveguide facets and were held in place by the resist, only to come away
when the resist itself was removed. As the polishing process uses multiple heating
steps, the hard-baked resist (that had filled the gaps within the grating during the spin
coating) was likely expanding during heating and applying stress to grating features.

FIGURE 5.5: SEM micrograph of a SWG-MMI that received damage to the subwave-
length features, after polishing with AZ2070 as a protective layer.
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Since these features are much smaller than other structures in the silicon layer (such as
the strip waveguides), they would be much weaker and therefore easier to break,
which provided an explanation for only damage to the grating features being
observed.

To fix this issue, the protective layer was no longer spin coated onto the surface
of the chip. Instead, heated liquid wax was manually applied; even heated, the wax
was likely too viscous to fill the gaps in the grating so any expansion after
solidification would not apply significant stress to the grating. No further breakages
were observed after switching to the wax. The wax was simply removed by cleaning
with acetone, IPA and water.

5.4 Characterisation using MZIs

As mentioned above, the characterisation of the MMIs (both conventional and
subwavelength-structured) involved including them in asymmetric MZIs with an arm
length difference ∆L = 20µm, for an easily measurable FSR ∆λFSR ≈ 140 nm (the
spectrum was measured at 2 nm wavelength intervals and the maximum
manufacturer-specified laser linewidth was < 10 cm−1, equivalent to ∼ 11 nm at
λ = 3.4µm). The normalised transmission spectra of the MZIs can be modelled
analytically, including accounting for wavelength-dependent errors in A, B and ∆φ

where their value differs from their theoretical ideal to represent a real device:

A(λ) =
1√
2

+ Aerr(λ); (5.6a)

B(λ) =
1√
2

+ Berr(λ); (5.6b)

∆φ(λ) =
π

2
+ φerr(λ). (5.6c)

By fitting these analytical model to measured spectra, the performance metrics can be
extracted. Note that, compared to other common methods such as cascading MMIs to
find the insertion loss, using the MZIs is the only way to determine the phase error of
the MMIs. Furthermore, cascading the MMIs would require multiple measurements
to determine the insertion loss of each MMI design, whereas embedding the MMIs in
MZIs required only two measurements (one for each MZI output), facilitating much
faster characterisation.

The analytical model for the 2× 2 MZI used, as shown in Figure 5.6, is detailed
below. As shown in Chapter 2, the electric field at the input and output ports of the
MZI are related by the transfer matrix of the MZI TMZI, where TMZI is the product of
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FIGURE 5.6: Schematic of the asymmetric MZIs used for the characterisation of the
MMIs, where ∆L = 20µm. The bend radius in the MZI arms is 30µm.

the individual transfer matrices of each component in the MZI:[
Eout,1

Eout,2

]
= TMZI

[
Ein,1

Ein,2

]
(5.7)

with
TMZI = TMMITarmsTMMI. (5.8)

The MMI transfer matrix, TMMI, is expressed in terms of A, B and ∆φ and is applicable
for any 2× 2 MMI (including both conventional and subwavelength-structured):

TMMI =

[
A B exp(i∆φ)

B exp(i∆φ) A

]
. (5.9)

The transfer matrix for the arms of the MZI, Tarms, is determined by the difference in
phase by travelling path lengths L and L + ∆L through identical waveguides with
modal propagation constants β:

Tarms =

[
exp[iβ(L + ∆L)] 0

0 exp(iβL)

]
= exp(iβL)

[
exp(iβ∆L) 0

0 1

]
. (5.10)

For simplicity, assuming light is launched into only one MZI input (as was the
case in the experimental characterisation), then[

Ein,1

Ein,2

]
=

[
1
0

]
(5.11)

and so Equation 5.7 can be reduced to[
Eout,1

Eout,2

]
= exp(iβL)

[
A2 exp(iβ∆L) + B2 exp(2i∆φ)

AB exp(i∆φ)[exp(iβ∆L) + 1]

]
. (5.12)
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Since the output power P ∝ |E|2, the normalised powers at the output ports of the
MZI are then: [

Pout,1

Pout,2

]
=

[
A4 + B4 + 2A2B2 cos(β∆L− 2∆φ)

2A2B2[1 + cos(β∆L)]

]
. (5.13)

Consequently, the output powers of the 2× 2 MZI is expressible in terms of A, B and
∆φ. By varying A, B, and ∆φ, the analytical model can be fitted to the experimentally
measured MZI transmission spectra; the imbalance, insertion loss and phase error can
be directly calculated from these resulting values of A, B and ∆φ.

5.5 Results and discussion

The MZIs were characterised using the butt-coupled OPO setup detailed in Chapter 3,
over a wavelength range of λ = 3.0− 3.7µm (limited by the upper wavelength of the
source). Note that, for the avoidance of ambiguity in this section, the experimentally
measured transmissions are labelled Pexp,1 and Pexp,2, while the fitted analytical
models (equivalent to Pout,1 and Pout,2 on a dB-scale) are labelled Pmod,1 and Pmod,2 for
the corresponding outputs.

To show the effect of the noise in the measured spectra, the raw transmission
spectra for the best-performing SWG-MMI (identified later) and the reference
waveguide used for normalisation are shown in Figure 5.7 over the wavelength range
of the source, λ = 2.5− 3.7µm. The reference waveguides had a similar layout to the
MZIs to remove the coupling, propagation and bending losses (although there was
some slight additional loss for the MZI, due to slightly longer path length, but this loss
contribution was expected to be minimal). The dips in transmission around

FIGURE 5.7: Raw transmission spectra for two outputs of the MZI based on the best
performing SWG-MMI, and the raw transmission spectrum of the reference

waveguide used for normalisation.
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λ = 3.4µm are attributed to organic contamination, likely due to residues leftover
from the polishing process. These absorptions were present in all spectra and were
cancelled out in the normalisation. For wavelengths below 3.2µm, the detector noise
floor relative to the laser power limited the measurement of the MZI extinction. To
avoid overestimating the value of the insertion loss and imbalance in this region
during the fitting, the noise floor was subtracted from the spectra; this would make
negligible difference to the rest of the spectrum, but yield a better fit for the
noise-limited region. To estimate the noise floor, the output of the lock-in amplifier
was measured with no input power (i.e. with the laser turned off) and then dividing
that value by the output of the lock-in amplifier by the measured transmission
spectrum of the straight normalisation waveguide. The rest of the measurements were
carried out over the range with large measurable transmission, λ = 3.0− 3.7µm.

The experimentally measured transmission spectra for a selection of MZIs that
used the different SWG-MMI designs are shown in Figure 5.8. All of the MZIs in
Figure 5.8 used embedded MMIs with the same duty cycle (55%), but with different
lengths; across the measured devices, the 55% duty cycle devices were generally better.

As expected, Figure 5.8 shows that increasing the number of periods in the
grating (and therefore the length) changes the MMI performance, the beat length will
be the same for the same grating design. The best-performing MMIs will result in
interferograms with the aligned alternating peaks (showing low phase error), peaks
with equal depths (for low imbalance) and a minimal zero-point (i.e. the top of
interferogram close to 0 dB, showing for insertion loss). From these criteria, the MZI
for the SWG-MMI with LMMI = 55 periods has the best performance.

The experimentally measured normalised transmission spectra for the MZIs
using the best-performing SWG-MMI and the comparison conventional MMIs are
shown in Figures 5.9(a) and (b) respectively. To fit Pmod,1 and Pmod,2 to Pexp,1 and Pexp,2

respectively, each of A(λ)err, Berr(λ) and φerr(λ) were varied and the modelled MZI
spectra were calculated accordingly. In order to balance accuracy without overfitting,
each error parameter was approximated as a 6th-order polynomial with respect to
wavelength (giving 7 coefficients to optimise per parameter or 21 in total for the entire
problem). The fitting of the spectra was then treated as a minimisation problem (i.e.
minimising the difference between the experimental and modelled spectra), solved by
varying the values of the coefficients using a genetic algorithm in MATLAB [203].

Additionally, the finite linewidth of the measured spectra also limited the
extinction of the MZIs, while the analytical model would extend to negative infinity
and the subsequent fit would significantly overestimate the performance metrics. As a
consequence, the laser linewidth had to be accounted for in the model. This was
achieved by using a Lorentzian function to represent the linewidth:

f (ν) =
1

1 + g2(ν)
with g(ν) =

ν− ν0

∆ν
(5.14)
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where ν is the frequency, ν0 is the central frequency of the distribution and ∆ν is the
full-width at half maximum equal to the linewidth, fitted to ∆ν = 0.7 cm−1 (this is less
than the linewidth specified by the manufacturer, but that value was only an upper
limit). This function was then convoluted with the outputs of the model, for each
extinction at different values of ν0 (or equivalently, the wavelength at which each
extincition occurs). This correction was specifically applied to the fitted analytical MZI
spectra, so it is only present Pmod,1 and Pmod,2 in Figure 5.9.

From Figure 5.9, adjusting the model in this way resulted in a very good fit for
the measured transmissions. The exception to this is that at wavelengths below

FIGURE 5.8: Measured transmission spectra for MZIs that used MMIs of different
lengths, but all with a 55% duty cycle. All spectra have the noise floor subtracted from

the experimental data.
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FIGURE 5.9: Transmission spectrum and the fitted model for MZIs with embedded
(a) SWG-MMIs and (b) conventional MMIs. Pexp,1 and Pexp,2 are the experimentally
measured outputs of the MZI; Pmod,1 and Pmod,2 are the fitted model for each output.
For both (a) and (b), the noise floor has been subtracted from the experimental data.

3.1µm, the signal-to-noise ratio was low and this limited close matching of the fit as in
the rest of the spectrum. Consequently, the extracted insertion loss and imbalance are
overestimated in this part of the spectrum. The cause for this is not known as it should
be sufficiently above the SiO2 near λ = 2.7µm, but one likely possibility is that it is
caused by sidelobes of the SWG metamaterial photonic bandgap extending further
into the spectrum, as has been noted as an issue for other subwavelength devices in
literature [204].

The extracted performance metrics (insertion loss, imbalance, and phase error)
are shown in Figure 5.10 for the best performing fabricated device. This MMI differs
from the device with the optimal simulated performance: duty cycle of 55% instead of
50% (due to the overestimated biasing); 55 period length rather than 52
(LMMI ∼ 25.6µm rather than LMMI ∼ 24.2µm); and WMMI = 7.6µm, not
WMMI = 7.7µm. The reason that this design yielded a better performance is that the
simulated devices assumed that the SWG was fully etched, i.e. that no silicon
remained between the grating strips. However, as discussed in Chapter 3, the ICP-RIE
etching of small holes can lead to the ideally square-bottomed holes being rounded
and even incompletely etched. Although this was identified as a potential issue prior
to the fabrication and an attempt was made to mitigate this (the devices were
intentionally over-etched), it does not appear to be the case here. A residual layer of
this thickness within the grating is very difficult (if not impossible) to image in the
SEM and a FIB cut along the grating would smooth the edges of the residual layer,
meaning that it cannot be observed directly. Rather, the presence of the residual layer
was inferred from the inclusion of such a layer in the simulation, to match the
experimental results. The lateral etching that was expected but not observed (see
Section 5.3) further suggests that perhaps the MMIs should have been etched longer to
fully remove the silicon in the etched areas.

Despite this, by accounting for a 15 nm layer of residual silicon between the
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FIGURE 5.10: (a) The imbalance; (b) insertion loss; and (c) phase error of the SWG
and conventional MMIs calculated from the measured MZI transmission spectra. The
simulated MMI uses the estimated fabricated dimensions: a 15 nm residual silicon

layer, WMMI = 7.6 µm, 55% duty cycle and 55 periods.

grating strips, the simulated performance matches closely with the measured
performance, as shown in Figure 5.10. Considering the bandwidth for each of the
performance metrics individually, in terms of the imbalance - Figure 5.10(a) - the
usuable wavelength range for the SWG-MMI is almost double that of the conventional
MMI. Defining IB = 0.5 dB as a acceptable threshold for the imbalance, the
conventional MMI can cover 316 nm of the spectrum, while the SWG-MMI covers 628
nm. Likewise, for the insertion loss, the 1 dB-bandwidth of the SWG-MMI (616 nm) is
approximately twice that of the conventional MMI (343 nm).



94 Chapter 5. Wideband multimode interferometers

The difference between the two MMIs is less noticeable when considering the
phase error, but the SWG-MMI outperforms the conventional MMI here as well. For
|φerr| < 5◦, the bandwidth of the SWG-MMI is 564 nm, in contrast to 476 nm for the
conventional MMI. Furthermore, the phase error for the SWG-MMI is roughly
uniform for λ > 3.4µm, whereas the phase error of the conventional MMI changes
consistently over the spectrum.

5.6 Summary

By applying a subwavelength-structure to the multimode region of an MMI, a twofold
bandwidth enhancement can be achieved over a conventional MMI around the MIR
wavelength of 3.4 µm. Importantly, the device has a compact footprint (the multimode
region is approximately a third of the length of the comparable conventional MMI)
and has a simple fabrication of a single etch step in SOI. However, this design is
intolerant to fabrication errors; in this work, MMI length, etch profile and duty cycle
have all been shown to adversely affect performance. Further work is needed to
ensure to improve the fabrication tolerance.

Despite this, the straightforward fabrication process to achieve this bandwidth is
notable as it does not require additional materials and complex fabrication (like the
tunable MMIs in Chapter 2), nor is it reliant on the inherent dispersion of the material
to achieve broadband performance (like the SiGe MMIs in Chapter 2). This means that
the same approach could be applied to different material platforms to be extended out
to longer MIR wavelengths. In particular, the relative size of the subwavelength
features can increase with longer wavelengths, relaxing the fabricaton tolerances and
thereby avoiding issues such as the residual silicon layer found here (although thicker
layers could be limited by the aspect ratios of the etched features) or offering the
flexibility to choose a period to ensure the sidelobes of the SWG bandgap does not
overlap with the operating wavelength range.
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Chapter 6

Low-loss broadband Y-junction
power splitters

6.1 Introduction

Y-junctions are introduced in Section 2.1.3.1 of Chapter 2. As power splitters, they are
in principle relatively insensitive to wavelength when compared to other devices such
as MMIs or direction couplers. However, in practice the utility of a Y-junction is
limited by the size of the tip of the “Y” where the input waveguide separates into two
output waveguides. Ideally, this tip would be infinitely small but it has a finite size
due to the limited resolution of lithography. Zhang et al. optimised the geometry of a
Y-junction to have a low loss (0.28± 0.02 dB) despite this limitation for a NIR
wavelength range of λ = 1500− 1580 nm [82] by using a particle-swarm optimisation
(PSO). In this chapter, this approach is extended to develop a Y-junction with low-loss
over a 900 nm wavelength range in the MIR, a significant improvement over other
1× 2 power splitters in the MIR (see Section 2.1.3).

6.2 Particle-swarm optimisation

Before considering the optimisation problem for the Y-junction, it is important to
detail the algorithm used. The PSO was conceptually developed from the movement
and social behaviour of creatures that exhibit swarming, such as flocks of birds or
schools of fish [205]. The algorithm for the PSO has subsequently been applied to
optimisation problems in electromagnetic design [206], as described below.

Initially, particles representing solutions to the optimisation problem are
generated in a user-defined parameter space of M dimensions. M is chosen to be
equal to the total number of parameters which can be varied in the optimisation and a
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reasonable range of values for each parameter is input by the user. A figure-of-merit
(FOM) function must be defined to evaluate the “goodness” of a particle’s position in
the parameter space against the goal of the optimisation. For each particle, the
algorithm remembers the position at which it had the greatest value of the FOM, the
personal best position in the mth dimension Rm, where m = 1, 2, ..., M. For the swarm
as a whole, the algorithm remembers the position with the highest FOM ever achieved
by any particle, the global best position Gm. At the beginning of the optimisation, the
particles are initialised with either random positions and velocities or user-input first
guesses so, since these will be the only recorded positions, Rm and Gm are obtained
from these starting positions. The algorithm then “flies” each particle for a time step
∆t, treating the particles as a swarm of bees for example, updating both the particle’s
position and velocity after each step, and Rm and Gm if they have improved.

The velocity in the mth dimension, vm, of a particle depends on its current
position, rm, relative to Rm and Gm:

vm,new = Wvm,old + Ccτ1(Rm − rm) + Csτ2(Gm − rm). (6.1)

The other terms in Equation 6.1 are essentially scaling factors for calculating the new
velocity: W is termed the inertial weight, which dictates by how much a particle will
maintain its previous velocity; Cc is the degree to which the particle is influenced by
the memory of its best location (the “cognitive rate”), Cs is the degree to which the
particle is influenced by the rest of the swarm (the “social rate”); and τ1,2 are two
separate random numbers between 0 and 1. The position of the particle is simply
updated using this velocity by

rm,new = rm,old + vm,new∆t. (6.2)

Evidently from Equation 6.1, the particles that are furthest from Rm or Gm will
travel towards them fastest, gaining speed until they overshoot these positions. The
velocity of the particle will then swap directions back towards the best positions,
effectively gradually circling the optimal solution. With many particles, this is in
concept similar to a random swarm of creatures approaching a single location. The
rate at which the particle swarm converges on the solution will depend on the number
of particles in the swarm, which is usually a balance with required computing
resources. The PSO will end after a completion criteria is met, generally either after it
has run for a given number of generations (the number of times the particle’s position
and velocity are updated) or after the FOM converges to a value with a specified
tolerance to the change between generations.
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6.3 Geometry optimisation

The Y-junction was to be designed for an SOI platform, with a 500 nm-thick Si layer
that is fully etched to the underlying oxide layer. To demonstrate broadband low-loss
in the MIR range, the Y-junction was designed to work across λ = 2.8− 3.7µm to
correspond to the tunable wavelength range of the OPO in the broadband
characterisation setup (see Chapter 3) and single-moded bandwidth of the waveguide.

6.3.1 Input and output waveguide

Before the PSO could be implemented for the Y-junction geometry, the input and
output waveguides for the junction (used to calculate the input and output powers,
and therefore insertion loss) had to be defined. The height and etch depth of the
waveguides were fixed due to the design restrictions of the Y-juntion (in a
500 nm-thick strip waveguide).

The modal analysis of the waveguide was completed in MODE, using the
approach described in Chapter 3, and it was simulated over the full range of the
source in the experimental setup λ = 2.5− 3.7µm. To determine the single-mode
condition, the effective index of the TE0 and TE1 modes were calculated for varying
waveguide widths and at different wavelengths; where the effective index of a mode
was less than the refractive index of the cladding, the mode is not be guided. By using
TE-polarised input light, only the TE modes need to be considered, so the single-mode
condition is when the TE0 mode is supported but the TE1 mode is not.

Figure 6.1 shows the result of this analysis, with Figures 6.1(a) and (b) for the TE0

and TE1 modes respectively. The cladding refractive index is shown by the dashed
white line, which is the contour of the index equal to the smallest value of the index of
the cladding, nsilica = 1.399 at λ = 3.7µm. Evidently, there is no waveguide width at

FIGURE 6.1: Modal effective indices of the TE0 and TE1 modes in the input and output
Y-junction waveguides, for a fully-etched SOI waveguide with h = d = 500 nm. The
white dashed lines are the contours for nsilica(λ = 3.7µm = 1.399), where it is smallest.
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which the TE0 mode is supported and the TE1 is not across the entire wavelength
range. However, a waveguide width w = 1µm meets the single-mode condition
across the wavelength range λ = 2.8− 3.7µm, while allowing for the greatest
confinement of the fundamental mode.

6.3.2 Y-junction geometry

Rather than use an random geometry for as a starting point for the optimisation, the
initial Y-junction was pre-defined to allow comparison before and after the
optimisation. The initial geometry is shown in Figure 6.2, in which the shape of the
junction depends on the width at 13 equally-spaced intervals along a fixed 4µm
length: it is only within this length the shape is optimised. The number of widths was
equal to the number of dimensions in the parameter space. Therefore, this number of
parameters was selected to balance the degrees of freedom in shaping the geometry
with the overall optimisation time. Between these intervals, the edges of the junction
are found by interpolation between the width values using a spline curve. For the
initial geometry, a sigmoid function or “S”-curve was used to calculate each width as a
function along the length and are given in Table 6.1. The separation between the two
output waveguides is fixed as 0.2µm, which is the approximate resolution of UV
lithography.

FIGURE 6.2: Geometry of the Y-junction before the PSO.

w1 w2 w3 w4 w5 w6 w7 w8 w9 w10 w11 w12 w13
1000 1008 1022 1057 1143 1323 1600 1877 2057 2143 2178 2192 2200

TABLE 6.1: The widths wm of the initial Y-junction geometry in nanometres,
for m = 1, 2, ..., 13.

The PSO was implemented using the Lumerical varFDTD solver, using functions
in-built to the software. For the 13 different widths, the PSO was then solved in a
13-dimension parameter space. In each generation, a swarm of 10 particles (each
representing a trial geometry) was generated and the fractional transmitted optical
power Ptrans(λ) through the Y-junction was monitored. For a faster simulations, the
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FIGURE 6.3: Screenshot of the simulation of the Y-junction in varFDTD. The orange
rectangle shows the solver, the yellow lines and rectangles are the simulation monitors

and the arrow shows the source.

simulation was setup as symmetric and therefore Ptrans(λ) only had to be calculated
for a single output (this setting is shown by the green rectangle in Figure 6.3).

The FOM for the optimisation was defined based on the simulated transmission
Ptrans(λ) and was to be maximised over the PSO. The aim of the PSO was twofold: to
decrease the insertion loss of the Y-junction over all λ, but also to increase the
uniformity of this loss. By defining

Θ = −10 log10(Ptrans) (6.3)

where Ptrans is the arithmetic mean of Ptrans(λ) and

δ = 10 log10(max[Ptrans(λ)]−min[Ptrans(λ)]) (6.4)

then the FOM used for the PSO was

FOM =
3
5

δ +
1

Θ− 3 dB
. (6.5)

The term Θ is equivalent to the average insertion loss of the Y-junction and 3 dB was
subtracted from it to account for Ptrans being only for one output; even in an ideal
lossless case, the best value would be Θ = 3 dB. The factor 3/5 is used to scale the
terms and balance their contribution to the FOM in later generations. The FOM was
designed such at, for early generations where there are large differences in Ptrans, the
optimisation algorithm will reduce the average insertion loss first; the easiest way to
increase the FOM is for the value of Θ to approach 3 dB. However, in later generations
once the average insertion loss has decreased, the maximum and minimum values of
Ptrans will be much closer together and correspondingly the value of δ becomes large,
which increases the uniformity. This prevents the optimisation algorithm from ending



100 Chapter 6. Low-loss broadband Y-junction power splitters

too early and only reducing the overall loss, but not the uniformity. Equally, this also
avoids a solution where δ has been maximised but the average insertion loss is high.

Alternate FOMs can be used for other optimisation problems, or to weight this
optimisation problem differently. For example, it might be acceptable for the final
design to have a higher loss if the uniformity in the loss is minimal. Furthermore, it
should be noted that the reproducibility of the result is affected by the end conditions
of the optimisation (such the tolerance on the FOM, or the preset number of
generations) and the limits imposed on the parameter space. These limits, input
before the algorithm is run, define boundaries on the acceptable positions (in each
parameter space) the particles can take and it can reduce the time taken for the
optimisation. However, harsh limits can also cause the simulation to converge to the
limit, which may not represent the optimal value. The limits for each parameter are
listed in Table 6.2; no width was allowed to be thinner than the single-mode input
waveguide and that the first and last widths had fairly constrained limits. The final
consideration for reproducibility is that, given the random nature of the initial particle
positions within a generation, optimisations run using random number generators
that have different seeds may lead runs that converge to different results, particularly
for a short number of generations or relaxed tolerances on the FOM.

Width w1 w2 w3 w4 w5 w6 w7

Lower 1000 1000 1000 1100 1100 1100 1400
Upper 1100 1400 1500 1800 2000 2500 2700

Width w8 w9 w10 w11 w12 w13
Lower 1600 1800 1800 2000 2000 2200
Upper 3000 3000 3000 2700 2400 2300

TABLE 6.2: The limits of the widths wm input into the PSO in nanometres,
for m = 1, 2, ..., 13.

The PSO was run for 41 generations of 10 particles each, before the algorithm
was concluded because it had reached the specified tolerance, as shown in Figure
6.4(a). The zeroth generation to corresponds the FOM for the initial geometry of the
waveguide. The improvement in Y-junction performance is shown in Figure 6.4(b)
with the insertion loss now ∼ 0.2 dB over the wavelength range of the simulations, in
constrast to the inital geometry where the insertion loss is strongly
wavelength-dependent. The resultant Y-junction geometry is illustrated in Figure 6.5,
with the widths specified in Table 6.3.
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FIGURE 6.4: The outcome of the PSO of the Y-junction geometry: (a) the FOM of the
PSO over 41 generations; (b) simulated insertion loss of the Y-juction before and after

optimisation.

FIGURE 6.5: Geometry of the Y-junction after the PSO.

w1 w2 w3 w4 w5 w6 w7 w8 w9 w10 w11 w12 w13
1000 1236 1140 1785 1705 2370 2631 2864 2621 2633 2544 2334 2200

TABLE 6.3: The widths wm of the optimised Y-junction geometry in nanometres, for
m = 1, 2, ..., 13.

The underlying reason for the improvement in performance is demonstrable by
the field within the Y-junction, shown in Figure 6.6. From Figure 6.6(a), the initial
Y-junction has a higher insertion loss because the electric field is concentrated in the
gap between the output waveguides. This light cannot couple into the waveguides
and thus leaks into the slab. Conversely, from Figure 6.6(b) the Y-junction with the
optimised geometry this is substantially reduced, demonstrating that the
improvement in insertion loss arises from overcoming the finite resolution of the
fabrication.
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FIGURE 6.6: |E| along the length of the Y-junctions at λ = 2.8µm:
(a) the initial geometry; (b) the optimised geometry.

6.4 Results and discussion

To determine the characterisation loss, the Y-junctions were fabricated onto the chip
using e-beam lithography and dry etching as described in Chapter 3, before the
waveguide facets were prepared by cleaving and polishing. The layout of the chip
design used “chains”, which consisted of arrangements of the Y-junction and straight
waveguides as illustrated in Figure 6.7.

FIGURE 6.7: Schematic illustration of the chain layout for determining the insertion
loss of the Y-junctions.

In this layout, a series of separate waveguides were arrayed edge-to-edge across
the chip, for fibre-waveguide butt coupling. In each subsequent waveguide, an
increasing number of closed loops were added, each of which consisted of two
Y-junctions used to split and re-couple the light (in effect, these were small symmetric
MZIs with no phase difference between the arms): the result waveguides resemble
chains. Consequently, the loss will increase between each subsequent waveguide by
twice the insertion loss of the Y-junctions and the first waveguide with no chain loop
can be used to obtain a reference for the coupling loss and some measure of the
waveguide loss. In practice, as each loop is added some of the straight waveguide
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length is lost, equivalent to the length of the loop, as the waveguide length was fixed
by the width of the chip. Therefore, the calculated loss of the Y-junctions will be
marginally underestimated as some of the loss is normalised as propagation loss.
However, the removed lengths are short so unless the propagation loss of the
fabricated waveguides is very high then this underestimate should be negligible. The
advantage this method has for measuring the insertion loss is that the transmission
through the waveguides will remain fairly high throughout the characterisation. This
is not the case for alternate layouts such as a splitting tree, where the transmission will
be halved at each subsequent measurement even with lossless splitters. This is
important for ensuring consistent insertion losses between waveguides, as it is much
easier to measure transmission with a large signal-to-noise ratio.

The measured insertion loss for the Y-junctions are shown in Figure 6.8. For
transmission through each waveguide in the chain layout to determine the total
insertion loss for the corresponding number of Y-junctions and then a linear fit was
used to determine the loss per junction at each measured wavelength point. For
example, Figure 6.8(a) shows the linear fit at λ = 3.175µm, for a fitted loss of 0.18 dB
per Y-junction. Note that facets of the waveguides corresponding to 0, 2 and 6

FIGURE 6.8: Measured insertion loss of the wideband Y-splitter over 2.8− 3.7µm. (a)
Transmission as a function of the number of Y-junctions at λ = 3175 nm. The trans-
missions for waveguides with 0, 2 and 6 Y-junctions are not included due fabrication
defects causing substantially lower transmission. (b) The simulated and experimen-
tal loss per Y-junction as a function of wavelength. Experimental measurements for

λ < 3150nm are not shown.
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Y-junctions sustained damage during polishing and consequently had poor
measurable transmission, so these data points are not included in the fit and the
measurement data is instead normalised to the waveguide with 4 Y-junctions.

Although the transmission through each waveguide was measured over the
wavelength range of 2.8− 3.7µm, the transmission through the waveguides was very
low for λ < 3.15µm. The reason for this is unclear but it may be in part caused by an
absorption related to the SiO2 layer, as it has a strong absorption around
λ = 2.6− 2.9µm [207] if hydroxyl groups (O H) are present [208]. Therefore, the
loss spectrum in Figure 6.8(b) only shows the loss obtained for λ = 3.15− 3.7µm. For
this wavelength, the measured insertion loss was very low and less than 0.2 dB over
most of the spectrum. The confidence level of this measured loss is given by the
largest error across the spectrum (±0.16 dB); as can be seen in Figure 6.8(b), the
simulated loss agrees with the measured insertion loss within the uncertainty level
across the majority of the spectrum. Note that, although the areas of negative loss
within the error range imply that the Y-junction could result in gain in the chip, this is
not physically realistic - Figure 6.8(b) is presented in this way solely to illustrate the
large experimental error.

The comparatively large error is due to the small insertion losses themselves.
Even for a large number of consecutive junctions, the total loss was fairly small and
could be dominated by other losses in the experimental setup. This is particularly true
for a butt-coupled chip such as the one used in this chapter, where the insertion losses
are generally harder to control (as opposed to grating-coupled chips) due to potential
inconsistencies between the quality of the waveguide facets after polishing or
repeatable fibre-chip alignment. These additional introduced losses do not have to be
large to introduce considerable error and possibly prevent the characterisation of the
device, when the device losses are so small. Some strategies to improve the accuracy
of the loss characterisation could have been achieved a layout that only required a
single input (thereby only the output alignment would change) or by using chains
with a greater number of Y-junctions included. Furthermore, a reference waveguide
that accounted from the small extra loss from the loop S-bends (rather than a straight
waveguide) must be used.

6.5 Summary

In this chapter, the geometry of a Y-junction was optimised to overcome practical
fabrication limitations, to yield a wideband low-loss power splitter. The better
geometry was the result of a particle-swarm optimisation, resulting in a fairly constant
simulated insertion loss of ∼ 0.2 dB over a MIR wavelength range of λ = 2.8− 3.7µm.
By fabricating the Y-junction on a SOI wafer, the insertion loss was experimentally
determined to be less than 0.2 dB over λ = 3.15− 3.7µm, which agreed with the
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simulation within the experimental error. These power splitters are important as basic
component of many PICs, but in particular for mid-infrared spectrometers.
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Chapter 7

Group IV membrane waveguides on
transparent substrates

7.1 Introduction

The heterogeneous integration of dissimilar materials was discussed in Chapter 2 and,
in particular, the use of transfer printing group IV materials onto new substrates was
explored. Transfer printing offers a potential direction for providing a lower cladding
with a transparency that spans a greater wavelength range than is possible with solely
group IV materials. This could facilitate waveguides with a low-loss over a
considerable wavelength range in the MIR, by minimising absorption losses from the
waveguide mode overlapping with the cladding. Furthermore, zinc selenide (ZnSe)
was suggested as a potential substrate because it has a transparency that extends
beyond that of both Si and Ge, it can offer a large refractive index contrast to both
materials and, for Ge, a small mismatch in the crystal lattice size.

This chapter details the transfer printing of group IV membranes onto crystalline
ZnSe substrates for the reasons outlined above. Initially, Si membranes were used as a
proof-of-concept despite Ge waveguides in principle offering the greater transparent
bandwidth: firstly, Si waveguides are well-established at both NIR and MIR
wavelengths, meaning that it is easier to control the fabrication processes and also
determine the source of any potential losses; secondly, Si-based wafers (i.e. SOI) are
more widely available commercially, enabling quicker progression in the development
of the integration technique.

The transfer printing process used is outlined in Figure 7.1. The process operates
by taking advantage of the reversible adhesion of the stamp [191] which is made from
an elastomeric polymer, in this case polydimethylsiloxane (PDMS). For this stamp, the
adhesive force between the stamp and the membrane depends on the speed at which
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FIGURE 7.1: Outline of the transfer printing of Si membranes onto a ZnSe substrate:
(a) The membranes and structures on the membrane are defined using lithography
and dry etching; (b) the membrane is suspended by wet etching the SiO2 beneath the
membrane; (c) a PDMS stamp is brought into contact with the suspended membrane;
(d) the stamp is retreated quickly to break the supports and pick-up the membrane;
(e) the stamp is lowered to bring the membrane into contact with the substrate; (f) the

stamp is retreated slowly to release the membrane onto the substrate.

the stamp is moved, meaning that it can be used to both pick-up and place the
membrane.

The membranes are first defined by using separate lithography and etch steps: a
full etch to create the membranes, followed by a shallower etch for the waveguides
and grating couplers (the grating coupler etch depth was fixed the same as the
waveguide etch depth to minimise the number of fabrication steps). The membranes
are then suspended so that they can be released from the SOI wafer, before being
picked up and then placed onto the ZnSe substrate. In order to encourage adhesion of
the membrane to the ZnSe surface, the backside of the membrane can be wetted (it
will be dried during the deposition of the membrane).

7.2 Blank membrane iterations

The membranes were transfer printed by the University of Strathclyde, using their
in-house custom tool that was adapted from a dip-pen lithography tool, NanoInk Inc.
NLP2000. Their process is detailed in [189], for similar but much smaller and thinner
membranes. The typical size of previously printed membranes are roughly
100µm× 100µm, which is too small for any feasible PIC. Much larger membranes
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were therefore required but increasing the size is non-trivial for the process and was
expected to be challenging. 2 mm× 2 mm membranes have been previously been
demonstrated for transfer printing [190] so the use of larger membranes was in
principle feasible, but this work used a different style of tool. Consequently, an initial
run was made to determine the maximum size of the membrane that could be
successfully printed. In this iteration, no waveguides or other features were patterned
onto the membranes.

7.2.1 Design

A series of square membranes were designed with edge sizes ranging
100µm− 1000µm. In order to ensure that the membranes were strong enough to not
break under their own weight, the membranes were fabricated on an SOI wafer with a
1.5µm-thick Si layer. Each membrane was surrounded by a 20µm-wide trench that
would be fully etched through the Si layer, to provide access to the underlying SiO2.
In addition, the initial designs had the entire area of the membranes patterned with an
array of 1µm× 1µm holes (see Figure7.2) that would also be fully etched to act as vias
that provide access for the acid during the underetching for the area directly beneath
the membrane. This avoided the need for long wet etching times which would
roughen the Si layer and meant that all membranes could be suspended using the
same wet etch. The via array used a 10µm separation between the vias and the vias
were inset by 20µm from the edge of the membrane, allowing suspension to be
achieved with 100 minutes of submersion in HF.

To prevent the membranes detaching from the SOI wafer upon suspension,
supports extended across the trench and between membrane and wafer surface. The
supports started with a width of 16µm on the wafer side of the trench, tapering down
to a width of 6µm on the membrane. These dimensions were chosen so that the
supports were more likely to break on the membrane side when they were picked up
by the stamp, but also to balance with the supports having sufficient strength to hold
the membranes in place. The number of supports varied depending on the size of the
membranes: a support was placed alternately every 100µm along parallel edges of the
membrane, starting at 10µm from the corner of the membrane, with additional
supports added on the perpendicular edges for the membranes with dimensions
larger than 500µm.

7.2.2 Membrane fabrication

An example of a fabricated membrane (with a size of 200µm× 200µm) is shown in
Figure 7.2. The membranes were fabricated using e-beam lithography and dry etching
as described in Chapter 3. Comparatively thick resist layers (∼ 800− 900 nm) had to
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FIGURE 7.2: Optical microscope image of a 200µm× 200µm membrane after fabrica-
tion, after a failed suspension.

FIGURE 7.3: Optical microscope image showing a non-suspended membrane. The
white dashed lines shows the edge of the area where there is underetching. [insert]

Zoomed image of the underetched area around a via.

be used to prevent completely etching through the resist during the deep dry etches.
Following the dry etching, the membranes were then wet etched in HF to suspend
them before transfer printing.

However, initial attempts to release the membranes from the wafer using the
stamp failed. Under inspection using an optical microscope, the similar colouring
between the membrane and the rest of the wafer except for short areas adjacent to the
trenches suggested that the underetching had failed (Figure 7.3). In Figure 7.3, the
white lines highlight the edge of these regions; next to the trench, the underetching
extends approximately halfway to the vias (∼ 5µm), while around the vias it extends
only ∼ 1µm. The lack of underetching was confirmed with inspection in an SEM
(Figure 7.4), where the SiO2 has clearly not been removed.

The change in colour around the vias indicated that small amount of
underetching had occurred around the vias. In turn, this suggested that either the
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FIGURE 7.4: SEM images showing the unetched SiO2. (a) Angled SEM showing some
underetching at the edge of the membrane. (b) Cross-sectional SEM of the membrane

(after cleaving) showing no apparent underetching through the HF access holes.

holes were not sufficiently large to allow flow of the HF, or that the vias had not been
fully defined in the dry etching step. The latter would be caused by the effect
discussed in Chapter 3, where etched features with a small aspect ratio (i.e. a deep
etch but a small area) can cause rounding at the bottom of the holes. In this case, the
holes would be etched enough to cut through the Si layer, but be much smaller at the
bottom of the hole than their designed area. Alternatively, since the change in colour
was very close to the vias, this could mean that the dry etch did not go through the
entire Si layer at any point in the via and the discolouration could be the result of
another part of the fabrication process.

The simplest solution to this issue was to dry etch the membranes further and
remove the remaining material from within the vias. However, the patterned resist
had been removed ahead of the transfer printing so additional etching meant that, in
addition to the material within the vias, the entire surface of the membranes would be
etched. For membranes that included waveguides this would have been an issue, but
for the blank membranes the only problem that would arise would be if the
membranes were excessively thinned such that they collapsed under their own
weight.

Following the additional dry etching, the membranes were submerged in HF for
a second wet etch; this time, the suspension of the waveguides was successful. This
was confirmed with inspection using both optical microscopy and imaging and
milling in a FIB tool (see Figure 7.5). After suspension, the flexible membranes sagged
in the middle under their own weight, which was more significant for the largest
membranes: Figure 7.5(a) shows the sagging for the largest fabricated membranes,
which were 1 mm2. Milling through the centre of this sagging with a FIB beam
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revealed that the membrane was coming into contact with the Si substrate. In addition
to the weight of the membrane, this was likely caused by the drying step after the wet
etching, in which the removal of the water would result in capillary forces that act to
pull the bottom surface of the membrane close the surface of the substrate. While the
bending of the membrane could potentially lead to issues in the transfer printing
through non-uniform contact with the PDMS stamp, the strong contact between the
two Si surfaces is only possible if both were very smooth and consequently it was
concluded that the entirety of the SiO2 layer was removed by the second wet etch.
Furthermore, this meant that the limiting factor with respect to the vias was that their
aspect ratio was too low and they were incompletely etched as a result, rather than
their designed size being insufficient to allow HF flow.

FIGURE 7.5: Blank membrane with underlying SiO2 layer removed. (a) Optical mi-
crograph of the suspended 1 mm2 blank membrane before transfer printing, with the
location of the FIB cut shown. (b) Angled SEM micrograph of the FIB cut through the

centre of the membrane, showing membrane in contact with the Si substrate.

7.2.3 Printing result

The now-suspended membranes were then transfer printed, starting with the largest
size and progressing to decreasingly small membranes until the transfer print did not
fail, thereby yielding the largest size that could be printed. Note that, for this
technique, a new size of stamp is required for each membrane size for good
stamp-membrane contact: the same area as the membrane but 50µm smaller in each
dimension to facilitate the membrane deposition. Furthermore, the membranes were
first printed onto a PDMS substrate to investigate the pick-up aspect of the transfer, in
particular to see the effect (if any) that the sagging of the membrane and consequent
non-uniform contact between the stamp and membrane would have. The use of the
PDMS substrate acted as a control for the pick-up as the stamp-membrane adhesive
force would be similar to the membrane-substrate force (as they were the same
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material), until the stamp was retreated (recall the stamp-membrane force depends on
the speed of movement of the stamp). Therefore, the membrane-substrate force would
be guaranteed to be larger than the stamp-membrane force and would make the
membrane easy to deposit, meaning that any issues would be a result of the pick-up
only.

Figure 7.6 shows the successful transfer print of blank 1000µm× 1000µm (or
1 mm2) Si membranes onto the PDMS substrate. Aside from a minor breakage in one
corner, the membranes were printed intact and had good contact with the substrate
(the darker areas in the membrane show places with worse contact), that could be
optimised by small changes in the pick-up conditions. This demonstrated two things:
the comparatively large and thick membranes could be transfer printed with this
technique, and that the sagging of the membranes had little effect on the pick-up.

FIGURE 7.6: Optical micrographs of multiple blank 1 mm2 Si membranes transfer
printed onto PDMS.

Having shown that the largest membranes could be printed, transfer printing
was then attempted onto the transparent ZnSe substrate. The substrates used for this
were commercially available ZnSe optical windows (Crystran), with a
manufacturer-specified polished flatness of λ/10 at 633 nm and a root-mean-square
surface roughness of < 10 nm. The high surface quality was necessary for good
contact and adhesion of the membrane to the surface, as any localised defects could
prevent it from adhering. As with the PDMS substrate, transfer printing was
attempted starting with the largest size and, as before, the 1 mm2 membranes were
successfully printed, as can be seen in Figure 7.7. Evidently, the quality of the initial
print onto the ZnSe was worse, in comparison to the print onto the PDMS. From the
analysis above, the issue was caused by the release and deposition step, rather than
the pick-up by the stamp.

The most significant issue in the quality of the print are the large dark areas of
bulging in the membrane, where the membrane has not properly adhered to the ZnSe
and is bending upwards. This is caused when there is a non-uniform release from the
stamp, if the membrane-surface adhesive force is insufficient to overcome the
stamp-membrane force. If this occurs, the membrane is only partially released and can
be pulled up by the stamp as it is moved away from the surface. The difficulty in
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FIGURE 7.7: Optical micrographs of multiple blank 1 mm2 Si membranes transfer
printed onto ZnSe.

ensuring uniform contact between the membrane and the accepting surface is a result
of the larger stamp size; the membrane must be parallel to the surface for deposition,
but any small deviation in the angle of the membrane will be magnified as a larger
vertical displacement for larger membranes. Likewise, larger membrane areas also
means uniform wetting of the backside of the membrane is more difficult to control
and, since it can affect the adhesion of the membrane to the surface, result in the
bulging.

The breakages in the membranes during the transfer printing are also more
noticeable for the printing onto ZnSe. One possible cause is that the stamps
(950µm× 950µm for the 1 mm2 membranes) were not large enough to effectively lift
the membranes during pick-up, which would also explain the minor breakages for the
printing onto the PDMS but does not explain the severity of the breakages for the
ZnSe-printed membranes. Notably, the breakages appeared to be adjacent to the
bulged areas so, similar to the bulging, the breakages could too be caused by parts of
the membrane remaining attached to the stamp. Alternatively, since the membranes
were taken from different places in the wafer than for the PDMS samples, it could
simply be that the local mechanical properties in a particular region of the wafer made
it more difficult to break the supports during pick-up and lead to the membranes
breaking.

The final noticeable issue is the dirty areas under the ZnSe-printed membranes.
The presence of this dirt is a by-product of the wetting process and while it would
cause some scattering loss for the waveguide, it was not expected that the loss would
be limiting. Furthermore, it could be mitigated by better control of the backside
wetting process.

While the transfer printing of the membranes onto ZnSe was not as successful as
onto PDMS, PDMS was a known substrate to the collaborators that carried out the
printing. As a direct consequence, the process for the release of the membranes onto
the substrate was already considerably optimal for PDMS, while ZnSe had not been
used before. Furthermore, considering the discussion above, the issues of bulging,
breakages and dirt were mainly results of either a non-uniform contact, sub-optimal
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wetting process, or both. Therefore, it was concluded that transfer print of the 1 mm2

membranes onto ZnSe should be achievable, provided that the wetting process was
optimised for this substrate. The development of the membrane devices then
progressed to include waveguides.

7.3 Device design

The waveguides, bends and grating couplers were simulated using MODE and FDTD
to determine the optimal geometries for the membrane devices. These designs would
then be used to build the layouts discussed later.

7.3.1 Waveguide geometry

The membrane waveguides were designed to operate at a wavelength of λ = 7.67µm,
which is towards the upper end of the Si transparency range and could be compared
to other long-wavelength Si waveguides, such as the suspended Si [49]. As the
membranes had to remain intact, a waveguide slab was required with sufficient
thickness to prevent the membrane from breaking, meaning that the etch depth had to
be minimised.

The modal analysis of the waveguide was simulated in MODE, as described in
Chapter 3. With the height of the waveguide fixed to the thickness of the top Si layer
(i.e. h = 1.5µm), the waveguide width w and etch depth d of the waveguide were
swept. The single-mode condition for the waveguide (considering TE-polarisation) is
when the effective index of the TE1 is larger than the refractive index of the cladding

FIGURE 7.8: TE1 modal effective index in the Si on ZnSe waveguide by varying geom-
etry for λ = 7.67µm. The white dashed line is the contour for nZnSe = 2.4080, below

which the mode leaks into the cladding.
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FIGURE 7.9: Simulated modal field intensity, |E|, of the TE0 mode for the Si membrane
waveguide on ZnSe.

(in this case, nZnSe) and can therefore be considered guiding. Consequently, by
investigating the TE1 mode, the single-mode waveguide geometry is determined.

Figure 7.8 shows the variance of the effective index of the TE1 mode with the
waveguide geometry at λ = 7.67µm. The fundamental TE mode, TE0 was guided
across the entire shown geometry range. The condition for single-moded propagation
is given by the white line in Figure 7.8, which is equal to the contour for the refractive
index of ZnSe, nZnSe = 2.4080. A suitable geometry therefore gives an effective index
below this line, but it must also be reasonably close to it as smaller waveguide
geometries will also restrict the confinement of the TE0 mode, as well as to minimise
the etch depth for the membrane strength: in this case, w = 3µm and d = 1.1µm.

The simulated TE0 mode for these waveguide dimensions is shown in Figure 7.9.
Note the non-negligible overlap of the modal field with the underlying cladding,
which illustrates the need for transparent cladding.

7.3.2 Bending loss

The bending loss for this waveguide geometry was simulated in MODE as well. This
simulation, using the eigenmode solver, accounted for both the predicted propagation

FIGURE 7.10: Bending radius for Si membrane waveguide on ZnSe, with w = 3µm,
h = 1.5µm and d = 1.1µm.
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loss in travelling through the bend and the mismatch between the modes in the
straight and bent waveguides.

The results of this simulation are shown in Figure 7.10. A bending loss below
< 0.1 dB/90◦ was deemed acceptable for this design (although this is entirely
device-dependent), so a bending radius of 35µm was selected. Note that while a bend
radius of 30µm also meets this criterion, it was very close to 0.1 dB/90◦ so a slightly
larger radius was used.

7.3.3 Grating coupler design

The grating couplers were simulated using a two-dimensional simulation within
FDTD, with the fibre angle fixed at 10◦ from the normal to the waveguide, as shown in
Figure 7.11(a). The simulation was reduced from three to two dimensions to reduce
the computing time required and was achieved by shrinking the in-plane geometry
perpendicular to the waveguide to a constant small size. The light was launched from
the fibre into the grating and the coupling efficiency determined by the light coupled
into the waveguide; by reciprocity, the reverse coupling efficiency (launching from the
waveguide) will have the same coupling efficiency. The etch depth was fixed equal to
the etch depth of the waveguide for ease of fabrication, with the performance
optimised by varying the duty cycle (the ratio and the grating feature to its period,
a/Λ) and grating period. The results of this simulation are shown in Figure 7.11(b). In
this case, the best simulated coupling efficiency was ∼ 22%, for a 80% duty cycle and
period Λ = 3.2µm. The grating couplers were then defined over 10µm-wide
waveguides (the approximate diameter of the fibre cores) and approximately 25µm in
length.

As described in Chapter 2, the coupling efficiency of a grating coupling is often
enhanced by reflections from layers beneath the waveguide; in the case of SOI, this is
the reflection from the interface of the underlying SiO2 cladding layer and the Si wafer
substrate. However, for the Si membrane waveguides that have been transfer printed

FIGURE 7.11: Simulation of a Si membrane grating coupler on ZnSe, with d = 1.1µm
at λ = 7.67µm: (a) simulation setup; (b) simulated coupling efficiency.
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onto bulk ZnSe, there are no layers to cause the reflections beyond the interface of the
waveguide and bulk ZnSe. Furthermore, since the refractive index of ZnSe (∼ 2.4) is
closer to that of Si (∼ 3.4) than the index of SiO2 (∼1.4) is, the index contrast for the
Si-ZnSe waveguide is smaller than for SOI, so even the initial reflection at the bottom
waveguide-cladding interface will be smaller. As a consequence, the simulated
coupling efficiency is lower than other grating couplers, but the equivalent coupling
loss (∼ 6.6 dB per coupler) is not so limiting as to prevent measurement of the
waveguides and therefore the design was sufficient for this purpose.

7.4 First run with waveguides

For the first run that used membranes with fabricated waveguides, the size of the
membranes was chosen to be the same as the largest membranes in Section 7.2: 1 mm2.
Using the largest size membranes as the basis for the layout designs meant that the
available area for characterisation devices was maximised.

7.4.1 Layout design

The layout of the waveguides on the membranes are shown in Figure 7.12. Two
different designs were used, for determining the propagation loss and bending loss of
the waveguides respectively. In both designs, light was coupled in and out of the
membranes using the grating couplers as described above. These were fabricated
across 10µm-wide waveguides to ease the fibre-grating alignment, which were then
tapered down to the single-mode waveguides over a length of 100µm.

To determine the propagation loss, the cut-back method was implemented with
effectively straight waveguides with increasing lengths, as all other losses (from the

FIGURE 7.12: Waveguide layouts on 1 mm2 membranes for (a) propagation loss and
(b) bending loss.
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bends, tapers and grating couplers) were the same in each waveguide and could
therefore be removed with normalisation. The waveguides were designed in the
quasi-spiral pattern shown in Figure 7.12(a) to maximise the length of each waveguide
in the pattern. Each input grating coupler was separated by 50µm vertically down the
waveguide. Using the layout arranged in this way meant that 12 waveguides could fit
onto the 1 mm2 membrane, with effective lengths (ignoring taper, grating couplers
and bends) ranging 1.35 mm− 5.20 mm in 350µm intervals.

For the bending loss layout, 7 waveguides were designed with 0− 24 90◦ bends,
in intervals of 4 bends. Note that this does not include the bends in the shortest
waveguide used from normalisation, the waveguide on the bottom left in Figure
7.12(b).

The design of the via array was changed from the array used for the blank
membranes. To avoid the issues that resulted from the incomplete etching of the vias,
the area of the HF vias was quadrupled from 1µm× 1µm to 2µm× 2µm while the
separation between the centre of the vias was maintained as 10µm. Furthermore, the
layout of the vias was changed from a square array to a triangular array, shown in
Figure 7.13. The triangular array meant that the via pattern was slightly more dense,
as the rows would now be separated by ∼ 8.66µm rather than by 10µm for the square
array, which would provide more coverage for HF access and therefore facilitate
consistent underetching. The lateral offset between vias in different rows also meant
that where the via array was overwritten by the waveguides, shown in Figure 7.13(c),
it was easier to ensure there were no areas without vias.

FIGURE 7.13: Membrane via arrays: (a) square array, used for blank membranes; (b)
triangular array, used for membranes with waveguides; (c) illustration of the over-
writing of the via array adjacent to the waveguide, in which the overwritten region is

highlighted in orange.

The overwriting of the via array, Figure 7.13(c), was necessary because vias that
overlapped with waveguides would result in significant and prohibitive losses. Any
via that was within 4.5µm of the waveguide was removed, either entirely or partially.
Additional vias were then placed on either side of the waveguide and parallel to it
with a 10µm separation (consistent with the rest of the via array), to allow the wet
etch duration to be maintained. This meant that the edge-to-edge separation of the
vias and the waveguide was 2.5µm, which was predicted to cause negligible
perturbation of the waveguide mode in the eigenmode simulations.
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7.4.2 Fabrication

The membranes with waveguides were fabricated as described for the blank
membranes. An example of the fabricated membrane is shown in Figure 7.14, for one
of the fabricated bending loss membranes: note how the combination of the triangular
via array and the overwriting of it with additional vias results in consistent coverage
of the membrane area with HF vias. Figure 7.14(b) shows that the vias slightly
expanded into the lateral waveguide cladding area, which is a result of the imperfect
anisotropy of dry etching in practice (i.e. there will be some lateral etching) and is
more pronounced for the deeper etches (which have longer etch durations) for the
vias. Additionally, the flared features at the corners of the vias are artefacts of errors in
the lithography, expanding the vias closer to the waveguide. Neither of these
fabrication errors were expected to result in significant losses, but could contribute to
some loss from scattering or perturbation of the waveguide mode.

FIGURE 7.14: SEM micrographs of the waveguides on Si membranes after suspension.
(a) The shortest bending loss waveguide, used for normalisation. (b) The vias adjacent

to the waveguide, showing the overwritten via array.

Following the incomplete suspension of the blank membranes, some membranes
underwent destructive testing to ensure that they had been completely suspended.
The membranes were cleaved to allow angled and cross-sectional analysis before
being inspected in an SEM: the results of this are shown in Figure 7.15. Figure 7.15(a)
shows that the underlying SiO2 had been fully removed in the wet etching step and,
as was seen for the blank membranes, the membranes sagged and came into contact
with the Si wafer substrate (aside from around the supports). Interestingly, some
membranes did not break during the cleave and instead were left overhanging the
edge of the chip, as can be seen in Figure 7.15(b). The structural stability of this
membrane suggests the sagging is not caused by the large membrane size, as the
membrane remains consistently in the focus of the SEM and is thus not significantly
bending under its own weight. Rather, this sagging is more likely caused by the
drying process that follows the wet etching and the resultant capillary forces
described earlier. In further iterations, this could be avoided by using a HF vapour
etch (as opposed to the liquid HF etch used here), which has an order of magnitude
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FIGURE 7.15: SEM micrographs of suspended membranes after cleaving. (a) Lifting
of the membrane around the supports. (b) Overhanging membrane still attached after

cleaving.

slower etch rates but is commonly used in the fabrication of microelectromechanical
systems for this very reason [209, 210].

The membranes following the transfer printing are shown in Figure 7.16. The
optimisation of the uniform pick-up and backside wetting are evident, as the quality
of the adhesion onto the ZnSe surface was remarkably better than the result of the
blank membranes printing. The membranes survived the printing intact and without
any breakages, there was no visible residual dirt and, aside from very localised
deformations, there was no considerable bulging as seen previously.

FIGURE 7.16: Optical micrographs of the 1 mm2 Si membranes with waveguides
printed onto a ZnSe optical window, for (a) determining propagation loss and (b) de-

termining bending loss.

Furthermore, considering these local deformations in detail, while less than ideal
this out-of-plane bending would only lead to negligible losses. The largest of
deformation was measured in an optical profilometer to determine its radius of
curvature, as shown in Figure 7.17. The hemispherical fit of this measurement yielded
a bending radius of 1.12 mm, which is orders of magnitude larger than the radius that
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would be needed for significant radiative bending losses. Simulating a waveguide
bent in this way (using MODE and a bent waveguide analysis similar to the method
used to determine the waveguide bending loss) confirmed that this had a minimal loss
contribution, predicting only an additional loss of ∼ 0.05 dB/cm due to this
deformation.

FIGURE 7.17: Out-of-plane waveguide bending caused by membrane deformation,
with a 1.12 mm radius of curvature. [inset] direction of measurement along a waveg-

uide defect using an optical profilometer.

7.4.3 Characterisation and discussion

The membrane waveguides were characterised at λ = 7.67µm by placing the ZnSe
optical window with the printed substrates, shown in Figure 7.18(a), in the
experimental setup described in Chapter 3. In the propagation loss measurements
described in Chapter 4, the waveguides used in the cut-back method were all straight
waveguides at least 1.5 mm in length. As a consequence, the input and output grating
coupler pairs were also separated by a distance of at least 1.5 mm, as they are placed at
either end of the waveguides.

However, for layout of membrane waveguides shown in Figure 7.16(a), the
lateral separation between the grating couplers was much smaller: 360µm for the
shortest waveguide, up to 910µm for the longest. Furthermore, the vertical offset
between the grating coupler pairs was only 25µm and the fibres were approximately
in-line with each other when placed over the gratings. This meant the input and
output fibres had to be placed very close together for the correct positioning on the
membrane, as can be seen in Figure 7.18(b).

As a result, light that was not coupled into the waveguides would pass through
the ZnSe substrate and reflect off the metal stage beneath the sample, directed back up
towards the output grating coupler and output fibre. In effect, this created a large
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FIGURE 7.18: Photographs of the printed Si membranes on the ZnSe optical window.
(a) A size comparison of the membranes alongside a ballpoint pen for reference. (b)

Aligning the optical fibres with the membranes for characterisation.

background noise signal that was dependent on the separation between the input and
output fibres. Due to the variance of the background noise with the fibre position, it
was difficult to determine when aligning whether, for example, the larger signal at the
shortest waveguide was due to good transmission at optimal fibre alignment or
simply the fibres being placed closer together. This was further compounded by the
comparatively low grating coupler efficiency (Section 7.3.3), which meant less light
was coupling into the waveguides in the first place. This effect had not been
considered prior to the very small membrane sizes because, as mentioned above,
typically the input and output grating couplers are sufficiently spatially separated
such that this effect is negligible compared to the noise floor on the detector. For the
propagation loss membranes, this effect was so significant that it prevented the
distinguishing of the waveguide signal when aligning, meaning that characterisation
measurements of the propagation loss membrane did not yield any usable results.

For the bending loss membrane, however, the input and output grating couplers
had a much larger vertical offset between them and the fibres were consequently
out-of-line when placed over the grating couplers. This reduced the impact of the
background noise and meant that measured signal from the detector appeared to
depend on fibre-grating alignment as expected. To confirm that this was from light
guided through the waveguide and not the stage reflection, in addition to measuring
the signal through the waveguides to determine the propagation loss, the effect of the
fibre position on the magnitude of the reflection was also determined. To do this, the
fibres were aligned with the gratings in the same way as the propagation loss
measurements and then the stage (with the sample) was moved so that the fibres
would be over the ZnSe substrate with no membrane. The results of these
measurements are shown in Figure 7.19.

Evidently from Figure 7.19, the background noise decreases with fibre position at
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FIGURE 7.19: Propagation loss for Si membranes transfer printed onto ZnSe substrate.
Change in detector signal when light is coupled into a waveguide and background
signal when the fibres are in corresponding positions without aligning to a waveguide.
Both data sets are normalised to the largest signal of each data set, and the loss was
calculated as the gradient of the linear fit. The last two data points for the background
are not included in the fit, as this is the thermal noise floor of the detector (this is

approximated as an average of the last two data points).

a greater rate than the signal through the waveguides, indicating that there is indeed
measureable waveguide transmission. This is shown by calculating an effective “loss”
of 297.91± 48.66 dB/cm for the waveguide lengths for the corresponding fibre
positions; note that this is not a true measured loss, but rather it is just the change in
background signal presented in a way for easy comparison to the waveguide
transmission.

The measured waveguide propagation loss of 82.12± 11.25 dB/cm, while
smaller than the effect of decreasing background signal, is very large compared to
other waveguide losses. Firstly, it is important to note that effect of the fibre positions
on the measured loss has not been removed because it was determined without the
presence of the membrane (i.e. over the ZnSe surface), leading to a non-constant loss
contribution for the waveguides. The background signal is likely larger than it would
be with the membrane as the membrane would introduce losses for the free-space
beam, such as scattering and reflections, that then will not be reflected to the output
fibre. Consequently, the measured background cannot be simply subtracted from the
waveguide signals as this would be overestimating its contribution and lead to an
underestimate of the propagation loss.

Secondly, the propagation loss was determined using bent waveguides, rather
than straight. In particular, since the number of bends in each waveguide is not
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constant and increases with waveguide length, the bending losses are not normalised
and therefore the fitted propagation loss includes these bending losses.

Considering other potential loss contributions, the quality of the
membrane-substrate adhesion could be an important factor. While the bending loss
caused by localised deformations was expected to be negligible, if the deformation is
caused by a particle or contaminant on the ZnSe surface, light could scatter off this
particle. Additionally, modal mismatch between waveguides in areas of good
adhesion (with a ZnSe lower cladding) and areas of poor adhesion (with effective air
lower cladding) could introduce other losses. To mitigate these, the quality of the
membrane-substrate bonding must be improved.

Other waveguide losses could be introduced from the design itself. As noted in
Section 7.4.2, fabrication errors in the lithography and etching of the vias meant that
they expanded closer to the waveguide than intended, which could introduce loss.
The waveguide cladding itself was thin (only 2.5µm was etched either side of the
waveguide core) so there is also possibility that the light was leaking into the
membrane slab, which could cause considerable loss.

Despite the waveguide loss being considerable, the transfer printing of a
waveguide device of this size is notable and therefore confirming that the waveguides
allow measurable transmission at all is an achievement. To more accurately determine
the propagation loss, the devices were to be redesigned to minimise the background
noise and demonstrate the full use of a transparent substrate.

7.5 Second waveguide iteration

The second fabrication run with the Si membranes onto ZnSe substrates required a
considerable re-design to ensure minimal losses and to avoid the large background
noise of the experimental setup affecting the characterisation again. While the 1 mm2

membranes were shown to be effective, smaller membranes were also designed to
facilitate suspension and high-quality bonding, while the waveguide geometries were
reconsidered to minimise the contributions of any loss mechanisms.

To potentially reduce the sagging of the membranes observed in both the blank
membrane and waveguide membrane iterations, some membranes can be
underetched with the slower HF vapour. As suggested previously, this will eliminate
the capillary forces associated with drying after liquid HF etches and avoid the
sagging. However, since the liquid HF etches have been shown to remove the entirety
of the SiO2 layer beneath the membranes for effective release, it is important to also
have another set of membranes etched in liquid HF in the event there are issues with
the vapour HF.
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7.5.1 Re-designed devices

When considering the effect of the device design, several design parameters were
reconsidered for the waveguides, namely: the waveguide cross-section; the cladding
width; and the placement of the vias adjacent to the waveguide. Factors that would
not affect the propagation loss as they are factored out in the normalisation but will
impact waveguide transmission were also re-considered, such as the bending losses,
grating coupler efficiency, and taper lengths. To facilitate a new membrane layout, an
S-bend was also designed.

To provide a reference for the losses that could be caused by factors such as
coupling into the membrane slab or scattering from the via fabrication errors,
suspended waveguides (that would not be transfer printed) were also designed.
These waveguides would have the same dimension as the membrane waveguides,
with the exception of the grating couplers which needed a different design for lower
air cladding.

7.5.1.1 Waveguide cross-section

To prevent breakages to the membranes, the thickness of the waveguide slab can be
increased to strengthen it. However, considering the effective index of the first-order
higher mode TE1, increasing the slab thickness can mean that it is guided (Figure 7.8
in Section 7.3.1). To avoid this, decreasing the waveguide width will squeeze the TE1

mode out and prevent the waveguide from being multimoded. For this design, the
waveguide geometry was changed to a width w = 2.5µm and etch depth d = 1.05µm,
compared to w = 3µm and d = 1.1µm in the previous run. Note that this design is
also more fabrication tolerant to the etch depth in meeting the single-mode condition.

7.5.1.2 Cladding width

The membrane slab (the 1.5µm-thick Si adjacent to the etched waveguide cladding)
can, if it is sufficiently large, be approximated as an infinitely large waveguide. It will
therefore have an infinite number of modes, one of which will have an effective index
equivalent to that of the waveguide mode and consequently allow coupling between
them. The strength of the coupling will exponentially depend on the thickness of the
cladding, meaning that if the cladding is too thin then the waveguide will be leaky.
Determining the minimal width of the cladding is therefore critical to minimising the
propagation loss.

Attempting to simulate a sufficiently large number of modes to represent an
infinite slab would be impractical in terms of computing resources. To simplify this,
the waveguide modes of two identical waveguides will allow coupling between them
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so problem can be treated as a directional coupler (Section 2.1.3.2 in Chapter 2). In this
case, the waveguide separation g is to be minimised under the condition that the
length over which 100% coupling occurs, LC, is infinitely long, which is equivalent to
no coupling. If the cladding width is then equal to this value of g, it can be reasonably
expected that there will therefore be no coupling between the waveguide mode and a
corresponding mode in the waveguide slab.

Recalling from Chapter 2 that 100% cross-coupling occurs when the directional
coupler supermodes are in anti-phase (i.e. they have a π-phase difference):

2π∆n
λ

LC = π ⇒ LC =
λ

2∆n
(7.1)

where ∆n is determined using the MODE eigenmode solver to find the two
supermodes of the adjacent waveguides. The result of this simulation is shown in
Figure 7.20.

FIGURE 7.20: Simulation of a Si membrane on ZnSe waveguide to estimate slab cou-
pling. (a) a screenshot of the simulation setup in MODE. (b) the coupling length as a

function of the size of the gap between the waveguides for λ = 7.67µm.

Choosing the design condition as LC > 10 mm, which is more than triple the
length of the longest waveguide in the re-designed propagation loss layout (see
Section 7.5.2), wclad = 4.5µm is sufficiently large to ensure that there is no coupling
between the waveguide and membrane slab modes.

7.5.1.3 Via placement

To reduce any effect the vias adjacent to the waveguide may have on the waveguide
mode (they could, for example, act as a grating in the radiative regime to cause
scattering loss), the position of the vias relative to the waveguide was varied. If the
vias are close enough to perturb the fundamental waveguide mode, then the effective
index of that mode will change. Therefore, by monitoring the modal effective index,
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the minimal distance from the waveguide the vias must be placed to not affect the
mode can be found.

The via size was kept the same as before (2µm× 2µm) and the fundamental
mode was monitored in MODE’s eigenmode solver. The results of this simulation are
shown in Figure 7.21, in which a distance of 4.75µm between the via edge and the
edge of the waveguide results in a change in the effective index ∆neff ∼ 10−6. In order
for the vias to align with the edge of the waveguide cladding as before, the cladding
width is also adjusted to wclad = 4.75µm as well (note that this increases the coupling
length LC ∼ 15 mm). Equivalently, this distance also means that the separation
between the centre of the vias and the centre of the waveguide is 7µm. Note that this
means that the via-to-via separation is 14µm, meaning that the HF etch times must
also be increased accordingly. The spacing across the rest of the via array was then
also increased to 14µm to match, as this would decrease the number of vias and
therefore decrease the amount of material etched from the membrane, thereby
increasing the membrane strength.

FIGURE 7.21: The simulated change in the effective index of the fundamental mode
of the Si membrane waveguide caused by placing 2µm × 2µm vias adjacent to the

waveguide.

7.5.1.4 Bending loss

The waveguide bending loss simulations were also repeated in MODE for the
adjusted waveguide dimensions. However, in this case, the bends were also simulated
both with and without the vias presented, to evaluate if their presence would increase
the loss. The results of this simulation are shown in Figure 7.22. Evidently, compared
to the previous bending loss simulations, the new waveguide design made little
difference to the bending loss (see Section 7.3.2), particularly for larger radii: the
bending loss is still < 0.1 dB/90◦ for a radius of ∼ 35µm.

The simulation was also run with the vias present to observe any effect that they
would have on the bending loss. Note implementing the simulation in this way treats
the via as if it is a part of the structure along the entire waveguide length, as MODE
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FIGURE 7.22: Bending radius for Si membrane waveguide on ZnSe, with w = 2.5µm,
h = 1.5µm and d = 1.05µm.

only calculates modes for a cross-section of the waveguide. This is not physically
represented in the device design, as the bends have vias spaced at 10µm intervals as
with the rest of the waveguide. The inclusion of the vias predicts a decrease in
bending loss at shorter radii (due to increased lateral confinement of the mode), which
indicates that the vias are close enough to the waveguide to affect the mode in the bent
waveguide for shorter radii. To avoid this, the bend radius was increased to 60µm
where the predicted loss was very similar both with and without the vias, and
therefore the vias had little effect on the mode. This also meant that the bending loss
was reduced to ∼ 0.05 dB/90◦.

7.5.1.5 Grating coupler design

The waveguide and grating couplers use the same etch depth so that only a single
lithography and etch step can be used for both. As the etch depth was changed in
Section 7.5.1.1, the grating coupler analysis must be repeated. The simulation setup of
the grating couplers was the same as in Section 7.3.3, with the simulation source inside
the fibre and the fibre angle set to 10◦. Figure 7.23(a) shows the coupling efficiency as a
function of the period and duty cycle, as simulated in FDTD. For this design, the
optimal design is for Λ = 2.9µm and a duty cyle of 75%, which yields a coupling
efficiency of 23.8%. Note that, while the coupling efficiency is not significantly better
than for the previous design, this design has a greater fabrication tolerance in terms of
the duty cycle (only the duty cycle changes due to fabrication errors, the period does
not).

Additionally, for the suspended reference waveguides, a new grating coupler
design is needed. An almost identical simulation setup was used, except the ZnSe
substrate was removed and replaced with air. Figure 7.23(b) shows the simulated (in
FDTD) coupling efficiency for a suspended Si membrane grating coupler, with a peak
coupling efficiency of 48.6% for a 75% duty cycle and Λ = 4.1µm. As would be
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FIGURE 7.23: Simulated coupling efficiency, with d = 1.05µm at λ = 7.67µm, for
grating couplers on: (a) the Si membrane on ZnSe; and (b) the suspended Si mem-

brane.

expected, the coupling efficiency is larger due to the greater refractive index contrast
between the Si waveguide and the air undercladding.

7.5.1.6 Taper length

The linear tapers used in the previous iteration were 100µm in length due to the
limitations of the space on the membrane. However, tapers use an adiabatic changing
in the waveguide width to avoid losses in moving from a multimode waveguide over
the grating coupler to a single-mode waveguide. To that end, if the taper is too short
that change in width will be too rapid and this can cause insertion losses in the
structure. Therefore, the length of the liner taper was investigated as a potential loss
source to avoid in the new design.

FIGURE 7.24: Simulated insertion loss for the tapering from w = 10µm to w = 2.5 m
for a Si membrane on ZnSe waveguide, with h = 1.5µm and d = 1.05µm: (a) a
screenshot of the simulation setup in MODE EME; (b) the simulated loss in the taper

with respect to length.
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Using the waveguide dimensions already outlined (10µm over the grating
coupler, down to a single-mode width of 2.5µm), the taper was simulated in MODE’s
eigenmode expansion (EME) solver. For simplicity the vias were not included in the
simulation, as they will be a negligible source of loss if placed the correct distance
from the waveguide. The loss is simulated by calculating the scattering matrix for the
taper input and output ports, based on the fundamental TE modes in the straight
waveguides at either end of the taper. The result of this simulation is shown in Figure
7.24. The taper losses are at a minimum value of ∼ 0.03 dB for length of ∼ 75µm. At
taper lengths longer than the minimum length, the taper loss increases roughly
linearly due to the propagation loss in the waveguide, predominantly caused by the Si
material absorption at this wavelength; the eigenmode solver predicted losses of
∼ 2 dB/cm for the fundamental TE mode in both the input and output straight
waveguides. As with the tapers for the ESM waveguides (Section 4.2.5 in Chapter 4),
the fluctuations in the loss for lengths of 25− 50µm are probably caused by mode
beating between the radiating and fundamental modes.

7.5.1.7 S-bend

The smaller membrane design (see Section 7.5.2) was considerably larger in one
dimension than it was the other, which meant that 90◦ bends could not be used
because the start and end points in the bend have are separated in each of x and y by a
distance equal to the radius. To make an “S” shape from 90◦ bends will result in
double this separation; for the 60µm bends, this requires a footprint of
120µm× 120µm to fit the bends in, start to finish. S-bends, on the other hand, are
ideal for this shape because they can be used for small offsets in one direction with
low loss, provided the other direction is large. As with the other waveguide
components, it was simulated to minimise any loss contribution it would add.

FIGURE 7.25: Simulation of a S-bend in a Si membrane on ZnSe with dimensions
w = 2.5µm, h = 1.5µm and d = 1.05µm: (a) a screenshot of the simulation setup in
FDTD for a 50µm-long bend with 30µm offset; (b) the simulated loss in the S-bend.
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Figure 7.25(a) shows the simulation of the S-bend as it was set up in FDTD, in
which the length of the S-bend was varied for a given offset and the transmission
through (and therefore loss) was monitored. For the offset of 30µm required for the
small membrane design, Figure 7.25(b) shows that a bend length of 100µm results in a
loss of ∼ 0.16 dB. For comparison to the 90◦ bends, this design then requires a
footprint of 100µm× 30µm to fit the bends onto the membranes start-to-finish, which
is more suitable for the membranes with differing edge lengths.

7.5.2 Re-designed layout

Two different types of membranes were designed for second iteration. The first
remained as 1 mm2 in size to maximise the length of the waveguides for the cut-back
method and is pictured in Figure 7.26(a). For this membrane, the input and output
grating couplers on each waveguide are separated by ∼ 800µm horizontally and
∼ 715µm vertically. This separation was kept constant for each waveguide so that the
fibres would have the same relative positioning for each measurement and therefore
the background reflection would remain the same, so it could be removed in
normalisation. The effective lengths (not including bends, tapers and grating
couplers) of the four waveguides were 1.3− 2.2 mm in 300µm intervals. Only four
waveguides were used (rather than 12 in the last iteration) so that the adjacent
waveguides and grating couplers could have a greater separation (adjacent gratings
were separated by 75µm to ease identification of a waveguide signal.

Additionally, smaller membranes (150µm× 1000µm in area) were designed
including two waveguides, as shown in Figure 7.26(b). These smaller membranes
were used in attempt to both reduce the chance of membrane sagging and to facilitate
a better quality adhesive bond between the membrane and the ZnSe surface (it is
easier to ensure uniform contact and avoid any contamination with smaller

FIGURE 7.26: Redesigned membrane waveguide layouts: (a) the cut-back method for
propagation loss on 1 mm2 membranes; (b) the two-waveguide method for propaga-

tion loss on 150µm× 1000µm membranes.



7.5. Second waveguide iteration 133

membranes). By conventional wisdom, two data points is an insufficient number for
determining the propagation loss with the cut-back method. However, repeated
measurements of the same two data points (i.e. the same waveguide lengths but on
many different membranes) and then using a linear fit of between the groups of points
can also give an accurate value of the propagation loss. The effective lengths of each of
waveguide on the membranes were 200µm and 450µm. Unlike the larger membrane
however, the input and output grating couplers were only separated vertically by
30µm and have different horizontal spacings (650µm and 900µm for the shorter and
longer waveguides respectively), so the background signal cannot be normalised out
if it is significant.

In addition, a second set of membranes was also designed (including both the
large and small membranes). These only included the vias immediately adjacent to
the waveguides so that the waveguides would only be locally suspended, with only
the SiO2 directly beneath the waveguide removed. These were used to act as a
reference for the loss contributions of the vias, bends and tapers; if the propagation
loss for these waveguides was low but was large for the transfer printed membrane
waveguides, then the loss would be due to the transfer printing process. As
mentioned previously, the only difference in design for these waveguides (beyond not
being on membranes) was that they had a different grating coupler design,
appropriate for air undercladding rather than ZnSe.

7.5.3 Status and future iterations

Due to the impact of unforeseen events, this area of work has not advanced to
complete this iteration. The causes for this are outlined below and were
predominantly caused by factors outside of the control of the author impacting critical
facilities and pieces of equipment.

The COVID-19 global pandemic resulted in major restrictions on civil liberties
and the majority of the world spent 2020 and significant parts of 2021 under some
form of lockdown. Crucial facilities, in particular the nanofabrication cleanroom, were
closed in accordance to governmental and University-level regulations and a phased
re-opening only allowed for a severely restricted number of users to follow infection
control rules (for example, social distancing). This directly resulted in this aspect of
the work having no progress for over a year and, even when access was partially
restored, reduced throughput in terms of fabrication as a consequence of maintained
social distancing rules. Understandably, as this was a global pandemic, the restricted
access to facilities and decreased productivity was mirrored in the experiences of
collaborators who were due to carry out the transfer printing, which added delays.

In addition, these issues were compounded by setbacks related to key pieces of
equipment. Tool down-times were anticipated and were built into the project
planning schedules. Typically, these down-times might last a few weeks or, at worse, a
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couple of months. However, the e-beam lithography tool spent much of late 2020 and
early 2021 in a “down” state and, at the time of writing, is now in an indefinite period
of down-time. As a tool being unusable for this amount of time had not been expected
by either this author or the cleanroom staff, alternate provision for e-beam lithography
was not available for several months. Efforts were made to adapt the work to use
alternative lithography tools (namely, a Nikon NSR-S204B Scanner), which came with
associated time costs such as the re-design of existing layouts and lead times for
reticles. However, this tool also experienced periods of down-time (albeit much less
severe). The cumulative impact of these delays pushed this work beyond what was
allowed by its time-restricted funding.

The current iteration of the membranes must be completed to isolate the
propagation loss from the other loss sources in the experimental setup. Combined
with an improved adhesion of the membrane to the ZnSe surface, if the re-design of
the membrane devices can yield a reasonable propagation loss then this approach can
show promise for heterogeneous integration of group IV waveguides with further
transparent substrates. If higher losses were instead obtained, then the propagation
loss suspended comparison structures should allow determination of whether the
losses come from the waveguide design or the transfer printing. If it is the former, the
combined material platform may still offer promise, while the latter would suggest
that the approach is not feasible for practical devices.

7.6 Summary

The transfer printing of 1 mm2 Si membrane PICs onto a ZnSe substrate has been
demonstrated. The ZnSe substrate can offer a much wider transparency range as a
cladding than other materials used in group IV, which could be ideal for waveguides
with a broadband low-loss propagation. As a back-end process, transfer printing
could enable the heterogeneous integration of ZnSe into group IV photonics in a way
that is CMOS-compatible. However, the most recent propagation loss of these
waveguides was estimated as 82.12± 11.25 dB/cm, a value that is likely an
overestimate as it includes other sources of loss that have not been factored out with
normalisation. To determine a propagation loss figure with a greater accuracy,
re-designed membranes are discussed in detail, which should demonstrate the
viability of the material platform and integration technique for use with PICs.
Unfortunately, this work was halted by the COVID-19 pandemic and equipment
failures, so further iterations are required.
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Chapter 8

Conclusions and future work

8.1 Conclusions

Group IV materials offer great opportunity for the implementation of mid-infrared
(MIR) photonic devices for a variety of applications including, in particular, the
realisation of “lab-on-a-chip” devices for chemical and biological sensing applications.
For devices to cover the MIR fingerprint region and to distinguish similar chemicals,
both the active and passive parts of a photonic integrated circuit need to be
implemented for wideband operation of the circuit. The work in this project covers
passive integrated components and material platforms that can cover a wide spectral
bandwidth in the MIR.

In the literature review (Chapter 2), previous demonstrations of MIR integrated
photonic components, materials and platforms are detailed. From this review, it is
clear that despite efforts to extend the operable wavelength, waveguides in traditional
group IV material platforms (SiGe alloys notwithstanding) cannot support low-loss
propagation over the entire MIR wavelength range. As a consequence, the
heterogeneous materials outside of group IV should be considered. Furthermore,
many device components have an inherent wavelength dependence to their
performance so new design approaches must be used for a wideband circuit. From
this basis the work in this project has been developed to expand their usable
bandwidth. The techniques used for the simulation, fabrication and characterisation
of these devices are detailed in Chapter 3.

Wideband single-moded waveguide propagation is required for predictable
behaviour of complex optical circuits, which can otherwise limit the sensitivity or
resolution of devices such as spectrometers. The first practical demonstration of the
application of the endlessly single-mode guidance principle in photonic crystal fibres
to integrated photonics is shown in Chapter 4. In this waveguide, the lateral
waveguide cladding is replaced with a linear grating (in practice, a two-dimensional
grating that is subwavelength in one direction). The effective index of the waveguide
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cladding mode thus varies with wavelength such to prevent any higher modes being
supported by the waveguide and to ensure good confinement of the fundamental
mode in the waveguide core. The simulated modal analysis of the waveguides
predicts that the single-mode bandwidth of these waveguides covers the wavelength
range of 1.5− 5.5µm, which covers the mid-infrared range accessible with low loss to
SOI waveguides and some of the near-infrared range as well. These waveguides were
fabricated in a SOI platform with a 500 nm-thick silicon layer, with waveguide width
w = 1.2µm, etch depth d = 250 nm and cladding width wclad = 9.6µm. Optical
characterisation of these waveguides resulted in an experimentally determined
propagation loss of ∼ 1.5 dB/cm at wavelengths of 1.95µm and 3.80µm.
Furthermore, single-mode propagation was confirmed by imaging the output
waveguide facet over 1.95− 2.01µm. Consequently, it can be concluded that the
waveguides were single-moded over a wavelength range of 1.95− 3.80µm, equivalent
to an octave of frequency. In principle, these waveguides could also extend down to
near-infrared (NIR) wavelengths (i.e. λ = 1.55µm) also, but in this case ceased to be
guiding as the cladding grating could no longer be considered subwavelength at this
wavelength. A straightforward change in the cladding period should enable this.

Efficient power splitting in integrated photonics is required for any optical circuit
beyond a minimal complexity and is essential for the realisation of on-chip
spectrometers. MMIs can be useful as splitters as they can facilitate multi-channel
power splitting and the implementation of switches. Chapter 5 details the extension of
a design approach for MMIs, in which the multimode region is replaced with a
subwavelength grating, from NIR wavelengths to the MIR. This grating acts like a
homogeneous anisotropic material and the anisotropy of its refractive index yields a
more compact device with a simulated wideband performance over the 3− 4µm
wavelength range. These MMIs were fabricated on an SOI platform with a
500 nm-thick silicon layer, with a full etch to the underlying SiO2 layer, and were
embedded in MZIs to facilitate characterisation alongside conventional MMIs for
comparison. The fabrication process was also developed to prevent breakage of the
subwavelength features during the application of thick resists as protective layers for
polishing. Optical characterisation of the MZIs revealed that the
subwavelength-structured MMIs had a high-perfomance bandwidth approximately
double that of the conventional MMIs, despite residual silcion left in the etched
features (contrary to the design). Agreeing closely with the simulation around a
central characterisation wavelength of 3.4µm, the 0.5 dB-bandwidth of the imbalance
was 628 nm, the 1 dB-bandwidth for the insertion loss was 616 nm and the
5◦-bandwidth of the phase error was 564 nm. Since this design approach is not
dependent on the materials used, it could be extended to longer wavelengths in the
MIR by using a different material platform than SOI.

Efficient power splitting is also the focus of Chapter 6. In this chapter, a
waveguide Y-junction was implemented as power splitter. The optimal geometry of
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the Y-junction was found using a particle-swarm optimisation, for a
fabrication-tolerant, low-loss and broadband splitter over a wavelength range of
2.8− 3.7µm. The devices were fabricated in a fully-etched SOI platform with a
500 nm-thick silicon layer, with the Y-junctions forming a “chain” to allow
characterisation over many splitters. The loss of these devices were experimentally
measured as ∼ 0.2 dB over a wavelength range of 3.15− 3.7µm, agreeing with the
simulation results within the experimental error. The lower end of the spectrum
(λ = 2.8− 3.15µm) could not be measured due to limiting losses in the device, likely
due to SiO2 absorption peaks.

Chapter 7 showed the heterogeneous integration of Si-based membrane
waveguides with a ZnSe substrate, as a proof-of-concept for using transparent
substrates. This will reduce the propagation loss that would otherwise be caused by
material absorption from underlying cladding layers, that limits the practically usable
range for many platforms. The proposed integration method was to use high-accuracy
transfer printing to place pre-fabricated Si-membranes, with all waveguides and
grating couplers already defined, onto polished ZnSe optical windows; in principle,
this process could be CMOS-compatible as the ZnSe is introduced at a back-end stage
only. Various iterations of the membranes and printing process were discussed,
starting with blank waveguides (i.e. with no waveguides) to determine the maximal
membrane dimensions and progressing to membranes for characterisation of
propagation and bending losses. Membrane devices, 1000µm× 1000µm in size, were
transfer printed onto the ZnSe substrate with high-quality adhesion and an upper
limit to the propagation loss of the waveguides was determined as
82.12± 11.25 dB/cm, with the accuracy limited by the experimental setup. To
determine and minimise any propagation losses resulting from the membrane design,
a complete loss analysis of the waveguide components was performed for a new
iteration of the design. This next iteration would allow the evaluation of the
integration technique because, as the losses from the membrane design and
experimental setup were now minimised, the determined propagation loss would
result solely from the propagation loss of the waveguides and the quality of the
adhesion of the membrane to the ZnSe substrate. However, due to unforeseen
circumstances, this work could not be feasibly completed within the constraints of the
project, so this next iteration is left as future work.

MIR group IV photonics has been developed through this thesis by revisiting the
design of components that are fundamental building blocks of photonic integrated
circuits. While the endlessly single-mode waveguides, subwavelength-structured
MMIs, and broadband Y-junctions are all demonstrated on an SOI platform and at the
shorter end of the MIR spectrum, the design approaches detailed could be in principle
extended to longer wavelengths and different platforms as they are not dependent on
the materials. This is in contrast to other broadband MIR devices, in particular the
SiGe alloy platform, where the performance relies on the dispersion of the material



138 Chapter 8. Conclusions and future work

platform itself. Furthermore, the initial steps taken to explore ZnSe as a lower
cladding for group IV waveguides is an important one, given that the need for the
integration of non-group IV materials into CMOS-compatible photonics has been
highlighted previously [11].

8.2 Future work

As discussed in the previous section, the immediate focus for future research is further
investigations on the heterogeneous integration of group IV waveguides with
transparent substrates, to determine whether the propagation loss of the waveguides
is limited by the printing technique. However, beyond this, the obvious area to
address is how the different components will be combined for a PIC with low loss and
single-mode operation over a significant wavelength range. In reference to
overarching goal for MIR absorption spectroscopy, in which an entire bench-top
laboratory setup can be implemented on a single chip, the proposed chip design for
MIR absorption spectroscopy is shown again here, in Figure 8.1.

FIGURE 8.1: Repeated illustration of an integrated photonics chemical sensing device
from Chapter 1. The black lines indicate waveguides, while the yellow lines are elec-

trical connections.

This thesis considers the passive components in the on-chip spectrometer so this
will be the primary focus in this section. However, it should be noted that examples of
integrated lasers [12, 211–213] and detectors [214–218] at various shorter MIR
wavelengths, as have modulators [14, 219] have been demonstrated at MIR
wavelengths. For broadband MIR photonic sensing devices, these active components
need to cover longer wavelengths or have a tunable operation, or both. Design
approaches around this can reduce these requirements however, for example, by using
a laser array and multiplexing different wavelength signals into a broadband
waveguide to remove the need for a tunable source. In the interim, or for applications
that require a disposable chip, broadband light could be coupled in and out of the chip
for use with external sources and detectors using the edge couplers, that allow
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low-loss transition between fibre and waveguide modes (as discussed in Chapter 2).
However, these will need to be first optimised for MIR wavelengths and for a broad
wavelength range, as most current designs have been for the NIR where efficient
fibre-chip coupling is required for silicon photonics packaging.

Consider then the other components in the spectrometer chip. Looking first at
the waveguides, the ESM waveguides demonstrated in this thesis are single-moded
over a broad wavelength range but suffer from a large bending loss due to low lateral
confinement over the waveguide mode. In Chapter 4, this was highlighted as an area
of further research; one potential solution could be replace the ESM waveguide in the
bends with multimode strip or rib waveguides. This would increase the confinement
of the fundamental mode and, with careful design (i.e. adiabatic transitions between
ESM and multimode waveguides, and using Euler bends), the excitement of higher
order modes could be avoided.

Furthermore, currently the wavelength range of operation for the ESM
waveguides are limited by the material absorption in the SOI platform, it would be
useful to extend this to longer wavelengths that cover the MIR fingerprint region. It is
worth nothing that the ESM waveguides have been demonstrated over an octave of
frequency, which at longer wavelengths translates to a much wider coverage of
wavelength (for example, λ = 8− 16µm is also an octave of frequency). Migrating the
design to longer wavelengths would likely mean using Ge-based waveguides rather
than Si, which would require a different tuned refractive index of the homogeneous
effective material regions. In principle, at longer wavelengths, the fabrication in terms
of the hole size is less restricted, as the changing subwavelength threshold means that
the grating period and hole size can be increased. However, the height of the
waveguide will need to be increased for longer wavelengths (i.e. thicker guiding
layers will have to be used) and correspondingly deeper etches will have to be used,
which could lead to improperly defined holes that will in turn affect the design.
Effective tuning of the design for use at longer wavelengths, and to account for
different materials and fabrication tolerances, is therefore highlighted as an area for
further work.

The other area of focus related to waveguides concerns that section of the
waveguide that is used in the analyte channel. The sensitivity of the photonics sensor
will depend on the overlap of the waveguide mode with any analyte and the length of
the waveguide over which this interaction occurs (see Equation 2.14 in Chapter 2).
However, while the overlap with the analyte was not explicitly calculated, the modal
analysis of the ESM waveguide showed that the mode was considerably confined
within the Si waveguide throughout the simulated wavelength range, suggesting that
the interaction length would have to very long for significant analyte-induced
absorptions. Typically, rather than the layout shown in Figure 8.1, the long interaction
length might be achieved using a spiral waveguide but the aforementioned large
bending losses for the ESM waveguides would likely make this unfeasible. The ESM
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waveguides could be used in the rest of the chip but then the question is: what
waveguide design can be used across the analyte channel? Waveguides that have a
large mode-analyte overlap, such as slot waveguides, are unlikely to support
broadband operation to work with the ESM waveguides, as is the case with
conventional single-mode strip or rib waveguides. Could conventional multimode
waveguides be designed with a sufficient modal confinement in the analyte and, if so,
could they be used in a way that would avoid exciting higher order modes over a long
interaction length? Or alternatively, if coupling back into the ESM waveguides
effectively filters out the higher order modes, can this be achieved without significant
system loss? Careful design and optimisation are required for waveguides over the
analyte channel.

The other fundamental components essential for creating the spectrometer chip
in Figure 8.1 are the power splitters and combiners used: the MMIs and the
Y-junctions. The power splitters are used within the chip for separating the input light
into different channels and for making MZIs. The most immediately obvious area for
future research is to adapt the same design approaches used for
subwavelength-structured MMIs and optimised to work at longer wavelengths and
on different material platforms. In particular, both of these devices are defined by a
full etch, but a redesign that used a slab for the waveguide would allow them to be
included in suspended devices or transfer printed membranes.

However, considering the existing devices, in this thesis both of these devices
have been optimised for broadband operation, but in both cases the devices were
designed with single-mode waveguides at the input and outputs of the splitters. This
means that then the obvious question for future research is then: how are these
designs implemented into a low-loss PICs with the ESM waveguides? Considering
first the Y-junction, what happens if the waveguide cladding is replaced from a
step-index cladding to the ESM cladding? Unlike an unoptimised Y-junction, where
the sharp etched tip splits the power in the fundamental mode, the optimised splitter
geometry reduces the power that overlaps with this point to increase the tolerance to
fabrication. However, this also implies that the optimised geometry is not reliant on a
large index contrast at the tip, which could be useful for use with the ESM cladding.
Repeating the optimisation of the Y-junction structure with the ESM cladding,
potentially with more freedom (i.e. allowing the length of the Y-junction to be variable
rather than fixed, as was the case in this work), should yield a design compatible with
the ESM waveguides.

Conversely, the subwavelength-structured MMIs will inherently not work using
the same cladding as the ESM waveguides, as they rely on fully etched claddings to
work. Despite this, it should actually be simpler in principle to combine the MMIs and
ESM couplers. For most MMI designs, light is launched into the multimode region
from tapered waveguides, which themselves generally have a cross-sectional width
that would (at the output of the taper) support multimode mode propagation if it
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were a full-length waveguide, rather than a short taper. In that case then, the
multimode transitions highlighted for the ESM waveguide bends or for the analyte
channel above could also be used here as an intermediary between the ESM
waveguide and the MMI taper. Furthermore, as the adiabatic transition from ESM
waveguide to multimode strip and from strip waveguide to subwavelength grating
will have already been optimised by other areas of future work, then this should be
straightforward to implement. For certainty, this multi-transition approach should be
experimentally verified to be low-loss.

The final area for future work assumes that the heterogeneous integration of
membrane waveguides with a transparent substrate through transfer printing is
confirmed to be viable (i.e. with no limiting losses) with Si membranes and a ZnSe
substrate. If this is the case, then the process must be immediately extended to use Ge
membranes, for a platform that is fully transparent over λ = 2− 16µm. If this too can
be achieved, and the other components detailed in this thesis are suitably adapted for
the platform, then the demonstration of the ESM waveguides and power splitters on
this platform is the next logical progression, as this could finally yield a PIC with a
working wavelength range that spans much of the MIR, albeit only using passive
devices. Then, using an external optical setup and combining with microfluidics, a
sensing demonstration over the fingerprint region region to detect a chemical
(preferably using biological material, if possible) should be attempted to showcase the
utility of the MIR group IV photonic sensing devices.
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L. A. Boodhoo, A. Ortega-Moñux, Í. Molina-Fernández, P. Cheben, and
G. Z. Mashanovich, “Suspended SOI waveguide with sub-wavelength grating
cladding for mid-infrared”, Optics Letters 39(19):5661–5664, 2014.

[48] J. Soler Penadés, A. Ortega-Moñux, M. Nedeljkovic, J. G. Wangüemert-Pérez,
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[100] A. Ortega-Moñux, C. Alonso-Ramos, A. Maese-Novo, R. Halir,
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P. Cheben, and R. Halir, “Design of a Broadband Polarization Splitter Based on
Anisotropy-Engineered Tilted Subwavelength Gratings”, IEEE Photonics
Journal 11(3):1–8, 2019.

[121] P. Cheben, J. H. Schmid, S. Wang, D.-X. Xu, M. Vachon, S. Janz, J. Lapointe,
Y. Painchaud, and M.-J. Picard, “Broadband polarization independent
nanophotonic coupler for silicon waveguides with ultra-high efficiency”,
Optics Express 23(17):22553–22563, 2015.

[122] R. Halir, P. Cheben, S. Janz, D.-X. Xu, Í. Molina-Fernández, and
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[129] J. M. Luque-González, A. Herrero-Bermello, A. Ortega-Moñux,
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