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Chapter 1

Introduction

Soon after quantum mechanics became globally accepted, an intense effort to exploit its
peculiar effects started. Initially, the works were focused on explaining the behavior of ma-
terials and designing semiconductors for microelectronic technology but it did not take long
until scientists realized quantum mechanics can have many other useful applications. Many
researchers from different disciplines are actively involved in developing the quantum tech-
nologies with applications including but not limited to: quantum computation1,2, quantum
cryptography3,4, quantum simulation5,6, quantum sensors7,8, and quantum imaging9.

Many different technologies to implement these applications have been introduced, each
with its own advantages and limitations. Since the beginning of this scientific race, quantum
optics has been one of the front runners. With the introduction of linear optical quantum
information processing (LOQIP)10 more than a decade ago, numerous research teams have
been involved in its realization and development. Thanks to advances in telecommunication,
photonic circuits are already well developed, CMOS compatible, and they work well both at
room and cryogenic temperatures. There have been constant improvements in the quality
of single photon sources and single photon detectors every year.

Despite significant improvements in the quality of quantum optical components, the
implementations of LOQIP and other quantum technologies have been limited and scalable
photonic platforms are still to be realized. Quantum optical systems have often demanding
requirements which become more stringent as the complexity of the application grows. In
this thesis we propose new techniques and prototype novel devices to address the scalability
of quantum photonic circuits.
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1. Introduction

1.1 Photonic devices for quantum technology

Photonic devices have been used in quantum information processing11,12, quantum sens-
ing13,14, quantum communication15–17, quantum imaging18. Most demonstrations so far
have been realized with discrete devices. To establish a practical platform for the interesting
applications of quantum mechanics, a scalable implementation is needed. At higher level
two methodologies for scalable implementation of photonic based quantum information
processing exist: modular approach and monolithic integration. In the modular approach,
elements of the experiments are built and tested separately and are then connected by free
space optics or optical fibers. In monolithic integration all components are integrated in one
or few semiconductor chips and communications between different elements are performed
through on-chip optical channels and possibly limited intra-chip optical links. In this thesis
we study and demonstrate working prototypes of both schemes.

1.2 Modular implementation versus monolithic integration

Modular quantum optics is the method of choice in most labs, it provides easier debugging
i.e. erroneous components can be fixed or replaced without affecting other parts of the
system. Absence of cross talk and interference between different components is another
advantage. The main limitations of this scheme is losses at each interconnect and bulkiness.
Nevertheless, modular implementation is still very popular among scientists. This is mainly
because in majority of the current research labs the size, cost, and efficiency are not the main
concerns yet.

High efficiency and miniaturization are the main promises of monolithic integration.
The coupling losses can be improved drastically by having sources, optical circuits, and
the detectors on the same chip. The main challenges are the compatibility and complexity
issues. Different technologies are used in quantum optics experiments which are difficult to
integrate together. For example: it is common to use III-V quantum dots as single photon
emitters, however, growing superconducting films for realizing single photon detectors on
theses substrates is challenging19.

A compatible platform for integration of single photon sources, photonic circuits, and
single photon detectors is proposed and prototypes are demonstrated. In addition, fiber
coupled devices for modular implementation with enhanced efficiency are presented.

1.3 Thesis overview

Chapter 2 of this thesis provides theoretical understandings and backgrounds about single
photon sources, photonic circuits, and single photon detectors. More emphasis is given to
sources, photonic circuits, and detectors which are suitable for integration.

2



1.3. Thesis overview

Chapter 3 describes briefly the experimental aspects of this work with more focus on
nanofabrication.

To establish a platform for on-chip quantum optics, sources have to be processed, in-
tegrated, and tuned. In addition, as optical excitation of multiple sources can quickly get
challenging, electrically driven sources are highly desired for scaling up integrated sources.
Chapter 4 and Chapter 5 present our preliminary results on improving the quality of elec-
trically driven sources and on-chip energy tunning of nanowire quantum dots, respectively.

Implementing optical links and circuits requires a platform with low optical losses, high
stability and compatibility with sources and detectors. Chapter 6 presents our experimental
results on stability and tuneability of SiN optical circuits as a platform for on-chip quantum
optics. Chapter 7 provides our results in integration of nanowire quantum dots with SiN
optical links.

Chapter 8 presents our fiber-coupled approach for modular implementation of quantum
optics experiments. We show coupling of a single photon source to a simple fiber-based
photonic circuits and a fiber-coupled single photon detectors.
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Chapter 2

Background and Theory

As discussed in Chapter. 1, for integrated quantum optics three major elements are needed:
single photon sources, single photon detectors, and integrated photonic circuits. In this
chapter, all these components will be discussed and theoretical backgrounds are provided.

We first start by studying single-photon sources with emphasis on the quantum dots. We
then provide an overview on the theory of waveguides and ring resonators as important
components of integrated photonic circuits. Finally, superconducting nanowire single-photon
detectors are studied as the main technology for on-chip single photon detection.

2.1 Single photon generation

To implement quantum photonic algorithms, single photons are required. Single photons can
be generated using different technologies such as parametric down conversion1, quantum
dots (QD)2,3, color centers4, single atoms and ions5,6 and single molecules7,8. Here we discuss
two commonly used techniques which have also been developed for on-chip implementations;
namely parametric down conversion and QDs.

A pump laser with controlled phase and intensity can be injected into a non-linear
crystal to split photons into pairs as shown in Fig. 2.1. These pairs follow the energy and
momentum conservation laws i.e. the combined energies and momenta is equal to the
energy and momentum of the original photon and crystal lattice. The generated pairs can
be used separately in single-photon experiments and also, as the photons in each pair (when
prepared correctly) are phase matched and have correlated polarizations, the pair can be
used in experiments requiring entangled photons. If the polarizations of the two photons
are identical, the correlation is called type I and in case they anti-correlate it is referred as

5



2. Background and Theory

Figure 2.1 | Spontaneous Parametric DownConversion, a non-linear crystal is pumped

with a laser, generating two photon (signal and idler). Energy and momentum are conserved.

Under right conditions, the signal and idler can be entangled.

type II.

Another commonly used class of emitters are quantum dots. Quantum dots can be a
small section of a material embedded in a different substrate or they can be made from the
same material but with different crystallography9. If the size of quantum dot is sufficiently
smaller than Bohr radius, carriers are confined. In this case, the carrier confinement can be
approximated with a particle in a box:

Econfinement =
h̄2π2

2R2

(
1

m∗
e

+
1

m∗
h

)
(2.1)

where Econfinement is the total confinement energy for both electrons and holes, h̄ is the
reduced Plank constant, R is the radius of the quantum dot and finally,m∗

e andm
∗
h are the

effective masses of electrons and holes respectively10. Due to small size of QDs, coulomb
interactions cannot be neglected. Taking into account this force, the energy levels of QD
can be written in the form of:

EQD
g = Ebulk

g +
h̄2π2

2R2

(
1

m∗
e

+
1

m∗
h

)
− e2

4πεR2
(2.2)

in Eq. 2.2 , EQD
g is the energy difference between the lowest level in conduction band and

highest occupied band (valence band) in the QD, Ebulk
g is the same energy difference but for

the bulk material, e is the electron charge and ε is the material dielectric constant. Fig. 2.2(a)
represents the energy levels in a QD: as shown in the figure, higher levels can also exist. In
analogy with atomic spectroscopy the levels are named s,p,d etc. In III-V semiconductors
(relevant to this thesis) electrons are in s-like conduction band with zero angular momentum
and holes exist in p-like valance band with angular momentum of h̄. So including the spin,

electrons have total angular momentum J = L+S =
1

2
h̄ and for holes in valance band this

6



2.1. Single photon generation

Figure 2.2 | Energy levels in quantum dots, more than a pair of electron-hole can

be trapped., (a) Energy levels in exciton (X) (b) biexciton (XX) (c) negatively charged exciton

(X-), and (d) positively charged exciton (X+)

is J =
3

2
h̄. We neglect the split-off bands10, so the holes fall in two categories depending on

the projection of the momentum along z: Jz = ±3

2
h̄ (heavy holes) and Jz = ±1

2
h̄ (light

holes). In normal conditions for the QDs used in this thesis, the ground state for holes is
that of a heavy hole.

More than one pair of electron-hole can exist in a QD. If two excitons coexist, the so called
biexciton is formed, Fig. 2.2(b). An extra electron or hole can be trapped in a QD, together
with an exciton resulting in negatively charged (Fig. 2.2(c) or positively charged (Fig. 2.2(d)
excitons.

QDs can be grown in different shapes and with different techniques. All QDs relevant to
this thesis are either self-assembled quantum dots grown by molecular beam epitaxy or QDs
embedded in nanowires grown by metal-organic chemical vapor deposition11,12.

Since III-V QDs have high refractive index contrast with air ( 2-2.5 about the emission
wavelength of normal QDs), it is challenging to extract single photons with high efficiency.
In normal self-assembled QDs most of the emitted photons are reflected back towards the
high index substrate at the semiconductor air interface. To enhance the extraction efficiency,
QDs have been grown in planar cavities and etched into miro-pillars3,13. Integration of the
emitters in cavities can also enhance the emission rate through Purcell effect14.

Extraction efficiency can alternatively be enhanced by embedding QDs in bottom-up
grown nanowires with optimized geometry15. Fig. 2.3 compares emission intensity profile
(the electric field intensity) for a self-assembled QD with that of a nanowire QD. It is clear
that nanowire improves the photon extraction efficiency significantly.

7



2. Background and Theory

0

1Nanowire QD

Substrate Substrate

Air Air

QD

QD

Self-assembled QD

Figure 2.3 | Comparison between the electric field emission profile of a self-

assembled QD and a nanowire QD, photon extraction efficiency is much higher for

the nanowire QD.

2.2 On-chip photonic circuits

Scalable on-Chip photonic circuits are indispensable elements in all integrated quantum op-
tical devices. They typically involve dielectric waveguides, Mach-Zehnders (phase shifter),beam
splitters, couplers and filters. Here we briefly study waveguides and ring resonators which
can be used, among other applications, as optical links and filters respectively.

2.2.1 Dielectric waveguides

Dielectric waveguides are structures which can guide electromagnetic waves from UV to
mid-infrared wavelengths. In these devices light is typically trapped in a material with
higher index of refraction than its surrounding (there are exceptions like slot waveguides
but they are outside of the scope of this study). The waveguide can trap light in one or two
axis, these are shown in Fig. 2.4(a) and b respectively. In both cases a material with refractive
index of n2 is sandwiched between two materials with lower refractive indices of n1 and n3.
The propagation direction is z and light is assumed to be confined in the x direction for the
case of Fig. 2.4(a) and in both x and y directions for the case of Fig. 2.4(b).

The electromagnetic waves in waveguides travel in distinct modes. The modes are defined

8



2.2. On-chip photonic circuits

n1

n2

n3

n3

n2

n1

x

z

y

x

z

y

Figure 2.4 |Dielectric waveguide (a) Planar waveguide, light is confined in x direction (b)

Rectangular waveguide, light is confined in both x and y directions.

as spatial distribution of optical energy which doesn’t change over time. Here we follow16

in solving for waveguide modes. We begin with the structure shown in Fig. 2.4(a) and derive
the relations and then give the equations for the case of Fig. 2.4(b) without proof. To start,
we assume all layers are infinite in y and z directions and semi-infinite in x direction.

An optical mode is a solution to Maxwell’s wave equation:

∇2E(r, t) =

[
n2(r)

c2

]
∂2E(r, t)

∂t2
(2.3)

WhereE(r, t) is the electric field of position r and time t, n(r) is the refractive index of the
material at position r, and c is the speed of light in vacuum. For the case of a monochromatic
wave the solution has the form of:

E(r, t) = E(r)eiωt (2.4)

here ω is the angular frequency.

By substituting Eq. 2.4 in Eq. 2.3 and by assuming a plane wave propagation in z direction
(so E(r) = E(x, y)e(−iβz), β is called propagation constant), we obtain:

∂2E(x, y)

∂x2
+

∂2E(x, y)

∂y2
+ [k2n2(r)− β2]E(x, y) = 0 (2.5)

where k = ω
c . Now the space can be divided in three regions (for the three layers with

different refractive indexes):

9



2. Background and Theory

R1
∂2E(x, y)

∂x2
+

∂2E(x, y)

∂y2
+ [k2n2

1 − β2]E(x, y) = 0,

R2
∂2E(x, y)

∂x2
+

∂2E(x, y)

∂y2
+ [k2n2

2 − β2]E(x, y) = 0,

R3
∂2E(x, y)

∂x2
+

∂2E(x, y)

∂y2
+ [k2n2

3 − β2]E(x, y) = 0

(2.6)

Depending on the sign of the term (k2n2
i − β2, i = 1, 2, 3) the solutions to each of Eq. 2.6

are either sinusoidal or exponential functions of x. By the boundary conditions, i.e. E(x, y)

and ∂E(x,y)
∂x have to be continuous at the interfaces between layers, not all solutions are

allowed. Those solutions include non-physical waves which have non-zero distribution in
infinite space. Moreover, there are modes which are mathematically and physically accepted
but are not interesting in practice. These are the modes which can occur for example when
substrate (n1) has higher refractive index than the guiding layer (n2). These modes quickly
leak into the substrate and are lost, they are called leaky modes. This can be the case even
when the substrate has lower refractive index in structures like Fig. 2.4(b), this time because
of finite waveguide dimension in y direction.

Each of the equality in Eq. 2.6 can be solved for Transversed Electric modes (TE) and
Transversed Magnetic modes (TM) by reducing the equation for Ey and Ex respectively. In
the case of TE modes, Ex andEz are zero (this would beEy andEz for TM modes). Here we
do not solve these equations formally and refer to16 for more detailed solutions and instead
briefly study another qualitative approach for understanding of the guiding in dielectric
waveguides.

The description of wave propagation mentioned before is called the physical optics ap-
proach. The so-called ray-optic approach is an alternative way with less comprehensive
description. In this method, propagating light in the z-direction is transmitted in a zig-zag
manner undergoing total internal reflection at boundaries of the waveguide. The plane waves
in each mode are considered to travel with the same phase velocity but having different
angles of reflection leading to different z component of the phase velocity. This is shown
in Fig. 2.5(a) where two modes, say the TE0 and TE1, are drawn. The x-y plane is the
constant phase plane. The rays are propagated in the waveguide layer with refractive index
n2 > n3 > n1.

The electric and magnetic fields of the plane waves can be added vectorially giving the E
and H distribution of modes involving all the plane waves. The connection between the ray
optics method and the physical optic approach for example for the TE mode in the region 2
can be seen by considering a solution to Eq. 2.6 with the form:

Ey(x, z) ∝ sin(hx+ γ) (2.7)
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2.2. On-chip photonic circuits

Figure 2.5 |Ray optics approach, a) Propagating plane waves undergo total internal

reflection at both interfaces n3 − n2 and n3 − n2. (b) Relation between propagation

constants in x and z direction and the wave vector of the propagating mode.

Where h and γ are dependent on waveguide structure. By substituting Eq. 2.7 in Eq. 2.6
the following equation is obtained:

β2 + h2 = K2n2
2 (2.8)

It can be seen that β, h, and kn2 are all propagation constants with the dimension of
inverse length. A wave with z propagation constant of βm and x propagation constant of
h can be represented by a plane wave with an angle of Θm = tan−1( h

βm
) as shown in

Fig. 2.5(b).

In order for the light to be guided through the layer n2, the total internal reflection
relations have to be satisfied:

φ2 ≥ sin−1(
n1

n2
),

φ2 ≥ sin−1(
n3

n2
) (2.9)

As sin(φ) = β
kn2

the conditions in Eq. 2.9 can also be written based on propagation
vector/constants. Moreover, as the light is propagating, the total phase change for a point on
a wavefront on a round trip from n2 − n3 to n2 − n1 and back to n2 − n3 interfaces must
be multiple of 2π. From this, it follows that:

2kn2t cos(θm)− 2φ23 − 2φ21 = 2mπ (2.10)

11
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Figure 2.6 |A propagating wave and the phase relation, the total accumulated phase

in a round trip must be a multiple of 2π.

As shown in Fig. 2.6, m, t, and the 2φ23/2φ21 in Eq. 2.10 are the mode number, the thickness
of the n2 layer and the phase shift due to total internal reflection from the 2−3/2−1 interface,
respectively.

The light velocity parallel to the waveguide is ν = c(k/β). Now an effective index of
refraction for the guided mode can be defined as:

neff =
c

ν
=

β

k
(2.11)

The effective index defined in Eq. 2.11 can be used to calculate the change in the wavenum-
ber caused by the waveguide. Hence, by calculating the effective index based on the mode
number, the material refractive index, and the wavelength one can quantify the light propaga-
tion in the waveguides.

2.2.2 Ring resonators

Ring resonators are indispensable elements of integrated optics. They have been used in
spectral filtering17,18, optical switching19,20, modulators21,22, and generation of slow and fast
light23,24. For our applications in integration of single-quantum emitters with on-chip optical
circuits and single-photon detectors, we are mostly interested in the filtering possibilities
in ring resonators. Therefore, we only briefly study the spectral properties of the ring
resonators.

The simplest form of a ring resonator is shown in Fig. 2.7. It consists of a looped optical
path and an optical access for coupling. When the round trip phase shift in the ring equals
an integer multiple of 2π, the field from the ring and the input field interfere constructively,
satisfying the resonance condition for the cavity. The resonance condition can be described
by25,26:
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Figure 2.7 |Ring resonator, a) Schematic of a single-port ring resonator. Photons in

resonance with the ring are removed from the feed-line. (b) TMmode transmission spectrum

of a fabricated SiN ring resonator

L · neff (λ0) = M · λ0 (2.12)

in Eq. 2.12 L = 2πR is the length of the ring (R is the radius), neff is the effective index
of the ring and M is an integer. It is clear from Eq. 2.12 that the resonance condition can be
satisfied for many M values. The distance between two adjacent resonance frequencies is
called Free Spectral Range (FSR) and can be calculated using:

FSR =
λ2

ngL
(2.13)

Where ng is the group index and is defined as:

ng(λ) = neff (λ)− λ
dneff (λ)

dλ
(2.14)

Fig. 2.7(a) illustrates a single-port ring resonator. In Fig. 2.7(a) EA, EC are the input field
and the output field, respectively. The parameter κ is the coupling between the ring and the
port and γ represents the propagation loss inside the ring.

The transmission spectrum of the ring depends mainly on the loss in a round-trip defined
by field attenuation e−γ and the waveguide-ring coupling κ. The input-output relation can
be defined in the form of matrix equation as25,26:

[
EC

ED

]
=

[
t iκ
iκ t

]
·
[
EA

EB

]
(2.15)

where t =
√
1− κ2, additionally, EB and ED can be related as:
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2. Background and Theory

EB = ED · e−γ+iφ(λ) (2.16)

Where φ(λ) = neff (λ) · 2π
λ · L. By solving Eq. 2.15, one can obtain the the relation for

the transmission of the ring25,26:

T =
∣∣∣EC

EA

∣∣∣2 = 1− (1− e−2γ)(1− t2)

(1− t · e−γ)2 + 4t · e−γsin2 [φ(λ)/2]
(2.17)

At resonance sin2 [φ(λ)/2] = 0 therefore:

Tresonance =

[
t− e−γ

1− t · e−γ

]2
(2.18)

if t = e−γ the relation Eq. 2.18 goes to zero. This condition is called critical coupling. For
most filtering applications it is desirable to design the ring to perform in the critical coupling
regime. Another important parameter is the linewidth of a resonance (in wavelength or
frequency). Instead of mentioning the width directly, often the quality factor is used. Quality
factor (Q) is defined as the ratio between the center wavelength (or frequency) and the width
of the resonance : Q = λ0

Δλ . For an uncoupled ring resonator the quality factor is called the
intrinsic quality factor and depends on the losses in the ring. For a coupled ring resonator
the coupling works as another loss mechanism. In the critical coupling regime where the
coupling and ring losses are equal the quality factor has half of its value:

interinsic Qi =
2π2ngR

λ0γ
,

critically coupled Q =
π2ngR

λ0γ

(2.19)

The photon lifetime in the ring is directly related to Q as: τp = Qλ0

2πc . The single side-
coupled ring resonator that has been discussed so far acts as a notch filter. Often it is desired
to use ring resonators to select specific spectral parts and redirect the photons of those
frequencies to a different optical channel. For these applications add-drop ring resonators
are used.

Fig. 2.8(a) shows the schematic of an add-drop ring resonator. In add-drop configuration,
the ring is side-coupled to two waveguides, through(add) port and drop port. The through
port is directly connected to the output but the coupling between input and the drop port is
only by means of the ring.
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Figure 2.8 |Add-Drop ring resonator (a) Schematic of an add-drop ring resonator (b)

Drop port spectra for both TE and TM modes in a fabricated SiN add-drop ring resonator.

Different modes have different quality factors and free spectral ranges.

Using the same approach that we used to calculate the fields for a single side-coupled ring
resonator, it can be shown that the transmission spectra of the through and drop ports are:

Tthrough =
(t1 − t2 · e−γ)2 + 4t1t2 · e−γsin2 [φ(λ)/2]

(1− t1t2 · e−γ)2 + 4t1t2 · e−γsin2 [φ(λ)/2]
,

TDrop =
e−2γ · κ2

1 · κ2
2

(1− t1t2 · e−γ)2 + 4t1t2 · e−γsin2 [φ(λ)/2]

(2.20)

For critical coupling at the through port, it follows that t1 = t2e
−γ . The mentioned

condition means that the coupling from the through port to the ring must be equal to the
round-trip loss in the ring plus the coupling of the ring to the drop port. In a symmetric
add-drop ring resonator, only for the case of negligible ring loss it is possible to have both
ports critically coupled. Fig. 2.8(b) shows the drop port transmission spectra for both TE
and TM modes. Due to different TE and TM effective refractive indexes, the modes have
different quality factors and free spectral ranges.

2.3 Single photon Detection

A vital element for all quantum optics experiments are single-photon detectors. Whether the
experiment is to prove the non-classical nature of light27,28 or using the measurement induced
non-linearity for quantum computation29,30, single-photon detectors are indispensable part
of the setup.
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Different technologies have been used to realize single-photon detectors. Here we briefly
introduce three common techniques used for single-photon detection. We then discuss
about Superconducting Nanowire Single Photon Detector(SNSPD) as our main choice for
integrated quantum optics.

• Photo-multiplier tube: This relatively old technology is one of the last applications of
vacuum tubes still in use today. These detectors are constructed in a vacuum glass
housing incorporating: a coated thin film of conducting layer on the inside of an entry
window acting as the photocathode, several dynodes, and an anode. Incident photons
hit the photocathode and create low energy primary electrons due to photoelectric
effect. These electrons are then focused and directed toward the electron multiplier,
where in every stage more electrons are created by the process of secondary electrons.
At the last stage a large number of electrons are available sufficient to produce an
easily detectable pulse. Although photo-multiplier tube are still used in different
applications from astronomy to blood analysis devices, their use as single-photon
detector is limited due to their lower sensitivity and higher dark noise (non-zero
current without presence of any incident photon) comparing to other techniques.

• single-photon avalanche diode (SPAD): This solid state detector operation is based
on impact ionization. A semiconductor photodiode is reversed biased well above the
breakdown voltage, an incident photon creates one or more electron-hole pairs. These
electrons are accelerated with a large electric field to knock out additional carriers
from the valence band and promote them to the conduction band. The newly created
electrons in turn generate more electrons and soon after the absorption of the photon
an avalanche current is formed, which is easily detectable. SPADs are widely used in
quantum optics experiments in visible and near-infrared range for their combination
of efficiency, price, and relatively low noise and jitter. However, their use in the mid-
infrared and in applications requiring high time resolution is limited. The efficiency
in the mid-infrared is limited by the bandgap of the semiconductor while the time
response is mainly dictated by the rc constant associated with the p-n junction and
the contacts.

• Superconducting Nanowire Single Photon Detector (SNSPD): The working principle of
these relatively new type of detectors is based on the collapse of the superconducting
state by absorbing a single photon in a superconducting nanowire biased close to
its critical current. The exact detection mechanism is still under debate but a single
photon incident on the detector can break Cooper pairs and this will either generate
growing region with reduce superconductivity31 or crossing of a vortex32. As a result,
a belt of resistive region is formed along the wire which grows due to Joule heating
i.e. the power dissipated because of current passing through the resistor. The resistive
region can grow up to several kilo ohms33 The sudden change in the resistance of
the wire diverts the current from the nanowire into readout circuits resulting in a
voltage pulse, typically a few hundred microvolts. These pulses are then amplified
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and used to register the detection events. The reduced current through the nanowire
causes reduction in heat dissipation and it can cool down to its superconducting state
again, making the device ready for another subsequent detection event. SNSPDs are
the detector of choice in many modern applications because of their combination of
unparalleled speed, low noise and jitter and high efficiency specially in the near and
mid infrared. As this detector is also well suited for integration, we will discuss it in
more details in the following sections.

2.3.1 Superconducting single-photon detector

Because SNSPDs offer unparalleled features and since they are the suitable technology for
integration, we briefly discuss the main concepts connected to their performance.

Efficiency and speed

As discussed, the detection mechanism in SNSPDs is through suppression of the supercon-
ducting state in part of a nanowire. The detection efficiency of SNSPDs depends on many
parameters but they can be divided in two major categories: the internal efficiency and the
external (absorption) efficiency. The internal efficiency is the probability of generation of a
detection pulse after a photon is absorbed by the SNSPD. Upon absorption of a photon by
the detector the superconducting state in part of the nanowire is disturbed. The probability
that this disturbance produces a resistive region across the width of the wire depends on the
energy of the photon, bias current, the wire geometry, and the film properties. The internal
detection probability for a single photon can be determined by34:

ηdet = e
−E(I)

h̄ω (2.21)

in Eq. 2.21E(I) is an energy scale which depends on bias current relative to critical current
of that nanowire region. Since SNSPDs are series structures, as a result the critical current
of each device is dictated by the region with the lowest critical current. So any constriction
in the nanowire or inhomogeneity in the film would affect the internal efficiency.

External efficiency, the second major contributor to the system detection efficiency (over-
all efficiency), is explained by the coupling and absorption probabilities; meaning how
many photons out of all incident ones are coupled to (coupling efficiency) and absorbed by
(absorption efficiency) the detector.

To couple most of the light in the active area of the detector, stand-alone SNSPDs are
made in the form of a meander covering an area of about 100-200 μm2. An example of such
device is shown in Fig. 2.9(a). The typical filling factor is 50% i.e. the width of the wire is
similar to the spacing between them. The area of the device is set by the coupling scheme. It
is often desired to use an optical fiber to couple light to a detector.
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Figure 2.9 |Absorption efficiency in SNSPDs, (a) SEM photo of a fabricated SNSPD. (b)

Absorption efficiency as a function of wavelength for an SNPSD with and without gold

mirror. The mirror enhances the absorption efficiency significantly.

Incident light toward the detector can be transmitted, reflected or absorbed. The ratio
of absorption to the total incident light is called absorption efficiency. As a first order
approximation the absorption efficiency can be calculated by the transfer matrix method.
This analytical approach is used to calculate the transmission and reflection through a
multilayer stack of materials via assigning a matrix to each layer of the stack35,36. These
matrices can then be multiplied and applied to the incident beam. By rewriting the input-
output relation one can easily extract the reflection and transmission for the whole stack.

We use transfer matrix method to simulate the absorption in an SNSPD fabricated on
oxidized silicon with and without a mirror between the silicon substrate and the silicon
oxide layer. Fig. 2.9(b) represents the simulation results and the inset illustrates the optical
layers which was used in the simulation. The thickness of the layers are 6 nm (NbTiN), 267
nm (SiO2), 100 nm (Au). for the sake of simplicity, a constant refractive index was used
throughout the wavelength range of the simulation (the simulation result with real values,
acquired from ellipsometry measurements, are similar for this range). As shown in the figure
the stack with the gold mirror has significantly higher absorption.

The time behaviour of an SNSPD upon absorption of a photon can be modelled with a
set of coupled differential equations37. A 1D heat equation can be used to approximate the
time dependent thermal behaviour of SNSPDs. This equation has two parts, the passive part
which contributes to the heat propagation and the active part which is responsible for heat
generation after the formation of a resistive region across the nanowire. The active part of
the heat equation is coupled to the electrical circuit through current and resistance. The
resistance calculated from the heat equation is fed into a circuit equation and from there the
current is calculated and returned into the heat equation. This is illustrated in Fig. 2.10 and
formulated in Eq. 2.22 .
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Figure 2.10 |SNSPD electrothermal model, After absorption of a photon, the electrical

and thermal evolution of the SNSPD are linked through J and ρ.

∂cT

∂t
= J2ρ+ κ

∂2T

∂x2
− α

d
(T − Tsub)

Ibias − I = Cbias

(
∂LkI

∂t2
+

d(IRn)

dt
+ Z0

dI

dt

)
(2.22)

where for the thermal part of Eq. 2.22, c is the specific heat per unit volume for the detector
material, T is an array containing the temperature values for all segments of SNSPD, J is the
current density, ρ is the electrical resistivity and it has a non-zero value when the segment is
not superconducting, κ is the thermal conductivity of the SNSPD, α is the thermal conduction
at the boundary of the film with substrate, d is the thickness of the nanowire and finally,
Tsub is the substrate temperature. As for the electrical part, Ibias is the bias current, I is
the current passing through the device, Cbias is the coupling capacitor (usually used in a
bias-T circuit) between the readout circuitry and the detector, Lk is the kinetic inductance
of the nanowire and Rn and Z0 are the total detector resistance and readout impedance
respectively.

Dark count and jitter

Dark counts in SNSPDs are the detection pulses generated when the device is not illuminated,
they are undesired false counts which can corrupt the measurement. The origin of dark
count is not well known but it is often ascribed to the crossing of vortices along the width of
the nanowire38.

Dark counts are temperature and current dependent. This relation has the form of39:

Rdk ∝ R0e
Ib
Ic (2.23)

19



2. Background and Theory

Figure 2.11 |SNSPD evanescent coupling. An SNSPD is placed in the evanescent field

of a waveguide. The light can be absorbed quickly making the size of the required detector.

here Rdk represents the dark count rate, Ib is the bias current and Ic is the critical current
of SNSPD. R0 in Eq. 2.23 is a temperature dependent factor.

Another important performance parameter for SNSPD is their associated timing jitter.
This is defined as the uncertainty in arrival time of a detection pulse with respect to an
incoming pulse of light. The jitter has two parts:

• The fundamental jitter: based on the physics of the events which takes place after
absorption of a photon in a segment of a detector. These mechanisms are associated
with different relaxation times for electron and phonons in the superconductor. The
value for these characteristic times are shown to be material, current and wavelength
dependent31.

• The External jitter: due to the readout circuitry designed to register the detection
events. It can be understood by considering that the readout circuit, in a general form,
consists of an amplifier and a discriminator; any noise in the input of the amplifier is
amplified and fed into the discriminator causing uncertainty in the trigger time.

On-chip single-photon detector

As discussed, a major contributor to the detection efficiency of SNSPDs is the absorption
efficiency. Cavity enhanced absorption for out of plane coupling to the detector has been
realized40. Another way to increase the efficiency is through evanescent coupling. This
method is of special interest for us as it allows for integration. In this approach the light which
is confined in an optical waveguide is slowly coupled to the detector through evanescent
field. Fig. 2.11 visualizes the evanescent coupling where an SNSPD is placed on top of a
dielectric waveguide. This method of coupling allows for very high absorption efficiency41,
low dark count42 and integration with complex photonic circuits43.
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Chapter 3

Fabrication and Measurement Setups

This chapter covers experimental aspects of this thesis. For this work, we fabricate and
characterize a variety of nano-photonic chips. All nanofabrications were carried out in
the Van Leeuwenhoek Laboratory (VLL) and all optical and electrical measurements were
conducted in the optics lab of the Kavli institute of nanoscience in Delft.

3.1 Introduction

We process, fabricate, and integrate single photon sources, optical circuits and single photon
detectors. The nanofabrications include (but not limited to), e-beam lithography, metal
evaporation and lift-off, sputtered deposition, plasma enhanced chemical vapor deposition
(PECVD), reactive ion etching (RIE), and deep reactive ion etching (DRIE). Additionally,
complementary processes such as nano-positioning of the nanowire QDs and wire bondings
were done in the general facilities of Quantum Transport (QT) division of the Kavli institute
of Delft.

3.2 Nano Fabrication in VLL

All nanofabrications relevant to this thesis were carried out in VLL clean room in Kavli
institute of nanoscience in Delft. The VLL clean room offers:

• High-resolution electron beam lithography

• Optical lithography
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3. Fabrication and Measurement Setups

• Focused ion beam

• Mask fabrication for optical lithography

• Physical vapour deposition (evaporation, sputtering)

• Chemical vapour deposition (LPCVD, PECVD, ALD)

• Dry etching

• Wet processing

• Thermal processing

• High resolution inspection

3.2.1 Processing single photon emitters

The single photon sources used in this thesis are provided by several other labs. We then
process these sources in VLL and measure them in the optics lab. The processes includes: nan-
omanipulation (pick and place), metalization (contacting), fiber coupling, and incorporation
in photonic circuits. Fig. 3.1 provides examples of processed single photon sources.

3.2.2 Fabrication of photonic circuits

Our photonic circuits were fully fabricated in VLL. The fabrication of photonic circuits
starts by first thermally oxidizing bare silicon chips. We usually form an oxide layer with a
thickness of 2-3μm on top of the silicon chips. This oxide layer serves as a low refractive
index buffer layer between the waveguide and the high index silicon substrate. Since most
of the dielectric waveguides have lower index of refraction than silicon, the buffer layer is
necessary to ensure confinement in the waveguide.

Fig. 3.2 demonstrates the fabrication flow of photonic circuits; it is worth mentioning
that the order of the optional step of metalization and waveguide layer deposition can be
interchanged. Table. 3.1 provides the fabrication details for the steps mentioned in Fig. 3.2.

Fig. 3.3 shows examples of fabricated devices. When heaters and electronic structures
are required, we use e-beam markers to position the photonic and electronic structures
accordingly with a precision better than 15 nm.

3.2.3 Fabrication of superconducting nanowire single photon detectors

We fabricate superconducting nanowire single photon detectors in VLL on thin (6-8 nm) films
of NbTiN. The films are grown, either in VLL or in outside foundries, using DC magnetron
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3.2. Nano Fabrication in VLL

2 μm

20 μm

20 μm

(d)(c)

(b)(a)

Figure 3.1 | Processing single photon sources, (a) Photo of a nanomanipulator used to

transfer nanowires from the as-grown chip to the new substrates. (b) nanowires deposited

and aligned to the edge of a piezo electric (PMN-PT) chip. (c) The nanomanipulator tip

carrying a nanowire is approaching a tapered optical fiber. The inset shows the nanowire

after transfer on the tapered optical fiber. (d) SEM picture of a transferred and contacted

p-n junction nanowire.

Table 3.1 |Fabrication details of photonic circuits.

Metalization step(s)

Resist Developer Evaporation

Bilayers PMMA 495K-A6 and PMMA 950K-A2 MIBK:IPA 1:3 Ti/ Au or Cr/Au *

PECVD details

Material Gases RF source

SiNx SiH4 + NH3 ** 13MHz

Waveguide layer patterning

Resist Developer RIE Etchants

PMMA 950K-A4 MIBK:IPA 1:3 CHF3 and Ar ***
* We deposit Cr/Au (5/50 nm) for markers and Ti/Au (80-100/0-5 nm) for heaters.
(these steps can be merged to a single step by adding 5 nm more gold)
** the gas ratio is 1, similar to1 .
*** The gas concentrations are CHF3 = 50 SCCM and Ar = 25 SCCM
the RF power and process pressure are set at 50W and 0.0092mbar, respectively.
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3. Fabrication and Measurement Setups

Figure 3.2 | Photonic circuits fabrication flow, the process starts by thermal oxidation

of silicon wafers. If necessary, markers and heaters are formed by e-beam lithography and

lift-off. Waveguide layer is then added using PECVD. Finally, the waveguides are formed

using e-beam lithography and reactive ion etching.

sputtering. The fabrication starts by forming the metal contacts. We use e-beam lithography
followed by evaporation of Cr/Au (5 nm/50 nm) and lift-off in acetone. After this step, the
chip is spin coated with HSQ (XR1541):MIBK 1:1 and exposed with e-beam. Following the
e-beam exposure, the resist is developed and the pattern is transferred to the superconducting
layer with reactive ion etching. Table. 3.2 and Fig. 3.4 present the fabrication details and
examples of fabricated devices, respectively.

Fiber coupling by deep etching of substrate is another step that can be added after fab-
rication of SNSPDs. Fiber coupling is required if the devices are to be used as standalone
elements of a quantum optical circuit (instead of being integrated on the same chip as the
photonic circuits and quantum emitters). As deep etching is also important in other processes
as well, for example fiber coupling of single photon sources, we discuss it in a separate
Section 3.4.
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100 μm

20 μm 5 μm

70 μm

100 μm

200 μm

(a)

(c) (d)

(b)

Figure 3.3 | Photonic circuits fabrication examples, (a) A ring resonator formed after

exposure of PMMA 950K A4 and development with MIBK:IPA. (b) SEM image of a ring

resonator after etching with CHF3/Ar. Insets show magnified images of the same ring

resonator. (c) A double ring CROW resonator with side heaters. (d) CROW resonators with

top heaters. In this case the heater and the photonic layer are separated by 3μm of PECVD

SiO2

.

Table 3.2 |Fabrication details of SNSPDs.

Metalization step(s)

Resist Developer Evaporation

Bilayers PMMA 495K-A6 and PMMA 950K-A2 MIBK:IPA 1:3 Cr/Au

Patterning of superconducting detector

Resist Developer RIE Etchants

HSQ (XR1541):MIBK 1:1 TMAH, MF322, H2O SF6 and O2 *

* The gas concentrations are SF6 = 13.5SCCM and O2 = 5SCCM
the RF power and process pressure used are 50W and ∼ 0.005mbar, respectively.
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5 μm 20 μm

(b)(a)

Figure 3.4 | SNSPD fabrication examples, (a) An SNSPD fabricated for coupling to a

single mode fiber. (b) Fabricated superconducting traveling wave detector for integration

with a photonic waveguide. The extra meandering region serves as extra inductor to avoid

latching of the detector.

3.3 Integrated hybrid systems

To achieve a scalable quantum photonic platform, it is required to interface all discussed
different technologies. We fabricate devices combining all mentioned elements. Fig. 3.5
represents examples of fabricated hybrid devices.

3.4 Deep etching and source/detector fiber coupling

We use Bosch technique2 for deep etching of silicon substrates, it is possible to achieve highly
anisotropic etch profile useful for fiber coupling of detectors and sources. In addition, by
changing the etching parameters, isotropic etch is also available. Combination of directional
and isotropic etch can be used to fabricate free-standing membranes.

Bosch etching is a two steps process: short isotropic etch (using SF6 for silicon) followed
by a passivation step (C4F8 in our process); these steps are repeated many times until the
etching is completed. Our deep etching recipe is shown in Fig. 3.6(a); it consists of a three
layers mask similar to3. Each mask is used to selectively etch the lower layer. For deep
etching of silicon we use single layer of AZ9216 or multiple layers of AZ5214 as mask. The
photoresist has a selectively of greater than 300 against silicon. Fig. 3.6(b),(c), and (d) provide
some examples of devices made by directional and isotropic deep etch.
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2 μm

30 μm

(c)

(a)

1 μm

10 μm

(d)

(b)

Figure 3.5 | Examples of hybrid integrated devices.(a) Nanowire QDs positioned and

incorporated into silicon nitride waveguides. (b) Contacted semiconducting nanowires with

a p-n junction on top of an SNSPD, separated by a thin insulating layer.(c) Contacted p-n

junction nanowire on a photonic channel. (d) A travelling wave SNSPD fabricated under a

silicon nitride waveguide.

3.5 Experimental setup

After nanofabrication is completed, the devices are prepared in the optics lab for measure-
ments. Most of our measurements with nanowires and waveguides are done in a continuous
flow cryostat. The only exceptions are the experiments where SNSPDs are involved or the
sample (either detector or source) is fiber coupled. For those cases we either use a bath
cryostat or directly immerse the sample into a He dewar.

Dedicated electronics, which are fully developed at the Kavli institute Delft, are used to
sweep current through semiconducting sources and superconducting detectors. For micro-
heaters, thanks to high athermal properties of silicon nitride (Chapter 6) regular power
supplies are stable enough as the tuning knobs.

Fig. 3.7(a) provides the schematic of the QDs and waveguides measurement setup. Shown
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100 μm

1 mm

(a)

(d)(c)

(b)

Figure 3.6 | Deep reactive ion etching, (a) Process flow for deep etching of silicon. We

use a three layers mask and e-beam lithography followed by two steps reactive ion etching.

The process is completed by Bosch etching. Bosch etching can be isotropic or directional

(anisotropic). (b) An example of directional Bosch etching. (c) Shown is a 200 nm thick glass

membrane formed by combination of isotropic and directional Bosch etching. (d) A GaAs

chip with self assembled QDs is glued into a half-way etched pocket in a silicon sample

formed by directional Bosch etching. Another Bosch etching step (complete etching to the

other side of the silicon piece) is used to form the keyhole shape with a selected QD at its

center. Now the selected QD can be mounted in FC-sleeve and be coupled to an optical

fiber.

in the picture, the "U" configuration, is the more general form of the setup. This configuration
is very versatile when it comes to characterizing ring resonators. It is clear that the setup
can also be operated in the more conventional μPL configuration i.e. straight line excitation
and collection. The combined top/side imaging provides an easy way for evaluating the
coupling to the waveguide devices as well as providing the possibility to excite in plane or
out of plane if needed.

Fig. 3.7(b) shows the actual setup; excitation, collection and imaging paths are highlighted
in the image. Fig. 3.7(c) is a zoomed photo of the two imaging stages with two insets showing
snapshots of the side and top objective images captured while characterizing a ring resonator.

As mentioned before, we fabricate fiber coupled detectors and sources. Fig. 3.7(d) shows
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(a)

(d)(c)

(b)
Camera White light source

Spectrometer

Side objective

Excitation

Signal

White light

BS3 BS2

BS1

Figure 3.7 | Someof experimental setupswhichwere used in this these. (a) Schematic

of the QDs and waveguides measurement setup in "U" configuration. The samples can be

accessed both in-plane and out-of-plane. (b) The actual setup used for the measurements

of QDs and waveguides. The paths are highlighted in the pictures. (c) A zoomed photo of

the two objectives used for top/side accesses. The top left and bottom right insets are two

snapshots of side and top images, respectively. The top right inset is a magnified image of

the sample mount. (d) A fiber coupled device immersed in liquid helium. The fiber provides

optical access to the device while the SMA connectors are required for biasing and readout

of sources/detectors. Inset shows one of our fiber coupled sources.

a fiber coupled device immersed in liquid helium. The fiber provides optical access to the
device while the SMA connectors are required for biasing and readout of sources/detectors.
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Chapter 4

<100> InP Nanowires p-n junction:
High Yield Growth and

Optoelectronic Characterization

A. Cavalli, J. Wang, I. Esmaeil Zadeh, M. A. Verheijen, D. Wolf, M. E. Reimer, M. Soini,
S.R. Plissard, V. Zwiller, J. E.M. Haverkort and E. P. A. M. Bakkers 1

Semiconductor nanowires are nanoscale structures holding promise in many fields such
as optoelectronics, thermoelectrics, and quantum computing. Nanowires are usually grown
vertically on (111)-oriented substrates, while (100) is the standard in semiconductor tech-
nology. The ability to grow and to control impurity doping of <100> nanowires is crucial
for integration. Here, we discuss doping of single-crystalline <100> nanowires, and the
structural and optoelectronic properties of p-n junctions based on <100> InP nanowires.
We describe a novel approach to achieve low resistance electrical contacts to nanowires
via a gradual interface based on p-doped InAsP. As a first demonstration in optoelectronic
devices we realize a single nanowire light emitting diode in a <100>-oriented InP nanowire
p-n junction. To obtain high vertical yield, necessary for future applications, we investigate
the effect of the introduction of dopants on the nanowire growth.

4.1 Introduction

III-V nanowires (NW) have been shown to provide an ideal platform for the development of
nanoscale devices and applications, for example for quantum computing, energy conversion,
and LEDs1–6. Nanowires can be grown in a diverse range of crystalline directions on a

1The results in this chapter have been published in Nano Letters 2016 16 (5), 3071-3077

35



4. <100> InP Nanowires p-n junction: High Yield Growth and Optoelectronic Characterization

wide assortment of substrates with different crystal orientations7,8. The most common
NW growth direction is <111>9–11; however, in the electronics industry, the (100) crystal
orientation is the technology standard. <100> NWs would thus be the best match for
present semiconductor fabrication and processing, allowing straightforward integration12.
A lot of effort has been put in controlling crystal phases in <111> NWs, which remains
challenging13–15. Undoped <100> InP NWs, in contrast, always exhibit the pure zincblende
(ZB) crystalline structure16–20. Up to now, however, devices based on defect-free <100>
nanowires have not been demonstrated due to the fact that intentional impurity doping of
single-crystal <100> NWs has not been realized yet. Impurity doping of semiconductors is
essential for the functionality of optoelectronic devices21,22. In a recent investigation, Au-
catalyzed undoped <100> InP NW arrays with high vertical yield, was obtained by catalyst
engineering23. In this report, we study the structural and optoelectronic properties of InP
<100> NW-based p-n junctions, and investigate the effect of the introduction of dopants
during nanowire growth.

We use (100) InP substrates for nanowire growth. Au droplets act as the catalysts for
the vapor-liquid-solid (VLS)24 growth process, while diethyl-zinc (DEZn) and hydrogen
sulfide (H2S) are used as p- and n- dopant precursors during NW growth. The growth was
performed using a Zn-doped substrate. We introduced the DEZn after 1 min of growth
and continued for 8 min. Subsequently, we switched off the p-dopant and introducedH2S,
growing for 13 min. In order to check the possible effect of dopants on the crystalline
quality of the NW25–27, we studied p-n junctions based on <100> InP wires by transmission
electron microscopy (TEM). Wires grown in the <111> direction usually show twin planes,
and addition of dopants can completely switch the crystal structure from cubic (for Zn)
to hexagonal (for S). In contrast, the NW shown in Fig. 4.1(a) has a pure crystal structure
without planar defects and flat 100 side facets. In fact, these <100> InP wires have at most
only a few stacking faults per nanowire, always close to the NW base. These defects are
stacking faults of 111 planes. A single stacking fault will introduce a kink in the growth
direction of the wire. A pair of stacking faults, as observed most frequently, will leave the
growth direction unaltered. These defects are introduced during nucleation when the catalyst
particle is still evolving towards its equilibrium shape, as has also been discussed in a previous
work23. Most of the wires and, importantly, also the region of the p-n junction is completely
free of defects. The High-Resolution TEM (HRTEM) image in Fig. 4.1(b) demonstrates the
zincblende crystalline structure and confirms the <100> growth direction. Fig. 4.1(c) and
Fig. 4.1(d) showes HR-TEM image from the highlighted segments of panel (a), demonstrating
the pure zincblende crystalline structure of the NW both for p- and n-doped <100> InP
nanowires. Scale-bars are 5nm. In <100> nanowires, growth proceeds by nucleation of 100
rather than 111 layers, as in <111> grown nanowires, where the position of the p-n junction
is easily recognized by a transition of the crystal phase from zincblende to wurtzite28. A
change in stacking sequence from cubic (ABC) to hexagonal would imply the introduction of
a WZ layer at an angle of 71° with the original growth direction, making this crystal phase
transition unlikely. As a result, in <100> NW growth, the crystal structure is defect-free ZB
for both p- and n- doping.
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4.2. Measurements and results

Figure 4.1 | Structural analysis of a <100> p-n junction NW, (a) HAADF TEM image

showing an overview image of a p-n doped <100> InP NW. Scale-bar is 500nm. (b) Cor-

responding FFT image of the NW in panel (a). (c-d) HR-TEM image from the highlighted

segments of panel (a), demonstrating the pure zincblende crystalline structure of the NW

both for p- and n-doped <100> InP nanowires. Scale-bars are 5nm.

4.2 Measurements and results

After structural characterization, we addressed the electronic properties of doped <100>
NWs. To characterize the electrical properties, nanowires were dispersed on a Si/SiO2

(280 nm) substrate, and four metal contacts were deposited on single nanowires by electron
beam lithography (EBL) and metal evaporation. The layers thicknesses are 110 nm Ti/10 nm
Au for n-doped nanowires, 1 nm Ti/40 nm Zn/60 nm Au for p-doped nanowires.

In order to remove the native oxide, nanowire surfaces were etched using a buffered
hydrogen fluoride (BHF) solution before metal evaporation. Annealing did not improve the
performance of the test devices, thus no annealing has been performed. Nanowires were
tested in a probe station by sweeping the voltage and measuring the current to obtain I-V
curves.

The resistance of n-doped NWs, obtained by 4-point measurements with Ti/Au metal
contacts, is in the range of a few kΩ. This behavior is expected, as Ti/Au contacts have been
extensively used for characterization of n-doped InP NWs29. In the case of p-doped NWs
we used Ti/Zn/Au contacts, which resulted in non-linear I-V curves. The resistance was
measured in the linear region of the I-V curve to be several tens ofMΩ (typically 50MΩ).
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Figure 4.2 | Four point characterization of single n- and p- doped nanowires.

Examples of the resistance measurements are shown in Fig. 4.2. We attribute this high resist-
ance to the formation of Schottky contacts at the metal-semiconductor nanowire interface,
resulting in a potential barrier, which gives rise to the poor electrical contact. Obtaining a
low resistive electric contact directly to a single p-doped InP NW has previously proven to be
a very challenging task30,31. In most cases Zn-based metallization is necessary32,33, making
processing unsuitable for most cleanrooms based on III-V materials or silicon. Furthermore,
annealing is often required34, adding complexity to the structure and to the processing.

In order to avoid these drawbacks, we developed a contact area that consists of an axial
extension of the p-doped InP with p-doped InAsxP1−x, where the As content is increased
gradually in a continuous linear progression. Ohmic contacts can be established on p-doped
InAs35. Fig. 4.2(a) represents a TEM image of <100> nanowire with gradual interface on top,
with arrow depicting growth direction, scale-bar is 1µm. In the top segment of the nanowires
(Fig. 4.2(b) ), we measured, by Energy Dispersive X-Ray spectroscopy (EDS), a fraction of As
in the NW increasing from 0 up to 0.56±0.06 shown in Fig. 4.2(c), in good accordance to the
molar flows used. We evaluated the crystalline structure of the NW by TEM measurements.
The growth direction switches from <100> to <111> during the transition from InP to InAsP.
The <111> growth direction can be expected to be favored for InAsP NWs unless a careful
optimization of growth parameters is accomplished. Here, the InAsP segment is used only as
a contact segment, and not as an active part of the nanowire devices. Due to the challenges
in growing a gradual interface on both the bottom and top of a p-doped NW, thus, we
evaluated the performance of the gradual interface only in p-n junctions by measuring I-V
characteristics. We grew the NWs in an n-InP / p-InP / p-InAsP growth sequence. To remove
InP non-catalyzed vapor-solid growth, which results in growth of low material quality on
the nanowire side facets36, we introduced during growth in-situ HCl with a molar fraction
of 1.8× 10−5. No HCl, though, was used during the InAsP growth, resulting in a shell that
had to be removed after growth.
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b)a) c)

Figure 4.3 | Analysis of the p-doped region with gradual interface,(a) TEM image of

<100> nanowire with gradual interface on top, with arrow depicting growth direction. Scale-

bar is 1µm. Inset is a zoom-in of the red highlighted region, on which EDX is performed.

(b) HAADF TEM image of the region highlighted in panel (a), with line-scan highlighted.

Scale-bar is 200nm. (c) EDX line-scan performed parallel to the nanowire growth axis,

showing the gradual increase in As content closer to the nanowire tip.

For the electrical measurements we fabricated the metal contacts by two separate steps
of electron beam lithography and metal evaporation. A typical measurement is shown in
Fig. 4.4(a). No saturation of the current was observed at the our range of voltages and currents
(up to 15V and 2.5 μA, which results in a current density in the order of 104 A/cm2). The
compliance level of the equipment is 0.02 nA, resulting in a flat current below the threshold
voltage. The rectification ratio (measured in the range of±5V ) is typically 102. We estimated
a total series resistance in the device of 1MΩ, which is an improvement of 2 orders of
magnitude compared to previous devices.

We tested the optoelectronic properties of the NW light emitting diode by electrolumines-
cence, measuring the emission spectrum as a function of the injection current. A waterfall
plot of typical electroluminescence (EL) spectra as a function of injection current from a
single NW is presented in Fig. 4.4(b). Two prominent peaks (at 1.38 eV and at 1.33 eV) with
different characteristics can be identified, Fig. 4.4(c). The peak at higher energy, assigned
to the InP nanowire band gap, increases in intensity and blue-shifts with larger current.
We attribute this behavior to state filling of higher energy states with increased injection
current. The energy position peak at 1.33 eV does not change with current, indicating an
impurity-related emission, which saturates at high injection current, Fig. 4.4(d). In compar-
ison with p-n junctions based on <111> InP NWs without gradual interface29,37, measured at
similar injection currents, the nanowires presented in this work show an order of magnitude
stronger peak intensity and narrower peak line-width (a factor of 2). The quantum efficiency
at low temperatures is estimated to be 0.1%, further indicating an improvement with respect
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a) b)

c) d)

Figure 4.4 | Optoelectronic characterization of p-n junctions based on <100> InP

NW with gradual interface., (a) Scheme of the geometry of n-InP / p-InP / p-InAsP

<100> NW with gradual interface. (b) I-V characterization at 4K of single <100> InP NW

p-n junction with the previously described geometry, with current showed in linear and

logarithmic scale. Inset: SEM image of device used for NW optoelectronic characterization.

(c) Electroluminescence (EL) of single <100> InP NW p-n junction with gradual interface at

4K as a function of injection current. EL spectra are offset for clarity. (d) Electroluminescence

spectrum and the two Lorentzian components, related to the different peaks, used to fit. (e)

Dependence on injected current of the center peak wavelength for each peak.

to previously reported devices29.

4.3 conclusion

Low resistive contact to p-doped InP has been realized by developing a novel p-InP/p-InAsP
gradual interface in NW. We have demonstrated the first p-n junction based on <100>-
oriented nanowires and tested its optoelectronic properties in a single nanowire device.
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4.3. conclusion

<100> nanowires show great potential for next-generation applications integrated with the
current semiconductor technology.
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Chapter 5

Controlling the exciton energy of a
nanowireqantum dot by strain fields

Y. Chen, I. Esmaeil Zadeh, K. D. Jöns, J. Zhang, M. E. Reimer, D. Dalacu, P. J. Poole, F.
Ding, V. Zwiller, and O. G. Schmidt 1

In this chapter, we present an experimental route to engineer the exciton energies of
single quantum dots in nanowires. By integrating the nanowires onto a piezoelectric crystal,
we controllably apply strain fields to the nanowire quantum dots. Consequently, the exciton
energy of a single quantum dot in the nanowire is shifted by ∼ 3meV without degrading
its optical intensity and single-photon purity. Second-order autocorrelation measurements
are performed at different strain fields on the same nanowire quantum dot. The suppressed
multi-photon events at zero time delay clearly verify that the quantum nature of single-
photon emission is well preserved under external strain fields. The work presented here
could facilitate on-chip optical quantum information processing with nanowire based single
photon emitters.

5.1 Introduction

Quantum optical information processing has imposed several key requirements on a good
single-photon emitter. First, the emitter should generate single-photons with high bright-
ness and long coherence time. Second, the emitted photons from one source, and much
more preferred from independent sources, should be indistinguishable1–5. Semiconductor
quantum dots (QDs) embedded in bottom-up grown nanowires have the potential to fulfill
these prerequisites6,7. For the first requirement, these wires benefit from the recently de-
veloped two step growth process combining selective-area and vapor-liquid-solid epitaxy

1The results in this chapter have been published in Applied Physics Letters, 108,182103 (2016)
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techniques. A single QD can be ideally embedded into the nanowire, which overcomes
previous random approaches of fabricating waveguides around multiple QDs8–10. Bright
single photon sources based on similar nanowires with extraction efficiencies of up to 42%
have been demonstrated11. A further improved extraction efficiency exceeding 90% can be
achieved if the wire shape is smoothly tapered and a thin dielectric-gold mirror is integrated
underneath12. The nanowire also features a Gaussian emission profile, which is important
for fiber coupling13–15. The significant reduction of nearby traps also provides an ultraclean
spectrum and long coherence times of up to 1.2 ns16,17.

For the second requirement; however, the nanowire QDs suffer from inhomogeneous
spectral broadening of the exciton emission from different sources due to shape, strain
and composition inhomogeneity during growth7,10. Therefore, the single photons from
different sources are distinguishable and scaling up these sources is extremely challenging18.
Post-growth tuning is therefore essential in order to achieve indistinguishable photons
from independent sources. Tuning the exciton emission from nanowire QDs will also find
important applications in a hybrid system, where the QDs can be coupled to an atomic
system either to counteract slow spectral diffusion in QDs or to store photons in a quantum
memory19.

To date, the methods for engineering the nanowire QD emission are limited. G. Signorello
et al. clamped a freestanding nanowire by a Ti contact onto a flexible substrate21. By bending
the nanowire, they shifted the photoluminescence (PL) signal fromGaAs−Al0.3Ga0.7As−
GaAs core/shell nanowires by over 290meV. However, on-chip implementation of such
a “bending wire” setup is quite challenging, and the core/shell nanowires by their nature
are not single-photon sources. P. Kremer et al. fabricated QD-containing nanowires on
a piezo substrate by reactive ion etching and managed to tune the QD exciton emission
over 1.2meV by strain22. In addition to the fabrication challenges such as rough nanowire
surfaces and shape control, the top-down fabrication approach generally has a low yield
since the QD locations are not deterministically aligned during the etching. M. Reimer et
al. have successfully removed the biexciton binding energy in nanowire quantum dots by
a local lateral electric field. Unfortunately, in this configuration the in-plane emission is
blocked by electrical contacts at both ends of the nanowire to pump away excess charges23,24,
and is therefore not desirable for on-chip quantum information processing.

5.2 Masurement setup and the experiment

In this chapter we demonstrate wavelength-tunable single photon sources from nanowire
QDs by strain. The studied sample is a single InAsP QD embedded in a bottom-up grown
InP nanowire waveguide. The nanowire shape can be modified during growth to control
the tapering angle, diameter and length (inset in Fig. 5.1(a)). Detailed information on the
growth are discussed elsewhere13. The tapered nanowires were picked-up from the growth
substrate by a nano-manipulator and transferred subsequently onto a piezoelectric crystal
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5.3. Results

Figure 5.1 | Sketch of the strain-tunable nanowire single- photon emitter. (a) sketch

of the device. The nanowire is laid in-plane on the piezo substrate. Inset the Scanning

Electron Microscopy of the nanowires before the transfer. Scale bar indicates 2 um. (b) The

spectrum of the nanowire quantum dot. Inset shows the dependence of the integrated peak

intensity of emission line on the excitation power.

consisting of [Pb(Mg1/3Nb2/3)O3]0.72[PbT iO3]0.28 (PMN-PT) (Fig. 5.1(a)). The choice of
PMN-PT is due to its large in-plane strain capabilities and negligible drop of strain at low
temperatures25.

The device is mounted on the cold-finger of a continuous helium-flow cryostat and all of the
optical experiments are carried out at 5 K. A continuous-wave laser at wavelength of 532 nm
is focused onto the nanowire by an objective with numerical aperture of 0.42. The radiative
dipole of a single nanowire QD lies in a plane perpendicular to the nanowire elongation axis,
therefore the excitation and collection of the photoluminescence (PL) can be done either
along the nanowire elongation axis or from the top of the nanowire (perpendicular to the
axis). With both excitation/collection geometries, the peak emissions have exactly the same
energies26. In this work we used the geometry as sketched in Fig. 5.1(a) to demonstrate the
strain tuning of nanowire emissions. For on-chip integration applications, however, the
in-plane emission along the axis can be used together with dielectric waveguides to obtain
much higher photon flux27.

5.3 Results

Fig. 5.1(b) shows a typical PL spectrum from a single nanowire QD. The integrated intensity
of the main emission line has a linear dependence on the laser excitation power (see inset
of Fig. 5.1(b)) and its fine structure splitting28 is ∼ 5μeV . We attribute this line to neutral
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Figure 5.2 | Strain tuning behavior of the PL from nanowire quantum dots and

normalized second-order autocorrelation function of the single-photon source

without background subtraction. (a) PL from the sandwiched nanowire. By sweep-

ing the voltage on piezo, the excitonic energy is linearly and reversibly shifted by around

3meV. (b) Autocorrelation measurement of the emission from a nanowire quantum dot at

two energy points indicated by the black and red dashed lines in the left figure.

exciton emission.

A bias voltage V applied to the PMN-PT results in an out-of-plane electric field Ep, leading
to an in-plane strain in the nanowires that modifies the QD emission energy25,29,30. The
PL emission spectrum is recorded while sweeping the voltage applied to the piezoelectric
substrate. Fig. 5.2(a) shows the typical result for the strain tuning of a single nanowire QD.
We observe a clear blue shift of the QD emission when increasing the electric field Ep, This
is because for this device increasing the electric field corresponds to compressive strain and
therefore increases the emission energy. Both blue and red shifts can be achieved with our
device, simply by changing the polarity of the applied voltages. Two types of devices were
used to study the efficiency of strain transfer. In the first type of devices the nanowires were
anchored by a thin silicon nitride layer to achieve more efficient strain transfer. In the second
type of devices without anchoring layers, the nanowires were transferred directly onto the
PMN-PT substrate. We observed that the emission energy tuning can be achieved with the
same order of magnitude in these two types of devices. We ascribe the shift in the devices
without anchoring layers to the interlayer van der Waals forces between nanowires and
the substrate, as being observed in 2D material heterojunctions31. This finding will greatly
simplify the fabrication processes for future devices where in-plane single-photon emitters
are needed.

To demonstrate wavelength-tunable single-photon emission from nanowire QDs, we have
measured the second-order autocorrelation functions32 g2(τ) as Ep is varied from -10 to
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5.3. Results

Figure 5.3 | Twonanowire quantumdots are tuned to degeneracy. (a) Emission energy

from two nanowires tuned into degeneracy. (b) The lifetime of two nanowire quantum dots

emission at the crossing point, with 500 ps and 460 ps, respectively. Blue dots indicates

experimental data and red short dashed line is the fitting line

25 kV/cm. After spectral filtering with a spectrometer, a non-polarizing 50:50 beam splitter
splits the exciton emission between two single-photon avalanche detectors. Fig. 5.2(b) shows
the measured g2(τ) for two different strain fields corresponding to dissimilar emission
energies. At the exciton energy of 1.307 eV, a multiphoton emission probability of g2(0) =
0.19± 0.08 is obtained by fitting the experimental data. When the exciton energy is shifted
by 2meV, the g2(0) remains unchanged within experimental error, with a value of 0.20±0.06
(solid line in Fig. 5.2(b), no background subtraction in both cases). The non-vanishing g2(0)
is most likely due to stray light from background emission, the dark counts and limited
timing resolution of our single-photon detectors.

We can also tune the QD energies from different nanowires into spectral resonance. For
this purpose, we transfer two nanowire QDs onto two separate chips. The results are shown
in Fig. 5.3(a). For the applied electric fields of 2 kV/cm and 14 kV/cm, the emission energies
of two QDs are tuned to the same value. This strain tuning technique of the emission energy
that we present opens up a scalable route to realize two-photon interference between two
spatially separated nanowire single-photon sources. It is worth mentioning that the lifetime
T1 for two nanowire QDs measured at degeneracy are quite short and similar to each other
(see Fig. 5.3(b)), which is advantageous for future two-photon interference experiments.
When lying on the substrate, the nanowire QDs are in close proximity to the gold surface
of the PMN-PT substrate. It is commonly believed that the exchange of energy between a
dipole and the metal surface plasmon can provide additional decay channels, leading to a
faster decay trace (lifetime)33,34. Compared to the lifetime of about 1.5 ns reported for similar

49



5. Controlling the exciton energy of a nanowire quantum dot by strain fields

(a) (b)

Figure 5.4 | Nanowire tuning and energy spread over the entire wafer. (a) Exciton

emission energy of a single nanowire QD is shifted by 6.3 meV. (b) Inhomogeneous spectral

broadening of 50 nanowire QDs from another growth run with different emission energies.

The red envelope is a Gaussian fit, with a standard deviation of 5.7 meV.

nanowire QDs17, the lifetime measured here is approximately three times shorter, which
is likely due to this plasmonic enhancement35. On the other hand the possible plasmonic
effect, if not required, can be avoided by putting a thick dielectric layer under the nanowires
or by embedding the nanowire inside a dielectric waveguide.

Finally, we would like to address the question of what is the percentage of these wires
that can be tuned into spectral resonance. We compare the emission tuning range of single
nanowire QDs with the inhomogeneous emission broadening of 50 nanowire QDs. The
strain tuning range of a single nanowire QD is shown in Fig. 5.4(a). By applying voltage
from -300 V to 800 V to the PMN-PT, the exciton emission energy is shifted by 6.3meV. The
non-linear tuning behavior is most likely due to the imperfect anchoring of the nanowire. We
measured 50 QDs from another growth run with different emission energies to determine the
inhomogeneous spectral broadening. The distribution of their emission energies is shown
in Fig. 5.4(b). The data is fitted by a Gaussian envelope. The standard deviation is 5.7meV,
which is smaller than the strain tuning range. This result suggests that we can tune almost
any nanowire into spectral resonance with another one from the same wafer.

5.4 conclusion

In summary, we have demonstratedwavelength-tunable single photon sources fromnanowire
quantum dots by using strain engineering techniques. Due to several important advantages,
the tapered nanowires grown in a bottom-up approach are ideal single-photon sources
for on-chip quantum photonic applications when laid down on the substrate. With the
strain tuning method presented in this work, the inhomogeneity of their emission energies
can potentially be overcome. As an example, we demonstrate the spectral resonance of
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two strain engineered nanowire QDs. Our strain engineering technique is also compatible
with the dielectric waveguides with embedded nanowires to facilitate complex routing of
indistinguishable single photons. Combined with the recently developed on-chip strain
tuning platform with low operation voltages and ultra-small footprints35, our work may
facilitate important quantum optical experiments such as two-photon interference with
on-chip integrated nanowire QDs36.
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Chapter 6

Measurement of low temperature
thermo-optic coefficients of PECVD

silicon nitride resonator

A. W. Elshaari, I. Esmaeil Zadeh, K. D. Jöns, and V. Zwiller 1

In this work we measure the thermo-optic coefficients of PECVD silicon nitride and silicon
oxide between 18K and 300K. The coefficients are measured by studying the temperature
dependence of the resonance wavelengths in an integrated ring resonators. The resonators
show low sensitivity to temperature variations at cryogenic temperatures, and higher sensit-
ivity as the temperature increases. We find thermo-optic coefficients of PECVD silicon nitride
and silicon oxide at room temperature to be (dnSiN )/dT = (2.51± 0.08)× 10−5RIU/Ko

and (dnSiO2)/dT = (0.96 ± 0.09) × 10−5RIU/Ko. The presented results provide new
practical guidelines in designing photonic circuits for studying low temperature optical
phenomena.

6.1 Introduction

Silicon Nitride (SiN) is a CMOS-compatible material well known to the computer chip in-
dustry as a dielectric insulator1. In the past few years, it has been one of the main platforms
for building integrated photonic circuits. Besides offering CMOS compatibility, it has the
advantages of relatively large refractive index contrast with silicon oxide enabling dense
and small footprint devices2,3, it has no two-photon absorption in the telecom wavelength
range due to its large bandgap4, and it offers relatively large thermal/Kerr coefficients at

1The results in this chapter have been published in IEEE Photonics Journal, vol. 8, no. 3, 2016.

55



6. Measurement of low temperature thermo-optic coefficients of PECVD silicon nitride resonator

room temperatures5. These properties ,among others, enabled a wide variety of applications
utilizing linear optical components with low propagation loss6–8, high-Q resonators7,9,10, and
all-optical signal processing/amplification11,12. Naturally, extensive studies to determine the
room-temperature thermo-optic properties of SiN have been conducted. Based on integrated
waveguide-technique, the room temperature thermo-optic coefficient of SiN was previously
reported5,13,14. Low temperature values of the thermo-optic coefficient were only reported
for amorphous SiN down to 80 K using Fabry-Pèrot measurements15. Based on the fitted data,
a numerical model was constructed, but unfortunately the model breaks-down below 50K.
While characterization at even lower temperatures is highly desired for on chip quantum
photonic applications, no detailed study of the thermo-optic properties of the material at low
temperatures have been performed. The quality of integrated optical components depends
on the precision of the refractive index information available. Although the absolute value
of the index sets the operation point of the device, any fluctuations in temperature will
change the refractive index and hence change the optical properties. These fluctuations in
the temperature can play a major role in limiting the accuracy of on-chip interferometric
and resonant elements. In addition, when building on-chip cryogenic circuits, the available
thermal budget for thermo-optic tuning should be carefully investigated. For these reason
it’s of prime importance to have knowledge of the thermo-optic coefficient of the constituent
materials dn/dT at low temperatures. In this work, we measure the thermo-optic coefficient
of SiN and SiO2 between 18K to 300K based on integrated circuit approach and test the
performance of a fully integrated tunable filter. Integrated optical circuits operating at cryo-
genic temperatures have been used for single photon detection16,17 , coupling from on-chip
emitters18,19, entangled photon generation with nonlinear processes20,21, and spectrograph
calibration22. Beside faster carrier dynamics and reduced noise23, low temperature operation
is crucial for many applications such as coupling to superconducting single-photon detect-
ors24. The thermo-optic coefficient plays an important role in tuning25 and stabilization26 of
integrated optical circuits. Silicon nitride/silicon oxide based photonic circuits are promising
candidate for quantum photonic circuits. Any deviation in the designed optical properties
when used under high power or subjected to thermal fluctuations are of prime importance
and will degrade the overall performance27.

6.2 Fabrication

Here we characterize the thermo-optic coefficient of PECVD SiN and Silicon Oxide (SiO2)
based on studying the resonance tuning of whispering gallery mode cavity from 18K to
300 K. The devices were fabricated on a bare silicon wafers covered with 3μm-thick thermal
oxide. This layer serves as a low index barrier for total internal reflection in SiN optical
channel. Then 200 nm of SiN was deposited using PECVD at 300◦C , following a similar
process in previously reported work28. Waveguides and ring resonators are patterned with
100 KeV e-beam lithography on 950K PMMA resist. After developing the resist, features were
transferred to the SiN by complete etching of the SiN layer selectively using CHF3/Ar
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Figure 6.1 | The fabricated chip and the measurement setup. (a) SEM image of the

SiN ring resonator used in the experiment. The resonator has a diameter of 140μm with

waveguide-ring gap of 280 nm. (b) 2-focii experimental setup showing the chip mounted in

a continuous flow-cryostat with a local heater. More details are included in the main text.

based reactive ion etching. This was followed by a shortO2 plasma cleaning step. Finally, the
chip was cladded with 2µm PECVD SiO2 for better mode confinement of both orthogonal
modes in the waveguide.

The chip design employed a U-shape structure29 with input and output waveguide separa-
tion of 40μm. This simplifies coupling to/from the side facet of the chip and separates input
and output beams spatially. Furthermore, the waveguides were terminated with inverse taper
for efficient coupling and to allow only the fundamental mode to be excited10,30. The taper
is adiabatically changed to the main waveguide width of 800 nm. The resonator is designed
to have a diameter of 140μm and gaps of 280 nm separating it from the bus waveguides. An
SEM image of the fabricated device is shown in Fig. 6.1(a). For testing, the chip is cleaved
at the inverse taper region along the wafer crystal direction to achieve a smooth facet for
enhanced coupling.

The experimental setup is shown in Fig. 6.1b. It consists of a continuous flow cryostat
equipped with a PID controlled heater. The imaging system allows viewing the top/side of
the chip independently through removable beam splitter BS2 and mirror M2. The side view
helps to evaluate the laser spot while exciting the waveguide. For the excitation, we use a
super-continuum source equipped with acoustic optical tunable filter. Light is launched to
the chip through a half-wave plate and a linear polarizer to control input-state polarization.
Finally, the output beam is directed to a 750mm spectrometer set with 1800 g/mm grating
terminated with a CCD. The drop port transmission of TE and TM modes is shown in
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Fig. 6.2(a). The quality factors of TM and TE modes are 12400 and 27000, respectively. For
the ring-bus waveguide gap of 280 nm, TE modes are under-coupled which is indicated by
the higher Q.

6.3 Masurement and results

The sample temperature is modified using the PID controlled heater, while measuring the
transmission spectra of TM and TE modes. Fig. 6.2(b) shows the case of tuning different TM
longitudinal resonant modes. We analyzed four resonances for each orthogonal waveguide
mode between 850 nm and 880 nm as a function of temperature. The resonance-wavelength
dependence with temperature is studied from 18K to 300 K.

Since in a helium-flow cryostat the sample is cooled from the back(side), we investigated
if there is any temperature gradient in the sample and deviation in the temperature from
the built-in cryostat temperature sensor. For precise sample temperature measurements, we
mount a temperature sensor directly on the sample holder. The inset of Fig. 6.2(c) shows
finite element modeling of the temperature distribution in the waveguide region. The
simulation shows homogenous temperature distribution where the optical mode is located.
The relative resonance shift is extracted then averaged over all four resonances to minimize
the measurement errors as shown in Fig. 6.2(c).

The resonance shifts are measured with respect to the resonant wavelength at 18 K for both
orthogonal modes. To ensure high accuracy and thermal stability, all the measurements were
taken after waiting for more than 30 minutes for each single point. No thermal fluctuations
were observed during data acquisition. From the data we observe that the rate of change in
resonance shift increases with temperature, suggesting a deviation from the simple linear
dependence around room temperature31. The two orthogonal modes tune differently with
temperature due to the different confinement factors of the TE and TM modes in the SiN.
TM modes extend more into the SiO2 cladding which has a lower thermo-optic coefficient
than the SiN core. Additionally, we performed waveguide loss measurements at room
temperature and at 18 K. The losses for TE and TM modes are 4 dB and 2.5 dB, respectively,
with no temperature dependence. We attribute this to the dominance of the geometrical
waveguide loss due to side wall roughness over the inherent material loss.

At low temperatures the actual sample temperature varies from the built-in temperature
sensor of the continuous flow cryostat. In order to analyze the data and extract the thermo-
optic coefficients of the core and cladding, following the approach presented in13, we first
extract the group index of each guiding mode. The group indexes of TM and TE modes are
calculated from the two measured free-spectral-ranges (FSR) and length of the resonator32.
For the TM resonance at 873.25 nm and the TE resonance at 873.3 nm, the measured FSRs
are 0.98 nm and 0.92 nm, respectively. These correspond to mode group indexes of ng,TM =
1.767 and ng,TE = 1.882. Furthermore, we can calculate the resonance sensitivity for
temperature changes by taking the derivative of the curve in Fig. 6.2(c) :
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Figure 6.2 | Temperature tuning of ring resonators. (a) Drop port transmission for

both TE and TM resonant modes. (b) Temperature tuning of TM resonant mode. (c)

Resonance shift as a function of temperature. The shifts are measured with respect to

resonant wavelengths at 18 K. The inset shows finite element method simulation for the

temperature distribution at the waveguide.

dλTE

dT
(T ) = 1.033× 10−4 − 4.480× 10−6T + 3.701× 10−7T 2 − 6.499× 10−10T 3

− 3.519× 10−13T 4

dλTM

dT
(T ) = 2.995× 10−5 + 2.133× 10−6T + 2.746× 10−7T 2 − 5.525× 10−10T 3

− 9.374× 10−14T 4

(6.1)

The thermo-optic coefficient of core and cladding materials are extracted by relating the
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Figure 6.3 | Ellipsometry and sensitivity measurement. (a) Ellipsometry measurement

of the refractive index of the core and cladding. (b) Calculated resonance sensitivity to

variations in the core and cladding refractive indexes.

thermally induced resonance shifts to individual material changes13:

dλTE

dT
=

∂λTE

∂ncore

∂ncore

∂T
+

∂λTE

∂ncladd

∂ncladd

∂T
dλTM

dT
=

∂λTM

∂ncore

∂ncore

∂T
+

∂λTM

∂ncladd

∂ncladd

∂T
(6.2)

To solve these coupled equations for the cladding and core temperature dependence,
we initially calculate the accompanying coefficients ∂λ/∂n. In order to model the cavities
accurately we have to determine the dimensions and room temperature parameters accurately.
We captured high resolution SEM images of the waveguide to model the dimensions correctly.
In addition, ellipsometry measurement for the core and cladding were performed at room
temperature as shown in Fig. 6.3(b). Based on the ellipsometry data, waveguide SEM images,
and the measured group indexes, we use a 3-D full-vectorial mode solver to model the
fabricated device and calculate the rate of change of resonance wavelength with respect to
the cladding and core refractive indexes at each wavelength as shown in Fig. 6.3(c).

Using this data along with the resonance tuning in Fig. 6.2(c), we simultaneously solve
equations (3) and (4). The results are shown in Fig Fig. 6.4(a) and (b). The materials thermo-
optic coefficients vary by more than 1-order of magnitude between 18K and 300K. They
approximately plateau near room temperature resulting in the linear thermo-optic effect
reported in litrature. The measured values at room temperature are: (dnSiN )/dT = (2.51±
0.08)× 10−5RIU/Ko and (dnSiO2)/dT = (0.96± 0.09)× 10−5RIU/Ko.
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Figure 6.4 | Measurement thermo-optic coefficients of SiO2 and SiN . (a) and (b)

show thermo-optic coefficients of SiN and SiO2, respectively, as a function of temperature.

These values show excellent agreement with recently reported work using integrated
optical cavities13 with only ∼2% deviation which is smaller than the measurement errors.

There are different challenges in measuring the refractive index at low temperatures.
The main requirements are having good thermal stability in the system and a sensitive
resonant or interferometric effect to sense minor changes in the material properties. Com-
pared to previous integrated approaches, the measurements are performed in a continuous
flow cryostat under high vacuum to yield the maximum stability. Accurate temperature
extraction of the sample which is crucial to measuring the refractive index of both materials
is essential. Here, two temperature measurements are performed. One with PID controlled
local heater/sensor in the continuous flow cryostat, while the second is taken with a high
sensitivity low temperature diode mounted directly on the sample holder.

For the tolerance values presented in Fig. 6.4(a) and Fig. 6.4(b), we performed errors
propagation to include different types of errors in the measurement. First, spectrometer
resolution was limited to 0.0076 nm at 1800 g/mm, putting a lower limit on the smallest
measurable resonance shift. Temperature measurement error was limited by the accuracy
of the voltage readings on the diode and the corresponding temperature in its response
function. Finally, the fitting errors are included and propagated through all the numerical
operations, which is minimized by tracking multiple resonances and averaging over them.

By fitting the measured data, we extract the temperature-dependent thermo-optic coeffi-
cients of SiN and SiO2 for the temperature range investigated.
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dnSiN

dT
(T ) = 3.211× 10−7 − 1.990× 10−8T + 8.856× 10−10T 2 − 1.375× 10−12T 3

− 1.105× 10−15T 4

dnSiO2

dT
(T ) = −1.167× 10−7 + 1.727× 10−8T + 1.861× 10−10T 2 − 5.781× 10−13T 3

+4.221× 10−16T 4

(6.3)

Fig. 6.5 shows reported values in literature for the thermo-optic cofficient of silicon nitride
at different temperature. The presented work complements nicely the reported data in
literature for the thermo-optic properties of SiN.

To stress the importance of the presented results for low temperature performance of
photonic circuits, we fabricated local heaters on the ring resonators as shown in Fig. 6.6(a).
The heater consists of 80 nm thick titanium resistor separated by 3 micrometers of PECVD
SiO2 from the ring. The resonance shift of the TE mode as a function of the heater voltage is
shown in Fig. 6.6(b). We clearly see larger resonance tuning at room temperature compared
to 18 K due to the larger thermo-optic coefficient. Furthermore, as the voltage increases the
device temperature increases and the tuning becomes more efficient.
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Figure 6.6 | Integrated tunable ring resonator. (a) Microscope image of a ring resonator

integrated with a local heater. (b) Resonance shift of TE mode as a function of voltage for

room temperature and 18 K.

6.4 conclusion

In summary, we have measured the thermo-optic coefficients of SiN and SiO2 as a function
of temperature between 18K and 300K. The thermo-optic coefficients change by more
than one order of magnitude over the whole temperature range. The SiN resonators have
considerably high thermal stability at low temperatures on the expense of tunability. As an
example, we studied the performance of a fully integrated electro-optic filter at 18 K and
at room temperature and showed that the filter has considerably smaller tuning range at
lower temperatures. As higher temperatures generally degrade the performance of quantum
emitters and single photon detectors, the less efficient tuning sets a limit on the available
thermal budget for temperature tuning. The presented results can be used as a reference for
future designs of complex integrated cryogenic circuits.
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Chapter 7

Scalable integration and positioning
of single photon sources in photonic

waveguides

I. Esmaeil Zadeh *, A. W. Elshaari *, K. D. Jöns, A. Fognini, D. Dalacu, P. J. Poole, M. E.
Reimer, and V. Zwiller 1

A major step towards fully integrated quantum optics is the deterministic incorporation 
of high quality single-photon sources in on-chip optical circuits. We show a novel hybrid 
approach in which preselected III-V single quantum dots in nanowires are transferred and 
integrated in silicon based photonic circuits. The quantum emitters maintain their high 
optical quality after integration as verified by measuring a low multiphoton probability of 
0.07 ± 0.07 and emission linewidth as narrow as 3.45 ± 0.48 GHz. Our approach allows for 
optimum alignment of the quantum dot light emission to the waveguide modes resulting in 
very high coupling efficiencies. We estimate a coupling efficiency of 24.3 ± 1.7 % from the 
studied single-photon source to the photonic channel and further show by finite-difference 
time-domain simulations that for an optimized choice of material and design the efficiency 
can exceed 90 %.

1The results in this chapter have been published in Nano Letters 2016 16 (4), 2289-2294
* These authors had equal contributions.
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7.1 Introduction

Experiments on photons have played a key role in our understanding of quantum mechanics
by probing the quantized nature of electromagnetic radiation. Since Linear Optical Quantum
Computing (LOQC)1 was proposed, there has been an ongoing effort to achieve a scalable
platform for its realization. Few qubit operations have been shown2,3 and up to eight photon
entanglement has been achieved4 using discrete optical components and parametric down
conversion. Although many basic proof of principles have been demonstrated, a more
scalable approach is needed for complex architectures. Recently, integrated photonics has
gained significant interest as it offers scalability, robustness and ease of use for on-chip
quantum computation5–9.

A LOQC system comprises of three main components: single photon generation, manipu-
lation, and detection. Single-photons used in integrated photonic circuits are often generated
using parametric down conversion or quantum dots (QD). As opposed to parametric down
conversion, QDs are suitable for on-demand single photon generation10, narrow emission
bandwidth, their emission wavelength can be tuned11–15 and they offer the possibility of
on-chip electrical excitation16. As for the logical quantum gates, every discrete unitary
operator can be realized using only mirrors and beam splitters17. This makes the integrated
photonic platform very attractive due to the already available components for passive and
active light manipulation18. In addition, for single photon detection, > 90 % system efficiency
has been achieved19. However, to realize an efficient LOQC system, it is required to interface
all of these often incompatible technologies.

Significant efforts have been put into realizing LOQC on-chip. For on-chip detection,
efficient coupling of superconducting nanowire single-photon detectors (SNSPD) with dielec-
tric waveguides has been demonstrated20,21. As for the gate operations, complex photonic
circuits for quantum operations have been realized22,23. In addition, QDs have been coupled
to photonic cavities, nanowires, waveguides24–26 and SNSPDs27. Fabricating low-loss III-V
waveguides and selectively embedding single-quantum emitters is a challenge28,29. Moreover,
growing superconducting films (for detectors) on these substrates often leads to low efficiency
or high dark counts30.

7.2 Device and experimental setup

In this work, we present a novel hybrid platform through integration of III-V preselected
single QDs embedded in nanowires within robust SiN photonic circuits. Unlike the work
with NV centers31, we embed sources with directional emission that is perfectly suited
for coupling to the waveguides. Figure 8.1a provides an artistic visualization of such an
integrated quantum circuit element. The red spheres represent single photons that are
coupled to the waveguide in the forward direction. The indium phosphide nanowires are
1.5-3μm in length and 250-300 nm in diameter with a 3-4 nm section of indium arsenide
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phosphide, forming the QD, located 200 nm from their base. During growth, once the
length of the nanowire is longer than the diffusion length of indium, it tapers with an angle
depending on the growth parameters32. For the photonic channel, the waveguide height
is 200 nm with a width of 2 μm near the nanowire region to simplify alignment during
fabrication. The waveguide is then tapered adiabatically to 800 nm for single mode operation.
The SiN layer is formed using plasma enhanced chemical vapor deposition (PECVD) with a
measured refractive index of ∼ 2 near the QD emission.

Our design allows for strong overlap of the QD electric dipole moment and the funda-
mental modes of the waveguide since the z-quantization axis of the QD is aligned along the
propagation direction of the waveguide. The QD electric dipole moment lies in the X-Y plane
and can generally be represented as a linear combination of the orthogonal transverse modes
(TE and TM) supported by the photonic channel. Figure 8.1b shows finite-difference time-
domain (FDTD) simulations of coupling from the nanowire QD to TM and TE modes. The
insets illustrate the electric field intensity in the X-direction (TE mode) and Y-direction (TM
mode). For the given waveguide and nanowire geometry, the theoretical QD to waveguide
coupling efficiency is 36 %. Since the tapering length for our nanowires is short, the coupling
efficiency is similar for both forward and backward directions (∼18 % for each direction).

We transfer preselected high quality nanowire QDs on silicon chips using a nanomanipu-
lator. Our setup is a modified version of previous works33,34. It consists of a tungsten tip
mounted on a x-y-z movable stage imaged by a high resolution optical microscope. The
nanowire is detached at its base from the growth chip, then due to van der Waals forces it
adheres to the tungsten tip. The nanowire is then transferred to a silicon chip with < 500 nm
position and < 2 degrees rotation precision. Inset 1 of Figure 8.2a was captured while a
nanowire was being transferred using a nanomanipulator. The chip was prepared with
2.4μm of buried silicon oxide serving as a low index buffer between the SiN waveguide and
Si substrate, as well as pre-fabricated markers to align the photonic circuit with respect to
the nanowire. These markers allow for very precise alignment of the nanowires within the
waveguide circuits (< 50 nm if required). After the nanowire transfer process we encapsulate
the nanowire in SiN, which acts as the core of the photonic channel. The photonic circuits
are patterned and etched with respect to the alignment features and finally cladded with
PMMA for symmetric mode confinement. Figure 8.2a shows a color coded microscope image
of a single nanowire positioned within a SiN waveguide.

An important milestone toward monolithic integration of quantum optical circuits is to
operate and link multiple on-chip sources. Using our method, it is possible to: preselect
many quantum emitters, transfer them to a silicon chip, embed them in waveguide material,
select the desired ones (in terms of emission wavelength, intensity, linewidth, etc.), and then
route their emission to different input ports of photonic circuits. Inset 2 of Figure 8.2a shows
an optical microscope image of multiple quantum emitters integrated on the same photonic
circuit. Together with electrical 35 and strain tuning36 of nanowires, our approach allows for
complex fully integrated quantum circuits.
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Figure 7.1 |(a) Schematic view of the device, where a III-V QD in a nanowire is embedded in

a SiN photonic waveguide. The emitted photons are depicted with red spheres propagating

along the waveguide (only the forward direction is shown). (b) 3D FDTD simulations for the

embedded QD emission at 880 nm. Horizontal cuts of the electric field profile are shown for

both of the orthogonal polarization directions. The SiN waveguide boundaries are shown

by the dashed lines. The insets show vertical cuts of the electric field intensity profile at

the QD for both TE and TM modes. The total simulated coupling efficiency for unpolarized

emission from the dot to the guided modes in the SiN waveguide is 36 % (∼18% for forward

and backward directions).
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Figure 7.2 |(a) Color coded microscope image of a single nanowire (green) integrated in

a photonic waveguide (purple). Inset 1 shows a single nanowire attached to the tip of the

nanomanipulator used during the nanowire transfer process. Inset 2 shows multiple selected

nanowires coupled to different photonic channels. (b) Emission spectrum of a standing

as-grown nanowire sample (red), its spectrum after encapsulation captured perpendicular

to its growth axis (green), and finally, its emission collected from the end-facet of the SiN

waveguide (blue). The emission is blue shifted after nanowire transfer and encapsulation in

SiN due to strain. (c) A scanning Fabry Pérot measurement (right) for an emission line from a

nanowire QD indicated by an arrow (left). The Lorentzian fit shows a narrow linewidth with

a FWHM of 3.45± 0.48GHz (Δλ =∼ 0.009 nm). (d) Second-order correlation measurement

showing multiphoton emission probability as low as 0.07± 0.07.

7.3 Results

Figure 8.2b compares the emission spectra of a nanowire QD before and after processing. The
red spectrum originates from the as-grown nanowire QD sample collected from the nanowire
tip, the green curve is the emission spectrum of the encapsulated nanowire QD captured
perpendicular to its growth axis, and the blue curve is the spectrum collected from the
waveguide-facet. As observed in Figure 8.2b, even without taking the facet-loss into account,
the collected light intensity from the waveguide-facet is ∼ 60 times higher than the off-axis
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QD emission. This large difference is due to the high mode matching between the electric
dipole moment of the QD and the fundamental modes of the waveguide. The peak intensity
of the QD emission measured from the waveguide-facet is 10 % of its intensity as measured
when the nanowire was still standing on the original growth chip (as-grown). We attribute
this decrease to the coupling loss from the nanowire into the waveguide, the propagation loss
in the waveguide and the waveguide-facet loss. After transfer and deposition of SiN, the QD
emission is 1.5 nm (2.4 meV) blue shifted due to strain37. We note that the small difference in
the emission wavelength between the blue and green spectra is attributed to the difference
in temperature of the two different mounts used for on-axis and off-axis measurements.

Sources with long coherence time and high single-photon emission probability are required
for LOQC. To verify the high optical quality of our integrated sources, we carried out a
scanning Fabry Pérot measurement on an emission line of an encapsulated QD presented in
the left panel of Figure 8.2c. The right panel of Figure 8.2c shows the measurement results.
A Lorenztian fit on the transmission spectra yields a FWHM of 3.45± 0.48GHz. This value
is a factor of ∼ 7 larger than the Fourier-transform limit. The linewidth can be improved
by resonant excitation38 and further cooling of the sample39.In addition, we performed an
autocorrelation measurement using continuous wave excitation at 632.8 nm to determine
the single-photon purity of the photons guided along the photonic circuit. The results are
presented in Figure 8.2d. A multiphoton emission probability of g2(0) = 0.07 ± 0.07
was measured. Furthermore, from the fitted data, we estimate an emission life time of
T1 = 0.9± 0.1 ns. These results show the high emission quality of the integrated sources,
despite several processing steps including electron beam lithography, deposition, and reactive
ion etching.

Our hybrid approach enables selection from a variety of materials with low propagation
losses for the waveguide. Shown in Figure 8.3a, we measured the propagation loss for both
TE and TM modes of our waveguide using the cut-back method40 to be 4.0± 0.3 dB/cm and
2.5± 0.4 dB/cm, respectively. This measurement was conducted using a tunable laser at
880 nm to match the quantum dot emission. The higher loss for TE is attributed to the larger
overlap with the etched sidewalls as compared to TM. Additionally, we characterized the
facet losses of TE and TM modes for different waveguide widths at the facet as shown in
Figure 8.3b. For our device, highlighted in Figure 8.3b, the measured facet loss is 7.2 dB and
4.5 dB for TE and TM modes, respectively.

We studied the emission intensity as a function of polarization, shown in Figure 8.3c.
Expected from the large difference in the facet loss for TE and TM modes, our source appears
partially polarized. The facet losses can be improved by reducing the waveguide width
adiabatically41 to closely match the TM and TE modes to the collection objective. As shown
in Figure 8.3b, for a 200 nm waveguide width at the facet, the difference in TE and TM
facet losses falls below 0.7 dB and the total loss improves by ∼ 2 dB as compared to our
current device. This enhanced collection efficiency for smaller taper widths is similar to the
case of as-grown nanowires42, where the tapered section of the nanowire is used for mode
conversion, and improving the extraction efficiency.
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Figure 7.3 |(a) Measurement of propagation losses for TE and TMmodes using the cut-back

method. TM and TE modes propagation losses are 2.5± 0.4 dB/cm and 4.0± 0.3 dB/cm,

respectively. (b) Waveguide-facet losses for TE and TMmodes versus waveguide width at the

end-facet. (c) Polarization measurement on the collected photons from the waveguide-facet.

(d) Colored SEM image of the nanowire-waveguide device. Shown in purple is the SiN

waveguide. The nanowire (white) in covered with a layer of SiN (green). The nanowire is

shifted vertically from the center of the SiN waveguide due to the nature of the PECVD

process. (e) Simulated coupling efficiency for TE and TM photons emitted from the QD as

a function of the vertical offset Y of the nanowire from the center of the waveguide core.

As shown in the two insets, a centered nanowire corresponds to Y=0, while for a nanowire

lying on top of the waveguide Y=200 nm.
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Taking into account the waveguide losses and by comparing the emission spectra from the
encapsulated device and from the as-grown sample, we estimate a unidirectional nanowire
QD to waveguide coupling efficiency of∼12.2± 1.7% (∼24.3% for both forward and backward
directions. The unidirectional coupling efficiency is smaller than the theoretical value of
18 %. To better understand the remaining mechanisms for coupling loss, a scanning electron
microscope image of one of the devices is presented in Figure 8.3d. As is observed, the
nanowire is not embedded at the center of the photonic channel. During the deposition of
PECVD SiN, due to the gaseous process, material builds up isotropically on all surfaces. This
lifts-up the nanowire from the substrate and reduces the overlap between the electronic
transition dipole moment of the QD and the electric field of the supported waveguide optical
modes. We calculate the coupling efficiency as a function of vertical displacement of the
nanowire with respect to the waveguide center. The results are shown in Figure 8.3e. The
total simulated bidirectional coupling efficiency for unpolarized light varies from ∼36 % for
a perfectly centered wire to ∼22% for a wire which is lying on top of the waveguide (no
geometrical overlap). The coupling is slightly stronger for the TE mode than the TM mode
because of the asymmetric geometry of the waveguide. To avoid nanowire displacement, one
can combine the PECVD process with a thin sputtered layer of SiN to anchor the nanowires
on the substrate. Alternatively, other high quality sputtered waveguide technologies like
aluminum nitride43 can be used.

High system efficiency is vital for many applications in quantum optics44. Therefore, to
address and improve the extraction efficiency from our sources, we theoretically optimize
the waveguide geometry and material. The optimized design consists of a silicon carbide
(SiC) waveguide suspended in air with dimensions of 500 nm× 500 nm. The refractive index
of silicon carbide is 2.645 at the wavelengths of interest which provides a contrast of 1.6
with air cladding. Waveguides with loss as low as 5 dB/cm can be made using SiC films
deposited by PECVD at temperatures compatible with our devices46. We performed 3D
FDTD modeling to estimate the coupling efficiency from a nanowire QD to the guided modes
of a SiC waveguide. The symmetric design of the waveguide closely matches the coupling
for both orthogonal electronic dipole transitions of the QD. The coupling efficiency to each
side is ∼46% (92% in total) for unpolarized light.

To produce on-demand single photons on-chip47, all photons must be steered in one
direction. For this purpose we designed a broadband 1D mirror consisting of etched squares
of dimensions 132 nm× 400 nm with a lattice constant of 232 nm along the waveguide.
Figure 8.4a illustrates the design and Figure 8.4b shows the coupling efficiency as a func-
tion of wavelength. The device provides a unidirectional coupling efficiency greater than
86% at 880 nm. As shown in the gray highlighted area of Figure 8.4b, the coupling ef-
ficiency has negligible sensitivity to polarization over the typical emission range of our
QDs. The polarization-insensitive high coupling efficiency combined with symmetric wave-
guide geometry make our device ideal for experiments with polarization-entangled photons.
Figure 8.4c represents the electric field intensity profile of guided TE and TM modes at
880 nm.
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Figure 7.4 |(a) Proposed device for efficient unidirectional coupling to a single mode

waveguide from a nanowire-based QD. The device consists of a SiC waveguide with size

500 nm× 500 nm suspended in air. A 1D mirror consisting of etched squares is used to

direct the photons in the forward direction of the waveguide. The etched squares have

dimensions of 132 nm× 400 nm and a lattice constant of 232 nm along the z-direction. (b)

The unidirectional coupling efficiency of the QD to waveguide calculated with 3D FDTD

simulations. The total coupling efficiency is ∼92% with more than 86% for the forward

propagating modes. High coupling efficiency is achieved because of high reflectivity of the

mirror at the desired wavelength. (c) Electric field intensity profile of guided TE and TM

modes at 880 nm. The photons are reflected by the mirror toward the right side. Dashed

lines show the SiC waveguide boundaries.

7.4 Conclusion

In summary, we have demonstrated controlled integration of preselected nanowire-based
single quantum emitters into photonic waveguides. Our novel technique enables scalable
integration of selected sources in complex photonic architectures on a single chip. The
integrated sources maintain their high optical quality in terms of single photon purity, line
width, and intensity with a coupling efficiency to waveguide ase high as 24%. Furthermore,
we showed theoretically that for a suspended SiC waveguide, in conjunction with a 1-D Bragg
reflector, a unidirectional coupling efficiency greater than 86 % can be realized. Coupling our
quantum emitters to on-chip photonic cavities will allow to investigate the rich physics of
cavity quantum electrodynamics, thus enhancing the spontaneous emission rate to accelerate
the emission lifetime and approach Fourier-transform limited photons. Finally, by local
tuning of the emission energy of single photon sources, indistinguishable photons can be
generated as a necessary step towards on-chip optical quantum computation.
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Chapter 8

Scalable and robust coupling of a
single-photon emitter to an optical

fiber

I. Esmaeil Zadeh, A. Fognini, K. D. Jöns, K. Zeuner, A. W. Elshaari, L. Schweickert and V.
Zwiller 1

Over the past two decades, many important proof-of-principle quantum optics experiments
were carried out by utilizing one or few single-photon sources. To realize more sophisticated
and demanding experiments, a robust and scalable approach is required. Achieving a platform
for the coupling of many sources to single mode optical fibers is highly desired for ambitious
applications. Here we demonstrate a reliable method to couple photons generated from
a nano-scale single-photon source to an optical fiber. In addition, we implement a fully
fiber-based platform from source to detector. Our technique is compatible with different
emitters and is cost and time efficient.

8.1 Introduction

The applications of single-photon sources include quantum cryptography1, quantum optical
information processing2, quantum sensing and imaging3–5. Among different types of single-
photon emitters are the solid state nano-emitters, of particular interest because of their unique
bright on-demand single-photon generation6,7, generation of polarization entanglement8,
two photon interference9,10, spin-photon entanglement11,12, and quantum teleportation13.

1A manuscript based on the results presented in this chapter is under preparation.
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Figure 8.1 | (a) The QD samples are mounted on prefabricated silicon carriers etched in a

key hole shape matching standard fiber sleeves. (b) The fiber based setup used to excite the

QDs and collect the emitted photons. The sample is immersed in LHe and the excitation

and collection is done through a 99:1 fiber beam splitter.

Until now the sources were mounted in bulky cryostats equipped with nanopositioning
stages. Each cryostat could only be used to access a few emitters at a time. Precise and time
consuming alignments was required for each cool-down. Although these processes have
become standard, this approach was hardly scalable.

Prior works have addressed the coupling of quantum dots (QD) to fibers14–16. A robust
and scalable platform for the coupling of many sources to single mode optical fibers is
necessary. In addition, reproducible performances over many cool-down cycles are hard
to achieve. This reproducibility is of prime concern when sources with matched physical
properties, e.g. photon emission energy, are required. We report on a novel hybrid platform
for fiber coupling of single-photon emitters. Our technique is robust, scalable and resource
inexpensive, many fiber-coupled single-photon sources can be mounted in a single cryostat,
reducing the cost and space needed for multi-photon experiments. Moreover, we integrate
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Figure 8.2 | (a) Photoluminescence from a fabricated device after passing through the

fiber-based filter stage. No laser or other undesired emission can be observed. Inset shows a

zoomed spectra of the filtered emission line. (b) Normalized power-dependent PL intensity

for the studied emission line. (c) All in fiber photon-correlation measurement, demonstrating

a clear antibunching with g2(0) = 0.26 ± 0.03 (d) Time correlated single photon counting

measurement. The lifetime is ∼ 1.7 ns. No reflection and re-excitation is visible in the

spectra.

this approach in a fully fiber-based photon correlation measurement all the way from the
source to the detectors.
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8.2 Device, measurement and results

We mount 1mm2 pieces of QD samples, in this case InGaAs/GaAs QDs, on silicon pieces.
The silicon carrier chips are etched in a keyhole shape17 and serve as holder for QD chips
which can be directly glued to these silicon pieces or be fixed in their prefabricated openings,
shown in Figure 8.1(a). Mounting the samples in the silicon pockets makes it possible for
further processing of the QD samples. This hybrid integration also suits well to the future
deterministic positioning of fiber with respect to a selected QD. The sample is then inserted
in a standard fiber mating sleeve and brought in contact with the fiber. A fiber ferule is then
inserted and brought in contact with the sample from the back for mechanical stability. This
sleeve assembly maintains the alignment of the QD sample to the core of the single mode
fiber during operation and cool-down cycles.

To measure photon statistics, we use a fully fiber based network all the way from the
source to the detector, shown in Fig 8.1(b). A fiber beam-splitter with splitting ratio 99:1 is
used to both excite the QDs and route the generated single photons. We excite the QDs with
a continuous laser tuned to 815 nm. To separate the emission line of interest from all other
undesired signals such as laser and other nearby QDs, we use a fiber-coupled filter stage.
This stage consists of a high-pass and a tunable bandpass filter. Here we use a bandpass
filter with a 3 dB bandwidth of 1 nm. The transmission of the filter from fiber to fiber is
better than 80%. Fig 8.2(a) shows an example of a photoluminescence (PL) measurement
after transmission through the filter, only a single QD line exist over the operational range.
Fig 8.2(b) shows the power dependence measurement for the same QD emission line.

Our filter is then connected to a fiber-based 50:50 beamsplitter and the outputs are ter-
minated with two superconducting nanowire single-photon detectors. We perform photon
correlation measurements, the result is shown in Fig 8.2(c). A multi-photon emission prob-
ability of g(2) = 0.26 ± 0.03 is measured. This value demonstrates that the emission is
dominated by a single quantum emitter. Fig 8.2(d) represents a lifetime measurement with a
repetition rate of 80MHz.

To evaluate the stability of our devices, we measure the emission spectra of a fiber
coupled QD over several cool-downs. Fig 8.3(a) represents the outcomes for five repetitive
measurements, with the inset showing the intensities for each cool-down. The fluctuations
in the signal intensity are ∼ 5%. To study the change in the emission spectrum over time,
we performed two measurements separated by a week as shown in Fig 8.3(b). No noticeable
difference was observed; demonstrating the robust performance of our device.

8.3 Discussion and conclusion

A practical platform for demanding quantum optics experiments requires high photon
extraction, filtering and long-distance transmission efficiencies. For the devices shown in
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Figure 8.3 | (a) PL measurement on fiber coupled sample for five cool-downs cycles. The

inset represents normalized QD emission intensity for each cool-down, demonstrating a

stable performance with less than 10% fluctuations. (b) Two PL measurements separated by

a week. The two spectra are nearly identical.

this work, all stages of the experiments are implemented in optical fibers and therefore it is
possible to achieve higher filtering and guiding efficiencies. This is because the mode shape
is not distorted by a grating. To estimate QD to fiber coupling efficiency, we performed
finite-difference time-domain simulations, the results are shown in Fig 8.4(a-c). For a planar
QD sample, emitting around 950 nm in contact with a regular single mode fiber, the maximum
coupling efficiency is ∼ 1.2%. The influence of vertical and lateral displacement of the QD
with respect to the fiber core is shown in Fig 8.4(a) and Fig 8.4(b), respectively. Fig 8.4(c)
represents the electric field profile of a QD emission. Most of photons are reflected back
toward the substrate at the semiconductor-air interface. To reduce the reflection, planar
samples can be etched into the form of microposts18 or needles19. Furthermore, the coupling
efficiency can be improved by engineering the fiber end-facet20.

Another important requirement for a scalable platform in quantum optics is the possibility
to generate indistinguishable photons preferably from many sources. This requirement can
be divided in two parts: sources capable of generating transform-limited photons and the
possibility to tune different sources to degeneracy. As for the first prerequisite, optimizing the
excitation techniques can lead to generation of indistinguishable photons21. Furthermore,
the second requirement for our devices can be addressed by Stark22,23 and/or strain24,25

tuning techniques.

In conclusion, we have shown a plug and play scalable all fiber-based platform for in-
tegration of multiple single-photon sources in a single cryostat. Our approach is resource
inexpensive, shows excellent robustness and stability and is compatible with various types of
emitters. We demonstrate a proof of concept complete fiber-based g2(τ) measurement. The
main limitation in current devices were discussed and directions on how to improve them
were suggested. The platform has minimum requirements and allows for mass production
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of fiber-coupled quantum emitters.
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Chapter 9

Conclusion And Future Work

Semiconductors revolutionized our life in the mid twenty century and they continue to serve
as the forefront of innovations to date. Quantum mechanics played a pivotal role in under-
standing, designing, and developing semiconductor technologies. Lasers and MRI imaging
are two other examples of systems that work based on quantum mechanical phenomena. In
recent decades a new stream of quantum technologies has emerged which directly create,
manipulate and measure the quantum states. Quantum information processing, quantum
communication, and quantum sensing belong to this new wave of applications.

Developing a practical foundation for novel quantum technologies has been one of the
main areas of focus for scientists in recent decades. Quantum optics is one of the promising
infrastructures for these technologies. In previous chapters we discussed techniques to
address scalable implementation of quantum optics.

In this chapter we conclude with a summary of the current status of our integrated
platform and then provide an outlook for future directions towards scalable implementation
of quantum optics experiments.
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9.1 Conclusions and summary

In this thesis, we studied two methodologies for scalable quantum optics: on-chip integrated
and modular fiber-based approach. We demonstrated proof of principle prototypes of both
techniques. In addition, we provided our first results on improved p-n junction nanowires
for future electrically pumped on-chip sources and SiN waveguides as a potential technology
for realization of on-chip quantum optics circuits. In the following sections, we provide a
brief overview of emerging experiments based on our on-chip technology and conclude with
future milestones for improving and scaling up our platforms.

9.2 Current status

As discussed in Chapter 6 PECVD deposited SiN waveguides can be used for realization
of tunable filters based on ring resonators in cryogenic temperatures. Furthermore, we
showed in Chapter 7, single-photon emitters based on QDs embedded in nanowires can be
incorporated into SiN waveguides without any significant degradation.

A natural step after integration of the nanowire QDs in waveguides is the demonstration
of on-chip tuning and filtering. Fig. 9.1(a) presents a nanowire embedded in an optical
waveguide with its forward direction (the direction of the nanowire tip) connected to a
ring resonator with integrated heater for tuning. The off-resonance (not in resonance with
ring) emission spectra of the nanowire QD collected from the end-facet of the forward and
backward waveguides are shown in Fig. 9.1(b). The intensity of forward emission is ∼25%
higher than the backward emission. As discussed in Chapter 7, similar coupling efficiencies
for forward and backward directions are expected. We ascribe the difference in the intensities
of the two spectra to the deviation of nanowire shape specially its taper length comparing
to the simulated geometry in Chapter 7.

The TE and TM resonances of the ring resonator are shown in Fig. 9.1(c). The free spectral
range for both resonance modes is∼ 1 nm. The resonant modes of the ring and QD emission
energy can both be modified by temperature. When in resonance, selected emission line of
the QD is transferred into the drop port of the ring resonator.

We excite the QD using a continuous wave laser at 532 nm and collect the photons from
the drop port of the ring. Fig. 9.1(d) represents the collected signal when ring and our selected
emission line are in resonance. The only observable line over the whole collected spectrum
is that of the selected emission line.

Tuning of the sources

We showed in Chapter6 that SiN has low thermooptic coefficient at cryogenic temperatures.
Hence, the QD tunesmore efficiently even though it is further away from the heater. Fig. 9.2(a)
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Figure 9.1 | A single-photon source integratedwith photonicwaveguides and a ring

resonator. (a) Microscope images of the fabricated device. A nanowire QD is embedded in

a waveguide with the forward side connected to a tunable ring resonator. For comparison,

the backward emission is directly out-coupled. (b) Off-resonance spectra for forward and

backward QD emissions. (c) TE and TM resonance modes of the tunable ring resonator. (d)

A Photoluminescence spectrum collected from the drop port of the ring resonator. The only

visible line is the selected emission line from QD which is in resonance with the ring.

shows how the emission from a nanowire QD is tunned by a distant heater. Applying 10V
(corresponding to ∼ 35mW ) to the heater brings the QD into resonance with its connected
ring resonator.

Although the emissions from QD tune efficiently with the heat, but the properties of the
photons are also affected with the temperature. We perform photon-correlation measure-
ments for the applied voltages of 0 (on the through port of the ring) and 10V (on the drop
port of the ring) shown in Fig. 9.2(b) and Fig. 9.2(c), respectively. The value of g2(0) varies
from 0.21 ± 0.08 at 0 V to 0.55 ± 0.08 for 10 V.

We also show for the first time, single-photon multiplexing and demultiplexing. Fig. 9.3(a)
presents a microscope picture of our device which multiplexes two photonic channels each
containing an embedded nanowire QD. The multiplexed photons are brought in resonance
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Figure 9.2 | Temperature tuning of a QD nanowire. (a) Collected spectra of a nanowire

QD as a function of applied voltage to an integrated heater. (b) and (c), Photon-correlation

measurements for applied voltages of 0 V and 10V to the heater, respectively. The single-

photon purity is degraded by heat.

with a connected ring resonator using a global distant heater. Fig. 9.3(b) demonstrates the
spectra of multiplexed nanowire QDs as a function of applied heater voltage. Four prominent
emission lines can be observed, one around 881.2 nm from the first QD and 3 close lines
around 887 nm emitted by second nanowire QD. We tune the desired line to the resonance
of the ring resonator as observed for an applied voltage of 27 V, also indicated by a red circle,
and hence demultiplex the photons emitted by two separate QDs. It should be noted, that
here as the heater is severals millimeters away from the source, higher tuning voltages are
required, however, as the wavelength shift indicates, corresponding effective temperature
change is much lower comparing to the presented measurements in Fig. 9.2.

9.2.1 Integration of single-photon sources, photonic circuits, and

single-photon detectors

To perform fully on-chip quantum optics experiments, single-photon detectors must also be
integrated with sources and photonic circuits. The results of our first attempt to integrate
sources with the detectors is presented in Fig.9.4. An InP p-n junction nanowire with an
InAsP section is placed and contacted on top of a superconducting nanowire single-photon
detector with a dielectric separation layer. The schematic along with an SEM picture of a
fabricated device are shown in Fig.9.4(a) and Fig.9.4(b), respectively. By biasing the nanowire
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(a)

(b)

Figure 9.3 | Single-photon multiplexing and demultiplexing. (a) Two nanowire QDs

are encapsulated in two separate photonic channels which are then merged together and

hence, multiplex the emitted photons from the embedded QDs. The common waveguide is

then fed into a ring resonator filter (b) The spectrum of multiplexed photons collected from

the through port of the ring. For an applied voltage 27 V, the first QD emission indicated by

red circle, is removed from the common waveguide.

detection events can be registered on the superconducting detectors as shown in Fig.9.4(c).

To separate single-photons from other undesired emissions, on chip filters are required.
We fabricated a prototype device, Fig.9.5, which is designed to perform on-chip photon-
correlation measurement. The photons from a QD are collected into a photonic channel and
are filtered using a tunable ring resonator. The selected photons are then split in a Y-splitter
and terminated in two superconducting single-photon detectors. To avoid heat transfer into
the source and superconducting detectors, we mount the sample in a bath cryostat. Our
preliminary characterizations indicates that by increasing the cooling power, the detectors
can operate normally when applying voltages to the integrated heater for tune the filter.

9.3 Outlook and future work

We reviewed the current status of our approach towards fully integrated quantum optics
and in chapter 8, we presented our initial results with modular fiber-based implementation.
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(a) (b)

(c)

Figure 9.4 | A single-photon LED integrated with superconducting single-photon

detector. (a) Schematic of the fabricated device. A p-n junction nanowire is placed on top

a superconducting single-photon detector separated by a thing dielectric layer. The p and

n sides of the nanowire are contacted in two separate e-beam and evaporation steps. (b)

An SEM image of the device. (c) Detection events registered by detector as a function of

applied current to the nanowire.

In this section, we discuss some future directions for scaling the proposed methods.

9.3.1 Monolithically integrated quantum optics

Thus far we have presented prototypes for integrated quantum optics. Several additional
important challenges must be overcome for a scalable fully on-chip platform. In the following,
we briefly study these milestones.

An optimal platform for integrated photonic circuit

An important step in realizing optical circuits for integrated quantum optics is finding a
material with low optical losses, reliable fabrication (preferably CMOS compatible), and
high electro-optic and nonlinearity coefficients for tuning and realizing photon-photon
interactions. SiN has the first two requirements but it does not offer large electro-optic
coefficient or nonlinearities.
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Figure 9.5 | A prototype chip for integrated single-photon correlation measure-

ment. A nanowire QD is coupled to a waveguide which is connected to a tunable ring

resonator. The filtered photons are then split in two separate waveguides each coupled evan-

escently to a detector. The measurement is performed in a bath cryostat where the cooling

power is high enough to guarantee proper performance of the emitter and superconducting

detectors.

An alternative material to SiN is aluminum nitride (AlN). AlN has low losses over a large
window1 and it is a promising material for nonlinear applications2,3. Another option is
growing single-photon sources that emit around the telecommunication wavelengths, where
established silicon photonics can be exploited.

On-chip control of emission energy, spin and charge states

For many ambitious applications, the quantum state of light has to be directly manipulated.
This requirement puts stringent prerequisites on energy and polarization of the single-
photons as well as their relation with each other. To deterministically prepare a state, the
emission energy and charges in QDs must be carefully controlled. This can be achieved with
on-chip electrical 4,5 and strain fields6. Controlling the spin of the carriers in quantum dots7

is another important challenge that should be addressed.
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Generation of Fourier-transform limited photons on-chip

Multi-photon states rely on the possibility of producing indistinguishable photons. Indistin-
guishably of generated photons is often linked to their deviation from Fourier-transform
limit. In Chapter7 we demonstrated a source which was a factor of ∼7 from the transform
limit. Resonant excitation8 and cooling of the sample to milli-kelvin temperatures9 are
proven ways to improve the linewidth.

9.3.2 Fiber based multi-photon experiments

In Chapter8 we introduced our new method of fiber-based quantum optics. A proof of
principle single-photon experiment measurement was also performed. To scale up this
method many fiber-coupled sources with indistinguishable photons are necessary. Similar
approach as the discussed techniques can be used for generation of transform limited photons.
As for the energy tuning, our QD chips can be glued or gold bonded to piezo chips10 prior
to mounting them in the fiber sleeves. Furthermore, electrical contacts for Stark tuning can
be defined on QD chips.

As a first step, a two-photon interference experiment could be performed on two fiber-
coupled tunable QDs. For the next stages, to scale this into a multi-photon experiment, high
photon extraction efficiencies are needed. Mode matching of the QD emission profile and
the mode of a single fiber by on-chip beam shaping or miniature lens assembly (inside fiber
sleeve) can be exploited.
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Summary

In the past decades quantum optics has been at the forefront of quantum innovative techno-
logies. For practical applications, scalable platforms for implementation of quantum optical
circuits are vital. This thesis presents two new platforms for scalable implementation of
quantum optical circuits, namely, modular approach and monolithic integration. Here, we
take the first steps towards the integration of three main elements of every quantum optics
circuits: Single-photon emitters, single-photon detectors, and quantum logics.

Until now, most quantum optical circuits used separate platforms for single-photon
generation and detection. The main challenge in the integration of these technologies,
which have different requirements, has slowed down the research in the field. Here, we
integrate sources and detectors by first fabricating the devices on their own platform and
then transferring and combining them together. Plasma enhanced chemical vapor deposition
of silicon nitride followed by etching optical waveguides connect these elements.

Removing the Poissonian optical excitation field from the quantum circuit is necessary
for integration. Classical optical excitation can be avoided if the sources are electrically
pumped. However, fabrication of high-quality electrically pumped sources, suitable for
integration, has been limited. The experiments described in chapter 4 are our first step
towards addressing the mentioned problem. Defect-free nanowires are grown on <100>
direction and their optoelectronic performance are characterized.

Nanowire quantum dots, thanks to their waveguiding, purity, coherence and their poten-
tials for deterministic integration with other optical circuits, are promising single-photon
sources for on-chip quantum optics. However, precise control of the emission energy of the
quantum dots by growth has not become possible yet. Chapter 5 describes a method for
on-chip tuning of emission energy of nanowire quantum dots using strain fields. We show
the emission energy of independent nanowire quantum dots can be brought into degeneracy
without affecting their single-photon emission properties.

The quantum optical components have to be routed and connected together to form
functional circuits. On a chip, this is usually carried out using optical waveguides. Moreover,
manipulation of single photons has to be done in a scalable fashion. Again optical waveguides
and ring resonators are very good candidates for this task. Therefore, understanding the
behavior of these circuits such as their losses, polarization dependence, and temperature
behavior is important. The experiment described in chapter 6 studies the behavior of plasma
enhanced silicon nitride waveguides in cryogenic temperatures. We concluded in this chapter
that due to weak thermo-optic sensitivity of silicon nitride at cryogenic temperatures, the
available thermal budget on the system should be carefully considered.

An important step in achieving a scalable platform for quantum optical circuits is de-
terministic and efficient integration of single-photon sources. In chapter 7, we demonstrate
successful integration of III-V nanowire quantum dots with silicon nitride waveguides. The
nanowires are deterministically selected and transferred from the original growth chip
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to the new substrate where they are integrated with low-loss silicon nitride waveguides.
Our measurements show that the integrated sources preserve their high quality emission
properties.

In chapter 8, we describe an alternative approach: a modular method for scalable quantum
optics. The proposed technique is based on coupling the single-photon from sources into
optical fibers where the photons can be processed and then fed into the single-photon
detectors. This approach has high flexibility and is easier to implement but as described in
the chapter, at the moment, losses in the interfaces between optical fibers and single-photon
sources are a major limiting factor.

We conclude the thesis with some possible future directions and exciting new results
on integration of single-photon detectors with sources and waveguides. Finally, primary
results on on-chip single-photon filtering and removal of the optical excitation field are
demonstrated.
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Samenvatting

Gedurende de afgelopen decennia heeft de kwantum-optica aan de voorhoede van innov-
atieve kwantumtechnologieën gestaan. Voor praktische toepassingen is het cruciaal dat de
kwantum-optische circuits gebaseerd zijn op schaalbare platforms. Dit proefschrift present-
eert twee nieuwe platvormen voor schaalbare implementatie van kwantum-optische circuits,
namelijk; een modulaire benadering en monolithische integratie. Hier zetten we de eerste
stappen naar integratie van de drie belangrijkste elementen van elk kwantum-optisch circuit:
Enkele-foton bronnen, enkele-foton detectoren en kwantumlogica.

Tot nu toe gebruikten de meeste kwantum-optische circuits aparte platvormen voor
enkele–foton generatie en detectie. Dit vormt de grootste uitdaging bij het integreren van
deze technologieën, waarbij elk zijn eigen specifieke eisen heeft, en heeft een rem gezet op
de snelheid van het onderzoek. Hier fabriceren we de bronnen en detectoren op hun eigen
platform en verplaatsen en combineren we ze vervolgens. Plasma enhanced chemical vapour
deposition van siliciumnitride gevolgd door het etsen van optische golfgeleiders verbindt de
verschillende elementen.

Om het kwantumcircuit te kunnen integreren is het nodig het Poisson optische excit-
atieveld te verwijderen. Klassieke optische excitatie kan voorkomen worden als de bronnen
elektrisch gepompt worden. Echter de fabricage van hoge-kwaliteit elektrisch gepompte
bronnen, geschikt voor integratie, is beperkt geweest. De experimenten beschreven in
hoofdstuk 4 zijn onze eerste stap om het genoemde probleem te addresseren. Defectvrije
nanodraden gegroeid in <100> richting en hun optoelektronische prestaties zijn gekarakter-
iseerd.

Nanodraad kwantumdots, zijn dankzij hun golfgeleidende eigenschap, spectrale puurheid,
coherentie en mogelijkheid tot deterministische integratie met andere optische circuits veel-
belovende enkele-foton bronnen voor on-chip kwantum-optica. Echter, het is tot op heden
nog niet mogelijk om de emissie energie van kwantumdots tijdens de groei te controleren.
Hoofdstuk 5 beschrijft een methode voor het on-chip regelen van de emissie energie van
kwantumdots door middel van spanningsvelden. We laten zien dat de emissie energie van
onafhankelijke nanodraad kwantumdots degeneratief gemaakt kan worden zonder dat de
enkele-foton emissie eigenschap wordt aangetast.

De kwantum-optische componenten moeten gerouteerd en verbonden worden om func-
tionele circuits te vormen. Het is gebruikelijk om dit op een chip met optische golfgeleiders
te doen. Bovendien moet de manipulatie van de enkele fotonen gedaan worden op een
schaalbare manier. Ook voor deze taak zijn optische golfgeleiders en ring resonatoren goede
kandidaten. Daarom is het van belang te weten hoe de verliezen, polarisatieafhankelijkheden
en temperatuurafhankelijkheden van deze circuits is zijn. Het experiment beschreven in
hoofdstuk 6 bestudeert het gedrag van plasma enhanced siliciumnitride golfgeleiders bij
cryogene temperaturen. We concluderen in het hoofstuk dat er goed naar het thermische
budget gekeken moet worden vanwege de zwakke thermisch-optische sensitiviteit van
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siliciumnitride bij cryogene temperaturen.

Een belangrijke stap op weg naar het bereiken van een schaalbaar platform voor kwantum-
optische circuits is deterministische en efficiënte integratie van enkele-foton bronnen. In
hoofdstuk 7 demonstreren we sucesvolle integratie van III-V nanodraad kwantumdots met
siliciumnitride golfgeleiders. De nanodraden zijn deterministisch geselecteerd en overgep-
laatst van de groei chip naar het nieuwe substraat, waar ze geïntregreerd zijn met siliciumni-
tride golfgeleiders met lage verliezen. Onze metingen laten zien dat de integratie de hoge
kwaliteit emissie eigenschap niet aantast.

In hoofdstuk 8 beschrijven we een alternatieve aanpak: een modulaire methode voor
het realiseren van schaalbare kwantum-optica. De techniek is gebaseerd op het koppelen
van de enkele-foton bronnen in optische glasvezels, waar de fotonen gemanipuleerd kunnen
worden en naar enkele-foton detectoren geleid kunnen worden. Deze aanpak heeft het
voordeel dat hij zeer flexibel en makkelijk is te implementeren maar, zoals beschreven in het
hoofdstuk, vormen de verliezen bij de koppelingen een beperkende factor.

We concluderen het proefschrift met een vooruitblik voor toekomstige mogelijkheden
en veelbelovende nieuwe resultaten waarbij enkele-foton detectoren geïntegreerd zijn met
bronnen en golfgeleiders. Ten slotte worden de eerste resultaten van on-chip foton filteren
en het verwijderen van het optische excitatie veld gedemonstreerd.
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