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ARTICLE INFO ABSTRACT

Keywords: Optical integrated circuits suggest a very promising platform for the development of robust and efficient
Nanowires quantum computers. A critical issue to their development and scalability is the integration of multiple single
Quantum dot photon sources in the circuits. One major category of single photon sources is based on quantum dots that are
:\i/ﬁz:gmdes embedded in semiconductor optical nanowires (NWQD) that allow their accurate handing and deterministic

integration. Successful integrations of such nanowires have been reported in high index platforms like silicon or
silicon nitride, with adequate coupling efficiency due the modal characteristics compatibility. On the other hand,
Silica-on-Silicon is a major integration platform, which combined with new fabrication approaches like direct
laser writing, for the definition of optical structures with refractive index modification, can provide the fabri-
cation of highly optimized and tailor-made circuits by rapid prototyping. Considering for the first time the
integration scenario of NWQD in laser written silica-based waveguides it is shown that the low (~10'3)
achievable refractive index contrast imposes strict limitations on the compatibility of such waveguides with
NWQD resulting in general in low coupling efficiency. By considering several design and fabrication issues,
suitable integration approaches with adequate efficiency are demonstrated, while also the limitations and
challenges are revealed thus triggering new research directions.

Integrated optical circuits
Quantum photonics
Quantum computing

1. Introduction

Integrated optical circuits provide a convenient platform for the
fabrication of optical based components and devices in a single chip,
offering miniaturization, scalability, and loss and phase stability. It is
anticipated that they will play a key role in the advancement of quantum
photonics, supporting the development of linear optics quantum com-
puters (LOQC) [1], quantum sensing, and quantum communication
systems. By enabling on-chip manipulation of the quantum states of
light, Quantum Photonic Integrated Circuits (QPICs) [2] have the po-
tential to revolutionize the field. However, there are still significant
challenges that need to be overcome, such as the lack of scalability [3,4]
by the limitation of the number of single photon sources and the overall
number of operating qubits. To develop scalable quantum circuits, it is
necessary to have multiple inputs of single photons, which currently is

facilitated mostly by photon generation through the inefficient and
probabilistic process of parametric down conversion in nonlinear optical
waveguides [5]. Integrating single photon sources on a chip is essential
for the development of scalable quantum circuits [3,6]. Semiconductor
quantum dots (QDs) have been incorporated into QPIC chips to act as
single photon and entangled photon generation sources. QD-based sin-
gle photon sources offer on-demand single photon generation and the
advantage of on-chip electrical excitation and wavelength tunable
entangled photon emission [7-13]. However, integrating QDs into
quantum photonic circuits in a deterministic way is challenging due to
their small nanometer-sized dimensions.

By integrating QDs into photonic nanowires (NWs), the emission of
the QD can be coupled to the NW’s waveguide fundamental mode,
resulting in a narrow emission linewidth of Gaussian profile and accu-
rate tunability [11-13]. This makes the NWQD an attractive candidate
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Fig. 1. a) The electric field distribution of an emitting tapered NWQD. b) Nanowire’s fundamental TE mode. ¢) Schematic and SEM image of tapered NWQD

(modified from[23]). d) Cylindrical waveguide in a uniform medium.

for specific types of QPICs by enabling further coupling to internal or
external waveguiding components [14]. Furthermore, NWQDs can be
deterministically embedded in photonic circuits, as their length is in the
order of a few to several micrometers and can be manipulated using
standard micromanipulation techniques [15-17]. However, direct
integration of NWQDs has only been demonstrated in silicon and silicon
nitride integrated platforms, due to the compatibility of the waveguide
dimensions and refractive indices with the NWQD. This results in high
mode overlap and efficient optical power coupling, which is essential for
achieving practical quantum photonic devices [14,17,18].

This compatibility allows the efficient coupling to a degree of >20%
which is adequate for practical implementations. However, the use of
semiconductor integrated circuits poses a challenge for the efficient
coupling with silica-based optical fibers due to their different optical
characteristics. This incompatibility leads to high insertion losses, which
can negatively impact practical applications. Furthermore, the
manufacturing process of these circuits using Electron Beam Lithog-
raphy and Reactive Ion Etching imposes strict limitations on the flexi-
bility of their fabrication.

The integration of NWQDs into silica-based waveguides [5,19] has
not yet been studied and explored, possibly due to the differences in
material and optical properties and waveguiding behavior between
semiconductor optical nanowires and silica-based waveguides. Among
others, one of silica platform’s advantage is the ability of fabricating
silica based optical circuits by Direct Laser Writing - DLW methods
[20,21], where the laser induced refractive index modification on silica
defines channel waveguides, and offers rapid customization capabilities
for the fabrication of complex and highly functional optical circuits.
However, this DLW method creates optical waveguides of low refractive
index contrast, with typical refractive index increase An ~ 5.10°3, with
low or medium optical confinement and typical waveguide mode

diameter larger than 5 pm setting additional incompatibility and
restrictive issues for NWQD coupling to laser written waveguides (or in
general to other buried in-diffused waveguides).

This paper investigates for the first time the limitations and chal-
lenges for integrating NWQDs in optical waveguides and especially into
laser written silica-based circuits [22] which is important for the
development of highly customized and optimally designed scalable op-
tical circuits for quantum computing. By identifying limiting issues, the
trigger of research for new light coupling architectures is anticipated.

2. Materials & Methods: NWQD-Waveguide coupling system

In this section, it is considered the generic case under study con-
sisting of various types of optical nanowires and generic cylindrical
shaped waveguides assumed in the silica material platform system.
Buried waveguide structures in homogeneous silica cladding is assumed
relating this study to directly inscribed waveguides. Typical fabrication
approaches could be direct laser writing by a variety of laser sources
from ultraviolet to infrared wavelengths. The corresponding modal
characteristics are studied for drawing useful conclusions regarding the
modal compatibility of NWQDs and such waveguides. For the purpose of
a more generalized study and despite the fact that the material platform
considered here is silica, a wide range of refractive index change and
waveguide diameter are considered below in order to illustrate the
limitations in a more generic view. The study in the current and
following sections has been performed by Finite Difference Time
Domain (FDTD) simulations.

2.1. NWQD design and optical properties

The NWQD in the following theoretical studies is designed as a
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Fig. 2. FWHM and effective index ne of the waveguides’ fundamental TE modes, as a function of the core refractive index for specific waveguide’s diameters.

typical state-of-the-art nanowire with a III-V Indium Arsenide Phosphide
(InAsP) quantum dot in an Indium Phosphide (InP) nanowire housing.
The nanowire is tapered down into a conical structure with the tip
diameter being smaller than the base diameter. The tapering assists in
minimizing the reflections of incoming light due to the adiabatic in-
crease in the effective refractive index, and in the directionality of the
emitted light enhancing the efficiency of coupling into the adjacent
photonic component (waveguide). The electric field distribution of a
tapered NWQD’s emission is shown in Fig. 1. The emission of the
nanowire after the tapered end-tip has a Gaussian profile that diverges
as a function of the propagation distance. In total four nanowires were
designed and considered in the simulations with a constant base diam-
eter of 200 nm. Two of designed nanowires are at a 4 pm length with 1°
and 2° tapering angle leading to 109 nm and 154 nm tip diameter,
respectively, and the other two are 5 pm long also with 1° and 2°
tapering angle leading to 88 nm and 144 nm tip diameter, respectively.
Non-tapered nanowires exhibit abrupt radiated field at the end-face of
nanowire that increases losses and degrade the coupling efficiency. The
quantum dot is simulated by integrating an electric dipole source posi-
tioned 200 nm away from the un-tapered end of the nanowire. All the
nanowire geometries are designed and tuned for a center wavelength
emission at 880 nm. Although this wavelength was selected as such
NWQD are the most common option with high availability for experi-
mental verification, the specific characteristics considered in the study
do not restrict the applicability of the results in other operating wave-
length bands.

2.2. Generic form of cylindrical optical waveguides

The considered waveguides are of cylindrical shape with circular
cross-section profile (Fig. 1d), simulating laser written channel wave-
guides. The medium in which the waveguide lays in a uniform material
with refractive index n = 1.452 (considered at 880 nm operating

wavelength) to mimic a standard silica material system. Various wave-
guide sizes are designed from 1 pm to 2.5 pm diameter with a step of 0.5
pm. In laser written silica channel waveguides, a typical refractive index
change (An) due to laser induced modification is in the order of An =
5.10°. However, in order to fully understand how the waveguide be-
haves in terms of its core refractive index, the modification span
examined is much wider. Therefore, the refractive index of the wave-
guides is set to a range from n = 1.456 up to a value where each
waveguide remains single mode just before exhibiting a second TE
mode. Fig. 2, shows the full width at half maximum (FWHM) and the
effective index nesr of each waveguide fundamental mode for the range
of refractive index values in which they retain the single mode
operation.

2.3. Comparison of the modal characteristics of NWQD and waveguides

To achieve optimal coupling between the NWQD and the waveguide,
it is rational to assume that the spatial modal extent of the NWQD
emission should match the spatial extent of the waveguide mode as
closely as possible. This means that the FWHM of the NWQD emission
spectrum should be as close as possible to the FWHM of the waveguide.
If the FWHM of the NWQD emission is too large compared to that of the
waveguide, then the overlap integral between NWQD emission and the
waveguide modal fields will be reduced, leading to lower coupling ef-
ficiency. Conversely, if the FWHM of the NWQD emission is too small
compared to the FWHM of the waveguide, then only a fraction of the
NWQD emission will be coupled into the waveguide mode, again
resulting in lower coupling efficiency.

In the case that the FWHM of the NWQD emission spectrum does not
match the mode field diameter of the waveguide, increasing the distance
between the NWQD and the waveguide can help to improve the coupling
efficiency. By increasing the distance between the NWQD and the
waveguide, the overlap integral between the NWQD emission and the
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Fig. 3. Comparison between the FWHM of the NWQD emission at various distances after the tip end and the FWHM of 1, 1.5, 2 and 2.5 pm diameter waveguides

versus their refractive index (marked as red).

waveguide mode could be improved, as the NWQD emission will have a
larger spatial extent and a higher overlap with the waveguide mode.
However, increasing the distance could also lead to increase of free
space radiation losses from NWQD, which can ultimately, under this
competitive process, result in a lower overall coupling efficiency.

In Fig. 3, the FWHM of the NWQD emission is shown for each
nanowire geometry at the tip’s end and after a few micrometers and is
compared to the FWHM of each one of the designed waveguide di-
ameters for a range of core refractive index values. Ideally, the FWHM of
a given waveguide with a specific refractive index value should be
matched to the FWHM of a NWQD emission and set the appropriate
distance between the components. It can be observed that for increased
waveguide dimension it is required a high refractive index difference
and an increased distance between NWQD and waveguide. However, the
increased distance results in increased losses and act competitively to
the mode matching succeeded. This simplified approach provides some
intuitive indications of the NWQD and waveguide mismatch and sug-
gests that the problem needs more radical handling like true coupling
calculations through FDTD numerical simulation as will be presented
below.

3. NWQD coupling in cylindrical waveguides

The different geometrical and optical characteristics of the wave-
guide and NWQD result in different numerical apertures and guided
mode FWHM and consequently to different modes’ overlap and energy
transfer. Tapered NWQDs, as considered here, emit a Gaussian beam but
still the incompatibility of NWQD emitted beam limits the coupling.

Since the modal characteristics depend only on the optical and
geometrical characteristics of the nanowire and define the coupling
mechanism, in the following analysis it is considered only the guided
mode of the nanowire while the effect of the embedded QD is neglected
for simplicity in the simulations presented. This simplified consideration
results in a linear constant difference between the estimated coupling of
light between the case of nanowire and waveguide, and the case NWQD
and waveguide, which is attributed to the coupling ration of the QD in to
the nanowire. This coupling ratio has been calculated and is ~ 67% for
the studied cases, resulting thus in a corresponding overestimation of
coupling by simply employing nanowires.

3.1. Inline arrangement

In the inline arrangement scenario, there is a silica medium (n =
1.452) in which the nanowire is either butt-coupled / end-firing the
waveguide with some distance L between them, as shown in Fig. 4a.
Performing FDTD simulations, the coupling efficiency values are
extracted for all four designed nanowire geometries and for each
waveguide diameter, assuming they are in contact at L = 0 pm. While the
nanowire geometry seems to affect the overall coupling efficiency, this is
evident mostly for waveguides of higher confinement with high refrac-
tive index values. The core refractive index appears to be the dominant
parameter playing a major role in the coupling of the emitted light,
starting from down to almost 0% for weak refractive index modification
up to about 70% for narrow waveguides with An = 1.5.10°.. The
waveguide diameter defines also the range of coupling as for very
spatially confined waveguides (1 pm diameter) which is closer to NWQD
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Fig. 4. a) Schematic illustration of the inline arrangement. b) Coupling efficiency extracted in the inline arrangement for each nanowire and waveguide geometry.

geometrical characteristics the coupling is much higher.

3.1.1. Effect of distance

Additionally, the effect of increasing the distance L between the
nanowire and the waveguide is examined for L = 1 pm, 1.5 pm, 2 pm
and, 2.5 pm. In Fig. 5a, the coupling efficiency values of all four
waveguides are presented, maintaining the same refractive index value
span, for distance L up to 2.5 pm. Calculations were performed after
propagation at 100 pm, where the confinement of the coupled light in
the waveguide has been stabilized from transient phenomena, as seen in
Fig. 5b. For clarity, in the presented graphs only one nanowire geometry

is considered, at 4 pm length and 109 nm tip diameter. The rest of the
nanowire geometries, while not shown here, are found to follow the
same trends. At an increasing distance, as expected the effects are more
evident for higher refractive index waveguide values. It is observed that
for the narrower waveguides with diameter 1 pm or 1.5 pm, butt
coupling the nanowire leads to higher coupling efficiency values, while
for the larger ones with diameter 2 pm and 2.5 pm, introducing some
intermediate distance between them leads to slightly better coupling,
even for waveguides of lower refractive index.
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agation distance of 30 pm.
3.2. Embedded arrangement

Here, the nanowire is designed to be embedded, in a theoretical
approach not directly physically realizable, positioned inside the
waveguide, as shown in Fig. 6a, intended to provide a comparison to the
aforementioned inline arrangement. In contrast to the previous
arrangement where the nanowire is in line to the waveguide, in the

embedded arrangement the nanowire being inside the waveguide aims
for an enhancement of mode overlap and coupling. However, as seen in
Fig. 6, the coupling efficiency values extracted from all nanowire-
waveguide combinations do not differentiate much from those of the
inline arrangement. Similar trends are observed, with the nanowires’
geometry and the waveguide diameter combinations resulting in slightly
higher coupling efficiency values, at the given refractive index value
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span.

Despite achieving theoretically high coupling efficiency values for
the ideal case of cylindrical waveguides this occurs only for waveguides
with high refractive index difference and with confined waveguide ge-
ometry for diameters < 2 pm. It is obvious that there are major limita-
tions to their practical implementation, first on the size of waveguides
and second on the refractive index contrast. The cylindrical waveguides
examined could simulate femtosecond laser written waveguides that
typically exhibit An values equal to about 5-10° [24,25]. Such refractive
index values are not sufficient for efficient light confinement and as
shown in both arrangements the outcome performance lays in the order
of 2-4% of coupling efficiency.

This work is motivated by waveguide circuitry made by direct laser
writing, by either femtosecond or ultraviolet continuous wave (CW)
sources. Current fabrication capabilities do not allow implementation of
such highly confined waveguides. Even if such narrow width and high
refractive index contrast waveguides could be fabricated the resulted
mode profile would be much narrower than the standard mode profile in
such circuits that are intended to match the single mode fiber (SMF)
characteristics for low insertion loss. Alternative approaches such as
adiabatic index or diameters tapering, could be used but with the cost of
additional circuitry and fabrication complexity.

4. Coupling performance in silica-on-silicon platform

The silica-on-silicon platform is a well-known and established inte-
grated photonics platform, which provides considerable design flexi-
bility by tailoring the properties of the layers by selective doping in
order to adjust the layers’ refractive indices and the core layer photo-
sensitivity. As a mechanically robust platform it provides also means of
fiber connectorization with long term stability. Selective Ge-doping of
core layer can adjust refractive index of the core layer and provide
additional degrees of freedom compared to uniform silica substrate.

Here, a silica-on-silicon platform was designed and combined with a
suitably embedded NWQD. The system follows a 3-Layer configuration
where the undercladding and overcladding layer is a silica layer (n =
1.452) and the core layer is of a higher refractive index material. Usu-
ally, such core layers are achieved by doping the standard silica with
germanium (Ge:SiO3), leading to a much higher refractive index
photosensitive layer. Depending on the doping level of germanium in
the core silica layer (0.66% to 2%) the refractive index change of the
core layer can be up to An = 2.10"2. Such platforms are used widely for
the definition of optical circuits by using ultraviolet laser in DLW tech-
niques [20]. On the core layer a channel waveguide can be accurately
fabricated (with DLW/UV-writing technique) and apply an additional
5.10°% refractive index change on the laser induced channel waveguide.
With a base silica refractive index value n = 1.452, the formed wave-
guide can end up in a value of n = 1.477, with horizontal An = 5.10°>
and vertical An = 2.5-10°2 index contrast, as can be seen in Fig. 7. The
resulted single mode waveguide is considered of rectangular shape and

Core layer Ge:Si0,, n=1.472

Ge:SiO, Waveguide

n=1.477

Undercladding layer Si0,, n=1.452

Si substrate

Fig. 8. a) Schematic of the 2-Layer profile and b) Artistic representation of the
NWQD on top of the chip.

lateral dimensions 3 pm x 3 pm, which is experimentally achievable.
This flexibility provided by the 3-layer platform and UV direct writing
could allow for enhancement of coupling overcoming the aforemen-
tioned limitations.

4.1. On-top placement for evanescent coupling

The easiest way to access the waveguide and to place the NWQD is by
an on-top placement, facilitating an evanescent coupling between the
two components. This approach has been extensively used in coupling of
nanowires in silicon, or silicon nitride waveguides providing efficient
coupling [14,17,18]. Therefore, for demonstrating the differences of
high index platforms with silica-based platform, this approach is also
considered here, where the NWQD is designed to rest on top of the
waveguide for evanescence coupling to the waveguide. It is assumed
that the silica overlayer above the channel waveguide is removed, or the
entire optical chip is based on a 2-Layer configuration with no over-
cladding silica layer as seen in Fig. 8. This configuration allows for easy
access and manipulation of the NWQD leading to an easier integration.
Also, it gives the flexibility to include high index layers to serve as in-
termediates for efficient coupling. Thus, a new 3-layer structure is
achieved by depositing a thin dielectric layer (n = 2.1) as the over-
cladding layer on top of the core layer. The addition of the dielectric
layer will assist in “lifting” the waveguide’s TE mode field and better
couple with the NWQD emission by improving their overlap.

Two indicative studies are presented to demonstrate the limitations
of this scheme, one with a waveguide 1.5 pm x 1.5 pm and one with 3
pm x 3 pm, both at n = 1.477, as presented in Fig. 9 and Fig. 10
respectively. Fig. 9a and 10a present fundamental TE mode profiles for a
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Fig. 9. Coupling between nanowire and waveguide for various thicknesses of high index over-layer. a) Waveguides fundamental TE mode profile for a channel
waveguide of 1.5 pm x 1.5 pm cross section dimensions, b) Field distribution at the end of propagation at 25 pm and, ¢) Corresponding electric field distribution
along the propagation axis, over different overcladding layer thicknesses for propagating distance of 25 pm.

specific channel waveguide of (1.5 pm x 1.5 pm, or 3 pm x 3 pm). The
second rows (Fig. 9b and 10b) present the field distribution at the end of
propagation at 25 pm where is obvious that the concentration of field is
higher for the narrower waveguide. The third rows (Fig. 9c and 10c)
present the corresponding electric field distribution along the propa-
gation axis where it can be noticed the low confinement in the optical
waveguide. Depending on the dielectric layer thickness (35-65 nm) the
coupling process changes and becomes more efficient for higher thick-
ness, however in all cases the coupling is highly inefficient as the emitted
light by NWQD drastically escapes and diffuses into the surrounding
undercladding.

While testing only one NWQD geometry, a longer nanowire with a
longer tapering region would increase the interaction area between the
nanowire and the waveguide and would potentially be able to transfer
more energy into the system. However, by testing this case also the
coupling was still low and impractical (not shown here). A possible so-
lution would be to embed a reflective layer between the core layer and
undercladding but this would greatly increase the complexity of the
structure. It is obvious by the presented results that the on-top approach
cannot provide efficient coupling solutions and other approaches need
to be investigated and devised.

4.2. Inline arrangement

Alternatively, as an obvious arrangement case, the NWQD is

positioned inline aligned to the waveguide for end-firing coupling
arrangement. The NWQD needs to be placed in the middle of the core
layer thickness in a suitable physical hosting slot, and aligned with the
channel waveguide for end-fire coupling as shown in Fig. 11a. The ac-
cess to the buried waveguide and the pattering of a suitable physical
slot/trench is possible by femtosecond laser ablation and micro-
machining [24,25] or by Focused Ion Beam (FIB) milling or Reactive Ion
Etching (RIE), depending on the depth of the required features. To
achieve a perfect alignment of the nanowire axis to the center of the
channel waveguide, a high degree of control of the depth of the fabri-
cated slot is required, however current techniques like RIE and FIB can
easily provide such accuracy in the order on a few tens of nanometers.
The accurate placement and alignment of the NWQD to the slot aligned
to the waveguide is also possible by “pick and place” techniques [16,17]
with nano/micro-manipulators with typical axial resolution 30 nm and
angle of 1°. The micro-machined slot for NWQD hosting could then be
covered by suitable polymeric material to match the refractive index of
the silica cladding. The overcladding layer considered here is silica,
same to the undercladding layer (n = 1.452), the core layer is set ton =
1.472 (An = 2-10"2) and the waveguide at n = 1.477 (An = 2.5:10°2).
Carrying out FDTD simulations with the proposed structure with the
NWQD being inline to the waveguide at various distances L, coupling
efficiency values of up to 7% are feasible, as shown in Fig. 11b. This
denotes a substantial increase in the coupling, taking into consideration
the bigger waveguide cross section area (3 pm x 3 pm compared to the
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< 2.5 pm diameter cylindrical waveguide).

The wave propagation and the coupling efficiency are monitored
unidirectionally. However, the quantum dot in the nanowire once
excited it emits in both directions as depicted in Fig. 1a. This means that
a significant amount of energy is lost by exiting the back end of the
nanowire. Therefore, by placing a Bragg grating reflector tuned for the
specific NWQD wavelength, or a broadband mirror by depositing a
suitable metal layer the backward emitted light can be reflected forward
and lead it into the waveguide, as it was proposed in [17]. By the ac-
curate integration of a NWQD in the chip a coupling value well above
10% could be feasible. It was also confirmed that despite the asymme-
tricity of the channel waveguide the coupling to TM modes retains the
same degree of coupling.

4.3. Coupling through a modified ridge waveguide

In an attempt to further investigate the coupling of the NWQD, it was
considered the case of a ridge channel waveguide with no overcladding
for examining the performance in stronger confined waveguides in sil-
ica. This waveguide architecture is relevant to typical silica based cir-
cuits made by lithography techniques such as RIE [19] followed by
overcladding deposition, or even with no overcladding. In this approach
here, a part of the buried channel waveguide was exposed by removing
the overlayer and the adjacent parts of core layer in order to reveal the
laser written waveguide as a ridge waveguide with a refractive index (n
= 1.477). The schematic is illustrated in Fig. 12a.

In this configuration, since the waveguide is exposed to the much
lower refractive index of surrounding air (n = 1), the initial 3 pm x 3 pm
rectangular waveguide operates in more than one mode. Thus, different
waveguide geometries were examined either for single or multi-mode
operation at various sizes, while only the indicative cases at 2 pm x 2
pm and 3 pm x 3 pm are presented here because are closer to practical
fabrication limits. The supported TE mode profile for a 2 pm x 2 pm and
3 pm x 3 pm ridge waveguide are shown in Fig. 12 b-c. Alternatively, to

10

ensure the single mode operation in the circuit a smaller ridge wave-
guide could be designed and tapered out into a wider channel waveguide
for adiabatic mode transformation [26]. The exposed area could also be
covered by a low refractive index material (e.g., a typical encapsulating
polymer material like CYTOP with n = 1.34), in order to secure and
stabilize in practical implementation the placed nanowire. Such a low
refractive index polymer would still maintain a reasonably high index
contrast An between the ridge waveguide and the surrounding,
providing also easier conditions for single mode operation and less
drastic width tapering.

An exhaustive number of arrangements of the nanowire with the
exposed ridge waveguide were considered by examining various pa-
rameters. However, it was concluded that the ridge geometry could not
provide any improvement in the coupling but in contrary exhibited
worse performance than the much simpler inline arrangements pre-
sented above. For complicity, below, are presented some indicative
cases and examples.

4.3.1. NWQD on-top of ridge waveguide

In the first case the NWQD rests on top of the ridge waveguide
(Fig. 13a) which is exposed to air (n = 1). The light couples evanescently
to the ridge waveguide, but due to high refractive index contrast be-
tween the surrounding air (n = 1) and the silica undercladding layer, the
light diffuses out of the waveguide into the substrate, as shown in
Fig. 13band 13c, fora 2 pm x 2 pm and 3 pm x 3 pm ridge waveguides,
operating in single and multi-mode waveguiding conditions
respectively.

The light transfer form NWQD follows the same trend in both cases.
In the above figures is obvious the interface, positioned at ~ 60 pm, of
the ridge and the buried channel waveguide. In the ridge section is
observed a high frequency waving, possibly by the coupling process of
the NWQD or the reflection by the vertical silica over clad at the
beginning of the buried waveguide. In the buried section, after 60 pm,
there is a faint light propagation due also to mode mismatching, and
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Fig. 12. a) Artistic representation of the exposed ridge waveguide to air. b) TE mode profile of a 2 pm x 2 pm ridge waveguide, and ¢) TE mode profile of a 3 pm x 3

pm ridge waveguide.

inefficient thus light coupling, between the ridge and buried
waveguides.

By considering the lowering of this contrast by the use of a polymer
coating (CYTOP, n = 1.34) the radiated light to the undercladding was
decreased but still the overall coupling was very low and finally
impractical. It is clear that in such an arrangement a number of opti-
mization issues needs to be considered in a thorough study.

4.3.2. NWQD on-top of the ridge waveguide through high index layer

Another modification considered was the introduction of a high
index coating on top of the ridge waveguide and the placement of the
nanowire afterwards, as can be seen in Fig. 14a. High index overlayers
with n = 1.7 to 2.1 and thickness from 50 nm to 100 nm were employed,
however there was no improvement in the coupling. Fig. 14b shows an
indicative light coupling process for a 50 nm overlayer with n = 2.1,
where the light diffusion in the underclad and the parasitic guiding in
the overlayer area are apparent limiting thus the coupling to the guided
mode.

4.3.3. NWQD end-firing the ridge waveguide

In order to improve the light coupling into the ridge waveguide so it
can be transferred into the channel waveguide, an alternative route is
followed by placing the NWQD in contact and inline (aligned) to the
ridge waveguide. Here, the ridge waveguide is shorter in height by about
1.5 pm at the outer end so that the NWQD is placed on it and points at
the center of the rest of the 3 pm x 3 pm ridge waveguide. The NWQD
and ridge waveguide is surrounded by air (Fig. 15a). In Fig. 15b can be
observed that there is an initial coupling of light into the ridge wave-
guide which later is lost in its attempt to enter the channel waveguide at
the interface positioned at ~ 60 pm. However, in this case as well there
is a vast amount of the input light exiting the waveguide during the first
micrometers of propagation. The light was also diffused in the material
underneath similarly to the on top configuration, as seen in Fig. 13.
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4.3.4. NWQD embedded in the ridge waveguide

Finally, it is considered the theoretical arrangement where the
NWQD is embedded in a seamless arrangement in the ridge waveguide
(Fig. 16), where the coupling between the NWQD emission and the ridge
waveguide appears to be more efficient. However, as shown in Fig. 16b,
a strong modulation is observed as the light propagates along the 3 pm
x 3 pm ridge waveguide and not being able to couple efficiently into the
buried channel waveguide that appears in the position of ~ 60 pm along
the propagation axis.

The observed beating may be the result of multiple modes propa-
gating inside the 3 pym x 3 pm ridge waveguide, and interface re-
flections, however consideration of narrower single mode waveguides
did not eliminate this beating and did not improve the overall coupling.

5. Conclusions

In summary, the paper presents a theoretical and numerical
simulations-based investigation on incorporating a nanowire quantum
dot emitter in an integrated photonic circuit, showcasing the challenges
and limitations related to achieving efficient coupling between the sin-
gle photon source and the optical waveguides. A thorough study was
presented on the requirements of the coupling between the NWQD and
the waveguide, analyzing their optical and geometrical properties. A
total of four different NWQDs were examined in relation to a silica-based
optical waveguide defined by processes like DLW, revealing the design
limitations due to low confinement of the laser-written waveguides.
Different NWQD-waveguide configurations were considered in this
generic silica platform scenario with cylindrical channel waveguides,
namely, a) inline arrangement with the NWQD for end-fire coupling into
the waveguide and b) embedded arrangement where the NWQD is
hosted inside the waveguide. While, high coupling efficiency values
were acquired for high refractive index waveguides and narrow wave-
guides, these conditions are unrealizable as in a more pragmatic
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Fig. 13. a) Illustration of the NWQD on top of the ridge waveguide, b) Electric field distribution along the propagation axis of a 2 pm x 2 pm ridge and channel
waveguide with the NWQD on top, c) Electric field distribution along the propagation axis of a 3 pm x 3 pm ridge and channel waveguide with NWQD on top.
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Fig. 14. a) Artistic representation of the exposed ridge waveguide to air, b) Electric field distribution along the propagation axis for a distance of 70 pm. Typical field
of the waveguide’s supported TE mode.
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Fig. 15. a) Illustration of the NWQD in line to the ridge waveguide, b) Electric field distribution along the propagation axis of a 3 pm x 3 pm ridge and channel
waveguide with NWQD inline.
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Fig. 16. a) Illustration of the NWQD embedded the ridge waveguide, b) Electric field distribution along the propagation axis of a 3 pm x 3 pm ridge and channel
waveguide with NWQD embedded.

situation with laser-written waveguides it cannot be achieved high photonics platform was explored as a viable solution, providing flexi-
enough refractive index modification, limiting their performance to < bility in tailoring the refractive index of the Ge-doped photosensitive
4% of coupling efficiency. core layer by selective doping and post-processing with direct UV

On the grounds of that limitation, the 3-layer silica-on-silicon writing to achieve an adequate degree of NWQD coupling suitable for
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practical implementations. Accordingly, numerous arrangements were
studied in terms of NWQD positioning and coupling into the channel
waveguide. The evanescent coupling where the NWQD lays on top of a
high refractive index dielectric layer above the channel waveguide was
found incapable of transferring enough energy into the waveguide.
Similarly, in the case where a part of the buried channel waveguide is
exposed to air, the NWQD was designed and placed in various ar-
rangements with the resulted ridge waveguide with higher confinement.
However, surprisingly, the coupling was very low and no improvement
was detected.

Finally, in an inline arrangement, the design issues and fabrication
requirements for the precise positioning of the NWQD on the silica-on-
silicon chip were discussed, demonstrating an adequate coupling effi-
ciency with the potential for selectively inscribing Bragg grating re-
flectors to enhance the NWQD coupling even further. The inline-aligned
arrangement was proved to be the simpler and more efficient while
could allow for further optimization by proper adiabatic transformation
through waveguide’s appropriate shaping.

While challenges and limitations have been identified it is clear that
new architectures for efficient coupling of NWQD in such silica based
waveguides are currently required for enabling the fabrication of tailor-
made laser written integrated optical circuits for scalable quantum
computing applications. The coupling performance predicted by simu-
lations can be significantly deteriorated by various material un-
certainties, and fabrication imperfections, such as misalignments, in real
implementation, and therefore new, robust architectures are necessary.
Such new approaches have been identified, are currently under study,
and will be reported in a future study.
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