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Abstract

Single photon detectors are a vital part of many emerging technologies which
harness the quantum properties of light to benefit the fields of communication,
computation and sensing. Superconducting nanowire single photon detectors
(SNSPDs) o�er high detection e�ciency, low dark count rates, low timing jitter,
and infrared sensitivity that are required by the most demanding single photon
counting applications. This thesis presents SNSPDs fabricated and tested at
the University of Glasgow that are integrated with optical structures which
enable enhanced detection e�ciency and integration with waveguide circuit
technology.

The monolithic integration of waveguide circuit components presents a
route towards realisation of an optical quantum information processor that
has the stability and scalability to perform the demanding tasks of quantum
computation. A novel process is introduced for incorporating superconducting
detectors with single mode gallium arsenide waveguides and quantum dot
single photon sources. Together these elements would enable the generation
of quantum states of light which could be manipulated and detected on a
single chip. Detectors are patterned in NbTiN thin superconducting films on to
suspended nanobeam waveguides with better than 50 nm alignment accuracy.
Low temperature electrical and optical testing confirms the detectors’ single
photon sensitivity under direct illumination as well as to waveguide coupled
light. Measured detectors were found to have internal registering e�ciencies of
6.8 ± 2.4%.

Enhancing absorption of photons into thin superconducting films is vital
to the creation of high e�ciency superconducting single photon detectors.
Fabricating an SNSPD on a dielectric mirror creates a partial cavity that can
be tailored to enhance detection of light at specific wavelengths. Devices have
been fabricated and tested in this thesis with enhanced detection e�ciency at
infrared and visible wavelengths for quantum cryptography, remote sensing
and life science applications. Detectors fabricated in NbTiN on GaAs/AlGaAs
Bragg mirrors exhibited a system detection e�ciency of 1.5% at 1500 nm
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wavelength for the best device measured. SNSPDs were also fabricated in NbN
on aperiodic dielectric mirrors with a range of di�erent bandwidths. A peak
system detection e�ciency of 82.7% at 808 nm wavelength was recorded.
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2 Definitions & Abbreviations

Maps showing the transmission times for messages sent from south east England in 1914 and
2014. A century ago messages carried by hand would take over 40 days to reach the most remote
locations. Today messages sent over the internet reach the other side of the globe in a fraction of
a second. Even including processing and routing times these messages travel on average around
one third the speed of light. Images adapted from references 1 and 2.



Chapter 1

Introduction

The maps on the page opposite show how long it would take to send a message
across the world in 1914 and in 2014. The monumental improvement seen over
the course of a century illustrates the impact of advances in computation and
communication technologies. Light has played no small part in the historical
developments of these technologies with one example being the fibre optic
network carrying messages between continents today at speeds very close to
their physical limit. Attention is turning to the quantum mechanical properties
exhibited by light on the smallest scales and particularly to the advanced
capabilities that quantum technologies can bring to the fields of communication
and computation.

Modern day computers are machines that process information by encoding
data as high and low voltages (representing 0s and 1s) within an electronic
circuit. Data are processed through logic gates which compare one or more
input states to produce a determined output state. By combining large numbers
of similar logic gates and feeding output states to successive logic gate inputs
in the correct order algorithms and calculations can be applied to the initial
input data. A modern computer can be programmed to perform a vast range
of di�erent algorithms although some functions are still extremely hard to
compute and would require impossibly large amounts of processing power or
time to complete.

Quantum computers promise to deliver exponential improvements over
existing information processors that operate under the laws of classical physics.
By encoding data bits on objects which are subject to the laws of quantum
mechanics such as individual particles certain tasks can be performed that
are intractable on modern classical computers. Factoring large numbers and



4 Introduction

e�ciently searching large datasets are two examples of these tasks which happen
to be of great importance in the digital economy for instance in facilitating the
secure transfer of private messages over the public internet. By manipulating
light at the single photon level it may be possible to create a programmable
quantum computer but the requirement for numerous components to operate
together with high precision and minimal losses presents a formidable challenge.

The creation of a practical quantum information processor requires the
co-operative development of multiple technologies each of which have become
research fields in their own right. Research into optical and quantum com-
puting is currently conducted by numerous scientific institutions as well as in
Silicon Valley and the auxiliary quantum photonic technologies being developed
along the way are already promising to deliver improvements in sensing and
communications.

This thesis describes the author’s work to create and characterise compo-
nents for optical quantum information processing, particularly single photon
detectors. Chapter 2 begins with a detailed background review of the current
state of the art and a description of the relevant scientific theory. The methods
used to fabricate and characterise devices are described in Chapter 3. A novel
superconducting nanowire single photon detector integrated with gallium ar-
senide suspended nanobeam waveguides of single mode dimensions is presented.
Low temperature electrical and optical characterisation of the detectors and
waveguides is described in Chapter 4.

Chapter 5 describes e�orts to include waveguide integrated detectors in
so called quantum photonic integrated circuits. These integrated waveguide
circuits aim to advance the state of the art for generating, routing, and detecting
single infrared photons on a single chip. Consideration is also given to fast
superconducting logic circuits which implement digital logic at low temperatures
with minimal power consumption by transferring magnetic flux quanta between
superconducting loops. These circuits are well suited to multiplexing single
photon detectors and performing fast information transfer of the kind needed
for linear optical quantum computing.

Chapter 6 presents work to enhance the performance of superconducting
single photon detectors coupled to optical fibre. Stand-alone detectors are
required with high e�ciency at specific wavelengths corresponding to low
loss transmission in silica fibres. Such detectors are highly desirable for the
implementation of quantum secure communication over fibre optic networks.
The same techniques used for wavelength-specific enhancement of detection
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The picture on the left is a false coloured electron microscope image of a waveguide
integrated superconducting single photon detector fabricated by the author. Rather
than provide a scale bar an image of human red blood cells at the same magnification
is included for comparison. Image adapted from reference 3.

e�ciency are also adapted for wavelengths of interest in remote sensing and
life science applications.





Chapter 2

Background and literature
review

This chapter aims to provide an overview of the relevant scientific theory
covered in this thesis and a review of the current state-of-the-art in the field.
The first section introduces photons and the history and theory surrounding
light as a classical wave and quantum wavefunction. Methods for generating
and detecting quantum states of light (i.e. single photons) are described in
terms of basic characteristics and figures of merit. Existing photon counting
technologies are described. Superconducting nanowire single photon detectors
(SNSPDs) are introduced in terms of the interactions of single photons with thin
superconducting films followed by a description of techniques responsible for
the advance of SNSPD technology through electrical and optical optimisation.
Next quantum information processing is introduced, with relation to computing
and secure communications. Linear optical quantum computing is introduced
as a candidate for creating a programmable universal quantum computer with
qubits encoded on photons. Waveguide circuits are the strongest candidate for a
practical scale optical quantum computer, therefore the concept is introduced
of an optical quantum computer made with all components integrated on the
surface of a single chip. The specific requirements for the integration of these
components are discussed, including the details of optical waveguides, integrated
single photon sources, and integrated single photon detectors. Consideration is
also given to RSFQ superconducting logic circuits, a suitable candidate for fast
read-out and feed-forward of information for an optical processor.
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2.1 Quantum photonic technology - history and
background

2.1.1 Light: classical and quantum

Today photons are understood to be the elementary particles which constitute
light. A laser beam for example is a stream of individual photons, each one
a microscopic irreducible object whose behaviour is governed by the laws of
quantum mechanics that can cause both wave-like properties and particle-like
phenomena to be observed in laser beams under certain conditions. Historically
the nature of light remained controversial for centuries as natural philosophers
struggled to reconcile di�erent observed optical e�ects with a consistent the-
ory of light. Christiaan Huygens used phenomena such as di�raction and
interference to argue that light was a wave [4] propagating in an invisible
medium, known to pre-twentieth century scientists as the Luminiferous Ether.
Conversely Isaac Newton postulated that light was a stream of particles, so
called corpuscles, as evidenced by his famous demonstration of straight beams
of light refracting through a pair of prisms [5] whereas James Clarke Maxwell’s
unification of electromagnetic forces in 1881 provided a succinct set of equations
which describe how sympathetic oscillations in electric and magnetic fields
can propagate as waves [6]. The experiments of Michelson and Morley in
1887 helped to disprove the existence of the Ether [7] and Einstein’s theory of
special relativity [8] published shortly afterwards incorporates light travelling
through vacuum at a universally constant speed, unchanging for any observer
moving in any direction at a constant speed. By 1905 the theories of Maxwell
and Einstein could be used to accurately predict a vast number of optical
phenomena including the interaction of light and matter on the atomic scale.
In each case light can be described as a continuous classical wave and atoms as
nuclei with electrons orbiting in quantised energy levels.

Maxwell’s equations, considered a triumph of classical physics, are a staple
of the modern undergraduate physics syllabus with many quality resources
available to the interested reader including textbooks [9], lecture courses [10],
and other media [11]. The following paragraphs introduce the mathematics of
this framework as it is used to describe light waves and their interaction with
matter. Describing relations between the electric field E and magnetic field B

Maxwell’s equations allow wave-like solutions for coupled excitations in the E
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and B fields that propagate in free space with speed

c = 1
Ô

µ
0

‘
0

= 2.998 ◊ 108m s≠1 (2.1)

where ‘
0

and µ
0

are the permittivity and permeability of free space respectively.
The simple solution of an infinite plane wave travelling in the z direction
through free space has the electric field component

E(z, t) = E0 sin(kz ≠ Êt + „) (2.2)

where E0 and „ are the amplitude and phase of a sinusoidal wave respec-
tively. The angular frequency Ê and wavenumber k relate to the peak to peak
wavelength ⁄ of the light as k = 2fi/⁄ = Ê/c. The intensity I is a measure
of the energy flow per unit area carried by an electromagnetic wave. Over
time-scales much longer than Ê≠1 the energy averaged over a large number of
cycles becomes proportional to E2

0

. What we know as the visible spectrum is a
particular range of wavelengths forming a narrow window in the much wider
electromagnetic spectrum. The visible range (⁄ = 400 ≠ 750 nm) which can
be detected by the rod and cone cells on human retinas coincides with the
transparency of Earth’s atmosphere and, by no accident, with a vast array of
natural features and processes upon which our survival depends.

Light propagating within a dielectric medium is influenced by the properties
of that material. The oscillating electric field is combined with the electric
displacement D and the material specific electric polarisation P ,

D = ‘
0

E + P . (2.3)

For isotropic media we can also introduce a constant ‘
r

which is the relative
permittivity (or dielectric constant) of the medium. The speed v at which light
travels inside a dielectric medium is now given by

v = 1
Ô

‘
r

‘
0

µ
0

= c

n
(2.4)

which gives us the refractive index n = Ô
‘

r

a quantity which relates the speed
of light inside a medium to the dielectric properties of that medium. Expressing
the refractive index as a complex number

nú = n + iŸ (2.5)



10 Background and literature review

introduces another important quantity. The real part n of the refractive index
describes the speed of light in a medium whilst the imaginary part Ÿ, also known
as the absorption coe�cient, is a wavelength dependent quantity describing
the amount of energy lost from the propagating light wave by absorption into
the medium.

At the lowest intensities the energy carried by a light wave does not vary
continuously to zero but is instead granular or quantised. This concept was
first introduced by Max Planck at the turn of the 20th century [12, 13] and
helped to explain why the spectrum of radiation from a black-body does not
become infinitely intense at shorter wavelengths. In 1905 Einstein again used
quantised light to explain the photoelectric e�ect [14]. These small packets of
energy, which were soon after called photons [15], are characterised by their
wavelength (or frequency) and Planck’s constant h.

E = hc

⁄
= ~Ê (2.6)

where ~ = h/2fi is known as the reduced Planck constant.

The photoelectric e�ect concerns the absorption of a photon matching the
energy gap between orbital levels of an atomic electron. The reverse also occurs
when an electron in an excited state E

1

will relax to a lower energy state E
0

by
emitting a photon with the exact gap energy E

photon

=E
1

≠E
0

. This explains
the narrow lines seen in emission spectra of gas lamps such as Na, Hg, and
Ne. The bright lines appear at specific wavelengths in the visible spectrum
corresponding to photon energies that match the electron energy levels unique
to atoms of each element.

Mathematician Paul Dirac produced the first complete theory of a quantised
electromagnetic field in 1927 [16]. The set of observable phenomena whose
explanation demands a fully quantum theory form the field of quantum optics
or quantum photonics. The early development of quantum optics owes a huge
amount to Willis Lamb and Roy Glauber for the introduction of coherent
light and the Laser during the 1960s [17–19]. As well as being used to study
fundamental physical e�ects such as entanglement over long distances [20, 21]
the quantum properties of photons can be exploited for secure communication
and for encoding qubits in a quantum computer. These novel applications,
collectively known as quantum information processing (QIP), hold much promise
for future advancements in technology and require development of high quality
single photon detectors (SPDs) and single photon source (SPS).



2.1 Quantum photonic technology - history and background 11

Humans, and a large number of other animals, are naturally capable of
sensing extremely low levels of light. Rod cells similar to those found on the
retina of a human eye are sensitive to faint light signals comprising just a
few photons [22], although as reliable detectors for single photon counting
experiments human eyes are perhaps not ideal [23]. The development of
photonic technologies with sensitivity reaching the single photon level, such
as sensitive detectors [24] and spectrometers, have helped to increase our
understanding of areas as diverse as cosmology and molecular biology. In the
modern era we have also harnessed the power of coherent light for fast global
communications (see picture on page 2).

2.1.2 Single photon detectors

The ideal SPD as depicted in Figure 2.1 is a light sensitive box which emits
a tick or a pulse when a photon hits it. The output pulse would ideally
be infinitely narrow, immediate and should happen exactly once for every
photon that arrives at the detector. It would not pulse when there are no
photons present (a dark count) and it would not fail to pulse when any photon
arrives (100% e�ciency). The ideal detector would be continuously sensitive to
photons, with zero time spent unresponsive (dead time) whilst resetting after
registering the previous event. It is also beneficial for a photon detector to be
able to register photons with a wide range of energies. Single optical photons
of interest have energies in the range of 3 eV (visible) to 0.1 eV (mid infrared).
Wavelengths 1550 nm and 1310 nm, corresponding to single photon energies of
0.8 eV and 0.95 eV respectively, have the lowest transmission losses in silica
optical fibre and are referred to as telecoms wavelengths. These regions of the
electromagnetic spectrum are the main focus of this thesis and provide rich
ground for applications across imaging, communications, sensing, information
processing, and beyond.

Single photon detector figures of merit

Any SPD can be characterised by a number of figures of merit [25]. Terms used
throughout this thesis are described below.

– E�ciency (÷)
A detector’s e�ciency is the probability that it will produce a ‘click’ given the
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Fig. 2.1 The ideal single photon detector generates a fast, well defined electrical pulse
for every photon that is incident upon it.

arrival of a photon. E�ciency can be calculated by illuminating a detector
with a known optical power and comparing the input photon flux to the count
rate from the detector.

÷ = R
� = Rhc

P⁄
(2.7)

where R is the count rate from the detector in counts per second and � is
the incoming photon flux. The number of photons per second is calculated
by dividing the optical power P by the energy of one photon E

photon

= hc/⁄.
For a detector operating in the single photon counting regime the count rate
should scale linearly with input photon flux d

d�

(÷) Ã �. If the detector is
operated outside of this regime it may become sensitive only to 2 or more
photons arriving simultaneously. For a detector sensitive only to n-photon
events d

d�

(÷) Ã �n.

E�ciency is a compound quantity comprised of several constituent elements.
The overall system detection e�ciency (SDE) is a measured probability of
an input photon making it all the way through the experimental system and
resulting as a ‘click’ on the counting apparatus. There are distinct probabilities
associated with coupling light onto the active area of the detector ÷

coupling

,
photons being absorbed in the active material ÷

absorption

, and of absorbed
photons triggering a voltage pulse which is faithfully recorded by the read-out
electronics ÷

registering

.

SDE = ÷
coupling

◊ ÷
aborption

◊ ÷
registering

(2.8)

Although the coupling e�ciency is used in this work to specifically describe
the geometric overlap of a light beam with a detector’s active area the end user
of a detector system may wish to consider the so-called insertion loss. For a



2.1 Quantum photonic technology - history and background 13

fibre-coupled detector system with an FC/PC fibre input port the insertion
loss can be considered as the proportion of photons introduced to the input
port that are lost before reaching the detector’s active area. This would then
be a combination of geometric coupling losses and any losses from the fibre
inside the detector system, through tight bends, splices, or optical components
such as lenses etc.

– Dark count rate (DCR)
Dark counts are strictly defined as counts generated by a detector in the absence
of light. Noise intrinsic to the detector material and bias configuration can
lead to spurious events being registered at the read-out circuit. There can also
be sources of systematic unwanted counts. After-pulsing is the phenomenon
by which there is a significant probability of 1 or more additional counts
being registered after, and as a result of, registration of an incoming photon.
Semiconductor detectors in particular exhibit strong afterpulsing e�ects. With
devices for which this e�ect becomes problematic a gated bias circuit can be
employed to reduce the number of dark counts and after-pulses, at the expense
of losing signal photons that arrive at the detector whilst the gate is low (o�).
All experiments are also likely to have some level of background photon noise
caused by light leaking into the system or more likely by emission of blackbody
radiation particularly from surfaces of room temperature components (see
further discussion in Section 2.2.3). Measurements of detector e�ciency should
take into account the background dark count rate (DCR),

R = R
measured

≠ DCR (2.9)

where R
measured

is the recorded count rate.

– Dead time/reset time
Upon registering the arrival of a photon the state of a detector changes to
the read-out state (e.g. the localised resistive state of an SNSPD) in which
it is momentarily unresponsive to the arrival of further photons. The device
reset time is the 1/e decay time for the device returning to a state with
mean detection e�ciency. Devices operated with gated bias will also remain
unresponsive to photons when the gate is o�. The dead time sets the maximum
possible count rate for a device. The GHz data transmission rates demanded
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for telecoms applications are orders of magnitude too fast for detectors that
rely on slow thermal relaxation to reset (e.g. transition edge sensors).

– Timing jitter
The uncertainty in a detector’s output pulse registration time is known as
timing jitter. The time delay between absorption of a photon and registration
at the read-out electronics will vary based on the material properties of the
detector itself as well as the propagation of an electrical signal to the counter.
Timing jitter is also referred to as the instrument response function.

– Noise equivalent power (NEP) & specific detectivity (D*)
The figure of noise equivalent power (NEP) gives an indication of the minimum
detection signal from a photon detector that will be visible above noise on
the detection channel. For single photon detectors this is calculated by the
equation

NEP = h‹

÷

Ô
2 · DCR (2.10)

where the e�ciency ÷ is the ratio of registered counts to incident photons (of
energy h‹) and DCR is the dark count rate. SNSPDs are capable of achieving
NEP figures as low as 10≠20 W.Hz≠1/2 [26] thanks mostly to the fact that for a
good quality SNSPD (with detection e�ciency that saturates at a moderate
bias current) it is possible to balance a near-optimal detection e�ciency with a
vanishingly low dark count rate. Extending the concept of NEP to account for
a detector’s active area A and the bandwidth of the incident signal f Robert
Clark Jones [27] suggested the figure of specific detectivity Dı (pronounced
D-star), defined as

Dı =
Ô

Af

NEP
. (2.11)

Originally intended for IR detectors for which noise power would scale linearly
with device area this figure is less suitable for the assessment of fibre-coupled and
waveguide integrated devices. For multi-pixel or large area SNSPDs however
the e�ects of scaling do play an important role in device uniformity and reset
time as well as presenting new challenges for biasing and readout circuitry.

– Photon number resolution (PNR)
Bolometric detectors produce a response proportional to the energy of an
absorbed photon. Technologies such as superconducting transition-edge sensor
(TES) utilise this ability to provide additional information about incident
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radiation. When detecting photons of a known wavelength the output of a
TES can be used to calculate the number of photons simultaneously absorbed
at the detector. Conversely if the photon number is known prior to detection
such a device can be used to calculate the wavelength of incoming light. Any
single photon detector that has a binary response to absorbed radiation can
only register the information that ‘at least one’ photon has been absorbed.
Simultaneously illuminating several such detectors can allow multiple detection
events to be registered from separate detectors at the same time, this is known
as pseudo photon number resolution.

Photon counting technologies

– Photomultiplier tube (PMT)
PMTs are the original single photon counting technology. Originally constructed
from vacuum tubes with a large collection surface housing a phosphorescent
coated photocathode. The absorption of a photon triggers the release of a
photo-electron which is accelerated through a series of dynodes, each succes-
sively amplifying the photocurrent. Older PMT devices were large, heavy
and hand-assembled as shown in Figure 2.2 (a), although the large collection
area was an advantage. Modern PMTs utilise micro-channels in semiconductor
photocathodes to massively parallelise the charge transport and fit sensitive
detectors into centimetre scale packaging. PMTs are still used in many particle
counting experiments in high energy and astrophysics.

– Single photon avalanche diode (SPAD)
SPADs are presently the most easily available ‘o� the shelf’ single photon
counter for optical wavelengths [28]. A semiconductor junction reverse biased
close to the breakdown voltage will respond to the absorption of an optical
photon with energy greater than or equal to the band gap energy by accelerating
the excited electron-hole pair and causing the fast creation of more electrons and
holes which multiply in an avalanche. This allows the excited charge carriers
to be amplified with near infinite gain creating a measurable photocurrent and
requiring the bias to be reset to allow the device to return to its original state.
Silicon SPADs have been developed with high detection e�ciency and low
timing jitter at visible wavelengths. At wavelengths beyond 900 nm the energy
of a single photon is lower than the band gap energy of Si [29] leaving Si-SPADs
transparent and with negligible detection e�ciency. Frequency up-conversion
of signal photons is possible [30, 31] or lower band gap materials such as
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InGaAs and Ge can be used to detect infrared photons, particularly for the
large number of applications at telecom wavelengths [32, 33]. Smaller band-gap
SPADs unfortunately su�er from very high DCRs and generally require gated
operation [34]. Recently InGaAs SPADs have been operated with sinusoidal
bias to enable a high count rate [35, 36] and free-running InGaAs SPADs have
been demonstrated with low dark counts [37].

Fig. 2.2 Established single photon detector technologies. (a) A photomultiplier tube
sold by Hamamatsu Photonics[38]. (b) Schematic of a CMOS compatible Si-SPAD
array. [39]

Several types of photon counting technologies exploit the e�ects of super-
conducting materials to create sensitive detectors. Section 2.2.1 provides some
background to the physics of superconductivity and the means by which the
absorption of photons with vanishingly small energy can generate observable
e�ects in superconducting materials.

– Transition edge sensor (TES)
The TES utilises the steep change in resistance of a material as it undergoes the
superconducting to normal-resistance transition. Biasing a superconductor in
the middle of the transition means that a tiny change in temperature (caused
by the absorbed energy of a photon) causes a large and measurable change in
device resistance. TESs can achieve near unity detection e�ciency at telecoms
wavelengths [40] and can also be adapted for sensitivity to a broad range of
the electromagnetic spectrum by selection of superconducting material and
absorbing medium. These bolometric detectors are also capable of photon
number resolution but are limited by their slow thermal recovery time.

– Superconducting nanowire single photon detector (SNSPD)
SNSPDs employ superconducting material (originally NbN) deposited in a
thin film and patterned to sub-micron dimensions ideally uniform in width
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and free from constrictions. When current biased the absorption of a single
photon at the nanowire perturbs the superconducting state increasing the local
resistance. The thin film is quickly cooled by the substrate causing the device
to reset in a few nanoseconds and allowing SNSPDs to be operated continuously
without bias switching or gating [41]. Whereas SPADs require the absorption
of a photon with at least the semiconductor band-gap energy to excite charge
carriers in the material superconducting detectors generally exploit a much
smaller energy gap making them sensitive to longer wavelength single photons
[42, 43]. The pairing energy of superconducting charge carriers (see Section
2.2.1) is generally on the scale of a few meV, several hundred times smaller
than the energy of a single optical photon.

– Other superconducting detectors
Superconducting materials have found several other applications in SPDs
[25]. SPDs created from superconducting tunnel junctions have a detection
mechanism analogous to that of semiconductor detectors [44]. These energy
resolving detectors have found applications in astronomy and life sciences [45].
Microwave quantum optics at milliKelvin temperatures is an ideal low noise
test environment for quantum optical phenomena relevant to on-chip quantum
information processing [46]. Single microwave photon detection lies beyond
the upper bounds of wavelength sensitivity for most of the aforementioned
technologies however a novel system proposes a superconducting qubit coupled
to a microwave resonator for use as a single microwave photon detector [47].

Integrating detectors with optical waveguide circuits

A major focus of this thesis is the integration of photon counting technology
with planar lightwave circuits at near infrared (NIR) wavelengths compatible
with quantum dot (QD) single photon emitters. Although the applications of
single photon avalanche diodes (SPADs) are widespread and the technology
relatively mature, the complex heterostructure required for semiconductor
detectors would considerably complicate any e�orts at integration with existing
optical waveguide technology. Superconducting detectors o�er a conceptually
simple means of integration with optical waveguides via placement of the
detector’s active element in direct contact with the dielectric within which light
is guided. For larger scale integration niobium based superconductors could be
directly substituted with materials such as MoSi to enable compatibility with
CMOS foundry processes.
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2.1.3 Single photon sources

A source of photons is a prerequisite for performing quantum optics experiments.
Lasers and thermal sources such as filament emission lamps provide light
generated through non-deterministic processes comparable to the way that
particles of radiation are emitted randomly by atoms in a sample of radioactive
material. The number of photons n emitted by a source in a certain time frame
will follow a statistical distribution related to the Poisson distribution which
describes the expected frequency of discrete random events. A Poissonian
photon source emitting an average of n̄ = 1 photons per unit time will have a
statistical variance of (—n)2 = 1 and standard deviation of —n = 1 meaning at
many times the source will emit 0 or 2, 3, etc. photons simultaneously with the
average over a long time tending towards n̄ = 1 (see Figure 2.3). Measurements
of the emission from sources such as lasers confirms the Poissonian distribution
of photons whereas thermal light sources tend to fluctuate over longer time
scales creating broader so called super-Poissonian distributions for n.

Linear optical quantum computing (LOQC) as described in Section 2.3.2 can
involve encoding a qubit on a single photon with the choice of two optical modes
(e.g. two waveguide paths). To reliably prepare qubit states for an optical
quantum logic gate it must be possible to determine when such a single photon
state has been created [48], however measurement of a quit state necessarily
involves loss of information [49, 50]. The reliable outcomes of quantum logic
gates are dependent on receiving the correct incoming photon state, therefore
variance in photon number from the source will directly increase the error
rate further downstream in a quantum information processor. This creates a
requirement for SPSs capable of reliably generating n = 1 photon states with
minimal occurrences of n ”= 1 states [51, 52].

Correlated photon pairs can be generated through the process of spontaneous
parametric down-conversion (SPDC) which converts 1 pump photon with energy
E

P

and momentum k

P

into two photons with conserved energy and momentum
such that

E
P

= E
s

+ E
i

and
k

P

= k

s

+ k

i

(2.12)

where indices s, i represent the created photons referred to as signal and
idler. The idler photon from a correlated pair source can be routed to an
SPD to herald the generation of a pair leaving the signal photon free for use
in the photonic logic gate. Down-converted photon pairs are generated at
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Photon St. dev. Second order Example
statistics and mean Classification correlation source

Super-Poissonian —n >
Ô

n̄ Bunched g(2)(0) > 1 Thermal
Poissonian —n =

Ô
n̄ Coherent (random) g(2)(0) = 1 Laser

Sub-Poissonian —n <
Ô

n̄ Anti-bunched g(2)(0) < 1 Quantum dot

Table 2.1 Classification of photon emission by variance and correlation

random time intervals and the photon number follows a Poissonian distribution,
therefore increasing the pump power necessarily casues the generation of more
undesirable multi-photon states. SPDC sources must therefore be run at a
very low pair generation rate and massive multiplexing is required to generate
the large number of single photon states required for high data rate QIP [53].
An appealing feature of semiconductor QDs as SPSs is that they are able to
reliably emit n = 1 photon states at high repetition rates without producing
multi-photon states.

Fig. 2.3 Photon streams from various light sources. Dividing the streams into equal
time bins (”t) illustrates that mean photon number n̄ can be the same for each source
whereas variance (—n)2 can vary based on the emission pattern. [54]

SPSs are typically characterised by the first and second order correlation
functions g(1)(⌧) and g(2)(⌧). First order correlation can be measured from
the self-interference pattern of a photon in a Michelson interferometer. The
coherence time (or length) of a SPS describes how long the light emitted has
a predictable phase. Constant phase allows for the visibility of interference
fringes in a Michelson interferometer. Any shift in frequency or discontinuity in
phase will cause the visibility of those fringes to wash out. The 1/e decay time
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of the visibility of interference fringes is known as the first order correlation
function (or the coherence time) of a light source.

A Hanbury-Brown Twiss (HBT) interferometer can be used to measure
the second order correlation of a photon source. In this case g(2)(⌧) indicates
the statistical distribution of photons emitted from the source (see table 2.1)
[55–57]. For an ideal SPS g(2)(0) = 0 implying that no multi-photon states
are ever emitted. Light emitted with these characteristics at steady time
intervals is known as anti-bunched. By routing the stream of photons from an
SPS through a 50:50 beam-splitter to two similar SPDs so called coincidence
counts can be recorded when both SPDs trigger simultaneously. A variable
time delay is introduced to the optical path leading to one detector and the
number of coincidence counts measured as a function of the time di�erence
⌧ between the two paths. The absence of multi-photon states means that at
⌧ = 0 the number of coincidence counts will drop to zero as shown in Figure 2.4.
Recorded data from correlation measurements on SPSs are shown in Figure 2.4.
In both cases semiconductor QDs are used as a source of single photons and
Photo-luminescence (PL) is stimulated by pumping the QD with laser light.
For pulsed pump light QDs ideally emit 1 photon per cycle and therefore the
correlation data consists of a comb of peaks spaced by 1/f where f is the pump
frequency. The peak at ⌧ = 0 is missing or at least suppressed to < 0.5 times
the average peak height dependent on DCR and non-zero multi-photon emission
probability. QDs pumped by a continuous wave (CW) laser will display a dip
in the otherwise continuous coincidence rate at ⌧ = 0.

The indistinguishability of two photons can also be tested with a 50:50
beam-splitter and two SPDs. For two photons Ï

1,2

arriving simultaneously at
the two input ports of the beam-splitter the four possible outcomes are shown
in Figure 2.5. If the two photons are identical the probability amplitudes of
outcomes (i) and (ii) sum to zero meaning that photons will always appear as
pairs at one or other output ports of the beam splitter. A Hong–Ou–Mandel
(HOM) measurement involves recording coincidence counts with SPDs placed
at the outputs of the beam-splitter. By varying the arrival time of photons
introduced to one input port of the beam-splitter the distinguishability of the
photons will be tuned. If both photons are otherwise indistinguishable in terms
of wavelength and phase the measurement will reveal a coincidence rate of zero
for ⌧ = 0, a so called HOM dip as shown in Figure 2.5 (a) and (b).

Although the development of SPSs and SPDs are closely linked it can be
necessary to benchmark one against the other. The current state of the art
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Fig. 2.4 (a) An HBT measurement of a semiconductor QD under pulsed excitation
will display a comb of coincidence peaks at the frequency of the pump laser. At time
di�erence ⌧ = 0 there are zero coincidence counts if the QD emits only 1 photon per
pulse. Detector dark counts or non-ideal QDs can create finite coincidences at ⌧ = 0.
(b) Performing the same measurement with a CW pump laser creates a continuous
coincidence rate with a characteristic dip at ⌧ = 0. Data measured at the University
of She�eld by Dr. Nicola Prtljaga, adapted from reference 58.

in photonic technology makes it often easier to obtain a robust single photon
detector than an e�cient source of anti-bunched indistinguishable photons.

Fig. 2.5 (i–iv) Two photons incident simultaneously at a 50:50 beam-splitter can
leave in one of four configurations. For indistinguishable photons the probabilities
of configurations (i) and (ii) cancel out meaning the photons will always leave the
beam-splitter as a pair on the same side. (a) A HOM measurement shows a dip in
coincidence counts measured from the beam-splitter outputs as the incident photons
are tuned into and out of distinguishability by moving the beam-splitter position.
The solid line represents the ideal case whereas the experimental data are fitted to
the dashed line which has a dip 0.9 times the depth. Data adapted from reference 59.



22 Background and literature review

2.2 Superconducting nanowire single photon
detectors

The first demonstrations of an SNSPD came in 2001 from Gregory Gol’tsman
and co-workers who investigated how the current is disturbed in a thin film of
superconducting NbN after the absorption of an optical photon [60]. Patterning
the thin film into a sub-micron width constriction e�ectively confines this
e�ect creating a sensor that will give a fast voltage pulse on absorption of
a photon and reset on a picosecond timescale [61]. Since 2001 the concept
has been developed widely with worldwide research improving and optimising
the technology [44, 62, 63]. The following sections describe the optimisation
of SNSPD design from the perspective of optical e�ects (2.2.2 coupling and
absorption) and of electrical properties (2.2.3 registering, dark counts, and
timing jitter). This is followed by a brief description of the recent introduction
of new superconducting materials and e�orts to multiplex read-out electronics
to pave the way for larger arrays of detectors operating simultaneously. First
an introduction is o�ered to the relevant phenomena in superconductivity.

2.2.1 Superconductivity in thin films and nanowires

Superconductivity is a low temperature state of matter first observed by Heike
Kammerlingh Onnes in 1911 [64]. Through the 20th century the phenomena
associated with superconductivity have been studied and increasingly sophisti-
cated theoretical descriptions of the macroscopic e�ects and microscopic physics
[65–67] have been adopted.

The sudden onset of zero-resistance is one of the hallmark macroscopic e�ects
observed at small range of temperature below a critical level T

C

, originally
observed in bulk samples of Hg, Pb and Ti, the e�ect was observed to be
material dependent.

The second hallmark of superconductivity is the complete and active expul-
sion of magnetic field from inside a piece of superconducting material, known as
the Meissner e�ect [68]. This e�ect suggests the existence of a critical magnetic
field density H

C

within a material above which the superconducting state is
unable to form. Below H

C

the magnetic field expulsion is analogous to the
skin depth e�ect of the electric field in metals. The magnetic field intensity
outside a superconducting material drops o� exponentially at the materials
edge with a characteristic length, or penetration depth, ⁄

L

first described by
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Fig. 2.6 Photon detection in a superconducting nanowire. A thin strip of super-
conducting material (shown in blue) is patterned to sub-micron dimensions (width
100 nm, thickness 7 nm) and current biased at low temperature. Absorption of
an optical or infrared photon causes a perturbation of the superconducting charge
carriers (shown in red). Being confined by the wire edges this quickly spreads to
create a resistive hotspot that covers the width of the nanowire. Current is diverted
into a load resistor creating a measureable voltage pulse. The superconductor cools
as heat is lost into the substrate causing the nanowire to reset to its initial state.

F. and H. London [69]. The later discovery of superconductivity in another
class of materials, known as Type II superconductors, found that magnetic
flux was in fact able to penetrate these superconductors but it does so only
in quantised amounts. Magnetic field penetrating a Type II superconductor
creates a vortex of supercurrent the centre of which contains a single quantum
of magnetic flux �

0

, and with the absence of supercurrent carriers this core
has finite resistance. The presence of a persistent supercurrent generates a
Lorentz force on the vortex moving it laterally to the current. Material defects
will tend to pin vortices in place until an increase in current generates a large
enough force to move them on.

The first full microscopic theory of superconductivity came in 1965 from
Bardeen, Cooper, and Schrie�er [65]. They described the e�ect where at low
temperatures sympathetic phonon modes allow the resistance free movement
of pairs of charge carriers with opposite momenta through the material lattice.
So called Cooper pairs were bosons with charge 2e, condensation energy of
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2—, and an e�ectively infinite mean free path L. Each half of the Cooper pair
requires an excitation of — to become an electron-like quasi particle that will
travel with finite L obeying Ohmic behaviour. Later Ginzburg and Landau
published a more comprehensive theory [66, 70] that describes time-dependent
and spatially varying superconducting states in terms of a quantum mechanical
wavefunction Â with coherence over the length scale ›.

Thin films of superconducting material below T
C

and H
C

will support the
flow of superconducting current up to a critical density J

C

which is determined
by the material and geometry of the film. Although T

C

is a material dependent
parameter for bulk superconductors a thin film will see a sharp reduction in T

C

for films with thickness d close to d ƒ › the coherence length [71]. The lateral
magnetic penetration depth is described by ⁄

L

. For NbN nanowires of width
w ƒ 100 nm the length scale of ⁄

L

∫ w leaving the magnetic field fairly uniform
across the narrow nanowire. Under normal conditions, the Earth’s magnetic
field is expelled from NbN nanowires however magnetic penetration e�ects
can be observed in wider strip lines [72], or wires of di�erent superconducting
materials.

In 2001 thin films of NbN (2— ƒ 6 meV) were under investigation [60].
When patterned to sub-micron dimensions and current biased slightly below the
critical level J

C

the absorption of optical photons (energy ≥1 eV) were observed
to cause a transient normal resistive spot which diverts the supercurrent
causing nearby current density to exceed J

C

thus making the resistive hotspot
grow in size [61]. With the hotspot being confined to the nano-patterned
region it grows in a number of picoseconds to create a resistive barrier with a
measurable voltage drop. Although Joule heating causes the superconductor’s
temperature to increase and the resistive region to grow the device current can
be diverted to a load resistor R

L

allowing the hot quasi particles to relax back
to the superconducting state dissipating energy into the substrate. This basic
description of the detection mechanism is illustrated in Figure 2.6.

The development from basic principles followed a technology driven path
with device specifications being ever improved and new avenues for application
opened by progress. A firm theoretical understanding of the microscopic physics
occurring within a triggered device on the picosecond timescale has tended to
follow behind [73–78].

Current biased nanowires of superconducting material have a current dis-
tribution dependent on the geometry of the nanowire [79]. Straight sections
of wire have slightly higher J

C

in the centre compared to the edges. This
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is inferred from measurements of superconducting detectors using polarised
light, which also has a lateral variation in absorption probability for di�erent
polarisations [80]. Arguably the greater e�ect on current distribution comes
from bent or curved nanowires. Current crowds around the inside of a curve
raising J

C

locally and ultimately reducing the limit of I
C

in the connected
straight sections of wire [81]. This can cause increased dark count rates in
detectors as well as a reduction in local ÷

registering

on the outside of the bend,
a particular problem for waveguide integrated nanowires [82].

Naturally the applicability of SNSPDs has been boosted greatly by advances
in supporting technology. Primarily the cooling technology required to operate
detectors at < 5 K has come a long way in the past 20 years [83]. Refrigeration
is no longer limited to low temperature physics labs and innovative designs
for practical cooling systems are commercially available [84, 85]. Bench top
systems capable of continuous closed-cycle operation at 2 K are now commonly
used for SNSPD detector systems [86] and paired with “turn-key” electronics to
make systems accessible to non-expert users. Cutting edge cooling technology
will continue to allow SNSPDs to be operated in more flexible environments
[87].

The SNSPD o�ers highly desirable performance in terms of most SPD figures
of merit (see Section 2.1.2). Since its inception in 2001 the technology has
matured and in doing so is finding ever-increasing applications. Several review
articles cover the development of the field in considerable detail [88, 89, 41].
The following is a broad selection of noteworthy applications of SNSPDs:
remote sensing [90–93], life sciences [94, 95], SPS characterisation [96–100],
fundamental physics and metrology [101–108], quantum key distribution [109–
112], arrayed detectors for imaging [113–117], ground-to-space communications
[118], and pseudo photon number resolution [119–121]. For a comprehensive
review of SNSPDs integrated with quantum photonic circuits see Section 2.3.2.

2.2.2 Optical optimisation

Coupling

Modifications to the initial nano-bridge design were necessary to make SNSPDs
viable devices for photon counting applications. The coupling e�ciency ÷

coupling

of a detector is the probability of incoming light to impinge upon the active
area of the detector. The superconducting wire must be scaled up to cover
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even the minimum area of a focussed optical beam. By uniformly extending
and meandering the wire in a boustrophedon pattern (visible in Figure 2.7)
a suitable area can be covered, usually with approximately 50% fill factor
[122, 123].

Although free-space optics o�er the broadest range of techniques for fo-
cussing light onto a detector the low temperature operation of the supercon-
ducting film is less compatible with such an open system. Addressing a detector
with optical fibre allows for greater radiation shielding around the detector
whilst still delivering light into an area of just a few square microns. The core
of single mode telecoms fibre (SMF-28) is 9 µm in diameter. The divergence
from a fibre placed immediately over a detector at a separation of ≥ 20 µm
is small enough that a 10 µm ◊ 10 µm meander will couple light with high
e�ciency. A number of methods have been developed for packaging detectors
with precisely aligned optical fibre [124–126], both single mode and multi-mode
[127].

Extending the total nanowire length to increase optical coupling comes with
several corollaries. The e�ects of nanowire uniformity and increased kinetic
inductance are discussed elsewhere in this work. When coupling light to an
extended thin wire it is very important to consider the polarisation of the
light as it arrives at the detector. Unsurprisingly a polarisation (electric field
vector) parallel to the long axis of the nanowire will be preferentially absorbed
in comparison to perpendicular polarisation. For a basic meander detector
the variation in detection rate between perpendicular and parallel polarised
photons can be close to 50%. Modified designs can be used to enhance or
suppress polarisation sensitivity of an SNSPD [128–131]. The practicality of
fabricating such designs often precludes their implementation when other means
of polarisation control are readily available. Antennas have been shown to
improve coupling in to photodetectors [132]. Plasmonic dipole antennas were
shown to enhance detection e�ciency of NIR photons in SNSPDs [133].

Absorption

Improved geometric coupling aside there is still considerably less than unity
probability for the absorption of a photon impinging on a thin film at normal
incidence. Index contrast between the superconducting material and the
medium through which photons reach the detector are responsible for reflection
and subsequent loss of light. Yet more light is likely to be transmitted through
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Fig. 2.7 (a) An SEM image of a superconducting nanowire meander. Figure adapted
from reference 63, IEEE 2007. (b) Nanowire detector with an active area of 10 µm
◊ 10 µm. The coplanar waveguide RF transmission line is visible in the top right of
the image. Scale bar 10 µm

the thin active layer of the detector and be lost into the substrate. The
absorption probability ÷

absorption

for 5 nm NbN sputtered on an MgO substrate
is close to 15%. Inclusion of an optical cavity in device design can dramatically
enhance absorption into the detector by tailoring reflection of light to create a
maximum of the electric field inside the superconducting material. A number of
cavity designs have been successfully demonstrated for enhancing performance
of SNSPDs (see table 2.2 and Figure 2.8).

Initially cavity structures were realised by depositing a layer of SiO
2

above
the detector with carefully controlled thickness (using hydrogen silsesquioxane
(HSQ) electron sensitive resist) [134, 135]. A metallic (Ti/Au) mirror deposited
on top of the dielectric completes the cavity o�ering a broadband and modest
enhancement to ÷

absorption

for light coupled through the backside of the chip.
Generally an increase in the number of dielectric boundaries included in the
cavity design will create higher reflectivity with a corresponding trade-o� in
spectral width. Tailoring a cavity to a more precise range of wavelengths
enables higher peak absorption to be reached with the advantage of then being
able to reduce the fill factor of the nanowire meander without su�ering losses
[136, 137].

Coupling light through the substrate also brings some challenges to e�cient
alignment and packaging of detectors not to mention the limitation of the
substrate material’s transparency window. Light exiting the bare facet of a
single mode optical fibre will diverge following the equation for a Gaussian
beam,

w(z) = w
0

ı̂ıÙ1 +
A

z⁄

fiw2

0

B
2

(2.13)
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Cavity type Coupling ÷

absorption

SDE Ref.

No cavity Front side 37% 20% [61]

Metallic mirror (front side) Back side unknown 67% [134]

Metallic mirror with 2-layer cavity Back side 98% 82% [136]

SiO
2

half-wavelength layer Front side 40% 15% [138]

Metallic mirror with 2-layer cavity Front side 99.5% 93% [139]

Distributed Bragg reflector (TaO
5

) Front side 95% 92% [140]

Aperiodic DMLs (TiO
2

/SiO
2

) Front side 98% 80% [141]

Table 2.2 A variety of optical cavity structures have been employed to enhance SNSPD
detection e�ciency. Absorption e�ciency into the nanowire detector and SDE are
quoted where available from the stated references. All devices were characterised
with NIR light. Schematics of these cavities are shown in Figure 2.8.

where w
0

is equal to the fibre core diameter and w(z) is the width of the beam
after propagating over optical length z. For propagation through the substrate
medium the refractive index n is taken into account by substituting z = z

0

/n

and ⁄ = ⁄
0

/n. Coupling light in this manner through the back side of a
substrate requires either focussing optics, substrate thinning, or the fabrication
of a large area detector (which is more likely to su�er from non-uniformity and
high kinetic inductance).

Tanner et al. [138] first proposed a front-side coupled optical cavity with
an SiO

2

layer of half-wavelength optical thickness for ⁄ = 1310 nm. Front-side
coupling was also employed by Marsili et al. in a detector design that achieved
a record 93% SDE at ⁄ = 1550 nm [139]. The device was patterned in a WSi
superconducting film deposited on top of a metallic Au mirror and a layer of
SiO

2

. Above the device layers of SiO
2

and TiO
2

complete the optical stack.

The deposition of a metallic mirror above or below the detector can preclude
later attempts to precisely align a focussed optical spot with the nanowire
meander. This problem is circumvented by the use of dielectric reflectors which
allow for devices to be carefully aligned using illumination at a wavelength
outside the cavity stop-band. A narrower reflection band with stronger field
enhancement at the detector can be achieved with an increased number of
dielectric layers forming a distributed Bragg reflector (DBR) [140].
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A DBR utilises a stack of alternating dielectric layers with di�erent refractive
indices n

i

to greatly enhance interference e�ects caused by the overlapping
reflections coming from each interface [142, 143]. Growth of each layer is
carefully controlled to ensure the thickness equates to 1

4

n
i

⁄
0

where ⁄
0

is the
central wavelength to be reflected by the mirror. The stack of ⁄

0

/4 pairs with
one final ⁄

0

/2 layer on top cause maximal constructive interference directly
above the DBR mirror. An absorbing medium such as a superconducting film
placed in the few nanometres above the DBR benefit from hugely enhanced
absorption. Although peak reflection approaches 100% as the total number of
layers tends to infinity at optical wavelengths >99% reflectivity can be achieved
with only 10 or 20 pairs.

E�ective simulations of DBR design parameters are found in reference
144. Treatment of the DBR-detector system as a one dimensional optical
stack enables fast calculation of the electric field at superconducting layer.
Conversion into ÷

absorption

is trivial with a known absorption coe�cient. Several
superconducting sample films were grown at the University of Glasgow and
characterised using ellipsometry in order to collect reliable data for the refractive
index and absorption spectra.

Further improvements can be made by tailoring the absorption profile of
the detector-cavity system. Aperiodic dielectric multi-layers can be designed
by optimisation algorithm to generate reflectivity spectra inaccessible to peri-
odic DBR structures [141]. An in-depth theoretical treatment of absorption
engineering can be found in reference 145. Waveguide coupled detectors o�er
very high ÷

absorption

by coupling light into the detector directly from a travelling
waveguide mode allowing for tens of microns of interaction length [146]. The
design and simulation of waveguide integrated nanowire detectors is discussed
in detail in Section 3.2.5 and in Chapter 4.

2.2.3 Electrical optimisation

Registering

The registering process covers everything from the immediate result of photon
absorption through to the appearance of a ‘click’ or increment of 1 count at a
digital counter. The biasing and read-out electronics clearly have a role to play
as well as signal transmission across the surface of the chip and out to room
temperature. A DC bias is established across the detector most commonly
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Fig. 2.8 SNSPD designs incorporating optical cavities. Optimising absorption of
incident photons is a key factor in enhancing detection e�ciency. Partial cavities are
formed around a superconducting nanowire by reflective surfaces such as metallic
mirrors or the interfaces between dielectric layers with di�ernet refractive indices.
Each configuration pictured corresponds to an item described in the rows of table
2.2.

with a stable battery powered voltage source and series resistor connected to
the DC arm of a bias tee which acts to separate voltage pulses generated at the
device onto the AC arm (see diagram 3.20). Figure 4.6 (a) in Chapter 4 shows
a typical pulse shape generated by an SNSPD after ≥55 dB amplification (with
2 room temperature low noise amplifiers (see Section 3.2.3). The pulse shape
is asymmetrical with the fast rise time ·

1

dependent on the combined hotspot
and load resistances R

hotspot

+ R
L

where as fall time ·
2

is dependent only on
R

L

, typically R
L

π R
hotspot

. The return of the bias current to the nanowire
after the wire switches is dictated not by the cooling of the wire (this happens
very quickly [147, 148]) but by the kinetic inductance L

K

of the nanowire [149].

·
1

= L
K

R
L

+ R
hotspot

·
2

= L
K

R
L

(2.14)

Although the geometry of the nanowire itself is largely dictated by the need to
couple light to the detector and for narrow wires to provide high registering
probability the transmission lines through which fast voltage pulses are read
out can have a large e�ect on pulse shaping and timing jitter [150]. Coplanar



2.2 Superconducting nanowire single photon detectors 31

waveguides patterned on the chip’s surface are designed to transmit RF signals
up to several GHz frequency with 50� impedance [151–153]. Although chips
are usually wire-bonded the sample mount design and connected coaxial cabling
can be impedance matched to improve signal transmission.

Amplifiers are selected to increase the signal parameters above threshold
values necessary to trigger a digital counter. Low noise amplifiers are often
used with bandwidth suitable to resolve the fast leading edge of the detection
pulse with sub-nanosecond resolution.

The inclusion of a shunt resistor in parallel with the nanowire causes the
diversion of bias current upon the creation of a resistive region in the nanowire
(R

hotspot

> R
shunt

). Balancing the inductance, resistance, and device cooling
allow for an SNSPD to be operated at maximum count rate without latching
[154, 73, 155] or going into relaxation oscillations [156]. Although the dynamics
of the detector reset process can be straightforwardly explained through circuit
simulations the physics occurring in the leading edge of the detector response,
within the first picoseconds after photon absorption, have received active debate
and warrant closer investigation [157].

Pre-detector system losses notwithstanding a comprehensive study of SNSPD
detectors in 2008 [158] showed clearly that of the photons absorbed into a
nanowire less than 100% cause counts to be registered. It also showed a
slight decrease in ÷

registering

for parallel polarised photons in comparison to
perpendicular polarisation.

The registration of a photon absorbed into a nanowire detector is largely
dependent on the bias current I

B

in the nanowire, or more specifically the local
current density J

local

in the region of absorption. The original hotspot model
suggests that the photon absorption causes the almost immediate breaking of a
large number of Cooper pairs and a volume of energetic quasi-particles to form
within the wire. The supercurrent is thus diverted into the region between the
resistive hotspot and the wire edges, increasing J

local

and quickly surpassing the
critical level J

local

> J
C

. With the entire cross section of the wire now resistive
the current is diverted into the load resistor R

L

and an increase in voltage can
be read-out. Newer theories of the detection mechanism also introduce the
role of vortices and vortex-antivortex pairs to the registering process [80]. The
crossing of a vortex across the nanowire brings a quantum of magnetic flux
and creates a fast voltage pulse in the read-out circuit. There is a potential
energy barrier to the crossing of these vortices which can be exceeded either by
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random fluctuations (a dark count) or by the absorption of a photon (a photon
count).

Either way in most realisations of an SNSPD there will be areas of the
detector in which ÷

registering

is reduced due to J
local

being lower than the
threshold value for count registration. Naturally when biasing a nanowire
detector it is necessary to raise the bias current as high as possible to maximise
÷

registering

. The detector switches to the normal state for I
B

> I
C

however
this will occur as soon as J

C

is reached in one section of the nanowire, not
necessarily all. For a number of reasons the current density in parts of the
wire may remain below the optimal level for e�cient detection even when
the detector is biased optimally. Edge e�ects of the nanowire can themselves
reduce J

local

. Artefacts of film deposition and of lithography can introduce
surface oxides and deformations to the wire edges or inhomogeneities to the
superconductor itself. The most serious instances of these cause constrictions
in the nanowire. As J

local

will be increased in a constricted section of nanowire
every un-constricted part of the detector is rendered less sensitive [159].

Nanowire geometry is also of great importance since current crowding
around tight bends can cause highly increased J

local

with the same damaging
e�ect on ÷

registering

for the rest of the detector [81]. Occurring on a length scale
far below the optical wavelength it is challenging to probe this e�ect optically.
An increase of bend radius can be implemented to help mitigate the negative
e�ects of current crowding [146, 129].

The minimum energy resolution of an SNSPD is proportional to the nanowire
width with the ultra-thin NbN nanowires proving to be sensitive into the mid-
infrared [160, 42, 43]. However a direct result of reducing the nanowire width
is an increase in kinetic inductance and corresponding extension of the detector
reset time. Excessive kinetic inductance can be a limiting factor for detectors
requiring a large active area or a high maximum count rate. A novel solution is
the superconducting nanowire avalanche detector (SNAP) [161]. Bias current
will be distributed evenly amongst several identical nanowires when connected
in parallel. The formation of a hotspot in one wire causes the fast redistribution
of current into the other nanowires forcing them beyond their critical current
and causing the device to switch. This fast avalanche e�ect preserves the
desirable operation of SNSPDs whilst reducing the kinetic inductance, thus
enabling the development of detectors with very large active area and fast reset
time [162].
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Dark counts

Dark counts are spurious events registered by the counting electronics without
a signal photon being absorbed at the detector. The DCR scales exponentially
with bias current I

B

at currents close to I
C

. In a practical detector there will
be extrinsic dark counts (caused by leaked light and blackbody radiation) and
intrinsic dark counts (a property of the superconducting nanowire itself [26]).
According to Planck’s law peak emission of radiation from a black-body at
T = 300 K is at ⁄ = 9.7 µm increasing to ⁄ = 1450 µm at T = 2 K. The Stefan-
Boltzmann law describes how the total energy E

SA

emitted per unit surface
area scales as E

SA

Ã T 4. At cryogenic temperatures the blackbody emission
has moved from the mid-infrared into the microwave spectrum and the intensity
has sharply dropped o�. Nonetheless the coupling of blackbody photons into an
experiment from room-temperature materials can be a significant e�ect if not
mitigated by filtering [163, 164]. The mechanisms by which the ultimate lower
limit of intrinsic DCR are limited bear some consideration and are likely linked
to the microscopic details of the photon detection mechanism [80]. Imperfect
nanowires will also su�er a contribution to the DCR from the geometric e�ect
of constrictions and tight bends [82] and also possibly thermal fluctuations
[165].

Timing jitter

Timing jitter is a measure of the uncertainty in the time taken for a count
to be registered following absorption of a photon. Time correlated single
photon counting (TCSPC) is often used to characterise detector jitter (see
Chapter 3). A typical detector response function is near-Gaussian with full
width at half maximum (FWHM) around 150 ps or less, the lowest reaching
< 20 ps. The histogram recorded by TCSPC represents a sum of timing
jitter contributed by the bias circuit and read-out electronics, including any
jitter in the laser trigger signal, superimposed on to the intrinsic jitter of the
SNSPD. It has become apparent that measuring the lowest possible jitter
is limited by the read-out electronics more so than the detector itself. Low
temperature amplification can be employed to reduce electronic noise and
improve recorded jitter. Alternative methods for isolating the intrinsic jitter of
an SNSPD are also being investigated (see Chapter 6). Despite the limitations
of read-out technology studies of jitter in SNSPDs have unanimously shown it
to be inversely proportional to the bias current within the nanowire [166, 41].
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Generally an increase in the cross-sectional area of a nanowire will increase
the maximum bias current it can support but at the cost of reduced detection
e�ciency. Probing the microscopic processes that truly limit detector jitter
remains challenging with existing technology however several studies have
found a contribution from the geometry of the meandered nanowire [167, 150].
Propagation of successive pulses from di�erent areas of the nanowire result in
di�erent arrival times at the counter, accounting somewhat for the intrinsic
jitter of a large area device.

2.2.4 Novel materials for improved performance

For thin crystalline films such as NbN it cannot be understated just how
much nanowire device performance is limited by the choice of substrate and
subsequent e�ect on film quality, uniformity and the presence of constrictions.
The first SNSPDs were fabricated only on MgO and Al

2

O
3

substrates to
minimise lattice mismatch with NbN. For a large variety of reasons it has been
desirable to translate SNSPD technology to other material platforms. Intensive
optimisation of NbN film growth, particularly at high substrate temperatures,
has lead to the production of device quality films on Si, SiO

2

, GaAs, diamond
[168] and MgF

2

[169]. Each choice of substrate is tailored to specific applications
ranging from DBR mirrors to optical waveguide circuits and broadband through-
substrate transmission. Improvements in film growth techniques have not only
improved the quality of NbN grown on lattice mis-matched substrates, but
introduced a number of other superconducting materials such as NbTiN [170],
WSi [139], MoSi [171–173], and MoGe [174] which can be grown on a broader
range of surfaces and maintain the superconducting properties necessary for
e�cient single photon detection. Not only deposition conditions but surface
polishing and chemical treatments must be thoroughly optimised to attain the
highest detector performance [140]. Research and application of 2-dimensional
materials has seen an explosion over the past decade. One material in that
class is NbSe

2

which can be prepared using exfoliation techniques and will
exhibit superconductivity at low temperatures in samples just a few atomic
layers thick. The suitability of NbSe

2

as a superconducting photon detector is
currently under investigation, some initial results are shown in Figure 2.9.

High temperature superconductors such as MgB
2

and YBa
2

Cu
3

O
7-x

(YBCO)
present the opportunity to realise a superconducting SPD operating at higher
temperatures with ultra-fast reset time and reduced costs for cooling. However
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Fig. 2.9 Novel materials for single photon detection. (a) MoSi is an amorphous
superconductor that has been deposited in thin films and patterned into nanowires
integrated with Si optical waveguides. (b) At 350 mK MoSi nanowires show high
sensitvity to single photons at ⁄ = 1550 nm. Data measured by Dr. Jian Li adapted
from reference 173. (c) NbSe

2

forms a layered structure with atomically thin flakes
that can be exfoliated in a similar way to graphene. Samples were fabricated at
the Cambridge Graphene Centre by Dr. Antonio Lombardo and the author. The
possibility of observing superconductivity in samples just a few atomic layers thick
makes this material a candidate for single photon detection. (d) Exfoliated samples
have gold contacts added by electron beam lithography (EBL). The reflectivity of
devices at ⁄ = 1550 nm was mapped at the University of Glasgow using a nano-optical
set up at 3.7 K (see Section 3.2.4).

development of SPDs in these materials presents a serious challenge in com-
parison to low temperature superconductors due to the di�erent microscopic
physics of the superconducting state and the fact that the superconducting
properties can so easily be degraded through nano-patterning and thermal
cycling. Nonetheless single optical photon detection has been demonstrated
in MgB

2

nanowires [175, 176]. Fabrication techniques have been developed to
create nanowires in YBCO [177] and more recently the photo-response has been
measured [178]. Although the prospect of operating superconducting SPDs
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above liquid nitrogen temperature is appealing the development of supercon-
ducting materials has been extremely challenging. Meanwhile improvements in
closed-cycle refrigeration technology have made it cheaper and easier to make
compact detector systems using existing low temperature superconductors.

2.2.5 Schemes for multiplexed detector read-out

Read-out electronics for SNSPDs are described in Section 3.2.3 utilising am-
plifiers operated at room temperature. Cryogenic amplification is significantly
more costly than room temperature equivalents, a compromise that is sat-
isfactory for many given applications. Where existing read-out schemes fall
short is in scaling up to multi-pixel detectors and arrays. The traditional bias
and read-out scheme requires 1 coaxial cable per detector to run from the
detector at low temperature out to the room temperature electronics. Metallic
coaxial cables carry a heat load to the cold-head and consequently limit the
number of detector pixels that can be individually biased and read out given
the available cooling power. An imaging array or information processor might
contain thousands of individual SNSPD elements that require simultaneous
operation. Clearly the existing bias and read-out scheme will never scale to
meet these demands hence new multiplexing strategies are being developed.
Pseudo photon number resolving detectors have been demonstrated employing
series resistors to modify pulse height [179, 180]. Although it is conceivable to
extend this scheme to address a multi-pixel array the range of resistance values
necessary to resolve even a dozen separate detectors will quickly exceed the
limits of fabrication and the resolution of the technique.

At the US National Institute for Standards and Technology a row-column
read-out scheme has been developed that requires just 2N read-out lines for an
array of N ◊ N pixels [181], biased via N separate bias lines. This strategy
has enabled the realisation of a 64-pixel detector array for NIR imaging or
communications [115].

Rapid single flux quantum (RSFQ) circuits o�er another possibility for
multiplexing SNSPDs. These superconducting logic circuits operate at the
same temperature as the detectors and a single chip can be used to bias and
read-out multiple detectors with a single read-out line and minimal cold-head
to room temperature wiring [182, 183]. Although existing demonstrations only
show 4-pixel operation the technology of RSFQ circuits is highly promising for
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reading out much larger arrays as well as performing other logical operations
at high speed in close proximity to detectors (see Chapter 5).

2.3 Quantum information processing

2.3.1 A short introduction to quantum information

Information can be encoded in physical systems and transferred or processed
[184]. High and low voltages in an electrical circuit represent 1s and 0s, the
classical bits of information. Silicon-based CMOS integrated circuits are the
most abundant form of information processors today. Although they are
comprised of millions of components and can be programmed to perform a vast
array of functions the basic building blocks of the information processor are
mostly simple logic gates. A logic gate is a small sub-section of a circuit which
produces one or more output bits by comparing one or more input bits and
applying some logical rule [185]. By combining logic gates, feeding one set of
outputs to the next set of inputs, circuits can be made to perform calculations
and other functions on input data. A functionally complete set of logic gates
(such as NOT and AND also known as NAND) is one which can be used to
produce all possible combinations and input and output bit values. A processor
with access to a large enough number of NAND gates and a large enough
memory can then e�ectively compute any calculable function [186, 187].

It follows that if the system on which information is encoded is subject to
the laws of quantum mechanics then the information itself will undergo the
same quantum mechanical e�ects [188]. By isolating physical objects such as
single particles it is possible to encode a quantum bit (qubit) of information.
Quantum logic gates perform logical operations with qubits as inputs and
outputs and can be combined in functionally complete sets in a similar way
to their classical counterparts. Where quantum logic gates di�er is that the
quantum mechanical wavefunction of the output qubit remains intact and
e�ects of entanglement and superposition are preserved. Due to this e�ect a
qubit register can exist at one time in a superposition of many possible states.
Exploiting this parallelism allows a quantum information processor to perform
certain tasks with exponentially greater e�ciency than a classical computer.

With the computing power and communication bandwidth that is widely
available today processes such as encrypting information and sorting large
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datasets are commonplace and serve an important role in the digital economy.
Shor’s algorithm for factorizing large integers [189, 190] and Grover’s algorithm
for e�ciently searching a list [191] are two outstanding examples of quantum
algorithms whose exponentially superior e�ciency is likely to have enormous
impact when implemented on a reasonable sized quantum computer. Reference
51 is a detailed resource describing the principles of encoding and processing
quantum information with examples of algorithms and error correction schemes
for quantum computers.

Candidate systems for encoding qubits include trapped ions, nuclear mag-
netic resonance (NMR) of nuclear spins, superconducting quantum interference
devices (SQUIDs), and photons [192]. Each medium comes with its own pro-
posed schemes for information processing and read-out. The practical operating
details of each system vary greatly and each constitutes its own distinct field
of scientific and technological endeavour.

Two physical parameters that do o�er some level of comparison between
di�erent candidates are timescales for qubit coherence and read-out. The read-
out timescale is set by how long it takes to interrogate the system and recover
information about its state. This is in some ways linked to the coherence
time, which is defined by the length of time a set quantum state of the
system remains intact without being altered (or the wavefunction collapsed) by
unwanted interactions with the outside world. Clearly a system with very high
coherence time will be very hard to read out. Equally a system that interacts
strongly and quickly with the read-out mechanism is likely to also interact
with its surroundings and lose coherence before the intended computation takes
place.

Photons can be used as flying qubits, capable of long coherence times and
speed of light routing of information. Qubits can be encoded on polarization
states, or the paths and time bins of photons moving through an optical network
[193].

The advent of universal quantum computation at practical scales is much
lauded as a revolutionary and disruptive technology. The literature is rich
with detail of the theoretical foundation for quantum information processing
as well as speculation as to the breadth of its applications and imminence of
its arrival. It is clear that there are phenomena unique to quantum mechanics
that if harnessed can enable advanced techniques of computation and secure
communication. In terms of quantum information processing, short of a full
scale programmable quantum computer, it is likely that quantum technologies
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will be applied first to simulations of complex systems and the generation
of random number strings. Quantum entanglement can also be exploited to
ensure true security of cryptographic communication, an application which is
of immediate and widespread interest in society [194].

Quantum key distribution

Quantum cryptography exploits quantum e�ects to facilitate secure communi-
cation on a channel sensitive to eavesdroppers. This enables the verification
of securely shared data and for any compromised sections of bit stream to be
discarded. Quantum key distribution (QKD) is a method of exchanging an
encryption key for a coded message between two separate parties (Alice and
Bob). The archetypal example of a quantum cryptographic protocol is known
as BB84, after its invention by Bennett and Brassard in 1984 [195]. A simple
version is outlined below. Today QKD has been demonstrated on inter-city
fibre optic networks [109, 110] as well as through free space between islands in
the Atlantic Ocean. In August 2016 the Chinese Micius satellite was launched
hoping to demonstrate the first ground to space exchange of quantum cryp-
tographic keys. Commercial QKD systems are available from manufacturers
such as ID Quantique [196]. It has been shown that for a variety technologies
used in commercial QKD systems there are technological loop-holes that render
systems vulnerable to eavesdropper attacks [197, 111]. The security of any
practical communication channel should be considered holistically as it extends
beyond the message carrying medium right to the actual persons receiving and
sending information.

– BB84.
Figure 2.10 describes the process for exchanging a cryptographic key with
the BB84 protocol. Alice decides to securely send the key to an encrypted
message to Bob by encoding 0s and 1s in the polarization states of photons.
Two non-orthogonal sets of basis states are chosen for encoding the bits. In
the first basis horizontal and vertical polarization code for 0 and 1 respectively.
In the second basis +45 ¶ and -45 ¶ diagonal polarizations code for 0 and 1
respectively. Alice sends a string of photons to Bob, each containing a 0 or 1
encoded in a basis that Alice has randomly chosen. Bob measures these photons
by making his own random selection of bases. Where Alice’s and Bob’s choices
of basis agree Bob will measure the same value that Alice intended. Where Bob
chooses the other basis to Alice there is a 50% chance of him measuring a 0 or
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a 1. Alice and Bob then communicate over a classical channel and compare
the basis states they each chose for every photon. Bob now discards all bits
that he measured in the incorrect basis. The bits that are left make up the
secure ‘sifted’ key. They intrinsic security of this system is contained in the
fact that any eavesdropper (Eve) who measures the photons in between Alice
and Bob will collapse the photon wavefunction without gaining full knowledge
of the basis in which it was prepared. Eve can re-send photons on to Bob but
Bob will be aware of an increased error rate in his recorded bits. It has been
shown that an error rate of less than 11% between Bob and Eve’s bit values is
indicative of a secure communication channel.

Alice’s bit 0 1 1 0 1 0 0 1
Alice’s basis + + ◊ + ◊ ◊ ◊ +
Alice’s polarisation ø ≠æ   ø   ¬ ¬ ≠æ
Bob’s basis + ◊ ◊ ◊ + ◊ + +
Bob’s measurement ø ¬   ¬ ≠æ ¬ ≠æ ≠æ
Shared secret key 0 1 0 1

Fig. 2.10 BB84 protocol for quantum key distribution. A secure key is transmitted
across a public channel from Alice to Bob using polarized photons. Alice and Bob
compare encoding and measurement bases for each bit, rejecting mismatches to leave
the so called sifted key which will be used for encryption. If the channel is intercepted
by Eve the error rate within the sifted key will exceed 11%.
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2.3.2 Quantum photonic integrated circuits

This section deals with QIP in optical waveguide circuits. Optical QIP encodes
a qubit onto two optical modes occupied by one photon. It is possible to
perform universal quantum logic operations on optical qubits using networks
capable of only linear optical transformations without the need for challenging
non-linear photon-photon interactions. Waveguide circuits present the most
realistic platform for creating such optical networks since they can provide large
scale integration of the many necessary components that will require very high
stability and low losses to operate correctly. There is therefore great interest in
developing quantum photonic integrated circuits (QPICs) towards the goal of
realising a universal programmable quantum computer.

Linear optical quantum computing

Photonic quantum computation can be achieved with a qubit being encoded on
a single photon superimposed on two optical modes [198]. Initially this system
had a major flaw, namely that optical switching could only be achieved through
strong non-linear interactions between multi-photon states [199] which are not
easily achieved at the single photon level. In 2001 Knill, Laflamme and Milburn
published a crucial theoretical description of a universally programmable quan-
tum computer that utilised only linear optical elements [48]. Linear optical
quantum computation (LOQC) requires SPSs and SPDs, beam-splitters and
phase shifters, and a means of feeding-back the results of photon detection to
reconfigure parts of the circuit. Table 2.3 provides a brief explanation of what
each component is required for and of how each component can be realised in an
optical waveguide circuit. Using these design principles there have been e�orts
to realise optical quantum logic gates with a variety of photonic technologies
[200–202] promoting both commercial applications and fundamental physics
along the way [203–208]. After demonstrating all-optical CNOT gates [209]
using bench-top free-space optics it soon becomes apparent that this strategy
is not scalable nor inherently stable. E�ective quantum computation requires a
system that can faithfully process and feed forward information with incred-
ibly high fidelity. Waveguide losses, beam splitter imbalances, phase shifter
uncertainties and detector ine�ciencies all degrade the chances of ever seeing a
meaningful result from a complex quantum computer. Monolithic integration
therefore o�ers the only platform that might be stable and uniform enough to
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get there [210]. Even then reducing the loss from every single component is
still a huge challenge facing the field [192].

Components re-
quired for LOQC

Purpose QPIC implementa-
tion

Single photon source Generate photons on de-
mand

Heralded photon-pair
source, semiconductor
quantum dot, nitrogen
vacancy centre in dia-
mond, SWCNT

Propagation medium Transmission of pho-
tons, path encoding
qubits

Waveguides

Beam-splitters Routing and interacting
photons

Directional coupler

Phase shifters Changing photon or
qubit phase

Heaters, electro-optics,
electro-mechanical actu-
ators

Single photon detectors Registering presence
and location of photons

Superconducting
nanowire single photon
detectors (SNSPD),
transition edge sensors
(TES)

Information feed-
forward

Reconfiguring the cir-
cuit to allow the out-
come of one computa-
tion to influence the
next

Rapid single flux quan-
tum (RSFQ) logic, field
programmable gate ar-
ray (FPGA) [211]

Table 2.3 The components necessary for LOQC [48] and the purpose fulfilled by each.
The final column contains examples of how each component could be implemented
in a quantum photonic integrated circuit (QPIC).

Passive waveguide circuits comprised of the parts mentioned so far have
been proven very useful with a combination of o�-chip sources and detectors
for making working quantum circuits. At the University of Bristol significant
e�orts have proceeded with silicon and silica waveguides [212]. Operated at
⁄ = 840 nm initially due to the constraints of using Si-SPAD detectors, it was
intended to move out to longer wavelengths to take full advantage of low loss
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transmission in waveguides as well as the host of telecoms components that
make experiments considerably more practical at ⁄ = 1310 nm or 1550 nm.
Switching to SNSPDs as o�-chip detectors enabled the demonstration of on-chip
entanglement and fast switching in waveguide circuits at ⁄ = 1550 nm without
the need for post-processing of data to remove noise or to stitch together data
from protracted experiments [213–215].

Integration of an on-chip parametric down-conversion source with silicon
waveguide circuits was achieved by Silverstone et al. [216] in 2014. The device
was able to operate as a Mach–Zehnder interferometer (MZI) and perform fast
switching between waveguides verified with o�-chip SNSPDs. This represents
a large step towards the kind of integration necessary to implement on-chip
optical quantum logic gates, although parametric down-conversion sources can
be severely limiting for quantum optical circuits for reasons detailed below.

Waveguide integrated single photon sources

Reliable single photon sources are essential components of quantum photonic
integrated circuits. For the purpose of quantum optics experiments and LOQC
an ideal SPS would supply single photons on demand that are sharply defined
in emission time, spatial mode, frequency, polarisation, and phase to such an
extent that successive photons are indistinguishable and can be interfered with
high visibility (see HOM experiment). The first established SPSs for waveguide
circuits are semiconductor QDs, nitrogen vacancies (NV centres) in diamond,
and parametric down-conversion sources (which produce correlated pairs of
single photons) [217].

One fundamental limitation of silicon/silica waveguide circuits at present is
the lack of a deterministic SPS. SPDC is a probabilistic process that creates
photon number states with a Poissonian probability distribution (see Section
2.1.3). This means that for an average generation rate of 1 pair of correlated
photons per unit time there is a finite probability of higher number states
being generated. This amount increases as the source is pumped harder
releasing multiple pairs into the optical network simultaneously and increasing
the processor error rate. To employ these as sources of single photons a
su�ciently low generation rate must be used so that an acceptably small
number of multi-photon states are present in the system. The resulting slow
rate of data processing would be unlikely to confer any advantage over existing
computing technologies. An alternative solution being worked on currently is
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to run massive numbers of correlated pair sources in parallel using half of the
generated photon pair as a herald marking which particular source has fired
and somehow feeding this information forwards quickly enough to enable the
signal photon to be used in the waveguide network.

Semiconductor QDs are often grown in III-V materials such as GaAs, InAs,
GaN etc. and are easily integrated with waveguide circuits [218]. In a QD
single photon emission ideally comes from a true two level system i.e. an
exciton decays via radiative recombination of the electron and hole. Real
QD systems however can exhibit a larger number of available decay channels
(including non-radiative decay) as well as splitting of the available energy levels.
Embedding a QD in a waveguide with limited permissible transmission modes
will suppress unwanted transitions within the QD improving the observed
linewidth of emitted photons. Inclusion of photonic crystal (PhC) cavities
enables so called Purcell enhancement of QD emission [219, 220]. Static electric
fields can be used to finely tune separate QDs inducing indistinguishability of
separately emitted photons either by applying a Stark shift to the band gap
[221] or by electro-mechanically adjusting a cavity around the QD [222].

Possible excitation schemes for quantum dots include above-band pumping
and resonant pumping (both with either CW or pulsed laser light) and elec-
trical pumping. Resonant pumping with a short pulsed laser allows for the
narrowest linewidth photons to be produced and is the most likely to provide
a deterministic source of indistinguishable photons suitable for interference
and quantum computation. Unfortunately the introduction of pump light into
waveguide modes creates the greatest problem for on-chip filtering. Coupling
of pump photons into travelling waveguide modes should be very poor, how-
ever once in a waveguide mode pump photons and PL photons of the same
wavelength can be extremely di�cult to separate before both reach a detector.
Orthogonal polarisations are often used o�-chip to separate pump and PL in
this situation and there is the possibility of introducing polarisation selection
on-chip, although it remains to be seen if the strong selectivity/extinction
needed can really by achieved in waveguide components.

Novel SPSs that have found limited application in QPICs are colour centres
in diamond [223] (nitrogen and silicon vacancies) and single walled carbon
nanotubes, which can be doped to emit light at optical wavelengths when
electrically pumped [224]. Correlated pairs of photons can also be generated
within optical waveguides by exploiting non-linear material properties to achieve
spontaneous four wave mixing. Waveguide integrated photon pair sources have
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been demonstrated in GaAs/AlGaAs [225, 226], periodically poled LiNbO
3

[227, 228] and Si [229] waveguides. Table 2.4 aims to compare some of the
advantages and disadvantages of waveguide compatible single photon sources.

Quantum Down NV centres Carbon
dots conversion in diamond nanotubes

Monolithic integration ***** ***** ***** *
Compatibility with
waveguide media

*** *** *** ***

Deterministic place-
ment

**** ***** ***** **

Tunable ***** ***** * *
Optical pumping ***** **** ***** *
Electrical pumping *** * ***** *****
Infrared/telecom wave-
length

**** ***** ** ****

Operating temperature ** ***** **** ****
Sub-Poissonian ***** *** ***** *****
Indistinguishable ***** ***** ***** *
Repetition rate ***** * **** *
Reproducibility *** ***** ***** ***

Table 2.4 Comparison of the merits of waveguide compatible single photon sources.
A 5 star rating system is use to indicate the relative performance or compatibility of
sources in each category.

Planar optical waveguide components

As well as SPSs and SPDs LOQC requires phase shifters and beam splitters to
perform operations on photons traversing the network as well as electronics to
feed forward information from triggered detectors to influence other switches or
sources. As mentioned above the obvious way to realise a stable and scalable
optical quantum computer is to integrate all the required parts in a monolithic
platform. There are a number of systems capable of guiding and transforming
light some of which are detailed below.

– Optical waveguides
Waveguides are structures which confine light of certain wavelengths to propa-
gate is a determined direction. Combining advances in both optics and materials
science it is now possible to confine light on a scale comparable to its wavelength
and to faithfully transmit single photons over a useful distance without loss.
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Planar light-wave circuits confine light either within PhCs or along tracks
[230, 231] with a high index contrast with the surroundings akin to an optical
fibre.

Single mode waveguides confine light in an area close to the optical wave-
length whereas multi-mode waveguides are generally larger structures which
can support a number of di�erent configurations of the electromagnetic field,
this is illustrated in Figure 2.12. Importantly two photons occupying di�erent
waveguide modes will not be entirely indistinguishable and interference e�ects
will be suppressed. Waveguides suitable for single photon experiments are ridge
waveguides, suspended nanobeams (SNBs) [232] and PhC waveguides.

Fig. 2.11 3-D scale schematic comparing the dimensions of GaAs waveguide integrated
detectors from the literature with devices realised in this thesis. The width of each
waveguide is marked in bold font. (a) Suspended nanobeam waveguides presented in
this thesis are of single mode dimensions at ⁄ = 950 nm and house a single hairpin of
superconducting nanowire on top. (b) GaAs/AlGaAs ridge waveguides in reference
233 house two electrically independent nanowire detectors. (c) Devices demonstrtead
in reference 234 demonstrate a NbN SNSPD integrated with a ridge waveguide and
embedded InGaAs QDs. The large area meandered SNSPD placed on top of a much
wider waveguide alleviates the demand for precise alignment during fabrication. The
e�ects of waveguide width on the supported optical modes is visible in Figure 2.12.

Theoretical treatment of certain dielectrics and semiconductors showed that
a photonic band-gap could be created in a material by patterning it on a scale
comparable to the wavelength at which you wish it to be transparent [235–240].
Artificial photonic band-gap materials rely not on simple index contrast but
on the creation of a PhC structure in order to engineer a specific transparency
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band. PhC waveguides can be patterned to create strongly confined optical
modes with the additional benefit of careful mode selection to enable low loss
beam propagation around tight corners [241] (a major problem for ridge and
nanobeam type waveguides). The flexibility of PhC design allows for structures
with tailored bandwidth, mode confinement and even variable group velocity
to be created using existing lithographic techniques.

Fig. 2.12 (a) A simulation of the fundamental mode at ⁄ = 950 nm in a GaAs/AlGaAs
ridge waveguide (width 1.85 µm). (b) The waveguide supports multiple higher order
modes. Pictured are the 2nd, 3rd and 7th modes from a COMSOL simulation.

Waveguide integrated detectors

Development of SNSPDs integrated with waveguide circuits has progressed
consistently since 2012 with a number of devices demonstrated on di�erent
material platforms. Table 2.5 summarises the range of devices demonstrated to
date giving details of waveguide and detector materials as well as additional
functionality including integration of SPSs.

– Beam-splitters and phase shifts
Beam splitters are a passive element in waveguide circuits that can be imple-
mented by way of directional couplers. Two waveguides are brought within
close proximity such that the optical mode of one overlaps with the other.
After a certain propagation distance in this configuration light entering the
coupler via one ‘input’ waveguide will be split between the two and appear at
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On-chip
Waveguide Detector photon Additional In
Material Material source features figure Reference
Si

3

N
4

NbN ◊ 146, 242
Si

3

N
4

NbN ◊ Arrayed waveguide grat-
ings for FLIM1

116

Si
3

N
4

NbN SWCNT5 2.13(b) 243
Si

3

N
4

NbTiN ◊ 244, 245
Si NbN ◊ 246
Si NbN ◊ Multi-pixel device 247
Si NbN ◊ SiN

x

membrane transfer
of detectors

2.13(d) 248, 249

Si NbN ◊ Cavity enhanced ab-
sorption

2.13(c) 250

Si NbTiN ◊ Cavity enhanced ab-
sorption

251

Si MoSi ◊ 173
Diamond NbN ◊ Potential for NV centre2

single photon emitters
252

GaAs NbN ◊ 253, 254
GaAs NbN ◊ Auto-correlator 233
GaAs NbN ◊ Pseudo photon number

resolution
180

GaAs NbN QD3 255
GaAs NbN QD4 Detection of PL on-chip 2.13(a) 234, 256, 257
SiO

2

W/Au ◊ Photon number resolu-
tion

258

Table 2.5 Waveguide integrated SPDs. 1 Fluorescence-lifetime imaging microscopy.
2 Nitrogen vacancy. 3 InAs quantum dots embedded in waveguides but no on-chip
detection of PL. 4 InGaAs quantum dots. 5 Single walled carbon nanotubes.

two ‘output’ waveguides with an intensity/probability split determined by the
interaction length l. A 50:50 beam splitter has l tuned such that light incident
at one input port is split evenly between both output ports. For quantum light
this equates to a 50% probability of a photon appearing in either output path.

Another variation on the beam-splitter is the multi mode interference (MMI)
coupler [259, 260]. These designs place output waveguides at the anti-nodes of a
wide box-shaped region placed after a single-mode waveguide [261]. Numerical
optimisation of MMI designs can achieve polarisation splitters [262] or beam-
splitters with an incredibly small foot-print [263].
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Fig. 2.13 (a) Devices demonstrated by G. Reithmaier et al. at the Technical
University of Munich, adapted from reference 234. SNSPDs were fabricated from NbN
thin films on 20 µm wide GaAs/AlGaAs ridge waveguides with embedded InGaAs
QDs. (b) A device conceived between the Universities of Darmstadt and Münster,
Germany incorporates a novel non-classical light source with integrated SNSPDs on
Si waveguides. A single walled carbon nanotube is deposited in the centre of a Si

3

N
4

waveguide with NbN detectors at either end making a device capable of performing
correlation measurements. Adapted by permission from Macmillan Publishers Ltd:
Nature Photonics [243], copyright 2016. (c) By incorporating a 1D PhC into the
waveguide design a very short section of superconducting nanowire (pictured in red)
can be engineered to exhibit near unity ÷

absorption

decreasing the likelihood of defects
in the superconducting film limiting the detection e�ciency. Image adapted with
permission from reference 250. Copyright 2016 American Chemical Society. (d) A
novel innovation in QPIC fabrication is to deposit superconducting films on thin
SiN

x

membranes allowing SNSPDs to be screened and selected for high performance
before being transplanted onto waveguide circuits. Image adapted from reference
248.

Switching of photons between paths can be achieved by MZIs (shown in
Figure 2.14) or by other active switching mechanisms [213]. Phase shifts can be
implemented via mechanical strain [264], heating, or electro-optic modulation
[265, 266]. GaAs waveguides are able to implement path switching by the
activation of micro electromechanical actuators and by voltage biasing PhC
waveguides [267] or interfacing with QD spin states at a path intersection [268].

http://www.nature.com/nphoton/index.html
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Fig. 2.14 (a) An MZI can be used to switch the output path of a photon by tuning
the phase shift „ on one arm of the interferometer. The graph shows the probability
of a photon exiting the MZI via port E as a function of the applied phase shift „.
(b) Schematic of an MZI implemented in silica-on-silicon waveguides. Adapted by
permission from Macmillan Publishers Ltd: Nature Photonics [201], copyright 2009.

– Filters
Filtering can be achieved in waveguide circuits by a number of means. Of
relevance to this thesis are narrow band-pass type filters. These select a specific
wavelength of light that can be passed through to the downstream waveguide
circuit whilst other wavelengths are rejected and e�ectively removed from the
signal path. 1 dimensional PhC cavities will act as a filter when placed in
a waveguide path. The cavity is designed to support an optical mode with
narrow spectral width. Wavelengths not in tune with the cavity mode will be
strongly reflected by the cavity region, e�ectively removing the unwanted signal
from the circuit downstream. Another type of filter is a coupled ring resonator.
Again the ring forms a cavity with a sharply defined optical mode. A ring
placed next to a waveguide track will couple in photons from the waveguide
track that are of resonant frequency. A second coupled waveguide track on
the opposite side of the ring resonator can be used to drop photons out of
the cavity routing them in the desired direction for further processing, or for
rejection.

http://www.nature.com/nphoton/index.html
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– Coupling light in and out of waveguide circuits
Although the vision of a fully integrated QPIC handles all generation, routing,
and detection of light within surface guided modes it is advantageous to address
the various components of a waveguide circuit by coupling light on or o� the
chip for external characterisation. Similarly for quantum photonic circuits
with a lower degree of integration it is necessary to interface the waveguide
components with o�-chip processing such as detection, filtering, or single photon
generation. Coupling of light into or out of waveguide propagating modes can
be achieved via a number of means, largely with geometric modifications to
waveguides that e�ciently scatter light from a certain point in the waveguide
circuit into a mode that can be collected via o�-chip focussing optics or optical
fibre. Transformations of light at the coupling region are largely reciprocal (in
the absence of any absorbing medium) meaning that although a significant
component of the optical power may be e�ectively lost into the substrate or
into other uncollected modes the in-coupling or out-coupling behaviour of the
same coupler will be identical in all respects other than time direction.

To avoid the need for long extended waveguides and with clean cleaved
facets di�raction gratings can be built into waveguides at arbitrary positions
around a chip surface and create preferential scattering from the waveguide
mode to a perpendicular travelling wave that can be collected by an optical fibre
or focussing optics [269, 270]. Figure 2.15 shows full-depth grating couplers in
Si and in GaAs. Such di�raction gratings can be etched into the waveguide
material, defined at full depth [271] (in the same etch step as the waveguides
themselves) although shallower features (requiring additional EBL and etching
steps) can be simpler in design and create fewer back reflections. The upwards
scattered mode can have strong wavelength and angular dependence, as well
a large lateral divergence [272, 273]. The lateral divergence is related to the
e�ective numerical aperture of the coupler and can therefore be mitigated by
widening the waveguide laterally. Being located on the chip surface grating
couplers can be extended two-dimensionally making more e�cient use of surface
area than end-facet coupling methods.

– Information feed-forward
To achieve a complex processor network on-chip it is necessary for the outcome
of one quantum logic gate to be fed forward and to e�ect the configuration
of other parts of the circuit. With photons travelling through the circuit at
v = c/n the electrical feed-forward must be completed extremely fast in order
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Fig. 2.15 Waveguide grating couplers. (a) A grating coupler design for coupling SOI
waveguides to optical fibre [271]. Note the lateral taper to cover tens of microns of area.
Sub-wavelength features in the grating reduce back reflections from the waveguide
allowing the design to be patterned and etched to full depth in a single process step
with the waveguide. (b) SEM of a grating coupler for GaAs suspended nanobeam
waveguides fabricated by the author. The design parameters were optimised at the
University of She�eld.

to be e�ective. Optical delay lines can be implemented to put a photon on
‘hold’ for a certain amount of time. The maximum hold time is unlikely to be
limited by the photon’s coherence time and more so the amount of real estate
available to house the delay lines on-chip. Even with a densely packed delay
line using low-loss tight bends 1 mm2 of space is still required to buy just a few
nanoseconds of hold time [274]. Quantum memories are useful for this exact
purpose [275], faithfully storing photons full quantum state on a solid-state
object with su�cient coherence time allowing it to be translated back to a
flying qubit when the circuit is reconfigured [276].

2.3.3 Rapid single flux quantum logic

One candidate technology for electronic feed-forward in a QPIC are RSFQ logic
circuits. Operating at clock rates up to 100 GHz without significant errors this
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digital superconducting technology has the high speed and low timing jitter
required by QPICs as well as extremely low power consumption.

RSFQ was originally developed as a contending technology for computer
processors based on integrated circuits. With the continued rapid advance of
semiconductor circuit technology, RSFQ has only found a handful of niche
applications. The 1991 review by Likharev and Semenov describes in clear
detail the operating principle of basic RSFQ circuits and describes a number of
designs for the implementation of digital logic [277].

The basic elements of RSFQ circuits are superconducting loops which are
able to store or pass single quanta of magnetic flux each of which represents a
digital bit in a logic circuit. The transfer of magnetic flux is associated with a
voltage pulse:

V (t)dt = �
0

= h/2e = 2.07 mV·ps

A clock pulse similar to the data bit is distributed to the circuit and logic gates
can be built up in a modular fashion to create a digital information processors
that can comprise > 10, 000 Josephson junctions operating at GHz rates in a
low temperature environment.

RSFQ logic has been demonstrated as a means of electrically multiplexing
and reading out SNSPDs [278, 279, 182] as well as performing logical operations
[280] with SNSPD signals [183] such as digital flip-flops (see Chapter 5). Devel-
opment is also under way of single layer fabrication methods for RSFQ circuits.
These single layer thin NbTiN films could lead to monolithically integrated
nanowire detectors with nearby nano-bridge junctions for RSFQ logic circuits.





Chapter 3

Fabrication and experimental
methods

This chapter is comprised of two sections, the first detailing fabrication meth-
ods for the realisation of superconducting nanowire single photon detectors
(SNSPDs) and integrated waveguide circuits. The techniques detailed here were
developed and used by the author to create devices characterised in later chap-
ters. The second section describes testing of detectors and optical waveguides
at low temperature using a number of electrical and nano-optical techniques.

3.1 Fabrication Methods

Fabrication of SNSPDs and waveguide circuits was carried out in the James Watt
Nanofabrication Centre (JWNC) at University of Glasgow which ranks amongst
the best nanofabrication facilities in Europe. It contains the workspace, tools,
technical support sta�, and user community in which cutting edge fabrication
techniques can be developed, optimised, and shared. This Chapter begins
with explanations of the tools and processes used to fabricate SNSPDs and
waveguide circuits. Figures 3.12 to 3.14 contain schematics of an SNSPD
integrated with a gallium arsenide suspended nanobeam (SNB) waveguide as
it progresses through the stages of fabrication. The layered GaAs/AlGaAs
substrates pictured were grown by molecular beam epitaxy (MBE) at the
University of She�eld (Figure 3.12 step i.) and passed to a commercial foundry
(Star Cryoelectronics, USA) for the deposition of thin superconducting NbTiN
films. Following film growth wafers are diced and the samples sent to the
University of Glasgow for further processing. All successive steps detailed in
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figures 3.12 to 3.14 (steps iii. – xiv.) were optimised and performed in the
JWNC by the author.

3.1.1 Electron beam lithography

Lithography in general is a process in which a pattern is selectively removed
from a radiation sensitive polymer called a resist to create a mask. The pattern
can then be transferred onto a substrate either by etching downwards removing
material or by depositing material to build up new layers. Resists are polymers
whose solubility in a certain solvent changes after exposure to radiation (either
electrons or photons). Photolithography involves flood illumination of an entire
sample underneath a mask plate which casts a shadow of the pattern onto the
resist. Using a bright light source an entire wafer can be uniformly exposed
in less than one minute. However the minimum feature size within a pattern
is restricted by the di�raction limit of the illuminating light (usually approx.
200 nm). Electron beam lithography (EBL) is a versatile tool better applied
for patterning fine features. Surpassing the di�raction limit of light an electron
accelerated by 100 kV has a wavelength of just 3.88 pm (which is actually
smaller than the inter-atomic spacing of the resist molecules). A focussed beam
of electrons scanned across the surface of a resist-coated sample can pattern
incredibly fine features with arbitrary geometry. However the serial nature of
the writing process makes the time cost of EBL scale up sharply with overall
pattern size.

Vistec VB6 EBL tool

The main electron beam lithography tool in the JWNC is the Vistec VB6 EHR
UWF which contains a column in which electrons are accelerated and focussed
onto samples as well as a moveable sample stage and robotic loading that
coordinates with control electronics and a pattern generator. A basic schematic
of the tool is shown in Figure 3.1. The source is a Schottky emission gun
consisting of a tungsten filament with an extremely sharp tip and a reservoir of
ZrO

2

which heats up when current biased to temperatures ≥ 1000 K. Electrons
are accelerated away from the tip by a 100 kV potential and into the column
which focusses a beam through apertures and magnetic lenses. The beam passes
between a pair of metallic plates which allow for a static voltage to be activated
quickly diverting electrons o� axis away from the aperture and blanking the
beam. Position control coils divert the focussed spot to locations on the sample
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Fig. 3.1 (a) Schematic showing some of the key elements of the EBL tool. Electrons
are accelerated from the source and focussed down the column onto the sample. A
control computer coordinates the sample stage position and diversion of the beam
over the sample surface. In combination with the beam blanker patterns are created
by selectively exposing regions of the resist-coated sample. (b) A scanning electron
microscope (SEM) image adapted from reference 281 showing a tungsten tip in a
typical Schottky emission gun. The sharpest point is close to 1 µm diameter. (c)
A section of the pattern file for a hairpin nanowire is represented graphically with
areas in blue to be exposed by the e-beam. Individual beam shots are represented by
small circles with diameter approximately that of the full width at half maximum of
the focussed beam.
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surface dictated by the pattern generator. The maximum lateral distance over
which the beam is diverted is approximately 650 µm in any direction which
constitutes a so called write field. The pattern generator assigns a grid of points
over the area of the write field and creates patterns by selectively exposing
the beam at the relevant points. To pattern larger areas the sample stage
moves position allowing new write fields to be exposed. The stage position is
monitored by an interferometer and feedback electronics enable write fields
to be well aligned to each other (referred to as stitching). The beam current
expressed in nA is a measure of how many electrons pass through the beam
cross section in 1 second. Higher beam currents correspond to wider beam
spot sizes with the VB6 adjustable between 1 nA (4 nm) and 131 nA (45 nm)
beams sizes.

A pattern generator maps pattern files to a grid of up to 1,048,576 points.
Separation of smallest grid points can be adjusted but 1.25 nm is most commonly
used. All shapes in a pattern are made of polygons and all polygons are
patterned by exposing successive dots (beam shots) to all locations making up
that polygon. Therefore all shapes must have x and y dimensions in multiples
of 1.25 nm. The variable resolution unit (VRU) parameter sets the separation
of successive beam shots in terms of grid points. Wider spacing allows a large
area to be covered with fewer shots. For larger features it may be possible
to deliver the required dose by positioning a 45 nm beam at points on a grid
much wider than 45 nm apart, allowing a high to dose to spread into the area
between beam shots and expose the resist there to the necessary level.

Resist

The resist used for all EBL in this thesis is ZEP-520A (ZEP), a positive
tone resist manufactured by ZEON chemicals. ZEP is a copolymer of methyl
–-chloroacrylate and –-methylstyrene similar to Poly(methyl methacrylate)
(PMMA) a more popular and much cheaper resist. The inclusion of chlorine
atoms and phenyl groups to the polymer chain give ZEP a higher sensitivity
and better etch resistance than PMMA [282]. During the development process
the areas of a positive resist that were exposed will be washed away by the
developer fluid whereas development of a negative resist causes all but the
exposed areas to be washed away.

ZEP resist is spin coated onto samples in a solution with Anisole (methoxy-
benzene) mixed 1:1 by weight. A spin time of 60 seconds at a speed of 4000 rpm
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is used creating a resist layer of 110 nm thickness confirmed by measurements
with atomic force microscopy (AFM) and a Dektak profilometer. Resist thick-
ness strongly influences the electron beam (e-beam) dose required to pattern a
specific feature. Across the central part of a spun sample the resist thickness
is likely to remain constant and highly uniform however surface tension at
the edges creates ramping of the resist depth. For this reason the patterning
of sensitive features is confined to regions > 1 mm from the substrate edge.
Baking is performed on a metallic hotplate set at 180¶C with samples placed
directly on the surface for 4 minutes to evaporate excess solvent from the resist
mixture. Backside smoothness plays a vital role in seating the sample absolutely
flat under the e-beam to achieve the best possible alignment. It is possible for
stray resist to accumulate on the substrate back-side during spinning which
cannot be cleaned before baking has been completed. The substrate backside
is cleaned in a watch-glass with a cotton swab and acetone. The procedure
must be performed with great care to avoid any acetone coming into contact
with the resist mask or any mechanical force breaking the chip (0.37 mm GaAs
will split under a few grams of weight).

Exposure

The interaction of energetic electrons with resist molecules causes a change in
their chemical structure. In the case of ZEP it undergoes main-chain scission, a
process which splits the polymer chains which make up the resist leaving smaller
monomers or oligomers with much higher solubility in o-xylene (developer fluid).
A number of factors beyond the simple dose parameter interact to influence
the dimensions of features on the final developed resist mask. For the smallest
features critical to device performance it is vital to control all aspects of pattern
design, exposure, and development. Dose is defined as the number of electrons
incident per unit area per second conventionally expressed in µC.cm≠2. A fast
moving electron can transfer energy via inelastic collisions with electrons and
nuclei within the resist or substrate. The collision rate R

collision

of accelerated
electrons is

R
collision

Ã species scattering cross section ◊ species density
electron acceleration energy .

The electrons arrive with high enough energy at the sample surface that they
penetrate through the resist layer and some distance into the substrate with
minimal interactions. Some electrons collide and cause back-scattering of atomic
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Fig. 3.2 (a) Diagram of the scattering profile of a beam of electrons accelerated
at 100kV and focussed onto a resist-coated sample. Most electrons penetrate far
into sample with small angular divergence caused by interactions with atoms in the
substrate. Secondary electrons knocked out of atomic orbital by the high energy
electron beam are back-scattered into the resist layer with a shorter mean free path,
interacting with the (ZEP) resist molecules breaking down the long chain polymers.
(b) A dose test is used to determine the clearing dose for features of a certain size.
The same shape is patterned repeatedly with varying doses. Patterns in the top left
of the grid are underexposed. (c) Cross section schematic of a substrate with EBL
patterned resist mask. In the centre is the optimised pattern and to either side the
distorting e�ects of over- and underexposure can be seen. The development process
also has a strong influence in over or under-sizing of patterned features.
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Fig. 3.3 SEM images show the critical features patterned in various stages of EBL.
If these features are distorted or the wrong size in the resist mask the resulting
devices are likely to be inoperable. The features are: (a) alignment markers, to be
patterned in Au film, (b) nanowires to be etched into the superconducting material,
(c) a hairpin nanowire to be aligned to an optical waveguide (the inset shows how
poor exposure can cause a short circuit between wires), (d) a waveguide directional
coupler to be etched into GaAs, the beam-splitting ratio is strongly dependent on the
gap width between waveguides, (e) single mode waveguides in photonic crystal (PhC)
and nanobeams, to be etched into GaAs, (f) a 1 dimensional PhC incorporated into
a nanoebeam waveguide for wavelength–dependent filtering.
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electrons from within the substrate or resist material. It is these secondary
electrons which are the main source of the scission reactions that break polymer
chain links and increase the solubility of separated ZEP monomers and oligomers
in resist. So the substrate material, resist material, resist thickness, and beam
dose all a�ect the number of electrons delivered to the sample as well as how
far those electrons spread, and the spatial distribution of scission reactions
that take place. The sum result of all of these factors is generally known as
the exposure. Finally the development stage introduces more variability to the
pattern outcome since the development reaction (i.e. the dissolving of ZEP
monomers and oligomers) will progress at a rate dependent on the temperature,
the concentration of development fluid (especially when failure to move away
reaction products can e�ectively reduce the local concentration of developer
slowing the reaction rate), and the exact exposure pattern received by the ZEP
(see figure Figure 3.2 (c)).

E�ective pattern design takes into consideration not only the intended
geometry of the feature you wish to create but also the e�ects of additional
exposure received from secondary electrons scattered from other beam shots in
nearby areas. Proximity e�ect correction (PEC) software uses a point spread
function to simulate the scattering of electrons through resist and substrate in
order to estimate the e�ective exposure that will be received by all areas of the
resist given a specific dose and pattern geometry. The pattern is then fractured
into smaller subsections so that the delivered dose can be adjusted for each
subsection resulting in a more even distribution of received exposure. This
technique can also incorporate the over-dose/under-size principle which aims to
create a resist mask shape of area A by patterning a smaller area B (centred at
the same position as A) and using a dose higher than the clearing dose for B.
Another technique used to improve the uniformity of exposure for nanowires
is the inclusion of “dummy” wires around the edge of a detector’s active area.
These wires will not be electrically relevant to detector operation but during
exposure they create a similar exposure environment for sections of wire at
the edge of the active area to those sections in the centre (see Figure 3.4).
When patterning meandered nanowires in ZEP the pattern file contains lines
of 60 nm width separated by 120 nm. PEC provides multiplication factors to
each small polygon within the larger detector geometry which are then applied
to the base dose of 180 µC.cm≠2. After completing fabrication the nanowires
are measured by SEM as 90 nm wide with 90 nm separation. Figure 3.3 shows
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patterned resist for features such as nanowires and photonic crystals (PhCs),
the dimensions of which are critical to device performance.

Fig. 3.4 (a, b) Simulations from reference 122 show the e�ective exposure received
over the area of an SNSPD when a uniform dose is used (a) and when dose is
adjusted to compensate for the local pattern geometry (b), so called proximity e�ect
correction (PEC). IEEE 2005. Examples are shown of devices patterned in the
JWNC. Colour maps show the compensated dose profile for a hairpin nanowire (c)
and a meandered SNSPD (e). SEM images of the pattened resist show the uniformity
achieved in the resist mask (d, f).

Developing and removing resist

Following exposure resist is developed in pure o-xylene at 4¶C for 3 minutes
with gentle agitation. The low temperature development process reduces
the otherwise high sensitivity to development duration and temperature and
creates well defined sub–100 nm features. After development samples are
rinsed thoroughly with IPA and dried with a nitrogen gun. After dry etching
processes, samples are given 5 minutes O

2

plasma ashing to remove species
from the mask surface that are the reaction product of ZEP and the RIE
chemicals. The remainder of resist is removed in a glass beaker of n-methyl-
2-pyrrolidone (nMP) at 80¶C for 2 hours with gentle agitation followed by
thorough rinsing with acetone and IPA. Samples are dried with a nitrogen gun.
A subsequent short plasma ash can be used however oxidation of the exposed
superconducting material will begin quickly with an observable increase in the
nanowire resistance at room temperature occurring after just a few minutes of
exposure to O

2

plasma (100 W).
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Layer to layer alignment

To realise nanowire detectors integrated with single mode SNB waveguides in
GaAs it was necessary to perform 3 stages of electron beam lithography with
additional etch and deposition stages. The total alignment tolerance over the
entire process is < 50 nm. Examples of good alignment and misalignment can
be seen in Figure 3.6. A number of steps were taken to optimise the standard
alignment process in the VB6 to achieve reliable alignment through all three
e-beam stages. Alignment, or registration, of samples is carried out inside

Fig. 3.5 (a) Alignment markers are used to adjust the orientation of an EBL pattern
when the substrate (grey and gold) is found to be misaligned from the expected
position (blue squares). Four degrees of freedom can be accounted for. (b) The Au
pattern on a chip contains machine alignment markers as well as markers visible
under an optical microscope by the EBL tool operator to establish the initial rough
orientation of the sample. (c) Square alignment markers are read by scanning the
e-beam over their location in SEM mode. (d) Line scans over the edges of a metallic
marker allow the precise position to be detected by signal contrast.

the VB6 by a machine process directed by software created in-house. The
electron beam is first used in SEM mode to locate and view regions of the
surface containing precisely defined alignment marks. Using four alignment
marks at the corners of a square the alignment can compensate for 4 degrees of
substrate misalignment namely scale, rotation, o�set and keystone (see Figure
3.5). The beam spot size is reduced and a series of line scans are carried out
over each marker. Analysis of the backscattered electron signal is used to
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identify edges by their contrast. The measured positions of marker edges are
compared to the design file and the di�erences between the two are used to
create transformation matrices that will adjust the positions which the beam is
directed to during patterning. The e-beam patterning, metal deposition, and

Fig. 3.6 Hairpin nanowire detectors are aligned to nanobeam waveguides over 3 stages
EBL. Devices (a) and (b) are oriented perpendicular to each other on the same chip.
A small linear misalignment of ≥ 100 nm is enough to destroy device (b). Scale bar
is 500 nm for both images.

lift-o� that creates the alignment marks must be optimised to reduce errors in
maker reading that translate to errors in the written pattern. The first stage
of e-beam lithography involves patterning 10 µm squares in the exact centre
of a write field. This ensures that the position of the square is as accurate
as possible and that no significant beam shape distortion occurs due to beam
deflection. Using the narrowest beam size (4 nA) enables low edge roughness
and precise dosing to be achieved. Good quality lift-o� is ensured by the use
of a su�cient adhesion layer, sonication during lift-o�, and deposition of a
deep metallic layer without exceeding the resist depth (shown in Figure 3.7).
Deposited metallic films are 80 nm Au with an underlying 10 nm Ti for adhesion
to the NbTiN surface, chosen so that markers can be fabricated together in
the same step with coplanar waveguides and bond pads for detectors. This
material choice also creates su�cient contrast with GaAs or Si substrates in
order to be machine readable in the VB6.

Samples are typically processed as 10 mm square dies with 4 square markers
located as close to the corners as possible after accommodating for resist edge
beading and the clamp used to secure the sample see Figure 3.5 (b). This helps
to minimise errors in the translation matrix due to the relationship

Total alignment error Ã Single marker position error
Marker separation .
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3.1.2 Sputtering and deposition

Superconducting thin film deposition

SNSPDs are reliant on high quality ultrathin films for their high single photon
sensitivity and fast energy relaxation. Typically NbN just 5 nm or 10 nm in
thickness needs to be deposited uniformly over a substrate large enough to
make a practical device. Such NbN films are a few tens of atoms thick and
their crystalline structure depends strongly on the substrate-film interface. A
mismatched crystal lattice in the substrate material will quickly induce enough
strain in the deposited NbN to cause breaking of the single-crystal structure
and consequent deterioration of the superconducting properties. DC magnetron
sputtering is a favoured method for superconducting film deposition creating a
plasma in a low pressure nitrogen/argon gas flow which bombards the surface
of a metal alloy target. Material ejected from the target is deposited onto the
substrate in a mixture dictated more by the local environment than by the
stoichiometry of the atomic species involved. Gas pressures, plasma current,
target ageing, substrate temperature, and deposition rate are some of the
interrelated variables that all contribute to film quality and eventual device
performance. Understandably optimisation of film growth is an arduous task.
For the majority of devices fabricated by the author in this thesis thin films
of NbTiN were used (courtesy of Star Cryoelectronics, USA). NbTiN has a
fine crystalline structure and a lower lattice constant than NbN making it
suitable for deposition on GaAs substrates. Having a lower superconducting
transition temperature T

C

than NbN causes NbTiN nanowires to have greater
sensitivity to low energy single photons whereas a faster count rate should
be achievable with NbTiN detectors thanks to the kinetic inductance being
lower than equivalent NbN detectors[283]. Patterned NbTiN films of 5 – 10 nm
thickness can have T

C

ƒ 10 K which is high enough for detectors to perform well
at temperatures achievable in Gi�ord-McMahon (GM) or L-He based cryostats.
The highest T

C

for DC magnetron sputtered NbTiN is achieved by heating the
substrate over 450¶C during deposition. Unfortunately at temperatures close
to 500¶C the arsenic in GaAs substrates begins to evaporate causing serious
degradation of the sample surface so the film deposition temperature must be
carefully balanced to achieve the highest uniformity films with the best T

C

[284].
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Evaporation and lift-o� of metallic films

Alignment markers and bond pads are patterned by EBL and deposited by
electron-beam evaporation. An initial layer of 10 nm Ti is deposited to provide
adhesion before 80 nm Au is deposited. Longer sections of Au bond pads likely
contribute to the heat-sinking of superconducting film via the Al bond wires.
Figure 3.7 shows the e�ect of depositing excessively thick metallic layers in
comparison to the resist depth and edge-profile i.e. unsuccessful lift-o� results
in the metallic film either removing intended features (c) or depositing metallic
film over unintended areas (b). The resist depth used is 110 nm and is partially
constrained by the need to keep a low aspect ratio for the smallest patterned
features. Lift-o� is performed by transferring the sample into a glass beaker
of nMP (commercial name Shipley 1165) and heating to 80¶C in a bath of
ethylene glycol with gentle agitation. After 2 hours of heating and agitation
the beaker is placed in a ultrasonic bath for 10 – 20 seconds until all residual
metal is removed. Finally the sample is cleaned with acetone and IPA and
dried with a nitrogen gun.

Fig. 3.7 (a) Metallic films are deposited by electron beam evaporation to create
alignment markers and bond pads. (b) A film deposited too thickly may not detach
during lift-o�. (c) Underdevelopment of the resist mask can reduce adhesion of the
metallic film causing features to be lost during lift-o�.
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3.1.3 Etching

Reactive ion etching (RIE)

Reactive ion etch (RIE) utilises physical and chemical processes for the con-
trolled removal of materials from a sample surface. Figure 3.8 shows the layout
of an etching machine and illustrates the processes that occur during an etch.
Reactive ion species in plasma react at the sample surface at a higher rate than
those aqueous solution and the acceleration of the charged species increases the
energy with which material is oblated from the exposed substrate surface. A

Fig. 3.8 (a) Schematic of the chamber and gas fow used for RIE with CF
4

adapted
from reference [285]. (b) Diagram showing the chemical and physical processes
occuring during RIE.

dry etching process is used to selectively remove areas of superconducting thin
film underneath an e-beam resist mask. The reactive species CF

4

is pumped
into a vacuum chamber at 50 sccm to a pressure of 30 mTorr at room tem-
perature. High frequency power of 80 W is applied between two electrodes,
one of which is the plate on which the sample is placed. The use of ultra-thin
superconducting films (≥ 7 nm thick) and wire widths close to 100 nm means
that the nanowires are approximately 2-dimensional and edge e�ects such as
scalloping are negligible during the etch process. The duration of the etch is
55 seconds to ensure full clearance of a 7 nm NbTiN film from the narrowest
sections of the pattern. An Oxford Plasmalab 80 Plus is used to run this
RIE recipe with small adjustments being made to accommodate di�erent film
thickness or materials.
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Waveguides are etched into GaAs to a depth of at least 140 nm using a
recipe developed at the University of She�eld mixing RIE with inductively
coupled plasma (ICP) for improved waveguide edge smoothness. The recipe
uses SiCl

4

at a flow rate of 18 sccm and a pressure of 9 mTorr with an RF
power of 250 W in an Oxford Plasmalab System 100 RIE machine. The etch
time is tailored to allow the deepest possible etching of waveguide features
including the clearance of material from the centre of small holes in photonic
crystal sections. An upper limit is placed on etching time by the selectivity
of the ZEP etch mask. After > 3 minutes there is a significant chance the
ZEP mask will be entirely etched through and the underlying NbTiN severely
damaged.

Wet etching

The GaAs SNB waveguides require a wet etching process to be released from the
underlying substrate. Submerged in aqueous HF (48%) the buried AlGaAs layer
in the substrate etches quickly and isotropically causing a scalloping e�ect which
removes material underneath thin nanobeams. GaAs does not interact strongly
with the etching solution making the process highly selective. Interactions
do occur with the deposited superconducting and metallic films. Perhaps
surprisingly the superconducting nanowires are not significantly damaged
during the short 20 s etch however the Ti adhesion layer between the NbTiN
film and Au features was found to cause significant issues. The high etch
rate of Ti in HF causes destructive damage at the edges of Ti/Au features
serious enough to electrically isolate regions Au from the underlying NbTiN
films[286]. To mitigate this e�ect Ge can be used as an alternative adhesion
material or metallic bond pads can simply be excluded from the design making
electrical contacts via the continuous NbTiN film instead. One of the most

Fig. 3.9 (a) A cross-section schematic showing how residual liquid generates bending
force on SNB waveguides whilst drying. (b) An SEM image of two long SNB
waveguide which have collapsed following an aqueous HF etch. Scale bar is 2 µm.
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challenging aspects of using an aqueous process to create suspended structures
is the inevitable removal of the liquid to dry the devices before they can be
tested freely in air and vacuum. When almost dry a small amount of liquid
trapped in the newly created gap between the underside of the nanobeam
and the substrate below will exert a force on the surfaces with which it is in
contact. As the molecules evaporate from the droplet’s surface its size shrinks
and more tension is exerted on the nanobeam and substrate, slowly pulling the
two closer together. Being long (> 10 µm) and thin (140 nm) the nanobeam
is flexible and the surface tension of even acetone droplets (much lower than
H

2

O or other solvents) is enough to bend a beam down into contact with the
substrate 1 µm below. Once in contact van der Waals interactions between
the waveguide and substrate render the collapse irreversible and reduce the
waveguide transmission to near zero.

There are two approaches to avoiding waveguide collapse after wet etching.
The first is to limit the length of sections of nanobeam. It was found empirically
that waveguides of Æ 15 µm length largely survive the drying process after an
HF etch probably due to the reduced flexibility of the GaAs top layer where
SNBs are attached to the more rigid edges. Critical point drying (CPD) is the
second method for releasing suspended structures. The HF etch solution is
replaced with H

2

O, acetone and then liquid CO
2

at high pressure. Raising the
temperature it is possible to pass the critical point at which CO

2

becomes a
supercritical fluid which can be pumped away from the sample without surface
tension being exerted on delicate suspended features. At lower pressures the
CO

2

returns to the gaseous state and the dry sample can be safely handled in
air.

3.1.4 Metrology

Figures 3.10 and 3.11 show images captured from various metrology techniques.
Microscopy and profilometry o�er insights into the state of a sample at di�erent
stages in the fabrication process and results can be interpreted to aid trouble-
shooting during process development.

Optical microscopy is the fastest method to perform a general appraisal
of a sample surface. Tools such as the Leica INM20 Optical Microscope have
a large field of view and have objectives for up to 100◊ magnification. This
microscope can laterally resolve features down to the di�raction limit of light
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Fig. 3.10 Examples of metrology techniques used for sample characterisation in the
JWNC. (a) An image is captured of 4 SNSPDs in the Hitachi S4700 SEM and
similar scene viewed under an optical microscope is shown in (b). (c) The measured
spectrum of EDX spectroscopy taken over an Au bond pad. Peaks corresponding to
Au and Ti are clearly defined alongside the Ga and As signal from the substrate. At
low energy one peak signals the presence of C likely in residues of ZEP resist.
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(≥ 200 nm). Using white light in an optical microscope also creates thickness-
dependent colour and brightness contrast for resist layers and superconducting
thin films. Because of this light microscopy can be used to quickly assess
the outcomes of etch processes, resist spinning, development, and stripping.
Using an objective lens with a relatively small depth of focus enables some
qualitative assessment of the morphology of surface features. For instance once
the sacrificial AlGaAs layer is removed from underneath GaAs waveguides
the waveguide depth and underlying surface as separated by over 1 µm. Such
separation in focal length makes it easily possible to identify which waveguides
are suspended above the substrate and which have collapsed (see Figure 3.9).

Scanning electron microscopy is another powerful characterisation tool
an SEM creates images with accelerated electrons which have a di�raction limit
orders of magnitude smaller than photons in the visible spectrum. In the Hitachi
S4700 SEM a beam of electrons is focussed and scanned over the substrate with
two detectors collecting either back-scattered or secondary electrons. The angle
and energy with which electrons are scattered is di�erent in each case, each
providing slightly di�erent information dependent on the material and topology
of the sample. Sample conductivity also has a strong influence on imaging[287].
Non-conductive substrates quickly accumulate charge at an exposed site causing
beam deflection and distorting images. Build up of large static charges can also
cause things to move around on the substrate if they are not securely stuck
down. It should also be obvious that EBL resists are sensitive to exposure
under electron beams and will likely undergo chemical and structural changes
when imaged in an SEM, proportional to the dose received[288]. As many
stages of fabrication require SEM imaging in the presence of EBL resist the
potentially destructive e�ects of exposure must be considered.

Energy dispersive X-ray spectroscopy (EDX) is an additional feature
within the Hitatchi S4700 SEM which exploits the phenomenon of emission of
high energy photons from atomic electron orbitals stimulated by interactions
with the electron beam. X-ray photons are emitted at wavelengths dependent on
unique energy level structure of the atomic species. As such the EDX can be used
to perform elemental analysis of samples directly under the SEM beam. The
X-ray signal is generated in a volume totalling several cubic microns underneath
the area where the electron beam strikes the surface. Therefore measurements
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of surface features will include significant signal from the underlying substrate
material.

Fig. 3.11 Surface morphology is characterised by profilometry. Atomic force mi-
croscopy (a) can generate 2-dimensional maps or lower resoltuion linescans (b) can
be performed quickly on a Dektak profilometer.

Atomic force microscopy (AFM) is used to measure surface topology
with sub nanometre accuracy. A laser interferometer is used to precisely follow
the vibrations of a miniature silicon cantilever with a nano-patterned needle-like
tip. As the tip is brought close to contact with a surface it is forced to follow
the morphology as it is moved laterally. The interferometer feeds back the tip
height allowing a detailed map of the surface to be built by raster scanning
the tip over an area and displaying the height data for each line scan. AFM
is commonly used to verify layer depths after etching or deposition as well as
checking surface roughness or uniformity.

Profilometry. A Dektak profilometer performs line-scans of a substrate
measuring surface topology much like an AFM with a significantly larger
tip. The Dektak typically resolves heights with an accuracy of around 5 nm
and single line scans can cover a long distance very fast providing sample
characterisation with lower resolution than an AFM but in much less time.
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Fig. 3.12 Detector fabrication (thicknesses not to scale).
(i) – Substrates are grown by molecular beam epitaxy at the EPSRC national centre
for III-V technologies. A GaAs wafer (green) is grown to a depth 370 µm and
additional layers of AlGaAs (1 µm, dark grey) and GaAs (140 nm) are then grown
on top. During growth of the top GaAs layer a small amount of InAs is introduced
which self-assembles into quantum dots (QDs) (red).
(ii) – Thin films of superconducting NbTiN (≥7 nm, light grey) are grown on top of
the wafers at a commercial facility.
(iii) – Substrates are cleaned with acteone, isopropanol (IPA) and N

2

gas to prepare
for EBL. ZEP-520A positive resist (110 nm, blue) is spun onto the sample and baked
to remove the solvent.
(iv) – EBL of alignment markers and electrical contact pads is performed in a Vistec
VB6 tool with 100 kV accelerating voltage and base dose 180 µC.cm≠2. The pattern
is developed in o-xylene at 4¶C.
(v) – Metallic features are deposited onto the chip by electron beam evaporation.
An initial layer of Ti (10 nm, not shown) is used for adhesion followed by Au (80 nm,
yellow).
(vi) – Excess metal and resist are removed in nMP solvent at 80¶C and the sample
placed briefly in an ultrasonic bath to complete lift-o�.
(vii) – A second round of EBL is used to pattern the nanowires and coplanar
transmission lines using the same resist.
(viii) – Exposure and development are similar to step iv.
(ix) – The pattern is transferred into the superconducting film by RIE in CF

4

gas.
(x) – The sample is cleaned of resist by O

2

plasma ashing and chemical stripping as
in step vi.
Inset – A 3D schematic showing the hairpin shaped nanowire in light blue.
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Fig. 3.13 Dry etching of waveguide circuits around hairpin nanowires, continued from
Figure 3.12.
(xi, xii) – Similar resist, exposure and development processes are used in a 3rd
stage of EBL. The final e-beam pattern defines the waveguide circuit geometry and
must be aligned to the hairpin nanowires on the surface of the chip with nanometre
precision.
(xiii) – A combined dry etch process uses RIE with SiCl

4

and inductively coupled
plasma to transfer the waveguide design into the GaAs substrate top-layer to a depth
> 140 nm.
(xiv) – Plasma and nMP cleaning are used to remove resist residues (see Figure 3.12
vi).
Inset– 3-D drawings show the waveguide circuit layout in resist (a) and transferred
into the GaAs substrate top-layer (b). (c) False coloured scanning electron micro-
graph showing a cross section of layered GaAs/AlGaAs substrate, scale bar is 1 µm.
Green layers are GaAs and grey is the sacrificial AlGaAs layer. Visible on the chip
surface are deposited metallic layers (Ti/Au, coloured yellow). (d) A schematic
view shows the layers not to scale with red dots indicating the location of InAs QDs
embedded in the waveguide layer. NbTiN is shown in grey (as opposed to light blue
in (c)) for clarity.
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Fig. 3.14 Wet etching processes are used to release waveguides from the underlying
substrate by removal of the AlGaAs sacrificial layer. Continued from Figure 3.13.
(xv) – Samples are submerged in concentrated aqueous hydrofluoric acid (HF, 48%).
The eposed AlGaAs is dissolved isotropically by the HF.
(xvi) – Samples must be dried carefully to avoid structural collapse. CPD is used
to replace the liquid H

2

O with CO
2

which can be held at its critical point by
balancing temperature and pressure. The critical CO

2

exerts no surface tension on
the waveguide structures whilst it is removed.
(xvii) – Completed devices are ready for characterisation. Although flexible the
waveguides will only collapse if immersed in liquid and dried without CPD.
Inset – Drawing of the completed device (left) and a scanning electron microscope
image of a working device (right) shown with false colour. The nanobeam waveguide
is 400 nm wide.
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3.2 Experimental Methods

This section aims to explain how some of the measurements presented in later
Chapters were performed. Standard characterisation methods of SNSPDs and
optical waveguides can be found in the literature although some of the apparatus
described here are custom built to serve a specific purpose. Schematics of
experimental apparatus are shown and methods described for measurement,
calculation and interpretation of data. Cryostats were designed and assembled
by Dr. Mike Tanner, Dr. Chandra Mouli Natarajan, Dr. Robert Heath
and the author. Where measurements require automation the author used or
adapted computer programmes written by Dr. Chandra Mouli Natarajan and
Dr. Robert Heath.

3.2.1 Device screening and preparation

After fabrication devices are screened by measuring resistance at room tem-
perature R

300K

with a 2-wire measurement on a digital multi-meter (DMM)
operating in a low current (10 µA) range. A comparison is made between
measured resistance and an estimate of device resistance based on nanowire
geometry and the measured square resistance R⇤ of the superconducting film.
Devices with too high or too low R

300K

are rejected. Excessive resistance
suggests seriously constricted nanowires whereas too low R

300K

suggests a
partially shorted circuit.

Samples are cleaved to size and the back side polished if required before
mounting on a custom machined sample mount made from oxygen-free high
thermal conductivity (OFHC) copper with 10 µm gold plating pictured in
Figure 3.15. SubMiniature push-on (SMP) connections are fitted to the under
side of the sample mount penetrating through to the top side. Custom cut
printed circuit board (PCB) is soldered to the central conductor of the SMP
connectors and provides a base to wire bond to the bond pads on chip. A
coplanar waveguide transmission line is patterned on the chip for each device.
A Kulicke & So�a model 4123 wedge wire bonder is used to connect Al bond
wires from the signal line to the PCB and from the ground plane to the sample
mount. Samples are secured to the sample mount with a small amount of silver
paint or nitrocellulose.

Devices can be aligned with high precision to the core of a single mode optical
fibre and secured in a small package pictured in Figure 3.15 (c). Precision
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Fig. 3.15 (a) An SNSPD shown on a sample mount with Al wire bonds connecting
coplanar waveguides on the surface of the chip with rectangular PCBs. (b) Exploded
view of a packaged SNSPD aligned with optical fibre. Steel shims are used to set
the fibre ferrule at fixed distance from the sample surface. The screws attaching the
sample mount to the copper cap can be adjusted to allow precision of alignment
of the optical fibre core over the detector’s active area. A hole in the sample
mount (not pictured) allows optical access to the polished back surface of the chip
during alignment. (c) Photograph of a detector packaged for electrical and optical
characterisation at low temperature. White scale bar is 1 cm.

alignment is performed by viewing the device through the substrate using
a confocal microscope and infrared sensitive charge coupled device (CCD)
pictured in Figure 3.16. Alignment of a single pixel detector is described in
Chapter 5. All the elements of the detector package are shown in exploded
view in Figure 3.15 (b). Thin steel shims are used to control the separation
between the chip surface and the end of the zirconia ferrule. Optical coherence
tomography is performed to verify the distance of separation (the process is
described in reference 144). The e�ect of misalignment between an optical
fibre and a square-shaped detector is described well in reference 289 with use
of coupling simulations.
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Fig. 3.16 Precision alignment of SNSPDs with single mode optical fibre is performed
under a confocal microscope. (a) A source of visible and infrared illumination is fed
into the microscope via a waveguide (i) and focussed onto the surface of a mounted
sample (ii) through a Mitutoyo long working distance IR objective lens (iii). The
microscope field of view is monitored by a phosphor coated near infrared (NIR)
sensitive CCD camera (iv). The translation stage (v) allows movement of the whole
device package to locate the device active area and the smaller positioners (vi) move
the copper cap into a precise position holding the fibre core directly over the detector.
(b) Image captured by an infrared sensitive CCD attached to a confocal microscope
used to align SNSPDs with single mode optical fibre. The detector is viewed through
the back of the substrate with laser light from the fibre core visible in the centre of
the image. Scale bar is 20 µm. (c) The design layout of the same detector. The
active area of the nanowire meander is the central green section.

3.2.2 Closed-cycle refrigeration

The majority of devices fabricated in this work will only operate below certain
threshold temperatures as thermal noise will destroy the superconducting
state and blur the energy levels of semiconductor QDs. Liquefied helium was
the original cooling technology used by H. Kammerlingh Onnes to induce
superconductivity and to this day probably the most direct way to cool a
sample to 4.2 K is by submersion in a bath of liquid helium (LHe) [290, 64,
291]. This method is not ideal however since such cryogenic liquids require
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skilled handling and are potentially dangerous. Over the past century more
sophisticated cooling techniques have created closed-cycle and cryogen-free
systems as well as reaching lower temperatures allowing new materials and
phenomena to be studied. Moreover it is the development of more compact and
easily operated cryocoolers that has brought low-temperature technologies to a
broader audience, arguably more so than the development of high-temperature
analogues. Two types of cryocoolers have been used at the University of Glasgow
for low temperature electrical and optical characterisation of superconducting
detectors and integrated optical waveguide circuits. The refrigerators are based
around a GM cooler and a pulse tube (PT) cooler both of which contain high
purity He within sealed transmission lines and use a separate compressor to
pump expanded He away from the cold-head compressing and recycling it
through the system in much the same way as a domestic refrigerator.

GM coolers contain a rotary valve motor at the base of the cold-head bolted
to a room temperature mounting flange which receives much of the vibration of
the motor. Around this flange a vacuum can is built to surround the cryostat.
Separated from the mounting flange the first and second cooling stages extend
some distance linearly with fixings to enable the anchoring of components. More
vibrations are created by pistons inside the first and second stage cylinders as
well a small amount of mechanical movement contributed by the expansion
of compressed He gas. Overall GM coolers generally oscillate ± 20 µm along
the cold-head axis in sync with the rotary motor as well as a few microns
perpendicularly.

PT coolers are usually more expensive for an equivalent amount of cooling
power but contain no moving parts within the cold-head and therefore achieve
much lower mechanical vibration during operation. The PT rotary motor is
detached from the cold-head and can be mounted away from the cryostat to
avoid transferring vibrations to the sample although expanding He gas inside
the cold head creates a few microns of movement.

The cryostats built around GM and PT coolers are described in the following
sections with detail of the optics and electronics included within the vacuum
space as well as the measurements carried out by the author to characterise
devices. Section 3.2.5 includes a schematic of an LHe bath cryostat and external
optics used at the University of She�eld to perform quantum optics experiments
involving QD photo-luminescence (PL).
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3.2.3 Low temperature electrical and optical measure-
ments

A cryostat was assembled at the University of Glasgow utilising a Sumitomo
RDK101D cold head with an air-cooled HC-4A Zephyr compressor shown
in figures 3.17 and 3.18. The parts forming the body of the cryostat were
custom designed and machined at the University of Glasgow including Au-
plated radiation shielding, plates thermally anchored to the cooling stages for
anchoring components and flange plates with electric and optical feed-throughs.
From room temperature the cryostat reaches a base temperature of 2 K within
a few hours and will operate continuously with 0.13 W of cooling power (at
4.2 K) for ≥10,000 hours until servicing is required to replace the absorbing
medium or any worn mechanical parts. The cryostat and radiation shielding
are housed within a steel vacuum can and the 34 litre volume is pumped down
to a pressure < 1 ◊ 10≠4 mbar using a pump station consisting of an Adixen
ATP80 turbo molecular pump backed by an ACP15 Roots roughing pump.
Any gasses present inside the system while the compressor is operational will
eventually condense onto the cold-head. This cryo-pumping e�ect reduces the
pressure inside the vacuum can but can cause extra load on the system if there
is a significant leak. Vacuum systems are leak-checked using He gas and a He
leak detector system. A He flow rate < 10≠10 mbar.s≠1 is tolerable for system
operation. An array of 16 bare optical fibres are fed through individually drilled
holes in an Al flange plate. A recess in the plate allows liquid epoxy to be poured
over the feed-through region after placement of the fibres creating a vacuum-
tight seal when the epoxy dries. Hermetically sealed electrical connectors are
fixed to more flange plates to enable RF signal transmission and thermometry
read-out. SMA bulkheads which transmit frequencies up to 18 GHz with 50 �
impedance are fitted into D-shaped drilled holes and tightened over rubber
washers forming a vacuum seal. Thermometer cables are soldered to 12-pin
Fischer connectors. Brass coaxial cable is used for biasing and readout of
SNSPDs at the cold head. The thermal conductivity of this RF cabling causes
the largest contribution to heat-load on the cold head under normal operation
and places a limit on the number of devices that can be operated simultaneously.
Sections of the white polymer sheath are removed from the coaxial cable to
allow for thermal anchoring at the 40 K and 2 K stages and an excessive
length (≥1 m) of cable is contained within the cryostat and wound around
the lower portion of the cold-head to maximise the thermal separation from
the room temperature SMA connectors. Excessive lengths of optical fibres
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Fig. 3.17 A cryostat is built around a GM cryocooler with a base temperature of
2 K. (a) The operational cooler is housed within a vacuum can (i) with Klein flange
(KF) connectors (ii) for pumping out the chamber. A fibre optic break-out box (iii)
houses connections for several single mode optical fibres which run ot the cold-head.
The main body and rotary motor of the cold-head lie underneath and bolted to the
Al plate visible in the picture (iv). (b) Au plated radiation shields (v) are bolted to
the 1st (40 K) cold-head stage. SubMiniature A (SMA) bulkheads allow connection
of up to 8 RF electrical lines (vi). At the second (2 K) stage of the cold-head (vii)
there is a post for mounting packaged devices. (c) A stand-o� stage is created by
separating the 2 K stage with a Pb puck (viii) to reduce thermal oscillations. A fibre
coupled SNSPD (ix) is bolted to the stand-o� stage with a spliced fibre connection.
RF electrical connections are made by SMP connectors (x). Si diode thermometers
(xi) are visible at the 2 K and stand-o� stages.

are also wound around the base of the cold-head to allow for many devices
to be repeatedly spliced into the refrigerator without the need to replace the
fibre feed-through although silica optical fibres have extremely low thermal
conductivity so can be included in large quantity within the cryostat without
introducing significant heat load. The Zephyr compressor cycles at 0.7 Hz
causing temperature oscillations with the same period. Although the magnitude
of fluctuations is < 0.5 K this variation can cause significant fluctuations in
device temperature of an SNSPD thermally anchored to the 2 K stage directly
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Fig. 3.18 Schematic of electrical and optical connections to the various cryostat stages.
The electric circuit shown is used to perform DC measurements of superconducting
critical current I

C

and critical temperature T
C

(with the 50 � shunt removed).

a�ecting the detector count rate which scales exponentially at bias currents
close to the temperature dependent critical level I

C

(T ). A stand-o� stage is
included above the cold-head separated from the 2 K stage by a Pb puck. The
low thermal conductivity of Pb significantly dampens the thermal oscillations
bringing the stand-o� stage to 2.2 K ± 0.1 K. To further mitigate the e�ects of
oscillating base temperature measurements of the detector can be synchronised
to the compression frequency.

Measuring the critical temperature

The critical temperature T
C

of superconducting films or devices can be measured
whilst cooling down or warming up the cryocooler. The wire bonded sample is
bolted to the stand-o� stage and connected to brass coaxial cable with an SMP
connector rated for signal transmission up to 40 GHz. Outside the refrigerator
high frequency signal transmission lines utilise coaxial cables with SMA type
connectors. For the DC and low frequency elements of the bias circuit coaxial
components with bayonet Neill-Concelman (BNC) connectors are used (rated
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up to 4 GHz with 50 � impedance). To perform a resistance measurement over
the device a DC voltage source and bias resistor are connected as shown in
Figure 3.18 with the 50 � shunt resistor removed. Housed within a Stanford
Research Systems Simple Instrumentation Module (SIM-900) mainframe the
bias voltage is provided by a SIM928 Isolated Voltage Source which uses
multiple battery cells to deliver ± 20 V with a resolution of 1 mV and noise
as low as 10 µV

rms

(1 kHz bandwidth). The bias resistor is a 100 k� ± 1%
carbon resistor housed in a conductive box with BNC connectors. A SIM970
Quad Digital Voltmeter is primarily used to read both voltages V

1

and V
2

,
corresponding to the bias voltage and the voltage drop across the device under
test respectively. For devices with particularly low switching currents noise in
the bias circuit can be reduced by swapping the SIM voltmeters for a Keithley
2000 multimeter and including in-line BNC low pass filters such as the Mini-
circuits 50 � BLP-50+ which heavily attenuates noise from DC to 48 MHz.
Temperatures are recorded from 3 Si diode thermometers situated at the 40 K,
2 K, and stand-o� stages of the cold head. Thermometers are addressed by a
4-point resistance measurement with Constantan wires connected to a SIM922
Diode Temperature Monitor which compares measured resistance values to
a stored 256 point calibration curve in order to give continuous temperature
measurements with 4-digit accuracy between 1.4 K and 475 K. During warm-up
or cool-down the thermometer temperatures and voltage across the device
are measured simultaneously at short time intervals. During thermal cycling
between base temperature and 15 K the system cools down faster than it heats
up over the same range therefore the thermometer temperature is likely closer
to equilibrium with the device during warm-up. Data are recorded during both
cool-down and warm-up to give upper and lower bounds for T

C

.

Several features of the measured resistance as a function of temperature
are instructive about the properties of the superconductor. The position of
the sharp transition to zero resistance is known as T

C

. The distance between
device operation temperature and the superconducting transition is proportional
to the current a superconducting wire can support before switching to the
resistive (or normal) state. The width of the transition gives some indication
of the uniformity of the superconducting film since serious changes in material
properties across a detector will manifest at a range of separate transitions
for di�erent sections of the nanowire. The presence of a residual resistance far
below the transition is evidence of series resistance within the system. The
measurement cabling should provide ≥ 1 � of series resistance and additional
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contact resistance between bond wires and the superconducting material can be
introduced by surface oxides or residual e-beam resist. Additionally a section
of nanowire that is significantly constricted may turn superconducting only at
lower temperatures and currents than those provided.

Measuring the critical current

Voltage across a superconducting nanowire can be measured as a function of bias
current I

B

using the arrangement shown in Figure 3.18. As well as measuring
the voltage across the device voltage is measured before the bias resistor to
provide an accurate indication of the applied bias. A shunt resistor can be
included in parallel with the device under test which will e�ectively divert
current when R

device

∫ R
Bias

enabling fast cooling of the nanowire reducing
the likelihood of hysteretic or latching e�ects. The measured current–voltage
characteristic of a shunted nanowire will register a maximum resistance of
R≠1

max

= R≠1

device

+ R≠1

shunt

. The presence of the shunt resistor causes the circuit
to switch as soon as R

device

> R
shunt

therefore it is not possible to measure the
maximum possible value of R

device

in this configuration.

The onset of the normal resistive state is evidenced by a sharp change in the
gradient of the current–voltage characteristic. The bias current associated with
this transition is referred to as I

C

the critical current. In fact this switching
current is likely lower than the intrinsic value of J

C

/A.l for the superconducting
film, where the nanowire volume is the product of its cross sectional area A

and length l. For the practical purposes of operating the detector however this
switching current is the more relevant figure.

Measuring kinetic inductance

Alternating current in superconducting wires is subject to kinetic inductance
L

K

as a result of the inertia of superconducting charge carriers. The magnitude
of L

K

is dependent on material properties as well as l and A.

L
K

= mú

2n
s

e2

l

A
(3.1)

where n
s

is the density of superconducting charge carriers, 2mú the Cooper pair
mass, and -e the electron charge. Meandered nanowire single photon detectors
can use a film of < 10 nm thickness with < 100 nm width wires patterned up
to a total length exceeding 0.5 mm. The extremely high aspect ratio of these
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wires leads to correspondingly large L
K

. As the bias current I
B

in a nanowire

Fig. 3.19 Schematic of the elctronic apparatus used to measure the kinetic inductance
of an SNSPD. The vector network analyser (VNA) signal is attenuated to a level low
enough to gently perturb rather than suppress the superconducting properties of the
SNSPD. The return signal is amplified to a readable level for the VNA.

reaches critical level I
C

the maximum superconducting current density J
C

is
exceeded and the material transitions to the normal resistive state. The change
in L

K

as the nanowire approaches this transition is given by the relationship

L
K

L
K0

= 1 + 4
9 C2

3
I

B

I
C

4
2

(3.2)

The free parameter C is a value equal to 1 for a wire of perfectly uniform
width along its entire length. The value of C scales down towards 0 for non-
uniform wires exhibiting progressively wider variations in A along the wire
length.

An AEA VIA Bravo 50 MHz VNA is connected as shown in Figure 3.19
on the AC arm of a Picosecond Pulse Labs 5575A-104 12 GHz bias tee. The
circuitry shown in between the VNA and the SNSPD acts to attenuate the VNA
output to a safe level for the superconducting nanowire. The returning signal
is amplified to a suitable level for the VNA to register. The total inductance is
measured as a function of bias current and data for I

B

Æ I
C

are fitted to (3.2).

Measuring detection e�ciency

System detection e�ciency (SDE) is the ratio of counts registered by a detector
R to the input photon flux �. From Chapter 2:

SDE = R ≠ DCR

� (3.3)
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where DCR is the dark count rate measured from the detector at a fixed bias
current with � = 0. The intrinsic properties of the superconducting nanowire
at the operating temperature and extrinsic influence of unwanted light coupling
into the system both contribute to the DCR. Light lost within the system
due to imperfect transmission of components or poor coupling to the detector
will influence SDE. By measuring the component losses it is possible to make
adjustments to the SDE figure although quoting the system as a whole is more
relevant from a user’s perspective. Detection e�ciency is measured using a

Fig. 3.20 Schematic of the apparatus used to measure SDE. An adjustable pulsed
current source is used to gain switch a diode laser which emits light into single
mode optical fibre (orange lines). Light is routed through programmable digital
attenuators and a polarisation controller before being directed to a current biased
SNSPD. Detector output pulses are split to the AC arm of a bias tee and amplified
before being sent to a digital counter.

light source with a calibrated power meter and optical attenuators. Either
pulsed or continuous wave laser light can be used to illuminate a detector with
each requiring a slightly di�erent calculation of e�ciency ÷. Measurements of
optical power by a standard power meter are most reliable for continuous wave
(CW) illumination. Di�erent power meter heads are used depending on laser
wavelength. All light is routed through optical fibres and in-line components
as far as the refrigerator. The core diameters of optical fibres are selected to
ensure light of the target wavelength is confined in a single optical mode that
propagates with low loss through the fibre core. Experiments conducted at
⁄ = 1550 nm use SMF-28 standard telecoms single mode fibre with a core
diameter of 9 µm. Experiments at shorter wavelengths utilise 780HP and
SM980 fibres or similar, with a core diameter of 5 µm these fibres are single
mode for light at 940 nm or 1064 nm.

A diode laser is used as a light source for e�ciency measurements with an
Agilent 81110A 165/330 MHz pulse pattern generator used to create CW output
or short pulses with variable duration. For CW illumination the detector reset
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time ·
2

sets the fundamental time interval for measurements. Low photon flux
can be defined as the mean photon number per time interval n̄ being n̄ π 1. For
a detector with ·

2

= 10 ns and a 1550 nm diode laser with 1.5 mW CW output
power the beam must be attenuated by 100 dB to reach the low photon number
regime. Standard power meters are unable to measure such a wide dynamic
range in order to calibrate the attenuation stage. Instead a pair of attenuators
are used in series, each being calibrated within a range of at least 60 dB with
the Thorlabs PM-300 power meter. As an example the detection e�ciency
measurement in Figure 6.5 is performed using two calibrated JDS uniphase
HA9 attenuators and a Thorlabs diode laser LP940-SF30 (⁄ = 940 nm).

To perform an SDE measurement on an SNSPD the detector is current
biased and the count rate recorded as a function of input photon flux over
a range from n̄ = 0 (a blocked beam) to n̄ ∫ 1. This measurement can
be repeated at a number of bias levels to show the dependence of SDE on
bias current. For n̄ ƒ 0 the count rate will remain at a finite level, this is
the bias-dependant DCR. The highest count rate for the detector will also
saturate at some point. For CW illumination the maximum possible count
rate is largely dictated by the reset time of the detector whereas is the case
of pulsed illumination the count rate of an SNSPD will saturate at the pulse
repetition rate of the laser given that each pulse contains a high enough number
of photons to account for imperfect detection e�ciency (the observed count
rate will also include any dark counts occurring in between laser pulses).

Detector counts are registered via the AC arm of the bias tee with output
pulses routed through an amplifier chain which can be monitored on an oscil-
loscope to check pulse shape, amplitude, and duration. The amplifier chain
consists of two RF Bay low noise amplifiers. The LNA–1000 has a 10 – 1000
MHz frequency range, 30 – 33 dB gain, and 1.8 – 2.3 dB noise and the LNA–580
has a 10 – 580 MHz frequency range, 21.5 – 23 dB gain, and 0.7 dB noise.
With the detector pulse visibility and amplitude confirmed the signal is routed
to an Agilent 53131A 225 MHz universal digital counter. The counter is set to
register pulses over a specified threshold voltage and programmed to record
detector counts in intervals of 0.7 seconds to synchronise with the PT cooling
cycle. The maximum count rate is limited by a 500 ps minimum interval and
the need for incoming pulses to exceed the trigger threshold for at least 4.4 ns
in order to be registered. The trigger level accuracy is ±15 mV + 1% of the
threshold value.
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Polarisation control

Polarisation control is implemented by adding fixed amounts of strain and
torsion to loops of optical fibre either with manually operated “bat ears” or a
motorised digitally addressed polarisation controller. Using the detector count
rate as feedback it is possible to set the rotations that lead to a maximum
and a minimum count rate. For a standard nanowire meander detector these
maximum and minimum count rates correspond to parallel and perpendicular
orientation of the electric field vector with the nanowire direction respectively.

The Agilent 11896A electronic polarisation controller can be programmed
to perform 104 fixed polarisation transformations with good repeatability.
Each programmed state represents a point of the surface of a Poincaré sphere
although the degeneracy of addressed states is unknown as is the exact mapping
of addresses in the controller to absolute points on the Poincaré sphere. Without
polarisation control it is impractical to estimate the exact polarisation state at
the detector because temperature variations and other haphazard changes in the
environment will influence the polarisation in a standard optical fibre causing
unknown variations between experiments. To probe the polarisation sensitivity
of an SNSPD during e�ciency measurements 256 states of the polarisation
controller are selected and an e�ciency measurement performed for each. The
repeatability of polarisation states during these measurements is explored in
reference 133.

Measuring timing jitter

Figure 3.21 shows the apparatus used to probe detector timing jitter. A mode-
locked 55 mW 980 nm laser drives a Kphotonics CNT-1550-TK erbium-doped
fibre laser (⁄ = 1560 nm, spectral bandwidth 8 nm) at a 50 MHz repetition rate
producing narrow optical pulses which are split between an SNSPD under test
and an InGaAs fast photodiode (Thorlabs DET10C/M, 700-1800 nm, 10 ns rise
time). A PicoQuant HydraHarp 400 is used for time-correlated single photon
counting (TCSPC) recording SNSPD pulse arrival time in 1 ps time-bins. An
inverting amplifier is included in the SNSPD signal line and a passive inverter
used for the fast photodiode signal to provide the negative polarity pulses
necessary to trigger the HydraHarp. Device dark counts occur at random time
intervals and create a background noise floor. Plotting TCSPC events in a
histogram allows visualisation of the detector response function which is usually
Gaussian for an SNSPD. Conventional jitter measurements will collect TCSPC
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events until the peak height of the response function is at least an order of
magnitude above the noise floor.

Fig. 3.21 Schematic of apparatus for measuring SNSPD timing jitter by TCSPC.
Narrow laser pulses are generated by an erbium doped fibre laser at 50 MHz and
routed through single mode fibre (orange lines) to a 50:50 beam-splitter. One output
of the beam-splitter is connected to an InGaAs photodiode which triggers one input of
the TCSPC electronics starting a clock. The other beam-splitter output is attenuated
and routed to the SNSPD. Detector output pulses are amplified and used to trigger
the other TCSPC channel, stopping the clock.

3.2.4 Nano-optical measurements

Reflection mapping

A second cryostat system installed at the University of Glasgow is used for
nano-optical testing. Adapted from a miniature confocal microscope system
for focussing light from semiconductor QDs [292] a few adaptations create
the capability for sub-micron scale optical characterisation of SNSPDs [293]
and integrated waveguide circuits. A Cryomech PT403 pulse tube cooler is
connected to a water-cooled CP830 compressor providing 0.25 W cooling power
at 4.2 K and achieving a base temperature of 3.7 K. Within the cryostat a
miniature confocal microscope is mounted on a stack of Attocube piezoelectric
motors. Thermometers, control wiring for the piezoelectric motors, and single
mode optical fibres are attached similarly to the cryostat described above
based around a GM cooler. Extra black-body radiation shielding is provided
by mylar foil surrounding the Au plated steel radiation shield. The PT cools
to base temperature over several hours and can run continuously up to the
recommended service interval of 12,000 hours. The confocal microscope consists
of a lens tube with a collimating lens (Geltech 352280-C, NA = 0.15) and an
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Fig. 3.22 A cryostat built around a pulse-tube crycooler containing a miniature
confocal microscope mounted at the 3.7 K stage and driven by piezoelectric motors.
Red box Optical components are connected to perform reflection mapping of a
sample surface. Bright broadband light is routed to the microscope through single
mode optical fibre (orange lines). Reflected light is collected by the microscope optics
and focussed back through the fibre. An optical circulator separates the reflected
signal and routes it to an InGaAs photodiode to measure its intensity. Piezoelectric
motors adjust the height and focus of the microscope and move it laterally to build
up scanned images. Green boxes Attaching a diode laser to the optical input with
variable attenuators and a polarisation controller in between allows SNSPDs to be
probed with single photons. A bias tee is used to separate the DC current bias from
the fast output pulses from the detector. Pulses are amplified and sent to a digital
counter.

objective lens (Geltech 352330-C, NA = 0.68) both of which have anti-reflection
coatings which are designed for 1050 nm to 1620 nm wavelengths. Two sets of
microscope lenses can be interchanged for use in the system, one for wavelengths
close to 1550 nm and one for 950 nm (with a suitable anti-reflection coating).
The microscope focus is adjusted by an Attocube ANPz101 piezoelectric motor
and two ANPx101 motors provide x and y translation. Each of these motors
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travels close to 5 mm. An Attocube ANSxy100 is included in the motor stack
allowing for fast scans in the xy plane with sub-nanometre step size. This
scanning motor operates by applying a fixed DC voltage (0 – 120 V at 300 K)
which covers a 40 µm ◊ 40 µm area at room temperature with non-linear
step size. At low temperature the maximum scan area is closer to 35 µm ◊
35 µm with uniform steps (see 144 for further detail). The ANP- motors use
a ratcheting mechanism to drive the motors with a saw-tooth voltage being
applied causing the titanium body to be pushed step-wise along a fixed railing.
Fixings underneath the confocal microscope are adapted to fit the same sample
mounts as shown in Figure 3.15.

With bright laser light the miniature microscope can be used to image a
sample surface with the equipment configuration pictured in Figure 3.22 (red
box). Fibre circulators for wavelength ranges 1525 nm < ⁄ < 1610 nm and
1054 nm < ⁄ < 1074 nm are used in conjunction with the corresponding light
sources. Light reflected from the sample surface back through the optics is
routed through the circulator towards an InGaAs photodiode which measures
the reflected power. Scanning the microscope over the device area using the
piezoelectric motors enables reflection data to be systematically collected for
lines or grids of spatial coordinates. A grid of reflection data creates a map of
the sample surface as seen in Figure 3.23. Performing a high resolution line
scan over a sharp edge with high contrast enables the spot size to be calculated.
The measured reflection as a function of distance will be a convolution of
the Gaussian beam profile with the step-function of the high contrast edge.
Assuming that the beam is a fundamental Gaussian shape and well focussed
de-convolving the measured data returns a figure for the beam waist width. The
optics are capable of focusing a spot with FWHM of 1.3 µm at ⁄ = 1550 nm
although vibrations make the practical resolution limit closer to 2 µm. The
beam focus is found by varying the separation of the microscope from the
sample with the z axis motor and monitoring the intensity of reflected power
when positioned over a flat and highly reflective surface. Away from focus
light reflected from the surface will diverge beyond the acceptance angle of the
objective lens and therefore the highest reflected power is observed when the
spot is in optimal focus.

Spatial mapping of single photon detector counts

Replacing the bright light source and circulator with a laser and attenuators
allows the miniature microscope to be used for probing spatial variations in the
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Fig. 3.23 Sub-micron sized features can be imaged at low temperature under a
miniature confocal microscope. (a) A sample containing waveguides and a detector
as seen under a optical microscope, scale bar 15 µm. (b) The same device cooled to
3.7 K. The miniature microscope is raster scanned over the device area and reflected
light (⁄ = 1050 nm) is collected to build up an image. (c) The microscope consists of
a lens tube containing high numerical aperture (NA) collimating and objective lenses
bolted to a stack of piezoelectric positioning motors. Single mode fibre delivers laser
light to the microscope which focuses an optical spot of ≥ 2 µm onto the sample
surface. The peizo motors focus and scan the spot over the area of interest.

single-photon response of a detector or waveguide circuit as shown in Figure
3.22 (green boxes). By recording the detector count rate at each position as
the microscope is scanned over an area of interest it is possible to build up a
count map as shown in Figure 3.24. Wavelength dependent measurements are
performed with a similar set up by replacing the diode laser with a tunable
wavelength source. Three tunable lasers are routed to an optical switch allowing
for a wide range of wavelengths to be covered in a single experiment. The three
laser sources are a Yenista OSICS ECL–1400 (1340 nm < ⁄ < 1440 nm), an
Agilent HP 8168F (1440 nm < ⁄ < 1590 nm), and a Yenista OSICS T100–1620
(1560 nm < ⁄ < 1680 nm) all of which are routed through a Yenista OSICS
SWT optical switch. Further details on tuned wavelength measurements with
this set up can be found in Chapter 5 and references 144 and 294.
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Fig. 3.24 The spatial variation in single photon response is mapped for irregularly
shaped SNSPDs. SEM images show the active areas of stepped rectangular (a) and
triangular (b) shaped detectors. The apparatus in Figure 3.22 were used to probe
these devices with single photons at ⁄ = 1550 nm. Count maps show a high count
rate (red) when the nanowire is illuminated and the background count level (purple)
when the microscope spot is focussed away from the device.

Given the 2 µm spot size at ⁄ = 1550 nm and the nanometre step size
of the Attocube scanning motors the system can resolve spatial variations in
count-rate over distances much smaller than the area of a typical meandered
SNSPD. When the pulse-tube cooler is operating however there are mechanical
vibrations which cause oscillation of the microscope relative to the sample’s
position. Figure 3.25 (g) illustrates how an oscillating optical spot will create a
highly distorted image making vibration damping essential for the collection of
meaningful data. The entire refrigerator can be winched o� the ground and
re-seated at di�erent angles onto rubber feet and vibration absorbing foam
to minimise lateral oscillations of the microscope. A number of mechanical
isolation features are also incorporated into the refrigerator design. The rotary
motor is separated from the PT403 cold-head and mounted at some distance.
The cold-head itself is separated from the mounting flange by sprung bellows
and flexible copper braids are used to separate the 1st and 2nd cold stages
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from the microscope mounting plate providing mechanical isolation with good
thermal conductivity.

Fig. 3.25 Figure adapted from the PhD thesis of Dr. Robert Heath [144]. The
miniature microscope builds up images by scanning an optical spot over features
on the substrate. (a) represents a feature with clear outline to be imaged by the
microscope spot (b) which has a Gaussian intensity profile. (c) The scanned image
is equivalent to a convolution of the feature shape and the spot profile. (d, e)
Cut-throughs are shown of the beam profile and convoluted image respectively. (f)
The e�ective beam profile is now shown for the same microscope spot undergoing
lateral oscillations with 3 µm amplitude. Convolving the oscillating beam with the
same square feature would return the image in (g) which is clearly distorted to a
great extent.
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3.2.5 Waveguide and quantum dot optical characterisa-
tion

Simulating waveguides with integrated detectors

In the context of optical waveguides an optical mode is a certain oscillating
configuration of the electric (and magnetic) field that is supported within a
specified volume. Optical modes are wavelength dependent and propagate at
speed v = c/n

e�

. For waveguides comparable in size to the optical wavelength
the field distribution associated with an optical mode is continuous over material
boundaries and therefore an e�ective index n

e�

is used rather than the refractive
index of the bulk material. The archetypal model for a waveguide uses ray optics

Fig. 3.26 Waveguide integrated detectors are modelled to simulate the absorption
of waveguide photons into an NbTiN nanowire. (a) A hairpin shaped nanowire is
patterned in 7 nm thick NbTiN along the top of an SNB waveguide. (b) Three
di�erent cross sections represent the material profile at all points along the modelled
section of SNB waveguide and integrated detector. (c) Plots of the simulated electric
field distribution in a cross sections of a GaAs SNB waveguide 140 nm high and
400 nm wide with an NbTiN nanowire on top. The Mode Solutions package within
the Lumerical TCAD software[295] is used to calculate the e�ective index of the
waveguide mode in each cross section and the calculated mode parameters n

e�

, Ÿ
e�

can be used to calculate reflections and absorption respectively.

to describe a glass optical fibre in which total internal reflection causes light
to propagate uninterrupted inside a low index core by reflecting below some
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critical angle ◊
c

from the interface with the higher index cladding. Losses from
this perfect fibre model only occur through absorption, the presence of defects,
or if the fibre is curved enough that certain ray vectors exceed ◊

c

and escape into
the cladding. This waveguiding principle is similar for planar waveguide circuits
although at dimensions approaching the optical wavelength Gaussian beam
propagation provides a better model for designing and predicting waveguide
behaviour. Calculating the electric field distribution in anything other than a
circularly symmetric fibre requires numerical rather than analytical solution
and there are a number of software packages designed to solve such problems
by finite element analysis and other computational methods.

For the Gaussian approach we must consider light as a three dimensional
time-varying electric field E(x, y, z, t). With the propagation axis z being shared
with the centre of the fibre core the case of a straight fibre of uniform diameter
the expression simplifies to E(x, y)e≠ikzeiÊt for propagation in the positive z

direction with angular frequency Ê and wavenumber k = Ê(µ
r

‘
r

)0.5/c. The
permittivity and permeability of the waveguide material are denoted by µ

r

and
‘

r

respectively. Now any physical solution to E(x, y) will represent the electric
field distribution of one optical mode. Without any changes in the waveguide
geometry E(x, y) will remain constant as the beam propagates. Figure 3.26
shows how the absorption into waveguide integrated SNSPDs is calculated by
simulating just 3 cross-sections of the system. The simulated values of n

e�

and
Ÿ

e�

are used to perform simple calculations of absorption and reflection of a
beam propagating in discrete time steps. Changes in the waveguide geometry
equate to changes in n

e�

and by Fresnel’s equations some fraction R of the
light is reflected with the rest coupling into the new optical mode T = 1 ≠ R

(assuming no absorption into the waveguiding media). Using this fast method
a vast range of waveguide and nanowire parameters can be explored such as
detector dimensions, misalignment, and nanowire material. Full 3-dimensional
finite di�erence time domain simulations of waveguide integrated detectors can
be performed but require ≥ 1 day of computation time (in Lumerical’s FDTD
software package[295]) for a single iteration. These simulations are used to
confirm the accuracy of results obtained by the simpler method. The simple
propagation model does not account for bends in the waveguide which exhibit
losses inversely proportional to the bend radius in empirical observations.
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Photoluminescence measurements

Figure 3.27 shows a LHe bath cryostat installed at the University of She�eld
and used for the testing of III-V semiconductor QD samples. Housed in a
narrow vacuum tube devices are placed far down inside the helium dewar with
a window at the top providing optical access for a host of photonic experiments.
With this arrangement pump light can be focussed on a QD whilst emitted
photons are collected from a separate part of the chip having travelled there
through on-chip optical waveguides and been scattered upwards by a grating
coupler as shown in Figure 3.28.

Absorption measurements on waveguide integrated SNSPDs were performed
by John O’Hara at the University of She�eld using similar optics to Figure
3.28 with the sample placed in a He flow cryostat. PL was stimulated by
focussing ⁄ = 632 nm laser light onto a region of a sample with embedded
QDs. Using shorter wavelength pump light than the QD band gap ensures
that a broad range of excitonic transitions in a number of nearby QDs are
stimulated. PLs from the wetting layer and QDs is emitted in all directions but
optical waveguide features patterned into the GaAs surface layer will guide light
preferentially in the patterned channels. Grating couplers scatter light upwards
out of the waveguide mode towards a large objective lens which focuses this light
into collection optics for filtering and analysis. A long pass filter is first applied
to remove light at the pump wavelength and the remaining PL is directed to a
spectrometer. Within the spectrometer a di�raction grating spreads the PL
spatially as a function of wavelength (similar to white light dispersing through
a prism). A Si-SPAD is positioned to collect a narrow section of the dispersed
PL spectrum e�ectively selecting and measuring the intensity of a thin band
of wavelengths —⁄. A high resolution spectrometer will be able to resolve
—⁄ Æ 1 nm which is easily enough to reject PL signal from the wetting layer or
even unwanted exciton transitions within a single QD or nearby QDs. Having
selected the PL of a single excitonic line the stream of single photons can be fed
through a 50:50 beam-splitter to perform a Hanbury-Brown Twiss measurement
of the second order correlation function g(2)(⌧) of the source as shown in Figure
3.29. Sensitive single photon detectors placed at the beam-splitter outputs
record a so-called coincidence count when both detectors fire simultaneously.
A variable delay in the path to one detector allows the coincidence count rate
to be measured as a function of ⌧ the di�erence between the two optical path
lengths (in units of time). In practice the output signals of the single photon
detectors can be routed to the ‘start’ and ‘stop’ triggers of a TCSPC module
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Fig. 3.27 A cryostat and optics assembled at the University of She�eld for measuring
QD PL and testing integrated waveguide circuits. Samples are cooled inside a vacuum
can with a small amount of He exchange gas that is submerged in an LHe dewar. At
the base of the vacuum can samples are mounted on top of 3 piezoelectric motors
which allow di�erent areas of the sample to be moved into focus. Optics address the
sample by focussing light through free space down the axis of the vacuum can through
a number of lenses and one vacuum sealed window. The room temperature optics
include lasers for pumping QDs as well as filters and spectrometers for analysing
PL. A sample mount is custom built with electrical connections for brass coaxial
cables to handle biasing the detectors and transmitting voltage pulses to the room
temperature amplification and digital counting electronics. Inset A photograph of
the apparatus. Most of the free-space optics are mounted on a bread board on top
of the large LHe dewar.

which will record the time di�erence between successive counts. This way g(2)(⌧)
can be plotted with ⌧ being varied in steps equal to the TCSPC time-bins.
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Fig. 3.28 Schematic of the optics used for photoluminescence measurements on
samples mounted in a LHe or a He flow cryostat. (a) Independently adjustable
optics allow for two optical spots to be focussed independently onto a sample surface
through one objective lens. Pump light at ⁄ = 632 nm is focussed on a fixed position
at the centre of an SNB waveguide (outline overlaid on (b)). Motorised mirrors are
used to scan the second optical spot over the whole are of the SNB waveguide and
grating couplers. Collected light is long-pass filtered to remove the pump wavelength.
The intensity of PL signal is recorded as a function of collection position with the
strongest signal cleary visible above the grating couplers. (c) Spectral distribution
of the collected PL. A broad range of wavelengths are generated by the InAs wetting
layer and QDs embedded in the waveguide. The red and black line graphs show the
spectra of PL collected from the left and right couplers respectively. Data collected
by John O’Hara at the University of She�eld.
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Fig. 3.29 (a) Schematic for a Hanbury-Brown Twiss measurement of the second order
correlation function g(2)(⌧) of photons from an single photon source (SPS) under
CW excitation. A variable delay line on one output of the beam-splitter introduces
a time di�erence ⌧ between the two paths. For an anti-bunched stream of photons
from a quantum emitter the coincidence count rate will approach 0 as ⌧ approaces
0. (b) An example of the measured g(2)(⌧) for an InAs/GaAs quantum dot sample.
The recorded g(2)(0) = 0.23 ± 0.02 is typical of a QD single photon source. Adapted
from reference 58.





Chapter 4

Superconducting detectors
integrated with GaAs waveguide
circuits

This Chapter highlights the results of attempts to combine superconducting
nanowire single photon detectors (SNSPDs) with GaAs waveguides. Single mode
waveguides are a vital component needed to enable the observation of quan-
tum e�ects with indistinguishable photons [59] in waveguide circuits. Existing
demonstrations of SNSPDs integrated with GaAs/AlGaAs waveguides have used
larger multi-mode waveguides [255, 234, 256, 257], perhaps due to the increase
in fabrication challenges involved with pushing to single mode dimensions. A
fabrication process was developed by the author at the University of Glasgow
to integrate NbTiN SNSPDs with single mode suspended nanobeam (SNB)
waveguides which is detailed at the end of Section 3.1. The waveguide design is
discussed and characterisation of NbTiN thin films is presented. Fabricated de-
tectors are characterised individually with low temperature electrical and optical
techniques detailed in Section 3.2.4. Subsequently the same techniques are used
to probe waveguide integrated detectors to measure their performance and to
verify the detection of light from within the waveguide. This chapter contains
data measured by the author at the University of Glasgow and measurements of
waveguide photo-luminescence (PL) transmission performed by John O’Hara at
the University of She�eld.
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4.1 Gallium arsenide quantum photonic inte-
grated circuits

Gallium arsenide and the III-V family of semiconductors provide a promising
platform for the realisation of quantum photonic integrated circuits (QPICs).
Many of the waveguide circuit elements required for implementation of linear
optical quantum computing (LOQC) have been demonstrated in GaAs[200] but
the current state of the art involves only small numbers of combined elements
[210]. To achieve stable and scalable quantum information processors these
elements must be integrated monolithically and be shown to work reliably en
masse [48].

The University of She�eld has a long history of quantum photonics research
and houses the Engineering and Physical Sciences Research Council (EPSRC)
National Centre for III-V Technologies [296] with molecular beam epitaxy
(MBE) facilities for growth of GaAs substrates with embedded quantum dot
(QD) single photon sources. As part of an EPSRC Programme Grant [297]
QPICs are being developed to include waveguide components with integrated
SNSPDs and QD single photon emitters. Thin superconducting films are
grown atop GaAs substrates with embedded InAs QDs in the USA by Star
Cryoelectronics Inc [298]. Initially tasked with delivering films of 6 nm to
10 nm thickness and a transition temperature of T

C

= 10 K a number of
films were grown at 450¶C achieving the specified thicknesses and exhibiting
superconducting transitions of 5 K < T

C

< 11 K (see Figure 4.1 and Table
4.1).

Film thickness T

C

(cool down) T

C

(warm up)
6 ≠ 8 nm* 6.6 K -
6 ≠ 8 nm* 8.8 K 10.6 K

8 ≠ 10 nm* 9.9 K 10.6 K
6 nm 4.8 K 4.9 K

Table 4.1 Measured T
C

of NbTiN samples grown by Star Cryoelectronics Inc. *Thick-
ness of the first grown samples was estimated by deposition time. Later samples
received precise thickness measurements by Rutherford backscattering spectroscopy
performed by Star Cryoelectronics Inc.
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Fig. 4.1 Resistance as a function of temperature for several NbTiN thin films. Physical
separation between the thermometers and the superconducting sample at the cold-
head results in hysteretic behaviour between warming up and cooling down. (a)
Films close to 10 nm thick achieved the highest T

C

ƒ 10 K. (b) Films with a
thickness measured more accurately as 6 nm showed transitions close to 5 K.

4.2 Integration of detectors with waveguides

The waveguide cross-section is dictated by the GaAs epitaxial layer thickness
and the requirement that the width supports only a single mode at quantum
dot emission wavelengths (⁄ = 900 ≠ 1000 nm). The dimensions used for single
mode suspended nanobeam waveguides are height 140 nm and width < 400 nm
(see Figure 4.3). The ideal width and depth for the nanowire detector are
dictated by material choice (NbTiN) and intention to achieve high sensitivity to
single photons (E = hc

⁄

= 1.24 – 1.34eV) with high uniformity of the nanowire
cross-section along its whole length.

Fig. 4.2 The heterostructure of wafers used to create GaAs waveguide circuits with
embedded InAs quantum dots and integrated NbTiN single photon detectors. All
III-V semiconductor layers are grown by MBE and the NbTiN superconducting film
is subsequently deposited on top by DC magnetron sputtering.
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Fig. 4.3 (a) Vertical cross-section of waveguide-integrated nanowire detector. GaAs
is shown in green with dimensions labelled. The suspended nanobeam waveguide
is surrounded on all sides with air/vacuum for maximum index contrast and mode
symmetry. The small cross-sectional area supports only a single propagating mode
for wavelengths ⁄ = 900 ≠ 1000 nm. The two sections of nanowire are shown atop the
waveguide defined in a thin film of superconducting NbTiN. (b) Drawing showing
section of waveguide with hairpin shaped nanowire aligned parallel to the waveguide
propagation axis.

4.2.1 Modelling of waveguide detectors

Refractive index (n and Ÿ) data were determined using spectroscopic ellipsom-
etry over the wavelength range from 270 – 2400 nm on 5 nm thick NbTiN
films grown by Archan Banerjee at the University of Glasgow by reactive DC
magnetron sputtering. Ellipsometry was performed by LOT-QuantumDesign
GmbH [299] and the data used to conduct simulations of waveguide integrated
detectors as detailed in Section 3.2.5. Photon absorption probability above
99% is expected within < 20 µm length of nanowire. An increase in the cross-
sectional area of the nanowire would increase absorption e�ciency however
the inverse is true for the energy sensitivity of the detector, with wider and
thicker wires decreasing the likelihood of registering a count after absorption
of a single infrared photon. Maintaining consistent thickness of the supercon-
ducting film over a large enough area to pattern a uniform detector is a pivotal
challenge in SNSPD fabrication. Patterning a hairpin shaped nanowire that
retains uniformity over 10 µm or 20 µm is not beyond the state-of-the-art for
NbTiN thin film growth nor electron beam lithography. The total nanowire
cross-section is designed to increase in the ‘head-stock’ region to avoid bunching
of the super-current as it rounds the 180¶ turn. The NbTiN at the outside edge
of this curve sees a lower current density than the inside, with the detection
e�ciency being e�ectively lowered in that localised region. Being the first
region into which waveguide light will propagate there is a finite chance that a
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waveguide photon is absorbed at the very tip of the detector. The likelihood
of this photon registering a count at the readout electronics is lower than if
the photon is absorbed anywhere else along the nanowire (see Section 2.2.3).
For the detectors simulated in Figure 4.4 the ‘head-stock’ region is 400 nm in
length with a ≥ 20% chance that a waveguide photon will be absorbed into a
less sensitive region of NbTiN.

Fig. 4.4 Simulated absorption into waveguide-integrated nanowire detectors (method
described in Section 3.2.5). All simulations involve 400 nm width GaAs SNB
waveguides, 7 nm thick NbTiN and ⁄ = 950 nm illumination. (a) Normalised
absorbed optical power as a function of detector length. The red and blue lines
represent simulated nanowires of two di�erent sizes, detailed in the legend. (b) The
e�ect of lateral misalignment between the nanowire detector and the centre of the
waveguide is shown. Each plotted point represents a single simulated detector. (c)
The width of the central gap of the hairpin nanowire is investigated. Narrower gaps
increase overlap between the waveguide mode and the nanowire with resultingly
higher absorption, however this increases the challenge of fabrication.

4.2.2 Absorption measurements

Absorption of light into NbTiN nanowires was measured at the University of
She�eld. A 2 spot confocal optical set up was used as described in Section
3.2.5. In the absence of calibrated optical losses through the entire system data
are normalised against a reference ‘blank’ waveguide of identical dimensions to
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Hairpin length T

max

T

average

5 µm 2.6 % 3.4 %
10 µm 2.3 ≠ 2.8 % 2.1 ≠ 3.2 %

Table 4.2 Waveguide width 600 nm, waveguide length 15 µm, hairpin nanowire made
from 7 nm thick NbTiN patterned into 125 nm wires with an 85 nm gap.

the detector-bearing waveguide, fabricated immediately adjacent. The InAs
layer within the substrate is excited with a 633 nm wavelength pump laser
generating PL which propagates through the waveguides. NbTiN nanowires
were found to absorb ≥ 97% of the PL without significant di�erence between
5 µm and 10 µm nanowire lengths. Table 4.2 contains a summary of the peak
values and spatially averaged values of waveguide transmission as shown in
Figure 4.5.

Fig. 4.5 Three parallel waveguides, each measuring 15 µm in length, are mapped in
a confocal setup detailed in Figure 3.28. Short wavelength pump light (marked with
red light cones) is focussed in a fixed location and the collection spot raster scanned
independently over the surrounding area to build up the intensity maps picured. A
long-pass filter is used to remove light at the pump wavelength (⁄ = 632 nm). A
Si-APD records the intensity of collected PL. Inset An optical micrograph shows
the mapped area. Waveguides and grating couplers are visible. The bottom two
waveguides each house an NbTiN nanowire.
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4.3 Characterisation of detectors

At low temperature the superconducting critical current I
C

of detectors is
established by measuring the voltage across the detector as a function of bias
current I

B

as detailed in Section 3.2.3. Biasing a detector close to the critical
current I

B

< I
C

enables the observation of dark count pulses through the
readout circuit. Pulse shapes shown in Figure 4.6 (a) were recorded on an
Agilent Infiniium DSO80804A (8 GHz, 40 GSamples/second) digital oscilloscope.
Inclusion of a 50 � shunt resistor in parallel with the device allows current to
be diverted from nanowire after it switches to the resistive state reducing Joule
heating of the nanowire and preventing the detector from latching. Devices

Fig. 4.6 (a) Oscilliscope traces of the output pulses from a single detector. (b)
Timing jitter of a hairpin nanowire detector measured using a ⁄ = 1560 nm mode-
locked laser and a Picoquant time-correlated single photon counting (TCSPC) card.
Data is fitted to a Gaussian distribution (red line) with full-width at half-maximum
(FWHM) = 66 ps.

mounted in the pulse tube (PT) cooler described in Section 3.2.4 are addressed
optically by the miniature microscope. The timing jitter is measured using
the fast pulsed ⁄ = 1560 nm laser and the apparatus detailed in Section
3.2.3. Figure 4.6 (b) shows a histogram of counts recorded by the TCSPC
electronics with a Gaussian fit (in red). The FWHM jitter is 66 ps although
the measured data is slightly asymmetrical, deviating from the Gaussian fit
at higher time values. This behaviour is seen in other waveguide integrated
SNSPDs [173, 251]. Nano-optical mapping of detectors is performed with
the miniature microscope using a Thorlabs superluminescent diode SLD1050S
(⁄ = 1050 nm FWHM 50 nm) for illumination. Figure 4.7 shows three SNB
waveguides and an integrated detector within a single field of view mapped
at 3.7 K. The optical spot diameter is ≥ 2 µm although when well focussed
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Fig. 4.7 Reflection maps of a sample surface at 3.7 K created with the apparatus in
Figure 3.22. The reflected power (a) is compared to an optical micrograph (b). This
technique enables the nanoscale features of detectors and waveguides to be located
and precisely addressed at low temperatures.

it is possible to discern sub-wavelength sized features such as waveguides
(width 600 nm) and grating couplers. The single photon response of nanowire
detectors was mapped by routing light from the same super luminescent diode
through two calibrated variable optical attenuators and a polarisation controller.
Rotating the polarisation results in a variation in the count rate at the detector
for a constant photon flux. The ratio of count rates from parallel P

max

and
perpendicular P

min

polarisations was measured as P

min

P

max

= 0.46. Figure 4.8 (a)
shows a 10 µm long detector mapped at low temperature before the fabrication
of an encompassing waveguide. The extension of high count rate along the
detector’s length suggests good uniformity of the nanowire.

4.4 Detecting waveguide-coupled light

Employing the low temperature nano-optical technique described above it is
possible to interrogate the nanowire and waveguide grating coupler with single
photons mapping the detector response. Figure 4.9 shows 15 µm long straight
nanobeam waveguides with a grating coupler at one end and a nanowire detector
at the other overlaid onto optical micrographs as a guide to the eye. From both
count maps it can be seen that the nanowire is sensitive to direct illumination
along its whole length. Moreover the detector registers counts when the grating
coupler is illuminated suggesting that the coupler is successfully scattering the
light focussed from the microscope into the propagating waveguide mode from
which it is absorbed by the NbTiN nanowire triggering an output count.
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Fig. 4.8 (a) A counts map of a hairpin nanowire detector measured at 3.7 K (overlaid
onto an optical micrograph of the equivalent area). Figures 3.22 and 3.24 contain
a schematic of the equipment used and the measurement process. Single photon
response at ⁄ = 1050 nm is observed over the entire length of the detector (= 10 µm)
measured with a 2 µm diameter optical spot. There are no waveguides patterned on
these samples. (b) system detection e�ciency (SDE) is measured for a detector as a
function of bias current. The detector is made from 7 nm thick NbTiN patterned
into 120 nm wide nanowires.

Fig. 4.9 Single photon count maps of 2 detectors were measured at 3.7 K using a
super luminescent diode (⁄ = 1050 nm) attenuated to the single photon level. Optical
micrographs are overlaid as a guide to the eye. Areas of high count rate are shown in
red with both images showing counts registered from direct illumination of nanowires
as well as light coupled to the waveguides via grating couplers. The nanowire in (a)
extends 10 µm along the waveguide whereas the detector in (b) is 5 µm in length.

In each case the ratio of counts generated by grating coupler illumination
R

coupler

to counts generated under direct illumination R
direct

was 0.27 Æ
R

coupler

/R
direct

Æ 0.59. This simple ratio however fails to capture the vastly
di�erent ways in which the photons are coupled to the detector in each instance.
Further comparison of the device e�ciency demands that the system losses are
considered including coupling of light to the detector as well as the probability
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l

wg

SDE

direct

SDE

coupler

÷

registering

÷

waveguide

5 µm 0.076 % 0.045 % 3.80 % -19.1 dB
5 µm 0.194 % 0.083 % 9.71 % -20.6 dB

10 µm 0.135 % 0.037 % 6.77 % -22.5 dB
10 µm 0.139 % 0.047 % 6.93 % -21.5 dB

Table 4.3 System detection e�ciency is compared for waveguide integrated detectors
under direct perpendicular illumination and for waveguide coupled light. All detectors
consist of 120 nm wide nanowires patterned in 7 nm NbTiN on top of 600 nm wide
SNB waveguides.

of a photon’s absorption into the superconducting nanowire. In the instance
of direct illumination the focussed microscope spot has a roughly Gaussian
beam profile with FWHM ƒ 2 µm. The two side by side wires that make
up the detector are only 120 nm each in width thus only around 10% of the
spot can overlap the detector, therefore the coupling e�ciency ÷

coupling

= 0.1.
Perpendicular illumination will also su�er from a low absorption probability
÷

absorption

due to the extremely thin superconducting film. Simulations of the
optical layer structure performed in Essential Macleod suggest that before the
nanobeam waveguide is under-etched to remove the AlGaAs ÷

absorption

= 14%
at ⁄ = 1050 nm for 7 nm thick NbTiN.

To calculate the e�ect of under-etching the waveguide the simulation was
repeated replacing the AlGaAs layer by vacuum to the same depth (1 µm) which
resulted in improved absorption ÷

absorption

= 29%. For a real device the vacuum
gap thickness is not likely to be exactly 1 µm because of the flexibility of the
SNB structure. Varying the vacuum gap thickness from 500 nm to 1200 nm in
the simulation results in a variation of ÷

absorption

= 11 ≠ 65%. Following the wet
etching process the substrate underneath the SNB can also be rough which would
significantly reduce coherent reflection. The combination of SNB flexibility
and substrate roughness make it di�cult to reliably calculate ÷

absorption

for a
SNB waveguide integrated SNSPD under perpendicular illumination, however
a conservative estimate of ÷

absorption

= 20% is used in following calculations.

The registering e�ciency ÷
registering

of waveguide integrated SNSPDs is
calculated from SDE

direct

using the equation

÷
registering

= SDE
direct

÷
absorption

◊ ÷
coupling

= 3.80% ≠ 9.71% (4.1)
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where SDE
direct

is the system detection e�ciency calculated by equation 3.3
using the maximum recorded value of R from the section of the counts map
corresponding to direct perpendicular illumination of the nanowire.

When measuring R whilst illuminating the grating coupler the optical
coupling and absorption mechanisms are di�erent to perpendicular illumination
and waveguide losses must also be considered. It is assumed that ÷

registering

remains constant. The system detection e�ciency in the waveguide coupled
regime SDE

coupler

can be expressed as

SDE
coupler

= ÷
registering

◊ ÷wg

absorption

◊ ÷
waveguide

(4.2)

in which ÷
waveguide

comprises all losses between the microscope and the detector.
The primary causes of such losses are likely to be ine�cient coupling between
the focussed optical spot and the propagating waveguide mode followed by
ine�cient waveguide transmission (see Figure 5.7). The absorption e�ciency of
waveguide photons into the detector ÷wg

absorption

= 0.97 is taken from measured
data in Section 4.2.2.

Table 4.3 shows the calculated e�ciency values of four measured devices
recorded at a bias level corresponding to ≥ 100 Hz dark count rate (DCR). The
length of SNB waveguide separating the grating coupler from the tip of the
detector for each device is denoted by l

wg

. Devices with l
wg

= 10 µm exhibit
only fractionally larger waveguide losses than those with l

wg

= 5 µm. This
suggests that the transmission loss in the nanobeam waveguide is 0.44 dB.µm≠1

whereas the magnitude of insertion loss at the grating coupler could be as large
as 17.6 dB.

4.5 Conclusions

A fabrication process was developed to integrate NbTiN SNSPDs with GaAs
SNB waveguides which are narrow enough to support only a single propagating
optical mode at ⁄ = 950 nm. The best devices fabricated achieved uniform
nanowire widths of 90 nm with 90 nm spacing on top of 380 nm wide waveguides
with < 50 nm layer to layer alignment accuracy over 3-stages of electron beam
lithography (EBL). The low temperature electrical and optical properties of
detectors were measured at the University of Glasgow confirming nanowire
uniformity and the detection of waveguide coupled light. At the University of
She�eld high absorption into waveguide-integrated superconducting nanowires
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was confirmed by waveguide transmission measurements. Waveguides with
NbTiN nanowires of 5 µm and 10 µm lengths were observed to transmit < 2%
of the light transmitted through blank waveguides of identical dimensions.
Measured SDE was low despite apparent uniformity. Calculations of the detector
registering e�ciency ÷

registering

were between 3.8 – 9.7% at 100 Hz DCR. The
registering e�ciency of detectors under direct perpendicular illumination was
used to estimate optical losses from the waveguide and grating couplers when
probed with the miniature microscope at the University of Glasgow.



Chapter 5

Quantum photonic integrated
circuits

This Chapter contains measurements and analysis of waveguides and detectors
performed at the University of Glasgow by the author. Fabrication of integrated
devices was carried out in the JWNC by the author with the exception of the
critical point drying (CPD) process which was performed by Dr. Ben Royall at
the University of She�eld. Figure 5.2 contains data measured by John O’Hara
at the University of She�eld on devices fabricated by Dr. Ben Royall. The
RSFQ circuit in Section 5.2 was designed and fabricated at National Institute of
Information and Communication Technology, Japan (NICT) and measurements
performed by the author and Dr. Shigehito Miki.

5.1 Designing a device for on-chip quantum
measurement

The increased integration of waveguide components is a necessary step towards
realization of a stable and scalable quantum information processor. Quantum
photonic integrated circuits (QPICs) as described in Section 2.3.2 must bring
together a series of components working together with low enough loss to
perform a sensitive quantum measurement such as the Hanbury-Brown Twiss
(HBT) measurement [55–58] or two photon interference [59, 300]. By isolating
the emission from a single photon source (SPS) and recording coincidence events
with a beam splitter and two single photon detectors (SPDs) a measurement
of the second order correlation function g(2)(⌧ = 0) < 0.5 would confirm the
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observation of quantum light from the SPS, in the form of a sub-Poissonian (or
anti-bunched) stream of photons.

A device was designed and fabricated at the University of Glasgow with
the intention of performing an HBT measurement entirely on chip, shown in
Figure 5.1. The wafer heterostructure used is shown in Figure 4.2 on page 105.
The waveguide circuit is patterned in the top GaAs layer with InAs quantum
dots (QDs) embedded in suspended nanobeam (SNB) waveguides designed to
act as an SPS. A directional coupler is designed to act as a 50:50 beam-splitter
with two identical superconducting nanowire single photon detectors (SNSPDs)
integrated with the output SNB waveguides as described in Chapter 4. An
integrated filter is also included in the SNB waveguide design as the broad
wavelength sensitivity of SNSPDs makes it di�cult to natively distinguish
between photons of di�erent wavelengths. Optically pumping the embedded
QDs is likely to result in photons from multiple QDs, the wetting layer, and
the pump laser being present simultaneously in the waveguide. So in addition
to integrating the SPS with a beam splitter and SPDs it is necessary to filter
the photo-luminescence (PL) before measurement to isolate the PL signal from
a single QD.

Information feed-forward is another essential element of linear optical quan-
tum computing (LOQC) which requires events from SPDs to be registered,
processed and quickly routed to relevant areas of the processor. At the NICT
in Kobe rapid single flux quantum (RSFQ) logic circuits are designed for low
temperature readout and processing of signals from SNSPDs. An RSFQ chip
was designed by Dr. Hirotaka Terai and Dr. Shigehito Miki to receive inputs
from two SNSPDs and compare them with high timing precision as would be
necessary to perform a correlation measurement. Measurements were performed
by the author and Dr. Miki to demonstrate the operation of these devices
mounted in a GM cooler alongside 2 fibre-coupled SNSPDs.

5.1.1 Device specification

The integration of SNSPDs with SNBs is described in detail in Chapter 4.
GaAs samples grown by molecular beam epitaxy (MBE) at the University of
She�eld contain embedded InAs QDs designed as single photon emitters at
900 nm < ⁄ < 1000 nm. For an ideal SPS the second order correlation function
g(2)(⌧ = 0) = 0 and for a non-ideal source g(2)(⌧ = 0) < 0.5 confirms the
generation of quantum light (see Section 2.1.3). The observation of a reduction
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in g(2)(⌧) at ⌧ = 0 is dependent on the dark count rate and timing jitter of
the SPDs used for the measurement. The instrument response function of the
detectors creates an uncertainty in the elapsed time between photon absorption
at the detector and registration of the event in the counting electronics. Due
to this uncertainty it is possible for two photons absorbed with a time delay of
⌧ > 0 between them to be registered at ⌧ = 0 contributing false coincidence
events and reducing the visibility of the true g(2) function. Additionally dark
counts at either detector could coincide with detection of a PL photon at
the other detector generating spurious coincidence events. By pulsing the
pump light it is possible to separate PL into pulses at a well defined frequency
separating events by more than the QD lifetime and the SPDs timing jitter.

Fig. 5.1 (a) A device was designed at the University of Glasgow to be capable of
performing quantum measurements entirely on-chip. A beam-splitter (directional
coupler, iv) with two detectors (ii) at the outputs is designed to perform an HBT
measurement of PL photons emitted from a single QD embedded in the SNB
waveguide. Kinetic inductors (i) are included in the detector design to prevent
latching. The device includes additional sections of 2D photonic crystal (PhC)
waveguide (iii) around the directional coupler intended to act as structural supports
whilst enabling broad-band transmission and minimal reflection. A 1D PhC (v) is
included on the input arm of the directional coupler and grating couplers (vi) are
added to both inputs to aid in device characterisation. (b) A completed device after
HF wet etching is performed at the University of She�eld to release the suspended
waveguide sections from the susbstrate.

Devices are designed to confine photons within single mode waveguides
which enable the the observation of interference e�ects between indistinguishable
photons. InAs QDs, a directional coupler, and SNSPDs are housed in SNB
waveguides with grating couplers included to allow the devices to be probed
and characterised using light from o�-chip. One dimensional PhC cavities have
been designed to be incorporated with SNB waveguides and filter PL signal
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allowing a narrow wavelength band to pass through the SNB rejecting pump
light and PL from the wetting layer and nearby QDs.

Sections of 2 dimensional PhC are also included in the device design. It
is intended that light will pass between 2-D PhC and SNB waveguides with
minimal loss or reflection. The 2-D PhC sections are also intended to act as
supports for the suspended structures, preventing collapse during fabrication
and holding both parts of the directional coupler at the optimal separation.

5.1.2 Device characterisation

Characterising isolated components

Development of the design and fabrication methods for waveguide components
has been carried out at the University of She�eld. Figure 5.2 shows verification
of the transmission spectra for PL routed separately through single mode waveg-
uides and narrow wavelength filters and analysed o�-chip. SNB waveguides,
2-D PhC waveguides and 1-D PhC filters were individually fabricated by Dr.
Ben Royall and tested by John O’Hara as described in Section 3.2.5. The
rejection ratio of the filter is yet to be confirmed, theoretically or experimentally.
It is possible that the pump wavelengths must be attenuated by ≥ 80 dB to
make the PL visible at waveguide integrated detectors.

Fig. 5.2 Suspended GaAs waveguide components fabricated at tested at the University
of She�eld. PL from embedded InAs QDs is generated by a pump laser (purple
spot) focused on the SNB close to a grating coupler. Light is collected from the
nearby grating coupler (black line graph) and the far end (red line) giving a quali-
tative assessment of transmission through the waveguide. (a) Straight suspended
nanobeams of single mode dimensions and (b) nanobeams with a central section of
2D PhC exhibit good transmission of all PL wavelengths. (c) Cavities have a narrow
wavelength pass-band of around 3 nm FWHM which could be selective enough to
isolate 1 emission line from a single QD. The best measured transmission was 78%.
Data courtesy of Zofia Bishop, Dr. Ben Royall, and John O’Hara.
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Characterising the integrated devices

Incorporating design parameters adapted from components in Figure 5.2 larger
integrated devices were fabricated at the University of Glasgow by the author
(Figure 5.1). The system detection e�ciency (SDE) is measured and the overall
yield from fabrication considered.

To develop the technology of GaAs QPICs further it is necessary for many
high e�ciency detectors to be fabricated simultaneously across the surface of
a chip and for low-loss waveguide components to be reliably aligned. Figure
5.3 shows scanning electron micrographs of several successfully fabricated HBT
devices. Multi-stage e-beam and dry etching processes were carried out in
the JWNC and the final wet etch and CPD to release waveguide structures
was performed at the University of She�eld. Devices yielded well with good
alignment of critical features and adherence to dimensions of the original design.
All sections of nanobeam waveguide also remained suspended after release. As
with previous devices there are residues left that are thought to come from
the e-beam resist. These residues are particularly persistent in the holes of
PhCs and on top of the nanowires. In the PhCs it is most likely that these
will cause a divergence of the transmission properties away from the designed
values. Resist residue can be partially removed by O

2

plasma ashing and use
of hot chemical stripping however these processes must be applied sparingly to
avoid destroying the superconducting properties of the detector.

Fig. 5.3 Devices designed for on-chip HBT measurements. (a) Chips are mounted
on a custom built sample mount at the University of Glasgow and the detectors
characterised before transportation under vacuum to the University of She�eld where
they are mounted in the cryostat described in Section 3.2.5 for QD PL experiments.
(b) A single chip houses 4 devices each with a di�erent length directional coupler
designed to achieve di�erent beam-splitting ratios.
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Low temperature electrical properties of the devices were confirmed in
a Gi�ord-McMahon (GM) cooler at the University of Glasgow described in
Section 3.2.3. Figure 5.4 (a) shows the measured I

C

of eight devices on the
same chip. The similarity in all but one detector suggests that the fabrication
process yields nanowires with good uniformity.

Fig. 5.4 (a) Voltage across nanowire devices is measured as a function of applied
bias current at 2.2 K. All devices tested simultaneously are on a single chip and
display a high degree of uniformity (with the exception of a single wire which does
not superconduct). Detectors are biased by a DC voltage source in series with a
100 k� resistor and a 50 � shunt resistor is placed in parallel with the device. (b)
The measured dark count rates for the same detectors. The bias circuit is connected
to a bias tee with the AC arm leading to 2 low noise amplifiers (55 dB total gain)
and a digital counter. The observed dark count rate increases exponentially as the
bias current approaches critical level.

Low temperature nano-optical measurements were performed using the
set-up detailed in Section 3.2.4 to verify the optical properties of detectors and
waveguides. Two separate maps are needed to cover the whole device area with
the microscope’s 35 ◊ 35 µm2 field of view. Figure 5.5 (a) shows a count map
recorded over the two detectors, each with an independent bias and readout
circuit fed separately to a 2 channel digital counter. There is no evidence of
electrical cross-talk between detectors or any significant optical scattering from
the vicinity of one detector to the other. Figure 5.5 (b) is a count map recorded
over the far end of the device at a higher photon flux. Although the top left of
the map shows strong scattering of the bright light towards the detectors there
is no evidence of any photon counting signal above the dark count rate (DCR)
from either of the input grating couplers .

The apparatus in Figure 3.27 were optimised for testing of GaAs waveguide
circuits with integrated SNSPDs. E�orts were taken to align the sample in
the optical path and bring the necessary features into focus. This included
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Fig. 5.5 The response of detectors to ⁄ = 1050 nm photons in a QPIC is mapped
using the apparatus described in Section 3.2.4. (a) Both detectors show response to
direct perpendicular illumination. The variation in peak count rate of approximately
50% between detectors is consistent with their polarisation sensitivity and respective
orientations. (b) Illumination of the waveguide grating couplers with higher intensity
light generates no detector counts above the DCR. The higher photon flux used for
this map is enough to cause significant scattering in the top left of the map.

removing polymer sheaths from the brass coaxial cables connected to the sample
mount as their rigidity at low temperature hindered the free movement of the
piezoelectric motors. Detectors were confirmed to operate inside the cryostat by
observation of dark count pulses however the measured critical current dropped
to zero over a few minutes or hours following insertion of the vacuum tube into
the L-He dewar. It is likely that black-body radiation entering through the
optical window is heating the substrate by ≥ 1 K which surpasses the T

C

= 5 K
of the film (Figure 4.1 (b)). Increased filtering with indium tin oxide (ITO)
cold filters should be able to mitigate this e�ect.
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5.1.3 Examination of system losses and limitations

Nano-optical mapping confirmed that waveguide integrated SNSPDs were
sensitive to single photons at NIR wavelengths under direct perpendicular
illumination. However when grating couplers were illuminated at the inputs
to the same waveguide circuits no enhancement of the detector count rate
was observed above the background DCR. Similar results were obtained by
mapping the devices with ⁄ = 840, 940, and 1050 nm light. Test structures were
also fabricated to verify the performance of waveguide components comprising
di�erent combinations of components (similar to those in Figure 5.2) with
waveguide integrated SNSPDs.

Figure 5.6 shows one such test structure and its single photon response map.
The test structure consists of a waveguide integrated SNSPD with multiple SNB
and 2-D PhC waveguide sections addressable via a grating coupler. Illuminating
the grating coupler with a photon flux of � = 6.7 ◊ 108 s≠1 again leads to
no enhancement of the detector count rate above the background DCR of
approximately 2000 counts per second (cps).

Using equation 4.1 measured data of SDE
direct

from waveguide integrated
detector can be used to calculate the nanowire registering e�ciency ÷

registering

.
For the same detector in the waveguide coupled regime equation 5.1 is then
used to calculate the pre-detector losses ÷

waveguide

occurring in the waveguide
circuit using the count rate R

coupler

measured whilst illuminating the grating
coupler.

÷
waveguide

= R
coupler

� ◊ ÷
registering

◊ ÷wg

absorption

. (5.1)

Estimates of the waveguide losses can be used to calculate the expected
photon flux reaching a waveguide integrated detector when the input grating
coupler is illuminated by the miniature microscope. We consider the detector
shown in Figure 5.5 (a) at the top (red counts) as it has been characterised via
direct illumination and it sits on the waveguide track without a 1-D PhC filter.
The components in the path from the input coupler to the detector are listed in
Table 5.1 along with estimates of the insertion and transmission loss for each.

A finite element simulation was performed using the estimated component
losses from Table 5.1 and the dimensions of fabricated devices, the results of
which can be seen in Figure 5.7. The accuracy of estimated losses is confirmed
by comparing measured data for straight SNB waveguides from Chapter 4 and
the measured data in Figure 5.6. The simulation results suggests that the loss
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Fig. 5.6 (a) SEM image of an SNSPD integrated with a chain of waveguide compo-
nents. From left to right the components pictured are: input grating coupler, SNB,
2D PhC, SNB, 2D PhC, SNB, waveguide integrated SNSPD. Scale bar is 10 µm. (b)
A count map taken over the same device after underetching of the structure. A high
count rate is visible when the detector is under direct perpendicular illumintation
(⁄ = 1050 nm). Vibration of optics creates some vertical spreading of the high counts
region over the detector. This map was built up by stacking successive vertical scans.
During data collection the electrical ground fluctuates over time e�ecting the DCR
creating the horizontal variations visible across the map.

Waveguide Estimated Estimated Calculated
component insertion loss transmission loss from
Grating coupler 18 dB – Section 4.4
Suspended nanobeam 1 dB 0.4 dB.µm≠1 Section 4.4
Directional coupler 1 dB + 3 dB* 0.4 dB.µm≠1 Figure 5.5(b)
2-D PhC 3 dB 1.5 dB.µm≠1 Figure 5.6(b)

Table 5.1 Estimated losses for various waveguide components. * The directional
coupler includes 3 dB loss as per the intended 50:50 coupling ratio at the design
wavelength of 950 nm.

between the input coupler and detector is 34.05 dB. Considering the calculated
÷

registering

= 0.3% and ÷wg

absorption

= 97 % then addressing the input grating
coupler with 10≠10 W (� = 5.4 ◊ 108 s≠1) will only translate to a count rate
of < 10 cps at the detector. Increasing the illuminating photon flux is likely
to contribute only slightly to the detection of waveguide photons and more
so to detection of light scattered from the substrate back surface. Decreasing
I

B

to remove dark count signal is also counter-productive as ÷
registering

will
dramatically decrease at lower bias.
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Fig. 5.7 Visualisation of the optical power in a waveguide circuit as a function
of distance travelled by light between an input grating coupler and a waveguide
integrated detector. Inset images show the layout of di�erent combinations of
waveguide components. Losses and reflections from the waveguide cause attenuation
of the optical power (blue line) as light propagates through the circuit. The magnitude
of the optical power at a certain position in the waveguide circuit is calculated by
a discrete propagation simulation and expressed in Watts (left axis) and photon
flux (right axis). Due to the very low registering e�ciency of detectors the count
rate will be only a small fraction of the photon flux arriving at the detector. For
waveguide structures (a) and (b) the count rate R

coupler

generated by illuminating
the grating coupler (shown with a blue +) and ÷

registering

were used to calculate
the losses of SNB waveguides and grating couplers. Table 5.1 contains a summary
of the values for waveguide losses used in the simulations. For devices shown in
(c) and (d) calculated waveguide losses were combined with estimates of the loss
from 2-D PhC waveguides and directional couplers. For these detectors ÷

registering

is
calculated from measurements under direct illumination and used in simulations to
predict R

coupler

(red ◊). The combination of high waveguide losses and low detector
e�ciency leaves the expected value of R

coupler

far below the background DCR.
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5.2 Rapid single flux quantum read-out cir-
cuits

An RSFQ circuit was designed at NICT in Kobe, Japan and fabricated at
the National Institute of Advanced Industrial Science and Technology (AIST)
foundry in Tsukuba. The custom purpose circuit uses a flip-flop logic mechanism
to compare inputs from two SNSPDs generating an output voltage pulse when
the detector signals coincide within a 500 ps time window. Figure 5.8 illustrates
this concept by showing the positions of voltage pulses on the input and output
signal lines as a function of time. The device is armed by the receipt of a
voltage pulse (shown in red) from the SNSPD on input channel 1. If a pulse is
received on input channel 2 within 500 ps then an output pulse is triggered
(shown in blue) on the output signal line. If 500 ps passes after the device is
armed without any pulse arriving at input channel 2 then the device is reset to
the initial state.

By introducing a variable delay to one of the input channels it is possible
to use this device to perform correlation measurements (see Sections 2.1.3
and 3.2.5) and to characterise the timing jitter of SNSPDs without the use of
room temperature time-correlated single photon counting (TCSPC) electronics.
The second order correlation function g(2)(⌧) = 1 for coherent laser light
meaning that the laser beam consists of photons spread randomly in time with
a Poissonian distribution (see Section 2.1.3). Splitting a laser beam and routing
it to two similar SNSPDs should therefore yield a consistent count rate R
from both, regardless of any time di�erence ⌧ between the optical paths. For
narrow pulsed laser light R should peak sharply in synchronisation with the
laser repetition rate as shown in Figure 2.4 but without the disappearance of
the peak at ⌧ = 0. Measuring the output signal from the RSFQ circuit as a
function of ⌧ allows for the timing jitter of both detectors to be probed as
the uncertainty in pulse arrival time at the RSFQ chip inputs will translate
to a blurring of the output response function around ⌧ = 500 ps as shown in
Figure 5.9. Plotting the probability P

out

of output pulses being generated as a
function of ⌧ allows the timing jitter —t

1,2

of SNSPDs on input channels 1 and
2 respectively to be calculated from the derivative dP

out

/d⌧ which should take
the form of a Gaussian with FWHM Ã

Ò
—t2

1

+ —t2

2

.

Section 2.3.3 describes the basic building blocks of RSFQ logic circuits. The
input channels on this RSFQ chip are connected to single mode fibre-coupled
SNSPDs. The connections of SNSPDs and the room temperature bias circuitry
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Fig. 5.8 An RSFQ digital flip-flop logic circuit is designed to compare pulses from
SNSPDs (pictured in red) on two input channels. The arrival of a pulse on channel
1 arms the circuit. (a) If a pulse is received on channel 2 within 500 ps then an
RSFQ output pulse (pictured in blue) is triggered. (b) If 500 ps elapses without the
triggering pulse being recieved then the device resets and awaits the next arming
event.

are shown schematically in Figure 5.10. A DC voltage source and bias resistor
at room temperature are connected to the RSFQ chip as labelled. A bias
tee on chip directs DC bias to SNSPDs via the input signal lines. Voltage
pulses from SNSPDs 1 and 2 enter the RSFQ chip at the ports labelled in the
diagram. RF pulses are 1 mV amplitude with 1/e decay time approx 10 ns.
An MC-DC/SFQ converter on each channel translates detector pulses into the
short voltage pulses that will be passed around the RSFQ logic circuit. At the
output of the RSFQ circuit a superconducting quantum interference device
(SQUID) amplifier amplifies the RSFQ pulse from the circuit to a suitable
level for registration on the room temperature electronics. Outside the cryostat
low noise amplifiers further increase the signal, the same as with SNSPDs in
Section 3.2.4.

The RSFQ chip is fixed and wire bonded into a Cu chip carrier which
includes printed circuit board (PCB) strip lines for RF signal transmission
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Fig. 5.9 By controlling the arrival time of SNSPD pulses to the inputs of the RSFQ
logic circuit the detector timing jitter can be calculated from the observed probability
P

out

of RSFQ pulse generation. (a) Ideal detectors with zero timing jitter would
immediately cease triggering RSFQ output pulses when the time delay between inputs
exceeds 500 ps. (b) The uncertainty in pulse generation time from real detectors
causes a variable probability of SNSPD pulses arriving within the 500 ps timing
window. (c) The rate at which P

output

drops to zero i.e. dP
out

/d⌧ is proportional to
the FWHM jitter of the detectors.

and a Cu lid which is screwed in place. The packaged chip is placed inside
a µ–metal magnetic shield with access holes for miniature coaxial cables and
mounted on the 2 K stage of a GM cryocooler. The operation of the RSFQ
chip was first verified by connecting a voltage pulse pattern generator to the
input channels. The voltage source was attenuated at room temperature to
create pulses of similar amplitude to an SNSPD biased close to 25 µA. In
this configuration the correct operating levels for the RSFQ circuit bias, the
MC-DC/SFQ converters, the SQUID amplifier and an on-chip JTL can be
calibrated. The JTL is a variable delay placed on input channel 1 between the
SNSPD signal line and the input of the flip-flop circuit. Applying a current
I

delay

= 0 ≠ 3.5 mA will o�-set the arrival of SFQ pulses on channel 1 by a time
proportional to the applied current up to 400 ps.

Two packaged SNSPDs are aligned with SMF-28 single mode optical fibre,
thermally anchored to the same cold-head and connected to the RSFQ chip
via semi-rigid coaxial cables as shown in Figure 5.11. A pulsed laser (Calmer
Inc. pulse width < 0.1 ps 10 MHz repetition rate) is connected via optical fibre
to variable attenuators, a polarisation controller, and a 50:50 beam-splitter in
series. The two beam-splitter outputs are fed through two optical delay lines
(0–400 ps) before being routed to the SNSPDs inside the cryostat. Figure 5.12
(a) shows the measured output counts from the RSFQ chip as function of ⌧
controlled by the optical delay lines. Measured data are fitted to a Gaussian
error function the derivative of which is plotted in 5.12 (b). The mean timing
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Fig. 5.10 An RSFQ logic chip is operated at low temperature in a GM cryocooler.
The chip is connected to SNSPDs inside the cryostat via semi-rigid coaxial cables
with DC bias for the SNSPDs routed through the RSFQ chip. Current sources at
room temperature provide biasing and tuning for various elements of the RSFQ
circuit including the main RSFQ bias, the SQUID amplifier, MC-DC/SFQ converters
and a Josephson transmission line (JTL) delay line. The output from the RSFQ
chip is routed through low noise amplifiers at room temperature to a digital pulse
counter.

jitter —t of the SNSPDs is calculated from the derivative using the equation:

—t = 1Ô
2

FWHM = 69.3 ps (5.2)

5.3 Conclusions

Following the successful demonstration of SNSPDs integrated with SNB waveg-
uides QPICs were fabricated with the aim of generating waveguide coupled PL
at the single photon level and routing it via a 50:50 beam-splitter to a pair of
waveguide integrated detectors which could be used to perform a correlation
measurement of QD single photon emission. The waveguide circuit requires
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Fig. 5.11 An RSFQ chip is mounted in a Cu chip carrier and µ-magnetic shielding
at the 2 K stage of a GM cooler. SNSPDs coupled with SMF-28 optical fibre are
anchored to the same cold-head and connected to the RSFQ circuit as shown in
Figure 5.10. An oscilloscope trace of the RSFQ output pulse is shown.

Fig. 5.12 (a) Two SNSPDs connected to the inputs of an RSFQ circuit are illuminated
with light pulsed laser light routed through a 50:50 beam-splitter. Coincidence counts
between the two electrical input channels are recorded as a function of time delay
between the two optical path lenghts. (b) The derivative of the measured data gives
a calculated average timing jitter of the SNSPDs. Data measured by Dr. Shigehito
Miki at NICT Kobe.

filtering for the dual purposes of removing pump light and removing unwanted
PL from the quantum dot ensemble, both of which would reduce visibility of a
g(2)(0) correlation measurement if they are picked up at the detector. A 1D
PhC cavity was included in the SNB design in order to perform the necessary
filtering. The inclusion of 2D PhCs was necessary as supporting structures for
the other suspended sections of the waveguide circuit. 2D PhCs perform the
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dual functions of preventing collapse of the SNBs after wet etching and also
holding the two arms of the directional coupler at correct separation.

Waveguide circuits and detectors were fabricated to the initial design speci-
fication and detectors were again confirmed to be sensitive to single photons at
⁄ = 1050 nm under direct perpendicular illumination. However it was observed
that light coupled into the input grating couplers of the waveguide circuit
was unable to be detected at any rate above the background DCR even by
adjusting the input photon flux � or the SNSPD bias current I

B

. Simulations
using calculated values of nanowire detection e�ciency and estimates of the
waveguide transmission e�ciency ÷

waveguide

confirm that the combination of
low ÷

registering

and low ÷
waveguide

render existing devices likely incapable of
performing an on-chip HBT measurement.

Optimising the growth of superconducting thin films is already leading to
improvements in waveguide integrated SNSPDs[173]. Waveguide losses can be
mitigated with two possible strategies. Firstly the careful optimisation of design
parameters will help to ensure low insertion loss between di�erent segments
and high transmission through 2D PhCs. Secondly exploration of di�erent
fabrication techniques may help to reduce the residues left from the multi-stage
processing of superconducting films and GaAs/AlGaAs waveguides. The use
of SiO

2

and SiN masks for protecting SNSPDs and PhCs during fabrication
is a potential avenue for exploration[255]. Strategies to reduce the level of
backscattered light (such as the inclusion of anti-reflection coating on the
substrate back side) could also be included in future fabrication e�orts [257].

RSFQ logic circuits were designed and fabricated at NICT in Japan with the
capability of comparing voltage pulses generated by SNSPDs with high e�ciency
and low timing jitter. The performance of the RSFQ circuit was characterised
by measuring the jitter of two SNSPDs illuminated with coherent laser light.
The same device is suitable for performing correlation measurements on SPSs
using SNSPDs and a variable delay between input channels. In a correlation
experiment for a sub-Poissonian stream of single photons the coincidence count
rate is expected to disappear at zero time delay whereas a correlated pair
source is expected to exhibit a sharp increase in coincidence counts at zero
time delay. The prospect of processing detector signals at low temperature
with low timing jitter and fast feed-forward of information is highly promising
for future development of QPICs for quantum information processing.



Chapter 6

Detectors enhanced by
multi-layer optical cavities

This Chapter presents results of the fabrication and characterisation of supercon-
ducting nanowire single photon detectors (SNSPDs) fabricated on multi-layered
optical cavities designed to enhance absorption of light at the detector and
provide high e�ciency detectors tailored to specific applications. A carefully
designed cavity will promote near unity absorption of photons into the active
element of an SNSPD. GaAs/AlGaAs distributed Bragg reflector (DBR) sub-
strates were grown at the University of She�eld by Dr. Ed Clarke which were
used by the author to fabricate and characterise SNSPDs. At National Institute
of Information and Communication Technology, Japan (NICT) Kobe SNSPDs
were fabricated on dielectric multi-layer substrates by Dr. Shigehito Miki and
characterised by Dr. Taro Yamashita and the author.

6.1 Detectors fabricated on GaAs Bragg mir-
rors

SNSPDs are strong candidates for detectors of single infrared photons with
several applications having an immediate need for practical high e�ciency
detector systems. Single photon detectors are integral to the characterisation
of single photon sources (SPSs), an essential technology for creating optical
devices that harness the quantum properties of light. Semiconductor quantum
dots (QDs) are highly promising as sources of single photons on demand. The
second order correlation function g(2)(⌧) of photons from an SPS is of particular
interest in quantum information processing as described in Sections 2.1.3 and
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2.3. The dark count rate and timing jitter of the detectors have a direct
influence over the resolution and visibility of coincidences in an Hanbury-Brown
Twiss (HBT) measurement. It is also beneficial for both detectors to be of high
and comparable e�ciency so that coincidences can be registered at a high rate.
InAs QDs grown by molecular beam epitaxy (MBE) at the EPSRC National
Centre for III-V Technologies emit photons in the range 900 nm Æ ⁄ Æ 1000 nm.
QD experiments at the University of She�eld currently rely on silicon single
photon avalanche diodes (SPADs) for single photon detection however the
Si band-gap curtails detection e�ciency at longer wavelengths (⁄ > 900 nm)
[58, 300].

At telecoms wavelengths there is also much demand for high e�ciency
single photon detectors. It is possible to implement secure communications
using quantum key distribution (QKD) over optical fibres but to maximise the
distance between communicating parties single photon detectors must have
very low dark counts and low timing jitter in addition to high e�ciency at
the peak transmission band ⁄ = 1550 nm [301]. With a band-gap of 1.7 µm
InGaAs SPADs are a commercially available option for single photon detection
however the high dark count and after-pulsing rates require the use of bias
gating or forced dead-times to achieve any practical signal to noise ratio. These
factors have significant impact on the maximum count rate of a QKD receiver
and therefore SNSPDs are well placed to enable faster detection of successive
photons and ultimately a faster data transfer rate.

To optimise detection e�ciency the substrate of an SNSPD can be modified
to create an optical cavity which enhances absorption of photons into the
nanowire at target wavelengths. DBR are dielectric mirrors with high reflectivity
in a specific range around a central wavelength ⁄

0

achieving very high reflectivity
due to constructive interference. DBR structures were designed at the University
of She�eld to be grown on GaAs wafers using alternating bi-layers of GaAs
and Al

0.8

Ga
0.2

As. Two variations of the design were optimised for reflection at
⁄

0

= 1550 nm and ⁄
0

= 950 nm.

6.1.1 Device fabrication

Substrates were prepared with 600 µm thickness GaAs underlying a DBR stack
of 29 ⁄

0

/4 pairs of GaAs and AlGaAs layers topped by an additional ⁄
0

/4
AlGaAs layer and a final ⁄

0

/2 GaAs layer. The quarter wavelength thicknesses
were 67.0 nm (114.9 nm) of GaAs and 76.9 nm (128.4 nm) of AlGaAs for the
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⁄
0

= 950 nm (1550 nm) mirrors. Figure 6.1 shows the simulated reflectivity of
these substrates. The same graphs includes a simulation of the reflectivity from
design parameters as well as measurements of the normal incidence reflectivity
taken at multiple location over the wafer surface. In both cases the centre of
the reflectivity band is slightly red-shifted towards the centre of the wafer with
circular symmetry. For both designs the width w of the reflectivity band is
> 100 nm and the deviation in the centre wavelength of the stop-band across
the wafer does not exceed w/2. Superconducting films of 8 nm thick NbTiN
were grown on DBR substrates by Star Cryoelectronics Inc. [298] before sending
to the University of Glasgow for fabrication of SNSPDs using the methods
described in Chapter 3.

Fig. 6.1 The reflectivity of DBR mirrors was simulated by calculating the electric
field immediately above the dielectric stack where the nanowire detector is located
under normal incidence illumination. Essential Macleod (Thin films Inc.) was used
to perform simulations (thick red and blue lines). Following DBR deposition wafers
were characterised by normal incidence reflectivity at varying distances from the
centre (thin coloured lines). The same data were compiled for 950 nm (pictured) and
1550 nm (see Figure 6.6) DBRs.

During MBE growth so called oval defects are formed within the material
of the DBR. Although significant in height they are spread relatively far apart.
The surface density of these features on the 1550 nm DBR mirror was calculated
to be 6.34 ◊ 104 cm≠2 from optical microscopy images. Fabrication of highly
e�cient SNSPDs is totally reliant on the deposition of superconducting thin
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films of high quality and uniformity. Thin films of NbTiN were deposited
by DC magnetron sputtering onto both wafers by Star Cryoelectronics Inc.
The wafers were diced into 1 cm square pieces and films of 6 nm and 8 nm
thickness deposited. The superconducting critical temperature of the films
were measured at the University of Glasgow with 7 K Æ T

C

Æ 10 K. Surface
roughness was measured with AFM following DBR growth. RMS roughness of
0.5 nm (0.6 nm) was recorded for 950 nm (1550 nm) DBR substrates. Surface
roughness after NbTiN thin film deposition was measured by AFM at the
University of Glasgow. The new RMS roughness of the 950 nm DBR samples
was > 2 nm. Figure 6.2 shows oval defects measured by AFM with prominence
of 200 nm. Although most defects are > 5 µm in width occurrences of defects
overlapping sensitive features of the detectors were very infrequent.

Fig. 6.2 (a) AFM micrograph of a region of DBR substrate containing an oval
defect. (b) An optical micrograph of the surface after detector fabrication shows the
distribution of oval defects and confirms that none overlap the detector’s smallest
features. Scale bar is 20 µm.

6.1.2 Device characterisation

Low temperature electrical and optical characterisations of devices were first
performed in the pulse-tube cooler as described in Section 3.2.4. Table 6.1 con-
tains room temperature resistance measurements and critical currents measured
at 3.7 K.

Measuring a device’s kinetic inductance L
K

as a function of bias cur-
rent I

B

provides a closer look at the uniformity of the nanowire (see Section
3.2.3). Figure 6.3 shows measured data for 3 nanowire meanders patterned
on GaAs/AlGaAs DBR mirrors. The data are fitted to a curve with fitting
parameter C. The curve for C = 1 is shown in black and represents a perfectly
uniform nanowire. The device with highest measured uniformity has C = 0.75.
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DBR ⁄0
Nanowire dimensions

R300K

I

C

Depth Width Spacing Active area
950 nm 8 nm 130 nm 75 nm 5 ◊ 5 µm2 60–160 k� 5–7 µA
950 nm 8 nm 90 nm 90 nm 10 ◊ 10 µm2 1200–1800 k� 12–20 µA
1550 nm 8 nm 65 nm 105 nm 10 ◊ 10 µm2 180–660 k� 2–12 µA

Table 6.1 Electrical properties of SNSPDs fabricated on GaAs/AlGaAs DBR sub-
strates

Fig. 6.3 Nanowire inductance is measured as a function of bias current at low
temperature for two SNSPDs both with 90 nm wire width covering a 10 µm ◊ 10 µm
square area. The data is fitted to a curve with fitting parameter C (equation 3.2).
For an ideal uniform nanowire C = 1 (black line). The fitted C values for two
detectors are C = 0.75 (red line) and C = 0.5 give an indication of the presence of
constrictions along the nanowire. The total circuit inductance is dominated by the
kinetic inductance L

K

of the superconducting nanowire. Since L
K

Ã l/A, where l is
the wire length and A the nanowire cross-section, distinct segments of the nanowire
will contribute di�erently to the total L

K

as they exceed J
C

at di�erent times.

Nanowire uniformity ultimately a�ects the performance of an SNSPD.
Photons absorbed at constricted sections will have the highest registering
probability ÷

registering

with wider sections of wire su�ering from lower ÷
registering

(see Section 2.2.3). The nano-optical testing capability at the University of
Glasgow described in Section 3.2.4 allows SNSPDs to be characterised on a sub-
pixel scale[293]. Mapping the spatial variation in a device’s system detection
e�ciency (SDE) over its active area provides the ultimate test of nanowire
uniformity.
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Fig. 6.4 (a) Scanning electron micrograph (SEM) of an SNSPD fabricated on a
GaAs/AlGaAs DBR mirror ⁄

0

= 1550 nm. (b) A ⁄ = 1550 nm laser diode is
attenuated to the few photon level and scanned over the biased device to build up a
count map. Areas of higher and lower photon sensitivity are easily visible across the
active area of the device (red dashed box).

Figure 6.4 (c) shows a map of single photon response for a detector fabricated
on a DBR with high reflectivity at ⁄ = 1550 nm. With an optical spot size of
1.5 µm and the piezo scanner step size ≥ 100 nm the count maps are able to
resolve variations in the single photon sensitivity across the 5 µm ◊ 5 µm active
area of the device. The non-uniformity of the nanowire could be introduced
during lithography or may have been present in the unpatterned film as a result
of the deposition process or inhomogeneity in the DBR structure itself.

Packaging of detectors is important for the ease of applying the technology
in photon counting experiments. A detector system was built at the University
of Glasgow by Dr. Chandra Mouli Natarajan and shipped to the University of
She�eld for use in conjunction with quantum dot SPSs, both in characterising
sources and performing quantum optical measurements. Devices were fabricated
in the JWNC on ⁄ = 950 nm DBR mirrors and fibre coupled with single mode
HP1080 optical fibre. Following fabrication samples were protected by spin
coating the top surface with resist and then glued to a metal chuck. Material
is removed from the backside by pressing and rubbing the upended chuck onto
fine grade abrasive diamond lapping film. Successively finer grades of film are
used until the substrate backside is made optically smooth and the detector can
be aligned to the 5 µm fibre core using the apparatus shown in Section 3.2.1.
Figure 6.5 shows results from fibre coupled detectors characterised for SDE at
the University of Glasgow (data measured by Dr. Chandra Mouli Natarajan).
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Fig. 6.5 Measured system detection e�ciency (SDE) of two SNSPDs on GaAs/AlGaAs
DBR substrates (⁄

0

= 950 nm). At fixed current bias data is collected for detector
count rate as a function of input photon flux and the e�ciency calculated by fitting a
curve to this data. Each data point in this figure represents the calculated e�ciency
parameter measured at a di�ernet bias level. The experiments were performed with
fibre-coupled detectors in a 2.7 K Gi�ord-McMahon (GM) cryocooler illuminated
with a ⁄ = 940 nm laser diode. Black circles and blue triangles represent two
detectors referred to as A and B respectively.

6.1.3 Wavelength dependence measurements

A system of 3 tunable lasers with overlapping spectral ranges were used to
smoothly and precisely map the wavelength dependence of SDE for SNSPDs
patterned on GaAs/AlGaAs DBR substrates in the range 1350 nm Æ ⁄ Æ
1650 nm. Whilst sweeping across wavelengths the output power and polarisation
from the lasers varies. Both of these factors have a direct impact on SDE and
must therefore be controlled for before the SDE spectrum is analysed. Variable
optical power is controlled for by simply connecting a power meter to the laser
output (all three are fed through one mixer/switch) and recording how the
power varies during a full sweep. The measurement is repeated before and
after testing the devices to check the stability and reproducibility of the power
vs. wavelength curve. The SDE can then easily calculated on a point-by-point
basis using the known optical power for each wavelength. At each wavelength
the SDE measurement is repeated 256 times over a programmed range of
polarisations (see Section 3.2.3).
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Figure 6.6 shows the measured SDE for an SNSPD across a range of
wavelengths covering the stop band of the DBR mirror on top of which it is
fabricated. The upper (solid black line) and lower (solid red line) limits of
SDE for each wavelength represent the alignment of photon polarisation either
parallel or perpendicular to the nanowire respectively. For all wavelengths the
ratio of P

min

P

max

ƒ 0.5.

Fig. 6.6 (a) Wavelength dependence of system detection e�ciency for SNSPDs
on a GaAs/AlGaAs ⁄

0

= 1550 nm DBR mirror. The detector is illuminated by
focussed light from a minature confocal mounted at the 3.7 K stage of a pulse-tube
cryocooler. A combination of 3 tuneable lasers is used to measure SDE at a range of
wavelengths. Calculation of SDE includes a correction for the laser output power
at each wavelength. Due to the random variations in polarisation across the lasers’
range at each fixed wavelength the SDE measurement is repeated 256 times with a
di�erent randomly selected state of a variable polarisation controller (marked with
black ◊). (b) Simulated reflectivity spectra for the detector substrate. Simulation
and measurement of a similar substrate with di�erent ⁄

0

are detailed in Figure 6.1.

Inclusion of DBR detectors in a tunable optical cavity

A tunable cavity was created to maximise the absorption of light from an optical
fibre into a thin film SNSPD which can often be the limiting factor in achieving
high e�ciency single photon detection. A microlens with a DBR coating is
glued to the facet of a single mode optical fibre mounted on piezoelectric motors
which are used to adjust the cavity length with high precision creating a stable
resonant mode that can be tuned over a wavelength range of 100 nm. The
operation of the tunable cavity was first verified with an SNSPD patterned in
4 nm NbN on an MgO substrate [294]. The top side of the detector is covered
with a 100 nm thick Au mirror separated from the superconducting nanowire by
a 250 nm SiO

2

layer. Light is coupled through a 250 nm anti-reflection coating
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on the back side of the substrate completing the cavity between the Au mirror
and the lensed fibre. The total cavity length includes the 45 µm substrate
thickness, two 250 nm thick dielectric coatings and the gap to the fibre which
is tuned over a range of 45 – 51 µm. Simulations with Essential Macleod
suggest that the cavity length can be adjusted to achieve near unity absorption
e�ciency into the nanowire detector. The detection e�ciency was measured
in a pulse tube (PT) cooler at 3.7 K confirming that with the cavity length
tuned to maximise absorption the SDE is improved by 40% in comparison to
illuminating the same detector with a bare fibre.

An SNSPD fabricated on a GaAs/AlGaAs DBR substrate (⁄
0

= 1550 nm)
was then mounted in the tunable cavity. The SDE was measured at a range of
wavelengths (1400 nm < ⁄ < 1600 nm) and compared to data measured with
a bare optical fibre over the same range in ⁄. Figure 6.7 shows the measured
detection e�ciencies from both set-ups as well as simulation of absorption into
the nanowire performed with the Essential Macleod matrix transfer software
package (from Thin Films Centre). The peak SDE was measured close to
⁄ = 1500 nm as opposed to the design wavelength of 1550 nm. By using the
tunable cavity it is possible to enhance the SDE at ⁄ = 1550 nm by broadening
the stop-band width in that wavelength region.

6.2 Non-periodic cavities for tailored absorp-
tion bandwidths

By using an optimisation algorithm in multi-layer cavity design it is possible
to create a wide range of reflection spectra. Aperiodic multi-layers can achieve
stop-band shapes beyond the capability of conventional DBR mirrors[141]. The
potential applications of such tailored optical cavities are broad, ranging from
fluorescence life-time measurements in the life sciences[302, 94, 95], to remote
sensing in atmospheric[303, 304] and fibre based technologies[305]. A cavity
with long wavelength cut-o� will also act to suppress dark counts caused by
black body radiation reaching the detector. For SNSPDs operated at 2 – 4 K
the central wavelengths of the black body radiation spectrum will be strongly
suppressed, bringing dark count rates down closer to the intrinsic limits of the
material[26, 77].

Whereas a DBR mirror utilises a stack of repeating pairs (of ⁄
0

/4 dielectric
layers) to create an optical stop-band, it is possible to sum the contribution
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Fig. 6.7 An SNSPD on a ⁄
0

= 1550 nm DBR mirror comparison of system detection
e�ciency for a half-cavity (a) versus full tunable cavity (b) (as seen in schematic),
figure adapted from reference 294. Experiemental restrictions resulted in the optimal
cavity length not being established therefore (a) contains higher system losses. (c)
Simulated absorption e�ciencies are shown for full-cavity (red/orange/black lines)
and bare fibre (blue line) illumination of the same detector. Note that the peak
absorption occurs at ⁄ = 1500 nm, not the designed ⁄

0

= 1550 nm. Inclusion of the
tunable cavity enables enhanced aborption at ⁄ = 1550 nm, beneficial for telecoms
applications.
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of any arbitrary set of interfaces to calculate a reflectivity function with a
spectral shape not possible with the symmetry constraints of a DBR (see
Figure 6.8). A method for computer aided design of non-periodic dielectric
stacks was developed at NICT in Kobe, Japan. A computer program iterates
through simulations of an optical stack by systematically varying the thickness
of every layer (each one independent from all others). A single iteration of
the simulation uses the matrix transfer method to simulate a set configuration
of the optical stack calculating the absorption into a 10 nm top layer of NbN
over a specified spectral range. To design a device the user specifies some
properties of the stop-band shape and the program iterates through possible
layer thickness combinations until the design parameters are met. After the layer
thicknesses are optimised a second simulation utilises finite element analysis
to confirm absorption into the nanowire for di�erent polarisations of incoming
photons. This process requires a 2 dimensional finite element simulation which
is too demanding on computational resources to complete for every possible
combination of layer thicknesses however it is e�cient to use as a check on the
outcome of 1D Macleod simulations, and to illustrate polarisation dependence
of the patterned nanowires.

This method was used to design 3 absorption profiles that are of interest for
applications in fluorescence imaging, Raman spectroscopy, remote sensing and
quantum cryptography. The individual spectra exhibit features not available to
ordinary DBR design, such as wider spectral width or sharp long-wavelength cut-
o�. The non-periodic dielectric stack designs were realised using SiO

2

an TiO
2

dielectric layers with NbN nanowire detectors patterned on top using electron
beam lithography and reactive ion etching. The performance of detectors was
measured at a range of relevant wavelengths and confirmed to show absorption
enhancement and suppression in agreement with the design specifications.
These detectors achieve high e�ciency (> 80%) at the desired wavelengths and
strong suppression of detection for light of unwanted wavelengths.

Figure 6.9 shows simulated absorption spectra for two designed optical
stop bands that were fabricated. Design 1 uses ⁄

0

ƒ 500 nm and for design 2
⁄

0

ƒ 800 nm. Dielectric multi-layers (DMLs) were deposited on Si substrates
with a SiO

2

bu�er layer. Alternating layers of TiO
2

and SiO
2

were deposited
by ion beam evaporation to the thicknesses specified in the individual designs.
The refractive indices of these dielectric layers are 3.5 and 4.2 respectively. The
dielectric stack terminates with a ⁄/2 layer of SiO

2

on top of which NbN is
deposited by DC magnetron sputtering to a thickness of 10 nm. Nanowires and
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Fig. 6.8 Adapted from reference 141. (a) An aperiodic stack of alternating SiO
2

and TiO
2

layers is deposited on top of an Si substrate with a NbN superconducting
nanowire single photon detector patterned on top. (b) By tailoring the individual
dielectric layer thicknesses optical stop bands of numerous shapes can be created.
One simulated example is a detector with high absorption at ⁄= 1550 nm and a
sharp long wavelength cut-o�.

electrical contacts were patterned by electron beam lithography and reactive
ion etching. Devices were tested in a GM cryocooler operating at 2 K, optically
addressed with single mode or multi-mode fibre aligned to the detector’s active
area. Device 1 contains 4 pixels in a square formation, each of which is biased
separately. Multi-mode fibre is used to couple the detector array to a 60 µm
wide optical spot. All detectors are current biased with a resistor and DC
voltage source at room temperature. A bias tee outside the refrigerator connects
2 stages of amplification with a total gain of 50 dB to a digital counter. A
pair of calibrated optical attenuators are used to reduce the output from a
diode laser to the single photon level. The detector’s e�ciency is probed by
comparing input photon number to the number of registered counts, over a
range of di�erent bias currents and photon fluxes. A selection of diode lasers
of fixed wavelength were used to test the spectral response of detectors at a
number of discrete points. A fibre polarisation controller is used to maximise
the counts from the detector for a given photon flux and bias current. Without
making a direct measurement of the polarisation of photons exiting the optical
fibre it is assumed that the maximised count rate occurs when the light is
polarised parallel to the nanowires.

The measured SDE of device 1 was 64% when operated as a 4 pixel array.
Figure 6.10 shows the results of low temperature characterisation of device
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Fig. 6.9 Adapted from reference 141. Simulated absorption spectra for two fabricated
SNSPDs on dielectric multilayers. The COMSOL software package was used to
perform a finite element simulation of unpatterned 10 nm NbN films as well as
patterned nanowires under parallel and perpendicular polarised illumination. (a) A
broad stop band is designed to cover visible and near infrared wavelengths. (b) A
narrower stop-band is designed for shorter wavelengths in the visible spectrum. Both
detectors are designed to meet demand for high e�ciency detectors with excellent
timing properties in spectroscopy applications as well as multi-spectral light detection
and ranging (LiDAR).

2. The dependence of SDE on bias current is seen to saturate at around
0.8I

C

. Saturation in the e�ciency suggests that the nanowires are uniform
and that the detector can be biased at a low dark count rate without an
exponential reduction in registering e�ciency. Tests at di�erent wavelengths
confirm that peak e�ciency is reached within the designed band for maximum
absorption. Wavelengths outside of the DBR stop-band have significantly
suppressed e�ciency, both for high and lower energy photons.

6.3 Conclusions

SNSPDs were fabricated on substrates with periodic and aperiodic multi-layer
cavities designed to enhance absorption at specific wavelengths and create
high-performance detectors tailored for specific applications. DBR mirrors
can achieve near unity absorption e�ciency of infrared photons into thin
superconducting films also enabling greater ease of aligning and packaging
detectors since the devices are transparent at wavelengths outside of the DBR
stop-band in contrast to opaque metallic mirrors.

GaAs/AlGaAs DBRs were provided by the University of She�eld and
NbTiN thin superconducting films deposited by Star Cryoelectronics in the
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Fig. 6.10 Adapted from reference 141. Low temperature characterisation of an
SNSPD fabricated on a dielectric multilayer with high reflectivity in the near infrared.
(a) System detection e�ciency was measured as a function of bias current at a fixed
input photon flux. The detection e�ciency is seen to saturate at bias currents below
I

C

reaching a maximum value of 82.7%. With the light path blocked the detector
dark count rate is recorded as a function of bias current. (b) Seven diode lasers
covering a range of wavelengths were used to characterise the stop-band of dielectric
multilayers and its e�ect on detection e�ciency as a direct result of wavelength
dependent absorption. The measured wavelength dependence (black circles) is in
good agreement with the simulated stop-band (red line).

USA. At the University of Glasgow SNSPDs were fabricated on these substrates
and characterised optically and electrically at low temperature. The detection
of single infrared photons was confirmed and the spectral dependence of SDE
on wavelength measured. The yield of uniform nanowires was low as evidenced
by the inconsistency of I

C

and SDE across measured devices. The ultimate
cause for this is likely to be constrictions in the nanowires however it is unclear
whether these are mostly introduced during fabrication, film growth, or DBR
growth.

Several other dielectric compounds have been used to realise cavities and
DBRs for the enhancement of SNSPD performance. Notably SiO

2

/TaO
5

bilayers have been deposited on Si wafers to create incredibly smooth surfaces.
The same technology was developed for the extremely demanding application
of mirrors in gravitational wave detectors. Very high quality detectors on
SiO

2

/TaO
5

DBRs with enhanced SDE at ⁄ = 1550 nm (900 nm) peaking
at 90% (85%) were recently demonstrated[140]. To achieve such outstanding
results the fabrication procedure must be meticulously optimised. Firstly Si
substrates must begin with absolutely minimal surface roughness. Chemical
mechanical polishing, acid etching, and plasma ashing can be used to bring
the surface roughness down below 1 nm RMS, approaching atomic smoothness.
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The dielectric bilayer process adds < 1 nm to the substrate roughness. This is
helped in part by applying identical DBR structures to both top and bottom
sides of the wafer thus reducing strain and deformation at the surfaces. DC
magnetron sputtering of Nb-based films can be carefully optimised over a
number of parameters including stoichiometry and substrate temperature
during deposition. Switching from NbN to amorphous WSi or MoSi in future
may help with film uniformity as well as relaxing the requirements for the
fabrication of ultra-narrow nanowires. With amorphous superconducting films
it is possible to slightly increase nanowire width to achieve higher uniformity
whilst maintaining high sensitivity to infrared photons.

At NICT a di�erent type of mirror was used to create highly e�cient
reflectors for tailored wavelength bands. SNSPDs were fabricated in thin NbN
superconducting films on aperiodic DMLs. The yield and uniformity of detectors
was good and several high e�ciency detectors were used to demonstrate 2
di�erent mirror designs. The peak measured SDE was > 80% at ⁄ = 808 nm.
There are several factors that could contribute to the SDE being less than
perfect. Firstly the temperature of operation could be decreased to increase the
device’s registering e�ciency. This would come at a high cost however and the
loss of convenience that comes with performing experiments in a commercially
available GM cooler. The fact that the SDE appears to saturate at bias currents
below I

C

(see Figure 6.10 (a)) is an indication of high quality superconducting
films and nanowires without any major constrictions. Its is unknown though
if the DML matches the design specification with a high degree of uniformity
which leads to an uncertainty in the true probability of absorption of photons
into the detector. The use of lasers tunable over a wide range would allow for a
more full characterisation of both the system insertion losses as well as finding
the true position of the absorption maximum. For similar reasons a tunable
polarisation controller could be used to carefully select the optimum polarisation
for input light. The novel method of using aperiodic DMLs for tailoring the
wavelength dependence of SNSPDs can be applied to long wavelength cut-o�
filtering of dark counts as well as a host of future detector applications.
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Conclusions

7.1 Summary of results

Fabrication and experiments have been detailed in this thesis which relate to the
application of superconducting nanowire single photon detectors to quantum
information processing. The observation of quantum e�ects with photons is
extremely demanding with low tolerance of losses and noise introduced at any
stage of an experiment, from the source through to the detector. Superconduct-
ing nanowires were introduced as a photon counting technology in 2001 and
over 15 years have undergone considerable technical development. Today they
are a preferred choice of single photon detector particularly in applications
demanding of low timing jitter, low dark counts and high e�ciency at infrared
wavelengths.

Optical quantum computing can be achieved with a combination of single
photon sources, beam-splitters, phase shifters, single photon detectors and
electrical information feed-forward. Integrated waveguide circuits present
the best platform for such a quantum information processor that is both
stable and scalable. The III-V semiconductor platform is suitable for both
waveguide circuits and single photon sources in the form of InAs quantum
dots. With photon emission occurring at ⁄ > 900 nm the low e�ciency of Si
avalanche photodiodes at long wavelengths limits their use in III-V quantum
photonics. Perhaps more critically the monolithic integration with waveguide
circuits is clearly preferable for the single-layer constituents of SNSPDs as
opposed to complex doped semiconductor junctions. This thesis presents novel
demonstrations of detectors integrated with single mode suspended nanobeam
waveguides as well as integrated waveguide circuits designed to perform quantum
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photonic measurements entirely on-chip. These represent a step forward for
optical quantum information processing.

7.1.1 Fabrication of waveguide circuits and integrated
superconducting detectors

Fabrication processes were developed at the University of Glasgow based
on methods developed elsewhere and optimised for the precise alignment of
hairpin nanowires with single mode suspended nanobeam waveguides. Although
working prototypes have been made, and the wires show uniform yield over each
chip, there is substantial ground to be made up in terms of detector e�ciency
and waveguide losses. Superconducting nanowire detectors integrated with
waveguide circuits were characterised at 3.7 K however the lower than expected
superconducting transition temperature of NbTiN films precluded their use in
photo-luminescence (PL) experiments conducted at 4.2 K. Detector e�ciency
can be hugely improved by the optimisation of film growth and with the use of
alternative superconducting materials such as MoSi [173]. Waveguide losses
can be mitigated by improving the final edge roughness following fabrication.
Although the edge roughness of etch masks used is of good quality the total
process including multiple etches and stripping leaves a significant amount
of unwanted material distributed over device surfaces. One possible route to
pursue is the use of HSQ resist and SiN masks for waveguide etching. These
place a hard dielectric mask over the wires and might enable smooth waveguide
etching without resist getting stuck in the holes of photonic crystals (PhC).
Wires will also be protected from stronger cleaning processes, such as O

2

ashing,
which might allow for a cleaner final device. The optical e�ect of a dielectric
layer above the nanowire is likely to be worth the trade o� for improved
waveguide losses. Simulations could confirm this.

7.1.2 Testing integrated detectors with GaAs single mode
waveguide circuits

Through the EPSRC Semiconductor Integrated Quantum Optical Circuits
Programme Grant NbTiN films were grown on GaAs substrates with embedded
InAs quantum dots and a buried AlGaAs sacrificial layer. Substrates were grown
by molecular beam epitaxy (MBE) in She�eld and films by DC magnetron
sputtering in USA. The initial specification was for films to be 6 ≠ 10 nm
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thick with superconducting critical temperature T
C

> 10 K. Films delivered
were of specified thickness however 5 K Æ T

C

Æ 10 K. Low T
C

is a possible
indicator of inhomogeneity across the film material and defects are a likely cause
of constrictions within nanowire detectors which restrict detection e�ciency.
Detectors were fabricated in successful integration with suspended nanobeam
(SNB) waveguides of single mode dimensions for ⁄ Ø 950 nm. Waveguide
integrated detectors were shown to be responsive to light at the single photon
level showing detection of direct perpendicular illumination as well as light
from a waveguide mode coupled in via a di�raction grating. The registering
e�ciency of waveguide integrated detectors was calculated from the measured
system detection e�ciency (SDE) and estimates of the coupling and absorption
losses. Out of several detectors tested the best recorded e�ciency was 9.71 %.
Waveguide circuits with integrated SNSPDs were designed and fabricated for the
purpose of carrying out an on-chip correlation measurement of single photons
emitted from an InAs quantum dot embedded within the waveguide circuit. A
50:50 beam-splitter, a 1-D PhC filter, and 2-D PhC waveguides were added to
the circuit. The first fabricated devices were shown to have operational detectors
but to be unable to verify the detection of waveguide coupled light nor the correct
operation of the newly introduced waveguide components. The combination
of low e�ciency detectors and waveguide losses likely leaves the count rate of
waveguide coupled photons lower than the background noise caused by detector
dark counts and photons back-scattered through the substrate. Although all
components were separately confirmed to function within acceptable parameters
it would be highly beneficial to systematically optimise the waveguide circuit.
Simulations of individual components can be used to maximise transmission and
multi-component simulations can be used to minimise insertion losses and back
reflections from mode mismatch between successive components. Systematic
testing of waveguide circuits with iterative feedback to fabrication parameters
could be used to create waveguide circuits with high transmission from source
to detector and also achieve accurate 50:50 beam-splitters as well as filters with
high rejection of light at pump-wavelength and unwanted exciton wavelengths.

7.1.3 Superconducting logic circuits for SNSPD read-
out

Rapid single flux quantum (RSFQ) logic is a promising supporting technology
for SNSPDs. Digital circuits can be built from Josephson junctions into custom
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designed processors that process signals from SNSPD very quickly with low
timing jitter and low power consumption. RSFQ circuits are well suited to
multiplexing arrays of SNSPDs and potentially providing fast readout and
feed-forward of information in an optical quantum computer. At NICT, Japan
RSFQ circuits are designed and fabricated specifically for use with SNSPDs.
An RSFQ circuit was tested by the author as a demonstrator of the low timing
jitter of RSFQ circuits. The circuit was designed to combine the signal from two
SNSPDs in a flip-flop circuit with a variable time delay between the two inputs.
This enables a measurement of the intrinsic timing jitter from superconducting
detectors without including the limiting performance of room temperature
amplification and TCSPC electronics.

7.1.4 Detectors enhanced by multi-layer cavities

Multi-layer cavities were investigated as a means of enhancing detector perfor-
mance as wavelengths of specific interest. Distributed Bragg reflectors (DBRs)
were grown in GaAs/AlGaAs at the University of She�eld by MBE with thin
films of superconducting NbTiN deposited on top by DC magnetron sputtering.
At the University of Glasgow SNSPDs were patterned on these substrates,
coupled with single mode optical fibre, and tested at low temperature. At 2.7 K
detectors optimised for absorption at ⁄ = 950 nm were shown to have 20 %
SDE at that wavelength. Devices designed for high e�ciency at ⁄ = 1550 nm
were tested at 3.7 K under a miniature confocal microscope. The spatial
uniformity of detectors was mapped and the SDE measured over a broad range
of wavelengths and polarisations. At NICT, Japan detectors were fabricated
on aperiodic dielectric multi-layers made from SiO

2

/TiO
2

. Detectors were
fabricated on theses substrates from NbN superconducting thin films and tested
at 2.2 K in a GM cryocooler with single mode optical fibre coupling. Rather
than use the repeating layer system of a Bragg reflector a computer program
optimises the cavity design by varying layer thicknesses independently from
each other. In this way, stop band shapes impossible to realize with periodic
DBRs can be acheived. Two optical windows were designed and fabricated, one
with very wide bandwidth and one in the visible range. SNSPDs were tested at
a range of wavelengths around the designed stop-band and confirmed to have
very high e�ciency in correspondence to the designed absorption maxima and
minima. For devices of the first design the highest measured system detection
e�ciency (SDE) was 80% at ⁄ = 800 nm. Devices fabricated to the second
design achieved an SDE of 64% at ⁄ = 640 nm.
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7.2 Outlook

Work continues in Glasgow on the development of waveguide integrated su-
perconducting single photon detectors. With in-house superconducting film
deposition capability NbN, NbTiN and MoSi films are being grown on a range
of substrates including silicon-on-insulator. Through Professor Marc Sorel there
is considerable expertise in Glasgow with Si waveguide circuits which can be
leveraged in the future to create quantum enhanced devices with integrated
single photon detectors.

Apparatus is being assembled for the screening of optical circuits with
integrated detectors. Utilising RF probes, a fibre array, and piezoelectric
motors multiple devices can be tested across a single sample in one cool-down
which will be a huge boost to the development process of quantum photonic
integrated circuits (QPICs). Thorough optimisation of waveguide structures
and integrated detectors will be necessary to achieve low loss transmission of
single photons as well as e�cient detection. Precise calibration of waveguide
integrated detectors remains challenging as it can be di�cult to accurately
predict photon flux inside a waveguide circuit making accurate calibration
di�cult. Incorporating a beam splitter leading to an output grating coupler
can act as a reference port for monitoring the photon flux within a waveguide
circuit however an unknown splitting ratio, waveguide bend losses and coupler
losses can all contribute significantly to the uncertainty of such a measurement.

The development of robust sources of pure single photon states that can be
reliably fabricated en masse are vital to the progress of QPICs. State of the
art semiconductor quantum dots (QDs) are progressing towards emission at
telecom wavelengths and fabrication with deterministic placement. The quality
and e�ciency of individual QDs remains somewhat unpredictable although
techniques for tuning and enhancing PL emission are currently being developed.
Several alternative single photon sources have been proposed as waveguide
integrable devices. Doped carbon nanotubes (CNTs) can be manufactured
in large quantities and single one deposited onto electrical contacts in close
proximity to an optical waveguide with electrical pumping resulting in single
photon emission. Photon pair sources in Si waveguide spirals and ring resonators
are both attractive candidates for inclusion in silicon QPICs and potential
integration with CMOS control electronics.

Recent review articles provide great detail on the variety of current re-
search into quantum integrated photonics [210, 306]. A number of di�erent
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material platforms are considered all of which have seen increased development
and integration of components suitable for quantum information processing.
Promising routes towards large scale integration of quantum photonic circuits
are presented by a number of possibilities including GaAs and III–V materials,
widely compatible Si photonics, and through hybrid devices [307, 308].
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