
 

Single-photon detectors integrated in quantum photonic
circuits
Citation for published version (APA):
Digeronimo, G. E. (2018). Single-photon detectors integrated in quantum photonic circuits. [Phd Thesis 1
(Research TU/e / Graduation TU/e), Applied Physics and Science Education]. Technische Universiteit
Eindhoven.

Document status and date:
Published: 16/10/2018

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 04. Oct. 2023

https://research.tue.nl/en/publications/731e21af-d2cc-4081-b8e1-11327ebb496c


Single-photon detectors integrated in 

quantum photonic circuits 

 

 

PROEFSCHRIFT 

 

 

ter verkrijging van de graad van doctor aan de Technische Universiteit 

Eindhoven, op gezag van de rector magnificus, prof.dr.ir. F.P.T. Baaijens, 

voor een commissie aangewezen door het College voor Promoties, in het 

openbaar te verdedigen op dinsdag 16 oktober 2018 om 16.00 uur 

 

 

door 

 

 

Giulia Enrica Digeronimo 

 

 

geboren te Catania, Italië



Dit proefschrift is goedgekeurd door de promotoren: 

 

voorzitter:                  

1e promotor:            

co-promotor:             

Leden:                       

                            

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Het onderzoek of ontwerp dat in dit proefschrift wordt beschreven is 

uitgevoerd in overeenstemming met de TU/e Gedragscode 

Wetenschapsbeoefening 

prof.dr.ir. G.M.W. Kroesen 

prof.dr. A. Fiore 

dr. R. Leoni (National Research Council) 

prof.dr. R.H. Hadfield (University of Glasgow) 

dr. J.J.G.M. van der Tol 

prof.dr.ir. D. van Thourhout (Universiteit Gent) 

dr. R.W. van der Heijden 

 

 

 

 

 
 



 
 

 

 

 

 

 

 

 

A catalogue record is available from the Eindhoven University of 

Technology library 

ISBN: 978-90-386-4589-6 

 

Single-photon detectors integrated in quantum photonic circuits 

By Giulia Enrica Digeronimo 

 

The work described in this thesis has been carried in the group of 

Photonics and Semiconductor Nanophysics, at the Department of Applied 

Physics of the Eindhoven University of Technology, The Netherlands. 

 

This research is financially supported by the European Commission, Initial 

Training Network PICQUE (No. 608062), by the Dutch Technology 

Foundation STW, Applied Science Division of NWO, the Technology 

Program of the Ministry of Economic Affairs under projects No. 10380, 

12662 and by NanoNextNL, a micro and nanotechnology program of the 

Dutch Ministry of Economic Affairs, Agriculture and Innovation (EL&I) 

and 130 partners.  

 

Printed by Gildeprint 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Summary  

 
Single-photon detectors integrated in quantum photonic circuits 

 

Photons have emerged as a promising approach for quantum information processing 

(QIP). However it is very challenging to implement quantum processing functionalities on 

a large scale with bulk optics due to the extreme stability requirements and large coupling 

losses. In order to scale photonic QIP to more complex functionalities, quantum photonic 

integrated circuits (QPICs) are required. A fully-functional QPIC requires all the key 

quantum optical components, such as single-photon sources, passive circuit elements and 

single-photon detectors, integrated on a single chip.  

GaAs is a favourable material in order to integrate many QPIC elements, from excellent 

single-photon sources to high-performance single-photon detectors. Semiconductor 

quantum dots (QDs) have been shown to be nearly ideal sources of non-classical light that 

can be efficiently routed into nanophotonic circuits. On the other side, superconducting 

single-photon detectors (SSPDs) combine high quantum efficiency, low dark count rates, 

and ultra-fast response making them promising candidates for QIP.  

Despite the impressive progress made in the development of these components at the 

single unit level, and in the improvement of their individual performance, the efficient 

integration of these devices on the same chip remains a significant technological challenge 

that has to be addressed in order to exploit the real power of integrated quantum 

photonics.  

In this thesis, the prototype architectures of multi-functional QPICs are presented, with an 

emphasis on the integration of photon sources and detectors. Several key quantum optical 

components have been integrated on the same chip and their functionality and coupling 

successfully tested. Particularly, photons, generated by excited InAs quantum dots (QDs), 

have been routed through ridge waveguides and filtered on-chip to a single excitonic line 

using photonic crystal (PhC) cavities. On the detector side, SSPDs patterned on top of 

suspended nanobeam (SNB) have achieved record device quantum efficiency on GaAs 

and have been integrated with QD sources, enabling the on-chip time-resolved 

measurement of their emitted photons. Furthermore two electrically independent 

detectors, integrated on top of the same nanobeam, have shown to be a very compact 

autocorrelator system for on-chip second-order correlation function g
(2)

(τ) measurements. 

The first chapter illustrates the state-of-the-art of QIP and QPIC with a particular focus on 

the GaAs platform. Different tuning strategies of the QDs emission and also of the cavity 

modes are compared, as well as different types of single photon detectors with a special 

attention to SSPDs and their performance parameters. 

Chapter 2 covers the experimental methods used for the realization of these QPICs.  



Chapter 3 is dedicated to the design and fabrication of the SSPDs, including the study of 

the optimized parameters used for the sputtering of the NbN films.  

In Chapter 4 the differences between the standard process used for the fabrication of PhC 

structures and the low-temperature (LT) process optimized for the SSPDs integration are 

highlighted. The technological issues are analysed and solved when possible, showing that 

the LT fabrication process has the capability to preserve high performance for each 

component of a QPIC demonstrator (including InAs QDs sources, SSPDs on SNB and 

PhC filters). A fabrication attempt of a second QPIC demonstrator (including also a p-i-n 

diode for Stark control of the QDs emission and a nano-opto-electro-mechanical PhC 

cavity) is also presented in this chapter together with the preliminary characterization of 

each component of the circuit. 

In Chapter 5 the performance of SNB SSPDs are presented. The SSPDs presents a device 

quantum efficiency (DQE) of 28% at λ=1310nm in transverse-electric (TE) polarization, 

polarization-independent behaviour and a jitter of 127±8ps. Patterning the nanowire on 

top of a SNB, instead of a standard ridge waveguide, did not improve the DQE as much as 

estimated, however a new record for the DQE on GaAs platform has been established. 

Moreover a SNB autocorrelator system, composed of two electrically-independent SSPDs 

on top of a suspended nanobeam, is presented in this chapter. The system does not present 

any static or dynamic crosstalk, showing that it is possible to perform a HBT experiment 

on chip. This result, combined with the small jitter, shows how the SNB autocorrelator 

system is suitable for the on-chip characterization of single-photon emitters. 

In the first part of Chapter 6, different designs of PhCC-PhCWG systems, used as filters 

of single excitonic QDs lines, are experimentally tested. The design with in-line coupling 

and two holes in the barrier presents all the required parameters for an efficient filtering 

action: free spectral range ≥ 60nm, quality factor Q=1000 and transmission of 23%.  

In the second part of the chapter, the functionality of the QPIC demonstrator is 

investigated by testing the coupling between the three main components (SSPDs, QDs, 

PhC filters). The SSPDs and QDs coupling is tested using the SSPDs for on-chip time-

resolved photoluminescence (PL) measurements of the QDs emission. From the PL 

spectra a strong dependence of the rise time τr as a function of the excitation power level, 

attributed to an Auger-mediated interband relaxation process, is observed, as well as a 

spontaneous emission lifetime τd = 0.94ns. The capability to isolate and transmit a single 

excitonic line through the filter proves the QDs-filter coupling.  

In the last chapter the results are summarised and considerations about the realization of a 

fully-functional QPIC are made. 
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Glossary of symbols and acronyms 

Symbol Description 

A Absorptance 

Ad Detector active area 

Al Laser spot area 

a Lattice constant 

c Speed of light in vacuum 

e
- 

Electron 

E Energy density 

f Detector frequency 

g
(2)

(τ) Second-order correlation function 

h Planck constant 

Ib Bias current 

Ic Critical current 

k Light wave vector 

kz Vertical component of k 



 

 

 

 

 

k║ In-plane component of k 

L Waveguide length 

Lk Kinetic inductance 

l Wire length 

n Refractive index 

Nc Number of counts 

NΦ Number of photons incident on the detector 

P Power 

Pdep Deposition pressure 

ph Phonon 

r Position vector 

r Holes radius 

R Reflectance at the waveguide facet 

RL Load resistance 

Rn Normal resistance 

t Thickness of the film 

T Transmission 

Tc Critical current 

Δ Tc Width of superconducting-normal transition 

theat Heating time 

Tdep Deposition temperature 

Tset Set temperature 

w Wire width 

α Propagation loss 

αTE Modal absorption coefficient for TE mode 

αTM Modal absorption coefficient for TM mode 

ε Dielectric permittivity 

ηc Coupling efficiency 

ηi Internal quantum efficiency 

λ Light wavelength 

Φ Gas flow 

ρrms Root mean square roughness 

τ Total time constant of a SSPD 

τD Dead time 

τd Decay time 

τe Time constant for the supercurrent recovery in SSPD 

τfall Time constant for the supercurrent decay in SSPD 

τr Rise time 

ω Frequency 



Acronym Description 
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ICP Inductively-coupled plasma 
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PL Photoluminescence 
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QPIC Quantum photonic integrated circuit 
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SOI Silicon on insulator 

SP Single photon 
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SPD Single photon detector 

SSPD Superconducting single photon detector 
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TM Transverse Magnetic 
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Chapter 1 

Introduction 

 

“… it seems that the laws of physics present no barrier to reducing the size of computers 

until bits are the size of atoms, and quantum behaviour holds sway.”  

Richard P. Feynman (1985) 

  

1.1 Quantum information processing (QIP) 

In a world overwhelmed by increasing amounts of data, finding new ways to store and 

process information has become a necessity. Conventional silicon-based electronics has 

experienced rapid and steady growth, thanks to the progressive miniaturization of its basic 

component, the transistor, but that trend cannot continue indefinitely. Indeed, it is stated 

by Moore’s law
[1]

 that the number of electronic components integrated in a chip doubles 

every 18 months. However, after 50 years, the law has arrived to saturation and within 3 

years the expected lower limit in terms of transistor size (7 nm) will be reached
[2]

. 

Therefore, the chip industry is exploring different paths in order to find the next 

revolutionary technology that will allow further increasing the computing power.  One 

possibility is the use of quantum technology.  

In a classical device, information is stored and manipulated in binary form: the elementary 

components (bits) have two states, each of which encodes the binary 0 or 1. To move 

beyond the binary system, one can exploit the laws of quantum mechanics. A quantum-

mechanical object with two state at its disposal can occupy either of those two states, but 

also an arbitrary combination (superposition) of the two. This result in infinitely many 

quantum states that a single quantum bit (qubit) can take; together with another property 

of quantum mechanics, entanglement, it allows for a much more powerful information 

platform than is possible with conventional components. 

Quantum information processing (QIP) uses qubits as its basic information units. To be 

useful for QIP, a qubit needs to be both isolated from its environment and tightly 

controllable, which places stringent requirements on its physical realization. A number of 

qubit types have been proposed and experimentally realized that satisfy at least some of 

these criteria, and tremendous progress has been made over the past decade in improving 

the figures of merit, such as the coherence time. Superconducting circuits, trapped atoms, 
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colour centres, Majorana fermions and photons are some of the possible physical 

candidates for QIP applications
[3]

.  

Photons are exceptionally attractive for QIP, since they combine low decoherence rate and 

high propagation speed
[4]

. Moreover the information can be encoded as qubit choosing 

between a large number of degrees of freedom of the light such as polarization, spatial or 

temporal modes, frequency and angular momentum.  

In the following, an overview of the potential applications of photonic QIP is given, 

including quantum communication, simulation and computing. 

 

1.1.1 Quantum communication 

Quantum communication is the use of quantum mechanics for transferring qubits between 

two separate locations. One of the most important types of quantum communication is 

quantum key distribution (QKD) which consists of the process of sharing a secret key 

between two parties (usually indicated as Alice and Bob) so that an eavesdropper (usually 

called Eve) has no possibility to learn the key`s value even intercepting all the 

communication between Alice and Bob. This is guaranteed by the laws of quantum 

mechanics. If Alice sends quantum bits to Bob, an eavesdropping attempt by Eve will 

produce a change in the qubits state that Alice and Bob will notice. The idea of QKD was 

first proposed in early 80s with a protocol for secure communication (BB84)
[5]

.  

Practical implementations of QKD  using photons as qubit faces several challenges 

including efficient single-photon sources and detectors at telecom wavelengths which 

limit the distance and bit exchange rate of QKD protocols
[6]

. Also channel losses create 

the need to realize the quantum repeaters for distribution of the signal through the lossy 

channel creates practical restrictions for QKD implementation
[7]

. In 2015 QKD over a 

distance of 300 km has been demonstrated on an optical fibre system 
[8]

.  

Recently (2017), two entangled photons sent from a satellite to two ground stations, for 

total distance of 2400 km, were observed maintaining the entanglement, laying the 

groundwork for future intercontinental quantum key distribution experiments
[9]

. 

Moreover, later the same year, the BB84 protocol was successfully implemented over the 

satellite links and the two ground stations
[10]

. 

 

 

1.1.2 Quantum simulation  

The idea of quantum simulation was first proposed by Feynman
[11]

. Quantum simulators 

offer an environment that exploits another quantum system obeying the same rules of 

quantum mechanics as the system to be simulated, but it is easier to measure. In this way, 

the inability of the classical computers to simulate the behaviour of quantum systems can 

be overcome. For instance, calculating the ground state energies of many-body systems 
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becomes exponentially harder by using the classical supercomputers as the number of 

particles increases whilst it gets only polynomially difficult for a simulating quantum 

system
[12]

. To date quantum simulators have been realized in a variety of platforms 

including trapped ions, atoms, superconducting circuits and photons
[13]

. Recently, boson 

sampling experiments have been used to prove the validity of photonic quantum 

simulation
[14]

. The boson samplers are photonic circuits (Fig. 1.1) consisting of a nested 

network of interferometers that couple m photonic modes fed by a number n of 

indistinguishable single photons. The probability that n single photons are detected at n 

output ports of the system can be calculated by evaluating the permanent of the matrix 

that describes the unitary transformation of the circuit. If the circuit is realized in such a 

way that the input-output transformation is characterized by a uniformly random matrix, 

then calculating the transition probability has been shown to belong to a class of 

computationally hard problems
[15]

. The direct measurements of the outcome from a 

physical boson sampler will give the solution of the computationally hard problem much 

faster than any classical machine. Even though the boson sampling problem does not have 

practical application in itself, it could serve as a demonstration of “quantum 

supremacy”
[16]

. 

 
Fig. 1.1  Sketch of a boson sampling circuits, in which the interferometers with 9 inputs/outputs ports are 

integrated in a glass chip. Reprinted from [17].  

 

1.1.3 Quantum computing 

In a quantum computer the bits are replaced with qubits, therefore data are encoded in a 

superposition of 0 and 1 and not in a well-defined state as classical bits. This property 

gives the quantum computers a powerful advantage due to their inherent parallelism for 

solving certain type of problems (for example the algorithm of the factorization of a 

number), where the quantum computer performs exponentially faster than its classical 

counterpart
[18]

. This does not necessarily mean that quantum computers are going to be 
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faster than classical ones for all problems, but they are indeed more powerful for 

particular applications or algorithms where their inherent computational parallelism is an 

advantage.  

However, there is a dangerous flaw to this increase in computational power. In fact, the 

qubits need to interact strongly with one another, and with the external inputs for 

control, and outputs for detection, but nothing else. This leads to the quantum conflict: 

balancing just enough control and coupling, while preserving quantum coherence.  

Fortunately, it has been shown
 
that with quantum error correction (QEC) it is possible 

to perform fault-tolerant quantum computing
[19]

.The essential idea in QEC is to encode 

information in subsystems of a larger physical space that are immune to noise. In fact, 

since real physical qubits suffer from decoherence, QEC can be used to define fault-

tolerant logical qubits, employing multiple physical qubits to get redundancy. All this 

suggests that for building a quantum computer the following requirements are 

necessary: 

 a physical qubit that is well isolated from the environment and is capable of 

being addressed and coupled to more than one extra qubit in a controllable 

manner, 

 a fault-tolerant architecture supporting reliable logical qubits,  

 universal gates, initialization, and measurement of logical qubits. 

A physical quantum computer satisfying all three of these requirements is still an 

outstanding challenge. Several platforms have been proposed for the realization of 

quantum computers
[3]

 and which one is the most suitable is still an open question. 

However, physical qubits in trapped-ion and superconducting systems have reached the 

point where errors are at or below the threshold
[20,21]

, and networks of 4–9 

superconducting qubits with individual control and readout have been used to show 

concepts of error correction
[22]

. These networks, with a number of physical qubits 

below 10, are very far from the estimated 50
[23]

 and 100
[24]

 physical qubits required in 

order to guarantee computational power that can be never replicated on a classical 

machine.  

However, during these recent years, the race to the first scalable quantum computer has 

seen a strong competition between the major computing companies, enabling huge steps 

forward.  

While a first attempt to commercialize a quantum computer based on superconducting 

qubits was proposed by D-Wave in 2011
[25]

, the end of the race appears approaching now 

with IBM and Google. First IBM (November 2017) launched “Q IBM” (Fig. 1.2 a) that 

works with 50 superconducting qubit
[26]

 , and later Google (March 2018) “Bristlecone” 

(Fig. 1.2 b) that operates with 72 qubit also based on superconducting technology
[27]

. 

Microsoft instead has based its strategy on Majorana fermions, promising the 

demonstration of the first topological qubits by the end of 2018
[28]

.  
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Fig. 1.2 a) Picture of the IBM Q quantum computer, below 8 qubit device and optical micrograph detail of a 
single qubit (in grey). b) Picture of the Google Bristelcone quantum computer, below optical micrograph of a 9 

qubit device.   

The photonic approach for quantum computers is attractive thanks to their low 

decoherence rate, high propagation speed, and large number of degrees of freedom that 

can be used to encode the information. The encoded quantum information can be 

manipulated with conventional optical elements. However, in contrast to the manipulation 

of single photons, deterministic two qubit quantum gates require strong nonlinear 

interaction between the photons and therefore are difficult to realize. Fortunately, in 2001 

the concept of linear optics quantum computation (LOQC) was suggested
[29]

. This 

approach showed that scalable quantum computing is possible using only single-photon 

sources and detectors, and linear optical circuits such as beam splitters and phase shifters, 

to carry out probabilistic computation. In the past years the concept of LOQC has moved  

from a mathematical proof-of-possibility towards practical realization, with 

demonstrations of simple quantum algorithms
[30]

 and theoretical developments that 

dramatically reduce the resource overhead
[4]

. These developments employ the ideas of 

cluster-state quantum computing
[31]

, in which quantum computation consists entirely of 

one-qubit measurements on a particular class of entangled states (the cluster states), and 

have been demonstrated experimentally
[4]

.  

Currently the efforts towards photonic quantum computing are focused on high efficiency 

single-photon sources and detectors and chip-scale waveguide quantum circuits. Moreover 

the advances in photonic quantum computing are expected not only to support photonic 

qubits, but also to benefit other types of quantum computer hardware using photons for 

quantum communication between matter qubits
[32]

.  
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1.2 Quantum photonic integrated circuit (QPIC) 

As previously mentioned, QIP with photons is promising and already very interesting 

results have been achieved, especially considering cryptography. However, even the 

simplest photonic QIP experiments require careful interfacing of many optical elements. 

Therefore the implementation of quantum processing functionalities on a large scale has 

been very limited, due to the extreme stability requirements and large coupling losses 

related to bulk optics.  

In order to scale photonic QIP to more complex functionalities, such as boson samplers or 

cluster-state quantum computers, in which few tens of photons are required, the concept 

of quantum integrated photonic circuits (QPICs) is introduced
[34]

. QPICs promise many 

key advantages, including scalable, easily reconfigurable architectures, small system 

footprint, enhanced light-matter interaction, high stability of optical elements and the 

interfacing with CMOS electronics, which can perform the control of optical circuits and 

auxiliary classical computation. However some stringent criteria are required for the 

realization of a QPIC: on-demand generation of high-purity quantum optical states of 

light, ultralow tolerance for losses and spectral mismatches, fast and high efficiency 

detectors. 

Considering these criteria, almost every linear quantum information protocols can be 

realized in a QPIC containing these key components: pump sources, single- and 

entangled-photon sources, filters, waveguides, directional couplers, switches, quantum 

memories, detectors and fibre couplers. All these functionalities are challenging to 

implement within a single material. For this reason, several devices and small-circuits that 

address specific tasks have been developed in parallel for different materials. In the 

following each one of the main platforms (silicon-based, III-V semiconductors, diamond, 

others) is presented, in order to illustrate the range of opportunities offered by different 

materials. At the end, the progresses achieved in terms of integrating different devices are 

listed.   
 

1.2.1 Silicon-based platforms 

Silicon-based platforms include silica-on-silicon, silicon-on-insulator (SOI), and silicon 

nitride-on-silica. The first demonstrations of QPICs were made with silica-on-silicon 

waveguides
[34]

. Due to the large mode size, silica waveguides are easily interfaced with 

free-space optics and fibres, facilitating the first demonstrations of integrated circuits for 

LOQC type quantum gates
[35]

. Currently, SOI platform are replacing silicon-on-silicon
[36]

, 

due to the higher refractive index of silicon compared to silica that allow smaller 

waveguide bend radius compared to that in silica waveguides. Moreover SOI platform 

offers two major advantages over other competing platforms: natural compatibility with 
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the CMOS industry, and extremely well developed fabrication techniques developed for 

silicon electronics and photonics. 

Single-photon production on silicon chips is based on a spontaneous four-wave mixing 

(SFWM) process with quantum information primarily being encoded into the photon 

path
[37]

.  

This technique is based on the non-linear conversion of a bright pump into two correlated 

photons, the signal and the idler, which have a slightly different wavelength. Since the 

individual statistics for both the signal and idler photon numbers are Poissonian, single-

photon generation requires the suppression of the probabilities for obtaining zero photons 

and more than one photon per pulse. The vacuum component is rejected employing the 

detection of one signal photon (herald) to flag the presence of the idler photon. The 

probabilities for two or more photons are reduced by attenuating the pump far below the 

level required to produce one pair on average. Standard telecom lasers can be used for 

pumping, but their on-chip integration will likely require heteroepitaxy or hybridization 

with another material
[38]

. However, the pump attenuation, which makes the generation 

process highly probabilistic, strongly reduces the applicability of these sources for large-

scale quantum information processing. Moreover, the relatively narrow bandwidth of the 

SFWM emission in silicon complicates the pump filtering and requires a large number of 

highly resonant elements to achieve the desired pump extinction without affecting the 

signal and idler. Currently resonant attenuations of 50 dB and more can be obtained on 

chip
[39]

. After generation, photons are routed using silicon wire waveguides with sub-

micron mode size, promising very large-scale integration
[40]

. Such waveguides, in 

combination with modulators can realize delay lines with small programmable fixed delay 

ranging from tens of ps to a few ns
[41]

. The telecom range photons can be detected on-chip 

using superconducting single-photon detectors (SSPDs)
[42]

. SSPDs have been integrated in 

silicon-based waveguides
[43,44]

 showing great performance in term of jitter (tens of ps), 

efficiency (>90%) and dark count rates (<10Hz). However, it is an open question whether 

the operation of these detectors is compatible with non-linear sources and switching. 

Indeed the scattering of the high pump power outside the waveguide region cannot be 

easily suppressed using integrated filters, possibly resulting in spurious detector counts. 

At the same time, the reconfigurable elements within SOI circuits are based on the 

thermo-optic effect, meaning they are incompatible with the low-temperature operation 

stability required for the SSPDs.    

 

1.2.2 Diamond-based platforms 

Diamond has long been known as a material with exceptional mechanical, thermal and 

optical properties but difficult to synthesize and process. Thanks to recent developments 

on the fabrication techniques
[45]

, diamond has emerged as a competitive platform for 

realizing highly functional QPICs
[46]

. The main advantage, that this material brings, is the 
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possibility to choose between hundreds of mid-gap defects (colour centres), some of 

which constitute outstanding quantum systems.   

Mainly, two types of diamond platforms are in use. Bulk single-crystal diamond chips are 

preferred in situations where colour centres with superior properties are desired, although 

they are very difficult to process. Diamond-on-insulator (DOI) chips, in which 

polycrystalline diamond films
[47]

 or crystalline diamond membranes
[48]

 are grown on 

insulator substrate, making them a fabrication-friendly alternative.  

Between the colour centres, two are of particular interest for QIP applications: nitrogen-

vacancy (NV)
[49]

 and silicon-vacancy (SiV)
[50]

. 

NV centres have their own electronic structure that can be optically addressed. Indeed 

optical read-out of the electronic spin state at room temperature has been demonstrated in 

early studies
[51]

. Moreover, they possess unrivalled electron spin coherence time, that 

coupled with the nuclear spins of diamonds, has allowed the demonstration of storage of 

quantum information
[52]

 , quantum error correction
[53]

 and coherent transfer of quantum 

information from a photon to a nuclear spin
[54]

. These functionalities make the NV centre 

a fully functional quantum memory and a register for fault-tolerant QIP. 

However these experiments were limited by the low efficiency with which single-photons 

are collected from an NV centre in a bulk crystal
[55]

, due to the presence of the phonon 

sideband. 

Therefore improving the collection efficiency of single-photons is required in order to 

produce valid NV centre single-photon sources. Major improvements have been observed 

via the integration into photonic structures (e.g. waveguides, cavities, pillars)
[56,57]

; 

however it is still remain an large engineering challenge to position the NV centre at a 

location of intense optical field.  

SiV centres possess lifetime-limited optical transitions with no spectral diffusion
[58]

 and 

very small inhomogeneous linewidths
[59]

. Therefore they can be potentially used for 

scalable on-demand generation of indistinguishable single photons without need for 

frequency tuning
[60]

. Although, also in this case, the quantum efficiency is quite low and 

can be partially improved with integration of the colour centres into photonic 

structures
[61]

. Moreover the SiV electronic spin has a much shorter coherence time than 

that of the NV centre, and requires substantial magnetic field for optical addressing
[62]

. 

Diamond waveguide structures, based on total internal reflection, naturally provide an 

integrated highly efficient interface for colour centre manipulation and fluorescence 

collection. Free-standing photonic crystal cavities have been realized in diamond 

membranes grown on sacrificial substrate
[63]

. Moreover, NbN-based SSPDs, with good 

performance, have been fabricated on polycrystalline diamond surface grown via chemical 

vapour deposition on a silica-on silicon wafer
[64]

. 

The unique and diverse functionalities of colour centres, combined with the possibility of 

integration with the other above mentioned photonic components, could open the avenue 

for the integrated deterministic generation and manipulation of quantum information
[46]

, 

that contrast with the inherently probabilistic operation of linear QPICs. 
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1.2.3 III-V semiconductor-based platforms 

The use of III-V materials, especially GaAs and InP compounds, is very promising for 

QPICs, compared to other platforms. 

Indeed, well-developed semiconductor laser technology allows on-chip integration of 

highly tunable pump sources with electrical injection
[65]

. Three-dimensional confinement 

of both electrons and holes in heterostructures gives rise to quantum dots (QDs) which 

potentially provide on-demand single-photon generation across the NIR range with near 

unity internal efficiency
[66]

. The on-demand emission of QDs constitutes a significant 

advantage over heralded single-photon sources realized with nonlinear parametric 

processes, although it requires cryogenic temperatures. Efficient photon collection is 

achieved mainly using integrated photonic crystal (PhC) structures, which allow over 98% 

coupling efficiency for QDs
[67]

.  

The combination of a diode junction and an embedded quantum dot has led to the 

demonstration of an electrically driven entangled-photon source
[68] 

of quality sufficient to 

perform quantum teleportation
[69]

. Furthermore, the capability to manipulate the spin of 

electrons and holes populating the dot levels opens new avenues to spin-dependent 

propagation directions of single photons, in schemes that deviate from the original LOQC 

proposals
[70]

. 

Along with the availability of active quantum sources, III-V materials are characterized by 

a non-zero electro-optic coefficient. The use of electro-optic effects for the realization of 

phase-shifters
[71]

 is particularly important, because allows the reconfiguration of these 

elements without interfering with the low-temperature optimum operation conditions of 

QDs sources and SSPDs.   

Currently, GaAs is the most developed III-V photonic platform for quantum applications 

in terms of single quantum circuit elements
[72]

. GaAs has a high refractive index, allowing 

high density integration and strong light confinement in GaAs/AlGaAs waveguides. 

Moreover,  SSPDs have been integrated on top of GaAs waveguides
[73]

. 

While each circuit element has been successfully developed on the III-V platform, the 

integration and control of these elements for producing large-scale QPICs is a big 

technological challenge. Indeed, photon indistinguishability between different QDs 

requires complicated system for tuning
[74]

, larger linear losses in III-V based waveguides 

compared to Si-based waveguides limit the achievable circuit complexities and the 

detectors quantum efficiency has to be strongly improved in order to reach the near-unity 

efficiency. Additionally, in order to apply QDs for deterministic QIP, significant 

suppression of the decoherence mechanisms in QDs is needed. 
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1.2.4 Other platforms 

Basic integrated quantum photonic functionalities have been demonstrated also in other 

material systems. 

Lithium niobate (LN) is employed for integrated quantum optics since long time
[75]

, 

therefore fabrication techniques are well developed. Single-photon sources, based on 

parametric processes on LN waveguides, have been used to generate high quality 

correlated photon pair
[76]

. Moreover fast electro-optic modulation
[77]

 has been achieved in 

on-chip LN waveguides. However, LN devices are often large in size, and the experiments 

are mostly limited to quantum communication-related functionalities
[78]

. 

Silicon carbide (SiC) is a high bandgap group IV material, which, like diamond, offers a 

wide variety of colour centres. In contrast to diamond, fabrication techniques for SiC 

structures are better developed 
[79]

. These colour centres can serve as bright and stable 

single-photon sources
[80]

 and optically addressable spin qubits with coherence times 

approaching milliseconds
[81]

. The research on SiC colour centres is in its relatively early 

stages, as well as the implementation on this material of other components such as SSPDs. 

Glass-based circuits, which can be patterned via femtosecond laser writing
[82]

, offer a 

versatile way to prototype complex linear circuits made of several directional couplers. 

These can be controlled in polarization and along three-dimensions. They have been 

employed in first boson sampling circuits
[83]

 and their subsequent verification 

protocols
[14]

. The integration of standard QPIC components such as single-photon sources 

and detectors as well as the control electronics is still an unresolved issue. Additionally, 

relatively small refractive index contrast in the waveguides prevents high density 

integration. Nonetheless, silicate glass circuits obtained by direct writing feature fast 

production, high fabrication tolerance, and great design flexibility.    

 

1.2.5 Integration 

While the development of single quantum photonic devices is very intense across many 

material platforms, the efficient integration of these devices on the same chip is required 

in order to exploit the real power of integrated quantum photonics.  

A qualitative comparison of the different platforms, based on the degree of integration 

reported in literature, is shown in Tab. 1.1. Each platform is represented by a different 

colour and each line in the table corresponds to the integrated devices demonstrated 

within a single chip. 

Si and LiNbO3 display a high degree of integration, given their long history of 

development as photonic materials. However the diamond technology, in these later years, 

has developed so much that a chip containing almost all the required components has been 

realized
[84]

. In fact the single-photon emission from electrically-driven intrinsic
 
carbon 
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nanotubes (CNTs) has been employed to prove on-chip generation, guiding and detection 

of single photons. 

But, perhaps, only the III-V materials currently offer the entire range of required on-chip 

devices ranging from a pump laser to single-photon detectors. However, no system up to 

date demonstrates on-chip integration of all components. 

Due to the strong requirements imposed on materials and great variety of devices needed 

to implement in a highly functional QPICs, one new approach based on heterogeneous 

integration is emerging lately. Indeed, optically
[85]

 and electrically
[86]

 pumped InAs/GaAs 

quantum dot lasers have been demonstrated by direct growth on Si substrates. Single-

photon sources based on III-V QDs have been implemented on Si, using different 

techniques: from bonding of a GaAs chip containing QDs onto a silicon photonic chip 

containing single-qubit circuitry
[87]

 to probe-based manipulation to integrate QDs into SiN 

waveguides
[88]

 and onto MEMS
[82]

. Diamond micro waveguides containing single NV 

centres, used as single photon-sources, have been hybridized onto silicon chips 
[89]

.  

A hybrid approach has also been utilized to increase SSPD fabrication yield, by bonding 

SiN membranes with pre-characterized superconducting nanowires to silicon and AlN 

waveguides
[90]

. 

Device hybridization is attractive to demonstrate high quality individual devices with high 

fabrication yield, but is a slow, costly and therefore less desirable procedure for industry-

scale production. Composite wafers can be obtained by wafer bonding, but the resulting 

devices suffer from lack of uniformity and yield.  

 
Source 

Pump 

Photon 

Source 

Passive 

circuitry 

Active 

circuitry 

Photon 

Detector 

SOI 
[91]

  SFWM WG, MMI TOPS  

SOI 
[43]

   WG, DC  NbN wire 

Si3N4 
[92]

  SFWM WG, DC TOPS  

Si3N4 
[44]

   WG, DC  
NbTiN 

wire 

Diamond 
[84]

 ED CNT WG, DC  NbN wire 

InP 
[93]

 SOA  WG, MMI EOPM  

GaAs 
[94]

  QD WG  NbN wire 

GaAs 
[95]

* ED QD WG, MMI   

LiNbO3 
[76]

  SPDC WG, DC EOPM  

LiNbO3 
[96]

   WG  NbN wire 

Tab. 1.1 State-of-the-art integration of quantum photonic devices in on-chip circuits. Each plattform is 

differentiate by a colour.                                                                                                                                       
CNT- carbon nanotube, DC- directional coupler, ED – electrically driven, EOPM – electro-optic phase 

modulator,  MMI - multimode interference coupler, QD - quantum dot, SFWM – spontaneous four-wave mixing, 

SOA – semiconductor optical amplifier, SPDC – spontaneous parametric down conversion,                          
TOPS – thermo-optic phase shifter, WG – waveguide.                                                                                             

* the integration with WG and MMI has been demostrated later with respect to the cited paper.  
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Heteroepitaxy may still be the preferred route towards achieving fully-functional QPICs, 

and so far only III-V compounds appear to cover the full range of required components. 

Therefore they appear a promising candidate for highly dense and functional QPICs in the 

long term. 

Indeed for this work the platform chosen for the realization of the QPIC is GaAs. Fig. 1.3 

shows a sketch of a prototypical QPIC based on a GaAs platform, where the generation, 

the manipulation, and the detection of single photons are carried out within a single chip. 

In order to erase the energy mismatch between multiple resonators and quantum dots, 

each cavity-emitter node is equipped with a dot-tuning and a cavity-tuning mechanism. 

These mechanisms are essential to overcome the initial energy detuning between remote 

sources and to produce indistinguishable single photons.  

The generated single photons can be transferred to low-loss waveguides (WGs) via mode 

couplers. Linear optical components such as beam splitters (BSs) and phase shifters (PSs) 

can be designed to implement probabilistic logic gates for LOQC computation.  

Lastly, waveguide-coupled superconducting single-photon detectors can be employed to 

convert the optical signal into electrical pulses.  

In the following paragraphs, the two active components (single-photon sources and 

detectors) of this prototypical QPIC are going to be detailed introduced.  

 

Fig. 1.3 Prototype of a GaAs-based QPIC. Single photons generated in PhC cavities are transferred to 
waveguides (WGs). A reconfigurable network of splitters (BSs) and phase shifters (PSs) allows the linear 

manipulation of the quantum states of the light and - in the example reported here- the realization of a 

probabilistic CNOT gate. A set of SSPDs generates electrical signals by single-photons absorption.  
Courtesy of Dr. M. Petruzzella. 
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1.3 Single-photon source 

Semiconductor quantum dots have been shown to be nearly ideal sources of non-classical 

light that can be efficiently routed into nanophotonic circuits. As previously explained 

QDs offer the advantage of much higher efficiency and easier filtering of the pump beam, 

compared to other integrated single-photon sources such as the ones used in Si-based or 

LN platforms. Moreover, approaches to reproducibly control the exciton and cavity 

energy on-chip, have been developed, in order to produce indistinguishable single 

photons.  

In the following, the QDs are firstly presented, then the PhC cavities, and finally two 

approaches to tune QDs and cavities. 

 

1.3.1 Quantum dots 

When a semiconductor material layer is embedded in a semiconductor with a higher 

bandgap a potential well for the charge carriers is formed. If the dimension of the well is 

smaller than de Broglie wavelength of the charge carriers,  quantum mechanical effects 

start to govern the physics of the structure. In this situation the energy of the system is 

quantized and according to the dimensionality of the confinement different structures can 

form (for 1D, 2D and 3D confinements, quantum wells, quantum wires and quantum dots, 

respectively). In the case of 3D confinement the density of the states will show a delta 

function behaviour similar to an atom.  

Employing a molecular beam epitaxy (MBE) system, layers of lattice-mismatched 

semiconductor materials are deposited on top of each other, in order to create QDs
[97]

 

embedded in the semiconductor layer. The lattice mismatch creates strain which leads to 

the formation of self-assembled 3D islands (Fig. 1.4 a inset), this technique of QDs 

growth is known as Stranski-Krastanov
[98]

. For this work, a layer of InAs is deposited on 

top of GaAs, with a lattice mismatch of 7%. The creation of small InAs islands is 

energetically favourable, but the nucleation process is purely random with no control over 

the spatial position of the dot, unless prepatterning of the surface is used, resulting in site-

controlled QDs
[99]

. Dots grown using this technique have diameters in the range of 10-30 

nm and heights varying from 1 to 10 nm. As a final step, the dots are typically capped 

with GaAs to limit the effects of oxidation and non-radiative channels from the presence 

of surface states. For quantum optics experiments it is crucial to control the dot density in 

order to isolate single dot lines. This can be achieved by carefully tuning the temperature 

and the nucleation rate during the growth. In this way it is possible to grow dots with 

density below 5-10 QDs per μm
2
, as for the samples used for this work

[100]
 (Fig 1.4 a).  
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Fig. 1.4 a) Atomic Force Microscope image of low-density self-assembled InAs QDs on GaAs. Inset: detail of 
the dimension of a self-assembled QDs (courtesy of Dr. T.Xia). b) Typical energy diagram of the QD 

heterostructures, where the pumped electron recombines with the hole in valance band and emits a photon with a 

frequency equal to the difference in energy levels. 

As indicated in the energy diagram of a typical QDs (Fig. 1.4 b), an electron can be 

excited and brought to the conduction band leaving an available state in the valence band. 

It is usually convenient to consider the valence band as having a hole instead of missing 

an electron. The interaction of an electron and a hole creates a bound state which is called 

an exciton. Generation of an electron-hole pair can be achieved electrically or optically 

(for example by pumping the electron by an off-resonant laser to a higher energy state 

which decays quickly to the excited state). When an electron from the conduction band 

recombines with a hole in the valence band emits a single photon (with the same 

frequency as the energy of the exciton).  The observation of sharp atomic-like (single QD) 

lines (with linewidth < 200 µeV) can be achieved only at low temperatures (< 50K) since 

at higher temperatures the linewidth broadening of the QDs increases due to their 

increased interaction rates with the phonons, which makes the observation of the sharp 

QD lines impossible
[101]

. A linewidth smaller than 1meV is indeed necessary in order to 

isolate the emission of a single excitons from the one of biexcitons or multi-exciton 

complexes, which would spoil the photon statistics. Moreover, QDs emit photons with a 

specific polarization, due to a dominant quantization axis along the growth direction 

[001]. The polarization of the emitted photon lies in the plane perpendicular to the [001] 

crystallographic direction and couples with the transverse electric (TE) polarized modes 

of a PhC cavity
[97]

.   

The QDs used for this work have low-temperature emission wavelengths between 1200-

1300 nm and linewidths between 20-180 μeV. 
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1.3.2 Photonic crystal cavities 

Cavities are important for two reasons: to increase the collection efficiency from single 

emitters and to produce indistinguishable single photons. The need of a photonic structure 

to maximize the number of collected photons arises from the low coupling efficiency 

("spontaneous emission coupling factor") from a QD to the mode of a standard 

waveguide. Moreover, any scattering event with phonons limits the coherence properties 

of quantum dots and thereby reduces the indistinguishability
[97]

. In order to reduce the 

decoherence, two approaches can be applied. In one approach the exciton can be forced to 

emit faster before the occurrence of scattering processes. In this case the acceleration of 

the spontaneous emission can be obtained through the Purcell effect by positioning the 

emitter inside a resonant cavity
[102]

. In the other approach the dot can be excited using a 

resonant laser to limit the influence of the fluctuating carriers produced by the non-

resonant excitation (resonance fluorescence method)
[103]

.  

For the prototype QPIC proposed in this work (Fig 1.3) the integration of emitters with 

cavities is the followed approach to reduce the QDs decoherence. In particular photonic 

crystal cavities (PhCCs) have been chosen for light confinement.   

Photonic crystals are structures where the refractive index of the dielectric is modulated 

periodically
[104]

. In a strong analogy with the electronic potential produced by the regular 

arrangements of nuclei in a crystalline solid, a periodic modulation of the dielectric 

constant over a sub-wavelength scale can originate bandgaps for photons.  

The dielectric permittivity (ε) of a PhC has a discrete translation symmetry and can be 

written as ε (r+R) = ε (r), for every position of the space r and with R = nxax + nyay + nzaz 

( ni are integers and ai the basis vectors of the lattice). The solutions of the Maxwell’s 

equations in this lattice are eigenfunctions of the form: 

 

Ek(r) = uk(r) e
ikr 

 
where k is known as Bloch wave-vector and spans over the first Brillouin zone of the 

reciprocal space. The expression of the electric field differs from a plane wave due to the 

periodic part of the Bloch function uk(r), which inherits the symmetry of the crystal,       

uk(r)= uk(r+R).  

In this way it is possible to construct a band diagram which provides the dispersion 

relation ω(k) between the frequency and the wave vector. For each k the range of 

accepted frequencies can be extracted from this band diagram. Depending on the 

parameters of the lattice (refractive index, lattice constant, etc.), there might be a range of 

frequencies where the light cannot propagate within the crystal. These frequencies are 

called photonic bandgaps. An example of band diagram calculations is shown in Fig. 1.5 

a.  

 

   

(1.1) 
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Fig. 1.5 a) Calculated band diagram of a triangular PhC made of holes etched in a GaAs slab for the TE-like 

mode. The blue shading shows the continuum of radiation inside the light cone and the yellow area indicates the 
photonic bandgap[104]. The inset shows the high symmetry points of the first Brillouin zone. b) Simulated Y-

component of the electric field for a L3 PhC cavity[104]. 

The refractive index periodicity can exist in 1, 2 and 3 dimensions, however only 2D PhC 

slab
[105]

 are going to be considered in this work. They consist of a thin semiconductor 

membrane, where an array of holes has been drilled, surrounded by a cladding of lower 

refractive index (nclad), such as air. One of the main advantages of these structures is that 

they can be engineered for in-plane coupling to a circuit, which is essential for the 

realization of QPICs. 

In a PhCC slab, light is confined in the plane due to the Bragg reflection of the photonic 

crystal and in the vertical direction z by total internal reflection. However, decomposing 

the k vector in vertical component (kz) and in-plane component (k║), modes with small in-

plane component (from the Snell’s law: k║ < ncladω/c) exist inside the light-cone and form 

a loss radiation channel outside the plane of the membrane. These modes are called leaky 

modes.  

By introducing defects in the crystal structure of a photonic bandgap material (for 

example by removing some holes in a slab PhC), localized modes (with frequencies 

within the photonic bandgap) will be allowed to exist in that defect while forbidden to 

propagate within the crystal (Fig. 1.5 b). In this way it is possible to create optical 

confinement to realize waveguides (PhCWGs) or cavities (PhCCs).  

While in a standard 2D waveguides two kinds of modes are supported: the electric 

transverse (TE) modes (electric field polarized in the plane of the membrane) and 

transverse magnetic (TM) modes (magnetic field polarized in the plane of the membrane). 

In a PhCWG only the TE modes propagates, due to the absence of a TM photonic 

bandgap. Therefore, since QDs have a preferential polarization that perfectly couples with 

the TE modes, the emitted photons will propagate in a PhCWG only in TE polarization.   

Two important figure of merit of a PhCC to determine the interaction with the QDs are the 

mode volume (V) of the cavity and the quality factor (Q).  The quality factor is defined as 

the ratio between the total energy stored in the cavity (ω) and the total energy loss rate (κ) 



17 
 

considering both radiation into light cone and fabrication imperfection. The ratio Q/V is 

used to determine the Purcell-enhancement of an emitter positioned in the field maximum, 

matched in frequency and polarization with the cavity mode, as follow
[106] 

:  

 

FP =  
3

4π2 (
λ

n
)

3 Q

V
 . 

 

1.3.3 Quantum dot tuning 

An efficient coupling of QDs with PhCCs is crucial for the implementation of quantum 

architectures that need single-photon sources with high quantum efficiency, coherence 

and reproducibility. Unfortunately spatial and spectral matching between these two 

components is not easy to achieve. A qualitative estimation for a low-Q (1000) cavity 

gives probability of spectral resonance of 10%, which drastically decreases considering 

higher-Q cavities.  

Additionally, as already mentioned, the energy of the QD excitonic states is not exactly 

the same for different QDs, since they have slightly different shapes, sizes and chemical 

compositions, due to the stochastic nature of their nucleation process. The energy 

broadening associated with this physical inhomogeneity can span up to 20 meV, or even 

more for distant dots. Therefore the capability to independently govern the energy of 

cavities and emitters is of fundamental importance for any QPI application.  

The emitter-cavity spatial matching has been addressed with different techniques such as 

prepatterning of the substrate, resulting in site-controlled QDs
[99]

 or patterning of a proper 

PhCC around a quantum emitter previously characterized in position and spectrum with 

microscopic techniques
[107]

. Also for the emitter-cavity spectral matching different 

techniques have been developed and few of the most relevant for tuning  post-processing 

the QDs emission energy are going to be presented in the following.  

One of the easiest techniques to implement is the thermal tuning. Both the cavity modes 

and the QDs emission can be tuned by changing the temperature of their environment. 

Due to the thermo-optics effect the electronic bandgap of the semiconductor is modified 

by the temperature variation with a consequent modification of the exciton energy
[108]

. 

The average QD emission tuning rate is of 0.35nm/K
[109]

. The sample can be heated up by 

heaters inside the cryostat or by the opto-thermal method with a power-tunable laser 

focused on the device. However tuning through thermal heating presents several 

drawbacks: small tunability range below 9K, QDs tunability not independent from the one 

of the cavity, incompatibility with other QPIC components such as superconducting 

detectors.  

Other explored techniques for QDs tuning are: magnetic field
[110]

, strain
[111]

, optical Stark 

effect
[112]

, free carrier injection
[113]

. However all these tuning methods could either 

strongly affect the other components of the QPIC or do not guarantee independent 

tunability of QDs and cavities. 

(1.2) 
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Instead, electric field tuning, specifically using Stark diodes, appears to be the most 

promising in terms of  independent tunability and compatibility. Since the QD emission is 

determined by its discrete energy levels, an external electric field can be used to modify in 

a perturbative manner the permanent QD dipole, therefore shifting the excitonic energy. 

The energy shift due to the applied electric field is known as quantum confined Stark 

effect (QCSE).  

The implementation of the QCSE can be achieved by integrating the quantum emitter 

inside the intrinsic region of a semiconductor heterojunction like a p-i-n diode. The band 

bending provided by the electric field across the junction is responsible for the energy 

tuning and in principle high tuning range and ultrafast modulation can be obtained
[114]

. By 

sandwiching 

the QD with thin AlGaAs barriers to reduce the tunnelling effect of carrier across the bias-

induce triangular potential, a giant Stark tuning of about 30 nm can be obtained for 

multiple excitonic complexes inside a single QD under biases up to 300 kV/cm
[115]

. The 

spontaneous emission enhancement of single QDs tuned in resonance with a PhCC by 

means of electric field in diode structures was reported by several groups
[116-118]

. In this 

work the tentative implementation of diodes for Stark tuning in a QPIC is presented in 

Chap. 4.3. 

 

1.3.4 Photonic crystal cavities tuning 

The quality factor and the resonant wavelength of a photonic crystal cavity are extremely 

sensitive to the configuration of the periodic hole pattern. In fact, small random variations 

(order of few nanometres) in the positions and radii of the PhC holes, arising from the 

unavoidable imperfections in the fabrication process, can drastically alter the optical 

properties of a PhCC. In particular, this fabrication uncertainty is translated into a 

dispersion of the resonant wavelengths of ≈10nm for nominally identical cavities, without 

taking into account the variation over different fabrication runs. Designs to mitigate the 

effect of disorder on the Q-factor have been proposed
[119]

, as well as lithographic 

tuning
[120]

, which consists in making several copies of a cavity with varying lattice 

constant, expecting that one of them has the desired nominal parameters. Nevertheless, the 

cavity wavelength can fluctuate during time by ageing effects and oxidation
[121]

, therefore 

also in this case a post-processing control is a necessary tool for the realization of a 

reliable single-photon source.  

Also in this case several tuning technique have been explored over the years. Some 

techniques such as oxidation
[122]

 or deposition of dielectric layers
[123]

 are not reversible 

methods. Others, such as near-field probes
[124]

 or fluid infiltration
[125]

, cannot be used for 

tuning at cryogenic temperatures. Adsorption of gasses
[126]

 can be used to change the 

refractive index. The adsorption process can be actively controlled by inputting a certain 

amount of Xe or Ne through an external tank inside the cryostat and the heating of a laser 
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be used to restore the energy of the cavity to its initial value. However, it is questionable 

whether the gas-based methods can offer a reproducible and continuous control for 

wavelength tuning.  

Methods based on optical nonlinear effects, such as thermal tuning or free-carriers 

injection, can be used for QDs tuning as well as for cavity tuning. However, this implies 

that they cannot provide an independent control of the two components.   

Nano-opto-electro-mechanical systems (NOEMSs) have been employed in a number of 

ways to reconfigure the wavelength and the mode profile of a cavity
[127]

. For example 

near-field probe techniques have been employed via electromechanical actuation of a 

dielectric tip integrated on a chip with the PhCC
[128,129]

. Although these methods allow a 

controllable red-shift lying in the nanometre range, the Q-factor can be strongly affected 

by the additional losses introduced by the perturbation.  

Electromechanical systems have been also adopted to re-configure discrete parts of a 

photonic crystal cavity. For example, 1D PhC nanobeam can be separated in two parts 

along the axial direction, with the possibility to tune the gap in between
[130]

, or varying the 

out-of-plane
[131]

 or in-plane
[132]

 position of the beam. In general, since the field maximum 

is located in the air region, these cavities cannot be employed to enhance the emission of 

quantum dots located in the semiconductor region.  

A more convenient approach, which ensures both a high tunability and high field intensity 

at the dot location, is based on coupled photonic crystal cavities, which have been coupled 

both laterally
[133]

 and vertically
[134]

. In this thesis, this last approach has been considered 

for cavity tuning, and the tentative implementation within a QPIC including 

superconducting detectors is presented in Chap. 4.3.  

The vertical coupling of two photonic crystal cavities is realized using two thin parallel 

membranes and modifying the distance between them electromechanically (Fig. 1.6 a). 

The idea, theoretically proposed by Notomi et al.
[135]

, allows widely tunable PhCCs with 

low Q losses and with the possibility of embedding QDs in the membrane. The basic 

principle of operation of a double-membrane NOEMS relies in the alteration of the 

effective refractive index in a 2D PhCC. If two identical parallel membranes are brought 

at small distances such that the evanescent tail of each guided mode penetrates the other 

slab, they form a coupled system. The mode energy splits and results in two decoupled 

modes delocalized over the two membranes. These modes are called symmetric (S) and 

anti-symmetric (AS) from the profile of their electric field (Fig. 1.6 b). When the inter-

membrane distance (d) is changed, a change in the cavities coupling occurs and the two 

modes, S and AS, change frequency. The frequency tuning as function of the inter-

membrane separation is shown in Fig. 1.6 c.    
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Fig. 1.6 a) Sketch of the double-membrane NOEMS device, including the top p-i-n diode for QD tuning and the 
bottom n-i-p diode for the cavity actuation[74]. b) Sketch of the antisymmetric (AS) and symmetric modes electric 

field profiles. c)  Simulations of the PhCC mode tuning as a function of the intermembrane  separation d[134]. 

The displacement of the slabs can be achieved electromechanically using an electrostatic 

actuator. The electrostatic force is obtained from the separation of charges across an 

insulating material through metallic contacts (a capacitor). A p-i-n junction operated in 

reverse bias behaves very similarly to a charged capacitor.   The accumulation of electrons 

and holes in the p and n doped regions respectively, results in an attractive force which 

displaces the two semiconductor slabs. When the bias is removed the original position is 

restored thanks to the elasticity of the semiconductor. 

This double-membrane NOEMS together with the QD p-i-n diode allowed the realization 

of a working cavity-emitter node, like the one shown in Fig. 1.3. By independently 

controlling the Stark voltage applied to the emitters and the distance between the two PhC 

slabs, the tuning of the on-chip cavity-emitter node has been demonstrated, showing  a 

large Purcell enhancement of a QD transition
[74]

. Moreover the on-chip implementation of 

such cavity-emitter nodes with ridge waveguides and 50:50 beam splitters has been 

proved
[136]

. Therefore the integration of such components with superconducting single-

photon detectors, would be the final step toward the realization of a fully-working QPIC 

on monolithic platform like the one proposed in Fig. 1.3.   
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1.4 Single-photon detector (SPD) 

The other key component of a quantum integrated photonic circuit is the single-photon 

detector (SPD). An SPD typically produces an electrical signal after absorption of a 

photon. The main figures of merit characterizing an SPD are the spectral range, the dark 

count rate, the detection efficiency, the dead time, the timing jitter and the photon number 

resolution capability. 

The spectral range is the interval of wavelengths to which the detector is sensitive. A dark 

count is a detection event not triggered by the absorption of a photon in the wavelength 

range of interest. The dark count rate (DCR) is the number of such false detection events 

recorded in one second. The detection efficiency is the efficiency with which a photon 

triggers a detection event. The dead time is the time interval that the detector needs to 

reset in order to be able to detect the next photon. The timing jitter is the variation in the 

time span between the photon absorption and the appearance of a voltage pulse at the 

output, which sets the timing resolution. The photon number resolution capability is the 

ability of a detector to distinguish how many photons are simultaneously absorbed. 

In the ideal case, a perfect single photon detector provides unitary detection efficiency and 

jitter, dead time and DCR that are equal to zero. 

The SPD can be classified in two main groups, based on the material where photon 

absorption takes place: semiconducting ones, including photo-multiplier tubes (PMTs) 

and single-photon avalanche detectors (SPAD), and superconducting ones, including 

transition-edge sensors (TESs) and superconducting single-photon detectors (SSPDs).  

Photomultiplier tube (PMT) 

The PMT was the first reported device able to detect single-photons
[137, 138]

. A PMT 

consist of a vacuum chamber containing an anode, several dynodes and a photocathode 

made of a low work function material, typically a semiconductor (e.g. GaAs).  When a 

photon strikes the photocathode it extracts an electron that is accelerated toward the first 

dynode and provokes emission of secondary electrons upon impact. The consecutive 

impact of the latter on other dynodes multiplies the number of electrons that will 

eventually fall on the anode. Due to the avalanche-like mechanism, the electron flow to 

the anode results in a measurable current. The choice for the photocathode material not 

only determines the spectral range to which the PMT is sensitive, but can also make the 

PMT sensitive to the photon number. Indeed, if the photocathode is chosen such that the 

energy carried by two photons is required to eject the primary photon, the PMT can be 

used as a two-photon detector. The detection efficiency of a typical PMT is ∼ 40% at 

λ=500nm, but only ∼ 2% at the wavelength interesting for telecommunication 

applications, λ=1550nm. Moreover they are not suitable for integration. 
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Single-photon avalanche diode (SPAD) 

The SPAD is an avalanche photodiode running in the so-called "Geiger" mode. In this 

mode, a reverse bias voltage larger than the breakdown voltage is applied to the diode. 

When a photon is absorbed, an electron-hole pair is created. The electric field is such to 

accelerate the electron and generate an avalanche of electrons through impact ionization 

with lattice atoms. In this condition, the flow of electrons results in a macroscopic and 

self-sustaining current that indicates the absorption of a single-photon. In order to give the 

detector the possibility to reset, the external circuit is designed to quench the avalanche 

process.  

The choice of the semiconductor material determines the spectral sensitivity of the SPAD. 

For example, InGaAs SPADs have a spectral cut-off for absorption at λ=1652nm, 

therefore suitable for telecommunication applications. InGaAs SPAD typically have 

detection efficiency of 15% and few tens of Hz of DCR
[139]

, although different 

combinations of efficiency and DCRs are also possible. However they supply for the 

relatively low efficiency and high  DCR, with very low jitter (<0.1ns) and dead time 

(~10ns), which for gated-devices can go even lower arriving to a record count rate of 

1.5GHz
[140]

, although suitable only for limited applications (e.g. QKD). Moreover, as well 

as for the PMTs, they do not require cryogenic temperature to operate, but, differently 

than PMT, they are in principle suitable for on-chip integration, as it has been proved for 

CMOS circuits
[141]

, but not yet for InGaAs SPADs. 

Transition-edge sensor (TES)  

The TES is a thermal detector that measures the energy of an optical pulse. It consists of a 

thin superconducting film deposited on an insulating substrate. The substrate is kept at a 

base temperature that is chosen in such a way to maintain the film at its transition between 

the superconducting and the normal state, where the film resistance strongly depends on 

temperature. In this condition, the absorption of a photon causes a small variation in the 

film temperature which corresponds in a measurable change of film resistance. The 

selected base temperature prevents the fast cooling down of the electrons via the substrate, 

however a negative electro-thermal feedback allows the device to reset for a new photo-

detection. 

The TES has photon number resolving capabilities due to its working principle. Indeed, 

the absorption of more than one photon results in a consistently higher change in film 

resistance. 

The spectral sensitivity can be tuned with the choice of the anti-reflection coating 

deposited on the thin film or with the use of a cavity designed for certain wavelengths. At 

telecom wavelength a detector efficiency of 90% with very low DCR has been achieved 

for these detectors
[142]

. However they are characterized by a long dead time (max. count 

rate 0.1 MHz) and large jitter (100ns), moreover they require an operational temperature 
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of 100mK. Due to the slow response TESs are unsuited for high-speed QIP, but are 

suitable for photonic integration how it has been demonstrated
[143]

. 

The perfect compromise, between high speed, high efficiency, not too low operational 

temperature and on-chip integrability, is represented by SSPDs. Indeed, for the detector 

component of the proposed QPIC (Fig. 1.3), this kind of SPD is the one chosen.  
 

1.4.1 Superconducting single-photon detectors (SSPD) 

The concept of SSPD was first proposed and demonstrated in 2001 by Golt’sman et. al.
[42]

 

The first proposed structure was based on 5 nm-thick and 200 nm-wide NbN nanowire, 

that was later modified towards narrower wires (100nm) folded into a meander (Fig. 1.7 

b) to increase the active interaction area with the incoming photons. When such wires are 

kept well below the critical temperature Tc of the chosen superconducting film and biased 

just below its critical current Ic the absorption of a photon can be registered. 

The first suggested working mechanism was the hotspot model
[42,144]

, later refined in 

2005
[145]

. This model is schematized in Fig. 1.7 a.  

 

Fig. 1.7 a) Schematic of the hotspot model: 1. the wire is biased with bias current close to its critical current, 2. a 

photon is absorbed in the wire and creates an hotspot (red spot), 3. the supercurrent is forced to flow along the 

periphery of the hotspot, the local current density in these areas becomes higher than the critical current creating 
resistive regions, 4. a resistive belt across the wire is formed. b) SEM image of a meander SSPD.    

When an incident photon with energy of hν is absorbed, it breaks a Cooper pair in the 

wire, this creates a highly energetic quasi-particle. During the relaxation process, this 

quasi-particle breaks new pairs successively by inelastic electron-electron (e
- 

- e
-
) 

scattering, causing an avalanche of quasi-electrons from other broken Cooper pairs. The 

formation of hot-electrons can cause the creation of a resistive region called ‘hotspot’ in 

the wire. When the energy of the quasi-electrons becomes close to the superconducting 
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bandgap energy, the quasi-electrons start to recombine and the interaction of the quasi-

electrons with the phonons (e
- 
- ph interaction) dominates over e

- 
- e

-
 interaction, therefore 

the energy of the quasi-particle is dissipated as heat in the material. The photon-induced 

hotspot is in the scale of few tens of nanometres in diameter depending on the incident 

photon energy. Therefore, the hotspot is not enough by itself to make the whole section of 

the wire resistive. Due to the formation of the hotspot, however, the current avoids the 

resistive region and is expelled to the side-walks (Fig. 1.7 a step 3). This current 

redistribution can trigger the transition to the normal state across the entire wire, 

according to the original hot-spot model, (Fig. 1.7 a step 4). This transition from 

superconducting to normal state is detected as a voltage pulse. The hotspot model is very 

intuitive and can explain the detection of high energy photons (UV and visible range). For 

less energetic photons (NIR range) the model suggests a sharp spectral cut-off in the 

detection efficiency; however a monotonous decrease as function of the photons 

wavelength has been experimentally observed
 [145]

.  

Therefore the model was refined in 2005. Unlike the hotspot model which assumes that all 

quasi-particles are concentrated in a small cylinder around the hotspot (where the photon 

is absorbed), the refined hotspot model considers the diffusion of non-equilibrium 

quasiparticles from the photon absorption spot, in the still superconducting neighbourhood 

across the wire. The formation of a resistive state due to the redistribution of the 

supercurrent can also occur without the formation of a normal region. This model manage 

to correctly predict the wavelength of the knee-like point (λcut-off) after which the 

monotonous decrease starts, however it still fails to describe the behaviour for higher 

wavelengths (Fig. 1.8 a).        

 

Fig. 1.8 a) Spectral dependence of the SSPDs. While the detection of the high-energy photons is explained by 
hotspot mechanism, detection at long wavelengths is explained by vortex-antivortex pair or vortex unbinding 

mechanisms[146]. b) A simple electrical equivalent circuit of a SSPD. Lk is the kinetic inductance of the nanowire 

and Rn is the hotspot resistance. The SSPD is current biased at Ibias. Opening and closing the switch simulates the 
absorption of a photon. An output pulse is measured acrossthe load resistance RL. 
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A possible cause of the slow roll-off for the detection efficiency was first put forward by 

Semenov et al. in 2008
[146]

, suggesting vortex-assisted detection events.  When a photon 

with wavelength beyond λcut-off is absorbed, the perturbation of the superconducting state 

is not enough to trigger a detection event but can enhance the probability for thermal 

activation of a vortex-antivortex pair (VAP) unbinding. Then, under the effect of the 

Lorentz force, the vortex and antivortex are dragged toward opposite wire edges. During 

their motion, the vortex and antivortex dissipate energy giving rise to a detection event. 

The VAP unbinding is not the only mechanism proposed to explain the slow roll-off in the 

detection efficiency. The other suggested vortex mechanisms, the one for which the 

photon absorption lowers the potential barrier for the vortexes to enter the nanowires
[147]

 is 

energetically the most favourable. An experimental test reported by Renema et al. in 

2014
[148]

 suggests how the combination between quasi-particle diffusion and vortex 

unbinding is the key to explain the detection mechanism of the SSPDs.   

If the mechanism that creates the resistive region in the nanowires is still under debate, 

what happens after that it is very clear.  

In fact, an SSPD can be considered as a switch in parallel with a high resistor (Rn) and 

connected in series to a kinetic inductance Lk (Fig. 1.8 b). When the SSPD is in the 

superconducting state, the switch is closed and the supercurrent flows through it without 

encountering any resistance. As soon as the transition to the normal state takes place, the 

switch opens and the current, which keeps on flowing through the device, encounters the 

resistance Rn. Due to Joule heating, the dimension of the normal section tends to increase. 

This process is counteracted by the electro-thermal feedback
[149]

. Since Rn is much higher 

than the load resistance (RL = 50Ω), the current will be diverted toward the branch parallel 

to the SSPD giving rise to a measurable voltage pulse. In this way, the current through the 

SSPD decreases with a time constant τfall= Lk/[50Ω+Rn] so that the device can cool down 

and recover for the next detection event. Once the SSPD is again superconducting, the 

current will recover with a time constant τe= Lk/50Ω. Therefore the total time constant is            

τ = τfall + τe. However, considering Rn >> 50Ω, the total time constant τ can be 

approximated to the only τe component. The time required to the wire to recover 95% of 

its bias value is around 3τe and it is called dead time
[149]

. The dead time together with 

other performance parameters of an SSPD are going to be discussed in more detail in the 

following. 

 

1.4.2 SSPD performance parameters 

Since the first demonstration of a NbN based SSPD in 2001
[42]

 the field developed and 

matured to the point that SSPDs are now a commercially available product. Significant 

technological progress has been made in the subsequent years in order to produce SSPDs 

with the best possible performance; however there are still few limitations (relatively long 

dead time, fabrication yield, and low operation temperature) that can be addressed in order 

to make them the best solution in terms of SPD.  
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Quantum efficiency (QE) 

QE is the probability that an incident photon generates a measurable signal. Throughout 

this thesis, the quantum efficiency is referred as percentage, with a maximum QE 

corresponding to 100 %. There are two sub-definitions of the QE such as the device 

quantum efficiency (DQE) and the system quantum efficiency (SQE).  

The DQE is an intrinsic property of the detector which is directly related with the material 

and the geometry. It is defined as the probability that the detector clicks when a photon is 

incident on its active area. It is equal to the product of the absorptance (A) and the internal 

quantum efficiency (ηi) defined as the probability of forming a voltage output upon 

absorption of a photon: 

 

DQE = A ∙ ηi 

 

This value does not include any possible losses that occur before the photon arrives to the 

detector active region. Therefore, for fibre-based or free-space experiments, another 

efficiency definition is used: the SQE. SQE is the probability that the detector clicks if a 

photon is incident at the input of the detection system (e.g. input fibre, microscope 

objective, etc.). It is equal to the product of the DQE and the coupling efficiency (ηc) of 

the light to the device: 

 

SQE = DQE ∙ ηc 

 

The coupling efficiency comprises any loss between the input and the detector. In this 

work, in which the detectors are integrated on top of GaAs waveguides, it is fundamental 

to experimentally estimate ηc such to derive the DQE. If the photon source is outside of 

the integrated chip, the ηc has to takes into account the loss between the input fibre and the 

waveguide, due to facet reflection and mode overlap, other than the waveguide losses. 

However if the source is integrated in the same chip, the coupling efficiency is reduced 

only to the waveguide losses; therefore the concept of SQE is basically not relevant 

anymore. Since in this thesis all the photonic components are integrated in the same chip, 

the DQE is the only interesting parameter and has been calculated as follows: 

 

DQE =  
Nc

NΦ

 

 

where Nc is the number of counts, calculated as difference between the photon counts and 

the dark counts, and NΦ the number of photons incident on the detectors. If an external 

photon source is used, such as a laser, NΦ can be calculated as follow: 

 

NΦ =  
Pλ

hc
 ∙  ηc 

(1.3) 

(1.4) 

(1.5) 

(1.6) 
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the laser power P corrected by the coupling efficiency, divided by the photon energy hc/λ. 

Moreover, for measurements with top coupling excitation through a microscope objective, 

NΦ has been multiplied by the ratio Ad/Al, where Ad is the detector active area (wire width 

+ pitch for the wire length) and Al is the laser spot area. In this way, considering the 

consistent difference between those two areas, all the photons not falling within the 

detector active area have been excluded.    

The value of QE depends on the bias current Ib and it increases exponentially with Ib at 

low currents, due to the increasing internal quantum efficiency, until it reaches a 

saturation, corresponding to unity internal efficiency for the best detectors
[150]

. Indeed, for 

higher currents it is more likely that the hot-spot produced by photon absorption results in 

a transition to the resistive state. In order to operate the detector with a high efficiency, it 

is very common to bias a detector as close as possible to the critical current, even though 

also the DCR is higher.  

The quantum efficiency of the SSPDs can be optimized, bringing the three component ηc, 

A and ηi as close as possible to unity. For example, in the case of an external photon 

source, the coupling efficiency ηc was increased at the very beginning introducing the 

meander design
[151]

, that has a bigger active area to interact with the impinging photons, 

rather than one single nanowire. More recently ηc has been further improved using an 

optical self-alignment mechanism between the fibre tip and the SSPD meander, with a 

precision of 3µm that allowed obtaining a SQE of 93%
[152]

. 

The absorptance A is limited by the ultrathin thickness of the superconducting film. The 

calculated theoretical limits for a 5nm thick film are for example 30% on sapphire
[153]

 and 

10% on GaAs
[154]

. In order to address this limitation, optical cavities or waveguides are 

used to enhance the absorptance. 

The use of optical cavities helps to maintain the photons of a selected wavelength trapped 

inside the cavity until they are absorbed by the detectors. Meander SSPDs inside optical 

cavities have been demonstrated, achieving 93% of SQE with WSi
[152]

 films and 80% of 

SQE with NbN films
[155]

. Currently the major companies selling SSPDs use optical 

cavities in their systems.  

The absorption efficiency can be also enhanced by exploiting the waveguide geometry 

where the travelling wave is evanescently coupled to the detector. The waveguide SSPD 

approach benefits from the high modal absorption of the guided mode that allows unity 

absorptance with waveguide lengths of a few tens of micrometers. The maximum 

efficiency has been reported on NbN nanowires patterned on Si waveguide and with a 

DQE that reaches the 91 % at the maximum bias current
[43]

. Waveguide SSPDs have been 

demonstrated on SiN using NbTiN wires
[44]

 and WSi wires
[156]

, on GaAs
[73]

 using NbN 

wires and on diamond using NbN wires
[64]

. Moreover NbTiN wires have been integrated 

on top of Si nanobeam cavity reaching a DQE of the 96%
[157]

. To date this has been the 

only attempt to fabricate SSPDs on top of suspended waveguides similar to the ones 

presented in Chap. 5.      
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The internal quantum efficiency ηi depends on several factors. Among those, the wire 

width, the film thickness, the wavelength of the impinging photons and the choice of 

superconducting thin film were shown to be relevant. The ηi can be improved with wires 

of width ∼30nm
[158]

 or by reducing the superconducting film thickness
[159]

. The reduction 

of wire width, as well as the reduction of film thickness, decreases the wire volume where 

the energy of the absorbed photon is deposited. Therefore, given a fixed photon 

wavelength, the narrower (or thinner) wire will be more responsive than a wider (or 

thicker) wire because the perturbation of superconductivity that follows a photon 

absorption has higher probability of resulting in a detection event. For the same reason 

and for a fixed wire dimension, ηi can be increased by employing photons of shorter 

wavelengths since, a higher energy will be deposited in the same wire volume. 

A similar approach can be used to understand why certain superconducting materials have 

higher ηi than others. Amorphous materials, such as WSi
[152]

 or MoSi
[160]

, that have lower 

superconducting bandgap compared to the standard niobium-based materials, have been 

demonstrated to approach almost unity ηi. Indeed, given a photon with certain energy, its 

absorption will break a number of Cooper pairs that depends on the ratio between photon 

energy and superconducting gap. Therefore in a low-gap material the number of quasi-

particles created after photon absorption is higher and so the transition from 

superconducting to normal state is favoured. The efficiencies reached with those 

materials, even at low values of bias current, are higher than the ones achieved for Nb-

based materials, however it has to be considered that low bandgap also means low critical 

temperature. In fact, to achieve the highest efficiencies, WSi detectors need to be operated 

at temperature below 1K, this requires special cooling mechanisms. Instead the Nb-based 

detectors work well at temperatures of 2-3 K, which can be reached with liquid He or with 

pulse-tube coolers.  

An important aspect that often limits the ηi of the SSPDs is the film quality. In fact, it has 

been reported that the increase in meander active area, which is usually pursued to 

improve the coupling efficiency, leads to suppression of critical current
[161].

 Such 

reduction in Ic has been attributed to the presence of isolated point-like defects with 

reduced critical current, named constrictions
[162]

. In the case in which the SSPD presents a 

constriction, its final Ic will be limited to the Ic value of the constriction, therefore limiting 

the maximum efficiency.  In addition, only that point-like defect will respond to incoming 

light efficiently since it will be the only one in the wire to be biased close to the wire Ic. 

The origin of these inhomogeneities is still object of debate, probably it is related to 

variation in the wire width, the crystal structure or the thickness of the film. An indication 

that variations in the crystal structure could be the reasons behind the film 

inhomogeneities, is the fact that in amorphous materials this problem is much less present. 

One way to limit the effect of the inhomogeneities on the ηi is the use of shorter wires
[163]

. 

Finally it has to be noted that the inhomogeneities problem is not only limiting the 

detector quantum efficiency but also the fabrication yield. Indeed, due to their stochastic 

behaviour, two nominally identical devices present different Ic values and therefore 
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different detection efficiencies. This is the reason why hybrid methods of bonding SiN 

membranes with pre-characterized superconducting nanowires to silicon and AlN 

waveguides have been developed
[87]

. 

 

Dark counts rate (DCR) 

A dark count is defined as a false detection event occurring in the dark condition of the 

experimental set-up, i.e. without intentional optical input. A dark count can be 

distinguished into intrinsic and extrinsic. The extrinsic DCR is caused by the absorption of 

infrared photons produced by the black body radiation of the environment in which the 

experiment is carried out. Those can be reduced and eventually completely suppressed by 

introducing cold filters.   

The intrinsic DCR is due to thermal fluctuations which produce a switching to the 

resistive state without photon absorption. While the DCR increases with the Ib, it can be 

decreased by lowering the operating temperature of the detector. Even though the DCR is 

lower at low temperatures, the intrinsic DCR does not vanish and stays finite at Ib ~ Ic. The 

cause for the intrinsic DCR is still object of debate, but it is presumably related to vortices 

entering the nanowires, either as unbinding of vortex-antivortex pairs or by the lowering 

of the barrier potential for vortex entry. However, a reduction of DCR was achieved also 

through several theoretical and technological improvements. For example, a deeper 

understanding of the current crowding
[164]

 combined with the employment of new 

optimized designs which minimize this phenomenon
[165]

 revealed that the choice of 

detector geometry influences the dark count rate. 

 

Dead time 

As already mentioned the dead time is the time needed to the detector to recover the bias 

current in the wires, such that it is ready to register the arrival of another photon. 

Therefore the SSPDs are blind to photons within this time period. The dead time is 

calculated from the detection pulse (Fig. 1.9 a), in which it is possible to distinguish a fast 

rising part due to the photon detection (few ps) and a decay part that correspond to the 

recovery of the current (tens of ns). In Fig. 1.9 a) the time constant τe related to the 

exponential decay is indicated, together with the dead time τD = 3τe. As said in par. 1.4.1, 

τe = Lk/RL therefore at fixed RL = 50Ω, the time constant is imposed by the kinetic 

inductance Lk and it depends on the superconducting film and on the wire geometry. 

The dead time limits the maximum count rate of the detector the frequency f = 1/ τD.  

Therefore, to speed up the device, τD needs to be decreased. There are two ways to reduce 

the time constant: decreasing Lk by reducing the total length of the wire or increasing the 

impedance seen by the detector
[166]

. The reduction of the wire length may limit the area of 

the meander and that decreases the coupling efficiency or for the waveguide detectors the 

absorptance decreases and leads to a lower detection efficiency. Both decreasing the 

length and increasing the resistance, on the other hand, might lead to ‘latching’
[167]

. The 
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latching occurs when the recovery of the current in the nanowire is faster than the full re-

establishment of the superconducting state. Thus, the current recovers and flows back 

through the detector before its resistance has dropped to zero and due to the corresponding 

Joule heating, it cannot recover back to the superconducting phase. Therefore in order to 

avoid the latching Lk and RL needs to be carefully determined
[166,168]

. Since Lk is inherent 

to the superconducting film, different superconducting materials have different Lk. Indeed, 

for example, even if the amorphous materials (WSi, MoSi) have shown outstanding 

quantum efficiencies, on the other hand they are slower than Nb-based detector. Even 

applying a multi-pixel SSPD approach
[169]

, in order to overcome the speed limitation, to 

date the maximum reached count rates have been 50MHz for amorphous materials
[160]

 and 

800MHz for Nb-based one
[43]

. Therefore the GHz regime, desirable for QIP applications, 

has not yet been achieved.  

 

Fig. 1.9 a) Simulated pulse shape of a NbN SSPD, the dead time τD  and the time constant of the exponential 

decay τe are indicated with arrows. b) measured jitter of a waveguide SSPD, the data is fit by using Gaussian 
(red) function. 

 

Jitter 

The jitter (or timing resolution) is the timing accuracy of registering a photon, namely the 

uncertainty in the delay between the photon absorption and the output pulse. While 

semiconductor SPDs have a non-Gaussian distribution for jitter, SSPDs show a Gaussian-

like jitter
[170]

 (Fig. 1.9 b). Similarly to the dead time, SSPDs made with amorphous 

superconducting materials have higher jitter compared to Nb-based ones. In fact, NbN 

SSPDs have been reported with jitter as low as 18 ps
[171]

, while for WSi or MoSi have 

been reported values slightly above 100ps
[152,160]

. Low jitter is demanded in fast lifetime 

measurements using time correlated single-photon counting since the temporal resolution 

is determined by that value
[172]

. 

Owing to the fast response (few ns) and low jitter (<50 ps), which are very appealing for 

high-speed quantum photonic information processing, SSPDs outperform the other SPD 

technologies in the near-infrared.  
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1.5 Scope of the thesis 

As discussed in par. 1.2.3, GaAs represents a promising material platform to realize many 

QPIC elements, from SP sources that manifest excellent figure of merits (purity, 

indistinguishability, brightness) to high-performance single-photon detectors. However, 

despite the impressive progress made in the development of these components at the 

single unit level, and in the improvement of their individual performances, the efficient 

integration of these devices on the same chip is required in order to exploit the real power 

of integrated quantum photonics. As shown in par. 1.2.5 to date a fully-functional QPIC 

has not been proved in any platform.  

Following the prototype architecture of the fully integrated photonic quantum circuit 

proposed in Fig. 1.3, in this work other two, slightly simpler but still fully-functional, 

QPICs are proposed.  

 

 

Fig. 1.10 Sketch of the proposed QPIC on single-membrane GaAs platform. Single photons are produced via 
spontaneous emission of excitons in QDs, efficiently funnelled in waveguides, filtered by a PhCC and detected 

by SSPDs on top of SNB. 

The first QPIC (Fig. 1.10) is realized on a single-membrane GaAs platform with 

embedded InAs QDs and on which photonic crystal waveguides (PhCWGs) and cavities 

(PhCCs) are fabricated and SSPDs are patterned on top of suspended nanobeams (SNBs).  

Thanks to the addition of PhCCs and PhCWGs, the emission from one or several QDs can 

be filtered on-chip, so that single photons originating  from a single excitonic line are 

funnelled to circuits and then measured. The superconductive nanowires are integrated on 

top of a SNB instead of a ridge waveguide since shorter lengths are sufficient to reach 

high absorption, due to the tighter field confinement
[173]

. This is expected to reduce the 
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role of wire inhomogeneities and increase the efficiency. Moreover it is possible to place 

two electrically-independent detectors on top of the SNB, such that the same guided mode 

is probed by the two SSPDs
[172]

. The autocorrelators together with the PhC filters would, 

for example, allow performing a Hanbury-Brow-Twiss (HBT) experiment
[174]

 completely 

on-chip, which would be a meaningful validation of a fully-functional QPIC.  
However, as already mentioned in par. 1.3.3, without a control on the energy of the QDs 

emission and cavity mode, the resonance between these two components is based only on 

probability, therefore without a concrete possibility of scalability to QPIC applications. 

The introduction of independent tuning systems for each one of these two components 

instead allowed to demonstrate the cavity-emitter node (Fig. 1.3) for on-demand single-

photon emission, as mentioned in par. 1.3.4.  

Therefore the second proposed QPIC demonstrator (Fig. 1.11) is based on a double-

membrane GaAs platform with embedded InAs QDs and doped layers for the fabrication 

of p-i-n diodes used for the Stark control of the QDs emission (par. 1.3.3) and for the 

actuation of the NOEMS photonic crystal cavities (par. 1.3.4). Of course as for the first 

proposed QPIC, SSPDs are patterned on top of SNBs, in order to detect on-chip the 

single-photon emission coming from the cavity-emitter node.     

 

 

Fig. 1.11 Sketch of the proposed QPIC on double-membrane GaAs platform. The QD emission energy is 
controlled by Stark effect using the p-i-n diode biased with voltage VQD. The modes of the double-membrane 

cavity are brought in resonance with the QD emission, actuating the NOEMS through the n-i-p diode using 

voltage VCAV. The photon emitted by the cavity-emitter node is funneled through the PhC waveguide to the 
system of two electrically indipendent SSPDs biased with different voltage VSSPD1  and VSSPD2. The two SSPDs 

can perform HBT measurements on-chip in order to prove the single-photon nature of the emitted photon.  

The integration of all these different functionalities on the same platform shows 

significant technological challenges that are going to be addressed in the next chapters.  

Chap.2 covers the experimental methods used for the realization of these QPICs.  
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Chap. 3 is dedicated to the design and fabrication of the SSPDs, including the deposition 

of the NbN film.  

Chap.4 explores the low-temperature fabrication process, which allows the integration of 

the different components of the above mentioned circuits. In this chapter, the differences, 

between the standard process used for the fabrication of PhC structures and the one 

optimized for the SSPDs integration, are highlighted; the technological issues analysed 

and solved when possible. A fabrication attempt of the more complex QPIC of Fig. 1.11 is 

also presented in this chapter together with the preliminary characterization of each 

component of the circuit. 

The performance of the SSPDs patterned on top of the SNB are presented in Chap.5.  

The QPIC realized following Fig. 1.10 is fully-characterized in Chap. 6. Particularly the 

filtering functionality of the system PhCWG-PhCC-PhCWG is explained and 

experimentally tested. Moreover the interaction between each component of the circuit is 

presented.   

Finally in Chap. 7 the results are summarised and considerations about the realization of a 

fully-functional QPIC are made. 
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Chapter 2 

Experimental methods 

 

2.1 Quantum dots and heterostructure growth 

All the wafers used for this work are composed of layers of different materials such as 

AlGaAs, GaAs intrinsic, p-doped, n-doped and with some layers including embedded 

QDs. The technique used to produce such wafers is the molecular beam epitaxy.  

 

2.1.1 Molecular Beam Epitaxy  (MBE) 

MBE indicates a method for building ordered layers of materials from  molecular/atom 

beams of different elements. A schematic illustration of the ultra-high vacuum (10
-10

 Torr) 

growth chamber of a typical solid source MBE machine is shown in Fig 2.1. 

 

Fig. 2.1 Schematic illustration of the growth chamber of MBE[1] 

The Createc SY022 MBE system at the TU/e Nanolab has a similar chamber 

configuration as the one shown on the schematic. Eight cells are installed in the MBE 

system including Ga, Al, In and As. During growth, molecular beams are generated by 

heating up materials in the crucibles of the effusion cell. The sample is mounted on a 
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molybdenum holder and fixed to an adapter connected to a rotation mechanism. In order 

to achieve a homogenous deposition of material over a wafer, the substrate is rotated 

during growth. The molecular beams can be easily switched on and off by opening or 

closing the shutters, this enables a rapid switching of different materials and therefore the 

growth of layered materials with an atomically precise interface. The sublimated elements 

condense on the surface of the substrate and form atomic bonds with each other. The 

substrate temperature plays a crucial role in the growth of the material by influencing the 

mobility and the desorption rate of adatoms on the surface. The substrate temperature is 

measured by a thermocouple placed behind the sample holder adapter. However, this is 

not precise enough, due to the absence of physical contact between the thermocouple and 

the substrate. Since the substrate temperature is essential for the epitaxy process, 

especially for the growth of low-density QDs, a more precise substrate temperature 

monitoring method is used. A calibrated kSA BandiT system
[2]

 determines the 

temperature of the semiconductor substrate with a precision of 0.1°C. 

 

2.1.2 Growth conditions 

Excluding the wafers for the integration with nanomechanical structures, the growth for 

single membrane structures follows the design and condition described below.   

The series of epitaxial layers starts with the wafer deoxidation and a first buffer layer of 

few hundreds nm of bare GaAs on a [001]-oriented 2” GaAs substrate. An AlxGa1-xAs 

sacrificial layer with x = 67 - 79% is then grown with a thickness of 1.5µm. The first half 

of the GaAs membrane is then grown with a thickness of 150 nm. The active material is 

embedded in the next step as a low-density layer of QDs. The InAs self-assembled 

quantum dots are grown with a very low growth rate (0.0023 mono layers/s) by means of 

a Stranski-Krastanov technique
[3]

. To tune the optical emission of these quantum emitters 

a subsequent InGaAs capping layer is deposited, an ensemble emission wavelength 

centred around 1300 nm at room temperature is achieved. The second half of the GaAs 

membrane is then grown with the same thickness as the first half.  

Two specifications are crucial, in order to efficiently perform fully on-chip single-photon 

experiments, a low QDs density and a very low roughness of the surface. The conditions 

to grow low density QDs have been previously optimized using a substrate temperature of 

580°C and 2 mono layers of InAs under an In background pressure of 3x10
-9

 Torr, this 

allows to achieve a density in the range of 10-30 dots/µm
2
. 

The roughness of the superficial layer has never been an important specification in 

relation to devices for sources, it plays instead a crucial role in this case of integration 

with detectors.  

It is necessary to have a substrate’s surface with very low roughness (<0.5 nm), since the 

internal quantum efficiency of the detector depends on the quality and uniformity of the 

superconducting film
[4]

; consequently, a rough film could produce an inefficient SSPD.  
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For this reason, during growth, an extra final step has been added in order to accomplish 

the specification on roughness. The deposition of a few atomic layers of GaAs, at 20 °C 

above the oxide removal temperature (585 °C) under an As flux, yields samples with a 

smooth surface (root mean square roughness = 0.4 nm). 

 

2.1.3 Characterization of the wafer 

Surface  

The surface morphology is characterized with an atomic force microscope (AFM) Veeco 

Dimension 3100, working in tapping mode. AFM provides an atomic level height-

resolution of the structure. In the measurement, the sample can be moved in x-y-z 

directions. The AFM tip is mounted to an AFM tip holder and fixed to the AFM head with 

the movement controlled by a piezo. A laser beam is focused to the backside of the AFM 

tip and is reflected to a position sensitive detector (PSD). Before scanning, the tip is 

brought close to the sample surface, where the force between the sample and the tip is 

strong. During scanning, the cantilever of the AFM tip oscillates. The amplitude and the 

frequency of the oscillation are kept constant during the scan by using a feedback loop to 

analyze the laser spot detected by the PSD and control the piezo actuator in the z 

direction. The AFM tips used are NT-MDT NSG10 series noncontact single crystal 

silicon SPM tips with Pt conductive coating and with the resonant frequency in the range 

of 140-390 kHz, force constant of 3.1-3.76 N/m. The cantilever length, width and 

thickness are 95±5 µm, 30±3 µm and 2±0.5 µm respectively
[5]

.  

The AFM images are analyzed by Gwyddion, open source statistical parametric mapping 

software which can perform many data visualization and data processing tasks
[6]

. In the 

following two AFM images after processing are shown, one of a standard low-density 

QDs single membrane wafer and one with the same structure but in which the extra final 

growth step to smooth the surface has been performed. 

 

Fig. 2.2 AFM images of the surface of a low-density QDs single-membrane wafer before (left) and after (right) 
the smoothing final growth step  
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Photoluminescence 

The optical characterization of the QDs emission and the cavity modes of the fabricated 

devices is performed by a micro-photoluminescence (mPL) setup where a He-flow 

cryostat able to work at temperature down to 6-9K is interfaced with an optical apparatus. 

The QDs in the sample can be excited by an external laser source in non-resonant, quasi-

resonant or resonant configuration. The re-emitted photons are collected by the use of a 

near-infrared objective (100x, numerical aperture NA=0.6) and sent directly, in free space 

or through a single mode optical fibre, to the dispersion grating of a spectrometer (Horiba 

Jobin Yvon FHR 1000). The emission spectrum can be measured through the light 

dispersed into an InGaAs pixels array cooled at the liquid nitrogen temperature with a 

resolution below 200µeV. In a standard confocal mPL set-up the PL signal and the laser 

pump are spatially separated by using a beam splitter or a dichroic mirror. In the case of 

non-resonant or quasi-resonant excitation the laser filtering is commonly realized by mean 

of high-pass optical filters that suppress the laser component at lower wavelength. A 

series of high-precision piezo-motors are normally used to control the relative position 

between the optics and the sample in order to probe different regions of the measured 

device. For alignment purpose a LED can be used to illuminate the sample while the 

reflected image can be deflected by another beam splitter and directed to a CCD camera. 

 

Fig. 2.3 Sketch of the micro-photoluminescence setup 

In the following two examples of micro-PL spectra of the QD emission on bulk at room 

temperature are shown. The two spectra were measured on the same wafer but the second 

spectrum refers to a piece in which an extra annealing step at 400°C has been performed. 

Indeed the sputtering deposition of the superconducting film requires an annealing of the 

heterostructured wafer at around 400°C and this could produce a variation on the QDs 

emission spectra. The comparison shows only a small (5nm) blue shift both of ground and 
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first excited state and a small increase in the relative intensity of the ground state. These 

changes do not have consequences for the next fabrication steps.  

 

Fig. 2.4 RT PL spectra comparison of bulk QDs emission before and after annealing at 400°C 

 

2.2 Sputter deposition of NbN films 

The deposition of the superconducting thin film for SSPD fabrication has historically been 

performed by means of a direct current (DC) reactive magnetron sputtering 
[7]

. In the 

following the sputtering technique and the process conditions used for this work are 

presented. 

 

2.2.1 DC reactive magnetron sputtering 

Sputtering is a non-thermal physical vapour deposition (PVD) method suitable for thin 

film deposition. The process is based on the energy and momentum transfer from the 

ionized sputtering gas to the solid target (Fig. 2.5 inset). Under a low-pressure inert gas 

(Ar) atmosphere, a high voltage across the anode and the cathode is applied and the 

plasma is created. Then, the cathode material, i.e. the target (Nb) is bombarded with the 

inert gas (Ar) ions and the surface atoms of the target are ejected by the highly energetic 

ions. The specimen on the anode (GaAs) is coated by the bombarded cathode material. 

The sputtering target can be either an element or a compound. Commonly, nitride and 

oxide compounds are deposited by introducing a reactive gas such as N2 and O2 into the 

plasma during the deposition, in this case to form niobium nitride (NbN). The sputtering 

process is performed in a high or ultra-high vacuum environment. There are two reasons 
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for that. First of all, it provides a longer mean-free path for the ejected atom. Secondly, it 

increases the quality of the film in terms of purity by controlling the amount of 

contamination. Typically a sputter system is operated below 10
−6

 Torr. In our processing, 

the fabrication of superconducting material is very demanding and requires the highest 

possible purity level. Thus, the base pressure is kept at the level of 10
−9

 Torr which is 

considered as an ultra-high vacuum. 

For this work, a sputtering system from AJA Intern., INC., ATC 1500-F has been used to 

grow NbN films on different GaAs-based heterostructure. It is equipped with the reactive 

gasses N2 and O2 and with four targets as source materials and each is 2-inch in diameter.  

In Fig. 2.6, the machine and the inside of the vacuum chamber with four-chimneys are 

shown. The different numbers identify the different components of the system.  

The inlet (1) is used to introduce the N2 into the growth chamber. N2 flow is controlled 

with a flow meter. The view port (2) is mainly to look through while engaging the sample 

holder and retracting the “transfer-arm" to the linear, rotary stage and also to observe the 

plasma during the process. The colour of the plasma can be used to identify if there is any 

contamination in the chamber. Plasma colour with pure Ar at low-pressures is identified 

with its characteristic purple emission.   It turns to pink-purple with N2 while the oxygen 

contamination changes the colour to dark-purple. There is also a shutter inside to protect 

the window from being deposited. The loadlock chamber (3) is important to preserve high 

vacuum conditions in the main chamber while transferring the samples. There are two 

vacuum gauges (4) available in the system for low (convectron gauge) and high 

(capacitance manometer) range of pressure measurement. The bias unit (5) allows 

adjusting the current (voltage) biasing. The unit labelled with (6) is the temperature 

control unit and it is used for reading and setting a temperature value. According to the 

current configuration, the location of the NbN target is shown at (7), and Au, Ti and Cr 

are located at (8), (9) and (10), respectively. 

 

Fig. 2.5 Picture of the sputtering system used in this work to growth the NbN films. Inset: Schematic of the 

working system of a sputtering machine. 
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2.2.2 Deposition condition 

A large number of variables can be tuned within a process, and even a small variation of 

one of the chosen parameters can produce a large difference on the quality of the produced 

film.  

 

 The angle of the target and the rotation of the sample holder: these parameters 

are adjusted in order to obtain a uniform film thickness on the samples grown 

within the same batch. The angle also plays a role to convey the ions momentum 

to the atoms of the target, which is the highest at a right angle.  

 The distance between the target and the substrate is mostly shorter for a sputter 

system than for the other vacuum systems. The most important reason is to 

eliminate the number of intermediate scatterings/collisions the ejected atom 

might experience during the time of flight. 

 Current (voltage) supply is directly related to the energy provided to the 

positively charged ions which are accelerated and then eject an atom from the 

target material.  

 The total sputtering pressure sets the amount of total particles (inert gas + 

reactive gas) in the chamber to form a plasma during the deposition. Sputtering 

process occurs mostly at low-pressure (< 5 mTorr), this has the advantage to 

obtain high mean-free path of the ions, which is inversely proportional to 

pressure. Therefore, the pressure is kept low enough to enhance the mean-free 

path but high enough to ignite and sustain the plasma. The pressure is adjusted 

automatically by the movement of a gate valve accordingly to the set pressure. 

 The flow of the reactive gas N2 determines the stoichiometry of NbxNy, while an 

Ar flow is used to ignite the plasma and keep it stable. The flow is measured in 

unit of sccm (standard cubic centimetres per minute).  

 The substrate temperature determines the particle dynamics at the substrate 

surface. At low temperatures, the mobility of the adatoms is small which may 

create a thickness variation along the surface. While at higher temperature the 

mobility is increased, arsenic evaporation from the substrate starts to be a 

problem, as it is going to be explained extensively in the next chapter 

(Chap.3.2.1). The nominal temperature can be tuned from room temperature up 

to 800°C. The value is read using a thermocouple located between the two 

infrared-lamps, located at the back side of the substrate holder. Therefore, it is 

expected that the temperature is lower on the sample holder and surface than the 

reported values. Moreover an important role on the effective temperature on the 

substrate is played by the working condition of the installed infrared lamps, the 

amount of indium used to mount the samples on the holder and the thickness of 

the holder that continuously changes after every mechanical polishing of its 

surface.  
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 The deposition time determines the thickness of the film, which is measured by 

spectroscopic ellipsometer as explained later in this chapter. The growth rate 

strongly depends on of the above described parameters and has been adjusted 

from time to time to achieve the standard thickness of ~5nm.  

 The preconditioning of the chamber and sample holder determines the initial 

pressure inside the chamber. As already discussed the highest purity level is 

required and a base pressure of ultra-high vacuum (10
−9

 Torr) has to be reached. 

In general, high vacuum systems are built with certain equipments, such as 

cryogenic temperature chambers walls or seals and gaskets used between 

components, that easily allows the system to reach the ultra-high vacuum 

pressure range. However these techniques are not realisable in our setup. 

Therefore, other techniques are implemented to improve the vacuum of 

deposition chamber. A titanium (Ti) deposition cycle is used prior to each real 

deposition run to decrease the base pressure temporarily below 1x10
−8 

Torr. Ti is 

well known for interacting with the gasses and forms a stable product, with this 

method the system is temporarily conditioned by decreasing the concentration of 

the H2O molecules present in the chamber. It is temporary because Ti is 

consumed and becomes not functional any more due to the following deposition 

run and a constant out-gassing within the chamber. Moreover it has been noticed, 

that a poor initial vacuum ( > 7x10
−9 

Torr) creates problems in keeping a stable 

plasma during the deposition and so affects negatively the quality of the film.  

 

All these variables can be modified to optimise the desired film stoichiometry and the 

quality of the film. While having so many parameters brings flexibility, it may complicate 

the optimisation.  

In addition, it is important to keep track of the erosion of the target. It is known that when 

the target is eroded, the effective applied power applied on the target changes and 

therefore the energy and the dynamics of the ejected Nb atoms do. That degrades the 

quality of the film. In order to avoid that, the target is operated within a voltage range of 

345-360 V. The targets are ordered either from AJA Intern., INC. or from Kurt Lesker, 

with a dimension of 2 x 0.250 inch and purity of 99.95 %.  

Last but not least, it is crucial to monitor the roughness and amount of Ti deposited on top 

of the sample holder (Inconel). At the beginning of every sputtering film deposition 

campaign the sample holder is mechanically polished, then cleaned in an ultrasonic bath 

with acetone first and with isopropanol after and finally baked above the growth 

temperature (>450°C) in order to assure the cleanness of the holder and evaporate the 

water molecules. The GaAs chips (~1.5x1.5mm
2
) are attached to the sample holder by 

melted Indium to ensure a good and uniform thermal contact.  
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2.2.3 Characterization of the film 

After the deposition, the superconducting NbN film is characterized by several 

techniques. Three specifications of the film are measured. The roughness of the surface by 

AFM in the same way described previously for surface characterization of the wafer after 

MBE growth. The thickness of the film is measured by spectroscopic ellipsometry. The 

critical temperature of the superconducting film by measuring the resistance of the film as 

function of temperature.  

 

Thickness measurement 

Thickness measurements are performed ex-situ with spectroscopic ellipsometry (SE) from    

J.A. Woollam Co. Inc. right after the deposition
[8]

. SE is a non-destructive technique and 

operates in a spectral range of 200-1000 nm, with an accuracy of few atomic layers. The 

software, CompleteEASE, is interfaced for data acquisition and analysis. The SE is a very 

accurate technique as it measures the changes in the polarisation of light after the 

reflection from a film or a multilayer. The polarization state of the light incident upon the 

sample may be decomposed into an s and a p component (the s component has the electric 

field oscillating perpendicular to the plane of incidence and parallel to the sample surface, 

and the p component has it oscillating parallel to the plane of incidence). The amplitudes 

of the s and p components of the reflectance are denoted by Rs and Rp and their ratio 

defines the complex reflectance:  

 

𝜌 =  
𝑅𝑠

𝑅𝑝
= tan 𝛹 𝑒𝑖∆     (2.1) 

 

The polarization change is quantified by the amplitude ratio, Ψ, and the phase difference, 

Δ.  

Since ellipsometry is measuring the ratio of two values (rather than the absolute value of 

either), it can be considered very accurate and reproducible, moreover the angle of 

incidence is chosen close to the Brewster angle to ensure maximum difference in the ratio 

between the two components. One weakness of ellipsometry is that the measured Ψ and Δ 

cannot be converted directly into the optical properties of the sample, normally a model 

analysis must be performed. Direct inversion of Ψ and Δ is only possible in very simple 

case of isotropic, homogeneous and infinitely thick film. In all other cases a layer model 

must be established, which considers the optical constants (refractive index) and thickness 

parameters of all individual layers of the sample including the correct layer sequence. 

Using an iterative procedure unknown optical constants and/or thickness are varied and Ψ 

and Δ values are calculated. The calculated Ψ and Δ values which match the experimental 

data best provide the optical constant and thickness parameters of the sample. For this 

work a purely mathematical technique, which is called Basis-spline (B-spline), is used in 

order to model the thin metal layer (NbN) on top of the semiconductor substrate (GaAs). 
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B-spline is a fitting technique of the layer without requiring any prior knowledge of the 

layer in interest and it provides the physical parameters of thickness and refractive indices. 

Once the model that best fits the experimental data has been found, the film thickness of 

every sample/film can be easily measured by SE and used to adjust the deposition time 

according to the required thickness, around 5nm for all the films used in this work. 

 

R(T) measurement  

The measure of the resistance of the film in function of the temperature (R(T)) allows one 

to extract the critical temperature Tc and the transition width ΔTc. Those properties are 

measured with a dipstick through a four point method. The dipstick consists of a long 

stick carrying the sample at one of its ends and allows to cool the NbN film down to 4.2K 

by inserting it directly into a Liquid Helium (LHe) dewar
[9]

. A sketch of the system is 

shown in the following Fig.2.6 

 

 
 

Fig. 2.6 Sketch and pictures of the R(T) measurment system. a) picture of the dipstick head  

The sample, which is mounted on the dipstick head with the VGE-7031 LakeShore 

varnish, is connected to four copper pads via four copper wires. These copper wires are 

connected to other wires running along the length of the dipstick until the room 

temperature connections (coaxial cables). At room temperature, the coaxial cables are 

connected to a Keithley 2010 multimeter, a Yokogawa 7651 current source and a 

temperature controller LakeShore 330. The temperature is measured with a LakeShore 

DT-670 diode and changed by a heating resistor with a feedback loop. Both the diode and 

the resistance are located in the sample holder right under the sample stage. The 

measurements are computer-controlled with a home-written Lab-VIEW program. Once 

a

) 
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the NbN film is inside the dewar and it reaches a temperature lower than its Tc, a fixed 

current is supplied to it and a temperature scan starts. During this scan the temperature is 

increased by a desired fixed amount and, when it is stable at the given value, the voltage 

drop across the NbN film is recorded through two separate contacts. The film resistance is 

then calculated and plotted as a function of the film temperature. By the end of the 

temperature scan, a graph similar to that reported in Fig. 2.8 is obtained. The parameters 

Tc and ΔTc are determined using the average and the difference of the temperatures 

corresponding to 80 % and 20 % of the average normal resistance derived following the 

procedure reported in ref. [9]. 

Typical values for a NbN film of thickness ∼5nm deposited at a base temperature of 

400°C are Tc ∼ 10K and ΔTc ∼ 0.3K. In the next chapter (Chap. 3.3) will be discussed 

more in detail the dependence of Tc on the deposition temperature, and its effect on the 

surface roughness and ultimately on the efficiency of the SSPDs. 

 

 

Fig. 2.7 Typical R(T) curve of a NbN film of thickness ~5nm 

 

2.3 Post-growth processing 

Once all the wanted layers have been grown and deposited on our wafer, a second phase 

of nanofabrication starts. The definition of metal contacts, superconducting wires, 

photonic crystal structures and waveguides, as well as different etchings, are optimized in 

order to allow the integration of the different components of the chip and performed using 

the following machine located in the NanoLab@TU/e cleanroom facility. 
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2.3.1 Optical and electronic lithography 

At the core of nano-devices fabrication is the possibility to create high resolution 

microscopic structure with a well-defined geometry. The technique to define a 

geometrical pattern into a chip by using a resist, is called lithography. Two kind of 

lithography are used for this work: optical lithography and electron beam lithography 

(EBL). 

 

Optical lithography  

In photolithography the resolution of the patterned design is proportional to the 

wavelength of the radiation source used to illuminate a sensitive photoresist layer through 

small apertures in a Cr mask. Ultra-violet (UV) light achieves resolutions in the order of 

0.5µm and is used for fast exposures. A photo-sensitive layer deposited on top of the 

desired substrate is brought in contact with the patterned mask and exposed under a high 

power UV lamp. All the Cr masks have been designed within Clewin4 and exported in 

Graphics Database System (GDS) format to be then realized in TU Delft. 

In this work the optical lithography has been used to define the contact pads and to open 

them to make electrical contacts at the end of the process avoiding to remove the SiN 

(Chap.4.2.7).  

In order to define the contact pads, the negative resist MaN440 from Micro Resist Tech. is 

spun onto the NbN film for 30s at 5000rpm with the Karl Suss RC8 spinner. After this a 

baking of 5min at 95°C is necessary to harden the resist giving it the right photo-

sensitivity. A Suss Microtech MA6 aligner in contact mode has been used for the UV 

exposure where a high vacuum is created between the sensitive material and the Cr mask 

improving the patterning results. The sample is exposed to the UV light for a time interval 

of 100s. Following the exposure, the photoresist is developed with MaD332-s for 2min 

and 30s where the non-exposed areas are dissolved.  

 

Electron beam lithography  

Whenever a higher resolution is required, EBL has to be chosen in order to pattern 

structures of nanometric size. Two different EBL machine has been used for this work: 

RAITH150-TWO during the first half period of this research work and RAITH EBPG 

5150 during the second half.  

The RAITH150-TWO features a motorized X-Y-Z stage, an electron gun with 

acceleration voltage up to 30kV inside a scanning electron microscope column. A 

movable beam deflector and blanker and a pattern generator allow for the high-resolution 

control of the relative position between sample and electron beam. The position accuracy 

is controlled within 1 nm by means of laser interferometric techniques. The pattern in this 

case is drawn by the electron beam into the e-beam resist following the coordinates of a 
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series of geometrical shapes that can be specified in a dedicated software. An initial 

manual alignment is necessary to regulate the sample orientation, the aperture, the 

stigmation and the focus of the beam and the write-field mismatch. The writing-field is an 

imaginary square of 100x100µm
2
 and is the smallest unit of discretization in the raw 

movement of the electron beam. During the automatic patterning the stage moves from the 

centre of a writing-field to another. Within each writing-field the e-beam is rapidly 

deflected with a fine movement providing excellent resolution but between two different 

write-fields stitching errors < 50 nm may occur. To avoid this possibility the desired 

patterns must be concentrated in individual write-fields and not across them. The SEM 

detectors can also be used to perform overlay exposures on substrates already patterned 

with alignment marks. The capacity of the machine to provide an almost perfect alignment 

of the nanowires on top of the suspended nanobeam has been tested with very good results 

and a precision around 250nm. After the definition of the metal contact and alignment 

markers through optical lithography, a first step of EBL is performed to define the pattern 

of the nanowires. The sample with contact pads is covered with a high-resolution negative 

electron-beam resist, the HSQ (hydrogen silsesquioxane) XR-1541-6 from DOW 

CORNING. The sample is spun with the CONVAC ST 146 spinner for 1 minute at 

4000rpm and is then baked for 2 min at 150°C and 2 min at 220°C. The sample is now 

ready to be loaded into the EBL writer. But before that, a thin layer of Au (∼7.5nm) is 

evaporated on the sample edge in order to avoid the resist charging during the EBL beam 

focusing. The gold layer deposition is performed with the Edwards Auto 306 evaporator. 

An acceleration voltage of 20kV with a beam aperture slit of 15µm is used for the EBL 

exposure. The manual and automatic mark alignments are performed to align the design 

with the existing contact pads. On this system the electronic dose (C/cm
2
) that the EBL 

has to deposit in order to expose the resist is severely affected by the sample material and 

the focusing on the surface during the manual alignment, meaning that for every exposure 

the dose has to be fine-tuned accordingly to the specific sample. After the exposure the 

sample is developed for 1min15s in a solution of ultra-pure water and AZ developer (4:1). 

A second EBL step is performed for the definition of PhCCs, SNBs and RWGs. In this 

case the e-beam resist is spun on top of a SiN layer previously deposited. An e-beam 

positive polymer resist (Zeon Corp. ZEP-520A) is spread out at around 2700rpm for 

1min, as it will be discussed later in Chap.4.2.3 the spinning velocity has to be carefully 

calibrated in order to obtain the right thickness to allow the formation of well-defined 

holes of PhC during the next etching step.  A baking step first for 4 min from 100°C to 

150°C and then for 2 min at 200°C produces the hardening of the resist. The focusing on 

this resist is relatively easy and does not require the deposition of a thin metallic layer, 

moreover the influence of the focusing on the dose for this resist is way less critical. An 

acceleration voltage of 30kV with a beam aperture slit of 10µm is used for this process, 

and manual and automatic alignment carefully performed since in this step the alignment 

between nanowires and SNB is executed. After exposure the sample is developed in n-
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amylacetate for 68s followed by a 52 s rinse in a MIBK:IPA(890:110) solution of 

methylisobutyl-ketone and isopropanol.  

The RAITH EBPG 5150 is optimized for fast direct write application on sample sizes 

going from pieces to full wafer. It features an electron gun with acceleration voltage that 

is kept stable at 100kV and all the initial alignment (aperture, stigmation and focus of the 

beam) is automatically performed by the machine. The stage is almost fixed in all the 

coordinates. The X-Y plane can rotate of an angle less than 2°, meaning that when the 

sample is mounted on the stage the tilting of the X-Y coordinate of the sample with 

respect to the coordinate system of the stage cannot be more than 2°. The sample is 

mounted on the stage using an optical microscope in order to align the two coordinate 

systems as well as possible. Indeed it has been observed that whenever the alignment 

angle is higher than 2° it creates a mismatch between the overlay than can be larger than 

500nm. The axis of the stage is also fixed, however the machine is able to effectively 

adjust the focusing within 50µm above and below the reference height of the stage. 

During the mounting of the sample is possible to check the height of the sample by means 

of a laser interferometric system, that exactly replicates the one inside the machine. 

Whenever the sample is out of the automatic focusing adjustment range, it is necessary to 

manually change the height of the stage using some spacers. The alignment for overlay 

exposure is automatically done using squared metal markers of 20x20µm
2
, however if the 

automatic procedure fails, it is always possible to proceed with a manual alignment using 

the SEM detectors inside the machine. This machine is not designed for imaging purpose 

like the previous one, but it still allows to operate manually whenever required.  The 

writing-field dimension can be controlled by software by the user and it goes up to 

500x500µm
2
. However the system is so fast (from 50 to 100MHz) that the thermal drift of 

the stage is neglectable so it is not necessary to fit a full pattern within a writing-field in 

order to avoid stitching errors, like for the previous system. According to the kind of 

structure that has to be patterned, it is possible to play with two parameters, the beam 

current and the beam step size (BSS). Since in this system the acceleration voltage is fixed 

at 100kV, it is the effective current going on the sample that as to be controlled. The range 

goes from 0.5nA, usually used to define small structures (below 100nm), to 100nA used 

for patterns of micrometric size. The BSS is the distance between the steps of the beam as 

it writes the pattern and basically defines the resolution. For very fine patterns a small spot 

size and step in between is advisable in order to make continuous well defined patterns, in 

this machine the minimum is 0.5nm.   

This system has been used for this work to define not only the nanowires and PhC 

structures but the metal contact pad together with the alignment markers as well. For the 

metal contact, an e-beam positive polymer resist (Micro Chem 495 PMMA A11) is spun 

at 7000rpm for 1min and baked at 180°C for 3min Since the smallest feature of this 

pattern is 10µm in size and in order to speed up the exposure, the maximum current 

(100nA) has been used with a quite large BSS of 100nm. The resist is developed in a 
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solution of MIBK:IPA(890:110) for 1min and 20s and rinsed in isopropanol for the same 

time.  

The nanowires are patterned in the same way as with the previous EBL, using a current of 

1nA and a BSS of 5nm. Thanks to the autofocusing of this new machine, the deposition of 

the thin metallic layer in order to avoid charging has been eliminated. Moreover the 

autofocusing has significatively reduced the dependence of a well-defined pattern on the 

accuracy of the right choice for the electronic dose.  

The PhCs structures are exposed with a current of 0.5nA and a BSS of 5nm, while the 

ridge waveguide with a current of 1nA and 10nm of BSS.  

 

2.3.2 Metal evaporation and lift-off 

Whether the metal pad definition has been done by optical lithography or EBL, after the 

resist development, the sample is introduced in the electron-beam evaporator FC2000 to 

deposit the metals. The metals are loaded in crucibles that can be selectively rotated and 

heated up to very high temperature by an electron beam with energy up to 15 keV. Once 

the metal starts to evaporate the shutter is opened allowing the migration of its atoms 

towards the surface of the sample mounted inside the main vacuum chamber at 10
-7

 Torr. 

The metal condenses then on the entire wafer forming a thin metallic layer with variable 

thickness. The deposition rate, and therefore the final thickness, is controlled by means of 

piezoelectric crystal made to resonate at their characteristic frequencies. In this work a 

first layer of 50nm of Ti is deposited followed by 200nm of Au. The deposited metal 

covers the entire sample surface and fills in the empty areas between the photoresist 

structures. In the lift-off phase, when the sample is kept in acetone vapour for 1h and 30 

min, the photoresist dissolves allowing the lifting off of the metal. In order to ensure the 

complete removal of the metal in the areas outside the contact pads, the samples are kept 

in acetone, in the ultrasonic bath for 30s, cleaned with isopropanol and blown-dry with N2. 

 

2.3.3 ICP PECVD 

Most of the fabrication processes rely on the use of a thin dielectric layer as an etching 

mask during the lithographic steps. The fabrication process for PhC structures has been 

previously optimized by other colleagues of the group and use a dielectric layer of SiN 

deposited on the substrate with the use of a PECVD machine. This kind of machine 

requires the use of high temperature (300°C) in order to produce a homogenous layer, the 

use of a low temperature process would create a non-cohesive layer unable to resist to the 

subsequent etching process. This is why the use of a different machine has been needed to 

deposit the SiN layer for this work. The ICP PECVD allows the deposition at room 
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temperature of a homogeneous and high quality SiN layer. An Oxford Plasmalab System 

100 customized to work as an ICP PECVD machine is used for this work.  

The system consists of a load-lock and a reactor chamber. The loadlock is used for sample 

mounting and can be easily vented or pressurized. When the pressure inside the loadlock 

is lower than 10
-3

 Torr, a sealed venting port opens and the sample is automatically 

transferred between the load-lock and the reactor chamber. The thermal contact between 

the sample holder and the base of the chamber is created through a small He flux (5sccm). 

The process starts when the pressure inside the reactor chamber is lower than 10
-6

 Torr. 

Mass flow controller (MFC) valves allow the injection of precursor gasses (silane SiH4, 

ammonia NH3 and oxygen O2) with controlled ratios. The SiN layer for example is formed 

through the interaction of SiH4 and NH3.  

The main difference between the PECVD and the ICP PECVD consist of the way in 

which the plasma is created and sustained and has strong consequences on the density of 

the plasma (Fig 2.8).  

In a PECVD system the plasma is created by applying a voltage between two electrodes 

that ionize and dissociate the gas molecules. The regions between the plasma and the 

electrodes (sheath) present a really low electronic density and they can be modelled as the 

dielectric regions of a capacitor. The system can be imagined like two capacitors in series 

in which the plasma and the top and bottom electrode are the capacitor plates. Due to the 

high mobility of the electrons, the plasma can be considered like the positive electrode of 

the system and this allow the ions to be accelerated towards the top and bottom electrodes. 

The ions, accelerated toward the bottom electrode, impact on the sample surface and 

chemically reacts, allowing the growth of the layer. A strong RF (radio frequency) electric 

field of few hundreds Watts oscillating at 13.56 MHz can be also applied to enhance the 

ionization and dissociation of the gas molecule. Even applying a RF electric field the 

plasma density cannot reach the one of an ICP system that generally is two orders of 

magnitude higher. In the ICP the electric field is induced by an oscillating magnetic field. 

The top electrode is replaced by a coil in which a RF current induces an oscillating 

magnetic field, orthogonal to the plane of the coil. The magnetic field induces an electric 

field tangential to the coil turns, that is used to ionize and dissociates the gas molecules. 

Since the electric field is parallel to the bottom electrode, there is no capacitive coupling 

between the plasma and the substrate and therefore no ionic bombardment. Thanks to the 

radiofrequency value set at 13.56MHz, the ions reach the bottom electrode after several 

RF cycles so that the energy with which they impinge on the substrate is a time-average of 

the potential. On this system the RF is kept stable in time thanks to an automatic feedback 

system, in which two capacitors are used to control the impedance of the RF generator. 

The RF frequency is fixed, however several parameters can be changed: ICP power, RF 

power, total pressure inside the chamber, total and relative gas flux, substrate temperature 

and deposition time. All those parameters are strongly dependent on each other in order to 

ignite the plasma and maintain it stable. On Chap. 4.2.3 the chosen parameters to produce 

the SiN mask are presented together with the deposition procedure. 
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Fig. 2.8 Sketch of the working mechanism of an ICP PECVD (left) and of a PECVD (right) 

 

2.3.4 Dry etching 

Once the pattern is lithographically defined with one of previous methods, it can be 

transferred to the underlying SiN mask or to the GaAs substrate. The defined area can be 

isotropically or anisotropically etched by means of wet and dry etching techniques while 

the regions that should remained untouched are covered with a proper hard mask 

previously deposited. Among the dry etching techniques, plasma etching is the most 

widely used. The working system is similar to the one already described for the PECVD 

system (Fig. 2.10 right). The chemically reactive gases are subjected to the RF electric 

field at 13.56MHz to be dissociated and ionized. The high mobility electrons, created in 

the plasma, are accelerated towards the bottom electrode and sustain the plasma. Since the 

bottom electrode is electrically insulated they accumulate there forming a large negative 

self-bias and a static electric field pointing down in the chamber. The more massive ions 

in the plasma are less susceptible to the RF field but can be accelerated by the negative 

voltage, reach the sample with high energy and etch it by a combination of sputtering and 

chemical reactions. Therefore, the plasma not only provides a sufficient density of ions in 

the chamber but also accelerates them to achieve a strong mechanical bombardment.  

To achieve the anisotropic, smooth and deep etching of nanometric features, the optimal 

balance between isotropic chemical reactions and uni-directional ion bombardment must 

be found. These two components can be controlled by changing temperature, pressure, RF 

power and the stoichiometric ratio of the reactive chemicals. For this work two different 

plasma etching machines have been used: reactive ion etching (RIE) (Oxford Pasmalab 

100) and the barrel etcher (TePla 100). The RIE is based on the working principle 

discussed before and it has been operated at room temperature for all the dry etching steps 

of the process (NbN, SiN, GaAs). 
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A barrel etcher uses a microwave oscillating field with power in the range between 50 W 

and 300 W instead of a RF bias. It is a smaller and simpler machine compared to RIE and 

anisotropic etching is not possible. A high isotropy is accompanied by a low ion 

bombardment since in this case the DC self-bias cannot be created. The standard usage is 

with pure oxygen plasma for sample cleaning or photo-resist and e-beam resist removal.  
 

2.3.5 Wet etching 

In all the other cases where a clean and smooth isotropic etching is required or for 

selective removal of sacrificial layers in suspended structure fabrication a wet technique is 

preferred. During the wet etching the sample is immersed in a compound chemical 

solution capable of eroding one or multiple III/V materials. Etching rate and selectivity 

can be controlled by temperature and stoichiometric ratio between the chemical reactants. 

The etching depth is controlled by tuning the time of immersion. A de-ionized water rinse 

is performed after each wet etching to stop the chemical reaction at the desired point. The 

main solutions used during the process are HF 1% and HCl 37% concentrated. 

 

2.4 Electro-optical measurement setups 

To electrically and optically characterize the devices used in this work two setups have 

been used. The micro-manipulated probe station has been used only to characterize the 

electrical and optical properties of SSPDs. The waveguide probe station has been used not 

only for the electro-optical characterization of the nanobeam SSPDs, but also for the 

optical characterization of PhCs filter and in general for the study of the interaction 

between the different components of the integrated chip. 

2.4.1 Micro-manipulated probe station 

The micro-manipulated probe station (μ-PS) from Janis Research Co. Inc. (ST-500) has 

been used mainly to pre-characterize all the SSPDs produced for this work. Fig. 2.9 shows 

a schematic of the setup.  

The cryostat has an inlet that hosts two smaller tubes inside. One of them is the vacuum 

line that provides a system vacuum through a turbo-molecular pump. Before cooling 

down, the chamber is evacuated overnight down to a pressure level of ~10
−5

Torr. The 

other one is for the transfer line required to cool the sample by a continuous flow of liquid 

helium (L-He). The transfer line has an adjustable flow-control needle in order to regulate 

the L-He flow. This setup reaches a base temperature of 4.2K, measured at the sample 

mount. The μ-PS allows mounting the samples up to 1x1cm
2
 on a removable sample 

holder. Therefore, this setup is very convenient to test a whole chip (in a suitable size) in 
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one cooling down. It is quite critical to keep the whole sample at a temperature as close to 

as possible to the base temperature read on the sensor. Therefore a high thermally 

conducting varnish from LakeShore (VGE-7031) and copper clamps are exploited for the 

sample mounting. The application of the varnish is very critical since the thermalisation to 

the sample holder is mostly provided through the varnish. Thus, the varnish is evenly 

distributed on the mounting holder and the sample is gently rotated over a small angular 

range and pressed on the sample holder in order to avoid any air gap that can play a role 

as an insulating layer. It has been observed that the two copper clamps are a good aid for a 

good thermal contact, this is why the lithography mask is designed in such a way that the 

samples can be mounted without touching the devices. For a good thermal contact, it is 

important that the holder is completely flat, if there are some scratches, the surface can be 

improved using polishing papers with very fine grading.  

 

 
Fig. 2.9 Sketch of the µ-PS 

The devices are contacted with a 50Ω, 40 GHz radio frequency (RF) micro probe (μm-

probe) from GGD Industries, Inc., which is configured with a ground-signal-ground 

(GSG) configuration, each with a spacing of 100 μm. The probe is connected to the 

electrical circuit at room temperature via an SMA cable and can be translated with micro-

manipulated independent X, Y, Z translation stages that have a travelling range of a few 

centimetres. While micro-manipulation with a large range of translation is advantageous, 

the room-temperature control of the μ-probe introduces some heat-transfer to the setup. 

Thus, even though it is possible to mount two probes for this system, to minimize the 

temperature only one is assembled. The cryostat has an optical window (at 300K) and a 

cold filter (at 25K) for a free-space coupling.  The cold filter transmits only the visible and 

near-infrared range of the spectrum and eliminates the far-infrared portion of the 

blackbody radiation. The optics is mounted on computer-controlled Thorlabs X, Y, Z 

translational stages, each controlled with TDC-001 motion controllers.  The input light 
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(λ=1310nm) is coupled into free space and collimated by a lens. The parallel beam 

encounters an iris (1.5mm diameter) and a beam splitter (45% reflection, 55% 

transmission) and it is then directed toward a microscope objective (NA=0.03) which 

focuses the beam onto the sample. The choice of the iris was dictated by the need for a 

uniform device illumination. The presence of the iris, indeed, reduces the numerical 

aperture and increases the spot diameter on the sample to ∼20μm. Finally, the light 

reflected back from the sample, reaches the CCD camera placed above the beam splitter 

which, thus, provides the image of the sample in real time.  

The electrical characterization of the nanowires consists of acquiring the current flowing 

through the device as a function of the voltage across it. Such a measurement is performed 

by connecting the circuit reported in Fig. 2.10 (a) to the probe and, thus, to the SSPD.  

 

 

Fig. 2.10 a) Schematic of the circuit connected to the SSPD used for the electrical characterization. b) Typical IV 

curve of an SSPD. The coloured ovals underline the different regions of the SSPD electrical characteristic. 

The voltage source Yokogawa 7651 supplies the bias voltage Vb to the SSPD through a 

10Ω resistor (Rb) and the DC port of a bias-T (Mini-Circuits ZBNT-60-1W). When the RF 

port of the bias-T is not used, it is terminated with a 50Ω-matched cap. During the 

acquisition, the voltage Vb is swept and, simultaneously, the voltage drop across the 

resistor Rb is measured by the multimeter Agilent 34970A. The current flowing through 

the SSPD is then calculated and plotted as a function of Vb. The typical IV curve is 

reported in Fig. 2.10 (b). The IV curve in the graph reveals three main regions: the 

superconducting region (red oval), the relaxation-oscillation region (blue oval) and the 

ohmic region (green oval)
[10]

. In the first region, the nanowire is in the superconducting 

state as confirmed by the curve slope. Indeed, for this voltage interval, the slope of the 

curve, which is inversely proportional to the wire resistance, is ideally infinite. The non-

zero resistance is due to the resistance of the external circuit (∼ 18Ω). As far as the 

nanowire SSPD is in the superconducting region, it can detect photons. When the voltage 

bias is increased up to the point that the critical current Ic is reached, the nanowire leaves 

the superconducting region. At this point, a section of the wire becomes resistive and the 

current flowing through the device drops. The detector is in an unstable regime, the 

oscillation-relaxation region
[11]

, where the normal section oscillates between the 
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superconducting and normal state, causing an oscillation in the current. Since the current 

oscillations are faster than the readout circuit, the recorder current appearing in the graph 

is the average value of the current in the relaxation-oscillation regime. When the voltage 

bias in increased further, the nanowire is in the ohmic region. In this phase, the ohmic 

region becomes stable and it starts expanding. As the graph suggests (green oval), the 

resistive area grows such a way to keep the current nearly constant for increasing bias 

voltage. 

The optical characterization is performed with the addition of several instruments. A chain 

of four 15dB amplifiers (Mini-Circuits ZX60-6013E-S+) is connected to the RF port of 

the bias-T. The amplified voltage signal coming from the amplifiers is then directed to the 

oscilloscope (LeCroy Waveace 234) or to a frequency counter (Agilent 53230a). In order 

to avoid electrical reflections, a 4dB attenuator (Mini-Circuits 15542) is inserted between 

the bias-T and the amplifier chain. The SSPD is illuminated via the optical window of the 

cryostat mainly with two continuous-wave diode lasers. The laser that emits at λ=635nm 

is used to align the laser beam to the device active area and adjust its focus. The second 

laser emits at 1300nm and it is employed to perform the device optical characterization. 

Before reaching the sample surface, the laser light is fed through a digital variable 

attenuator (OZ Optics DA-100) and a 50:50 fibre-coupled beam splitter. One branch of 

the beam splitter is fed to the SSPD, while the second one is connected to a power meter 

(Ophir Nova II) to monitor in real time the light power sent to the device. Once the 

previous configuration is established, the optical characterization is performed through the 

acquisition of the photon counts (PC) in presence of laser light and dark counts (DC) in its 

absence. The acquisition is performed while varying the bias voltage and, for the PC case, 

at a fixed light power. Thus, while the bias voltage is swept, the counts and the current Ib 

flowing through the device are recorded.  The device quantum efficiency (DQE) is 

calculated dividing the counts by the number of photons falling within the device active 

area. The counts are obtained by subtracting the DCR to the PC, while the number of 

photons reaching the active area per unit time is estimated from the light power and the 

ratio between the device active area and the beam spot.  

 

2.4.2 Waveguide probe station 

The waveguide probe station (w-PS) was designed by Dr. J. P. Sprengers at the TU/e 

using a commercial cryostat from Janis Research Co. Inc. There are several similarities 

between the w-PS and the μ-PS whilst some characteristic properties of this setup makes it 

unique (Fig. 2.11). 
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Fig. 2.11 Sketch of the w-PS 

The sample mounting procedure is similar to the one used for the μ-PS; however it has to 

be noted that the sample holder has dimension only of 3x6mm
2
, meaning that only a small 

piece of a full chip can be mounted in one cooling run. Moreover there is no space to 

insert copper clamps reducing in this way the thermal contact capability and making the 

mounting procedure even more critical. However the approach taken in this particular 

cryogenic setup is that both electrical connections and optical coupling to the waveguide 

photon detectors are manipulated in-situ and so since there are less interfaces to room 

temperature (less thermal load), it is possible to reach to a base temperature of 2.3K. In 

this way also for this setup a temperature on the sample lower than 4K is guaranteed.  

Probably the main distinctive difference between the w-PS and the μ-PS setup is the 

possibility of having lateral optical access to the sample thanks to fibres mounted on piezo 

stages.  

 

Fig. 2.12 Sketch of the inside of the cryostat, showing the configuration of probes and fibres used for this work 
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There are four independent nano-manipulated X, Y, Z piezo stages (ANP(x&z)101/ LT 

type) from Attocube systems with a maximum travelling range of 5 mm. They are 

mounted on the cold plate and anchored to its temperature. Their manipulation is done by 

two base positioning controllers (ANC300, attocube systems). The configuration is 

flexible to change according to the design of the chip but at maximum four different 

movable parts can be hosted in the cryostat. Usually a configuration with two μ-probes 

(customized Janis Research Co. Inc. (ST-500)) and two fibres (Oz Optics, spot size of 2.5 

± 0.5 μm) facing each other is mainly used during this work (Fig. 2.12).  

The electrical connections of the piezos inside the cryostat are provided by Attocube and 

the probes are wired by the user by using low resistance and low thermal conducting 

LakeShore miniature coaxial cables (type-C). Finally, all the room-temperature and 

interface cabling is provided by Janis. The room-temperature cables are anchored first to 

the radiation shield and then to the cold plate with bobbins in order to decrease the 

thermal load to the setup.  The optics in the top part of this setup is very similar to the one 

employed on the μ-PS system, however an extra arm that collects the emitted light from 

the top and sends it to the spectrometer (Horiba Jobin Yvon FHR 1000) through fibre 

coupling is added.   

The cooling is controlled with the adjustable cryogenic flow control needle valve 

integrated on the transfer line. After the temperature on the radiation shield reaches below 

20K, the flow is decreased in few steps in order to further reduce the temperature on the 

cold finger below 2.3K. The temperatures both at cold finger and the radiation shield are 

measured by Si-diodes through a temperature controller, LakeShore 331. After the base 

temperature is reached the μ-probes are put in contact with the metal pads of the device, in 

order to make them thermalize at the sample temperature, before starting the 

measurement.  

This setup has not been used for a systematic electrical characterization of the SSPDs. The 

small dimension of the sample holder, the limitation at few millimetres in the movement 

of the piezo and the relative short length of the μ-probes arm, allow one to reach only 

between 2 and 4 devices for each cooling run. In those conditions the pre-characterization 

phase on the μ-PS is fundamental to select and mount on the w-PS only the devices that 

have shown good IV curve. An external electrical circuit, like the one used for the μ-PS 

system, is employed to check that the devices reached the base temperature and are 

superconductive.  

One of the main characteristics of this setup is the flexibility of configurations in which is 

possible to do optical characterization. Several of them have been employed for the 

characterization of SSPDs and PhCs filters. In particular the optical characterization of the 

SSPDs has been performed sending the laser light through a polarization-maintaining 

lensed fibre into the waveguides, and collecting the detector output at the counter (Agilent 

53230a). 

In this setup the signal coming out directly from the μ-probes is sent to a control box 

(SCONTEL Superconducting Nanotechnology) containing all the electrical components, 
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current source included, and the amplification system. The control box has two inputs 

such that two probes can be used simultaneously and two outputs to send the amplified 

signal either to the counter or other instruments, like for example a correlation card 

(PicoHarp 300). The main reason why this control box has been employed, instead of the 

amplifier chain used on the μ-PS, it is related to the electrical noise and grounding issues 

that are present on the w-PS system. During the mounting of the sample special 

precaution has to be taken in order to reduce the electrical noise produced from the piezo 

cables and other cables present inside the cryostat.          
The QDs and the PhC filters are characterized through the use of a non-resonant pump 

laser (780 nm) that is focused by a microscope objective (NA 0.4) onto the sample to 

excite the QDs. The photoluminescence (PL) signal is collected either from the top with 

the same objective or from the end facet of the RWG through the lensed fibre. The signal 

is then sent through fibre to the spectrometer (Horiba Jobin Yvon FHR 1000). Optical 

transmission measurements have also been performed on this setup positioning the two 

lensed fibres face to face.    

The procedure to align the fibre to the waveguide facet is carried out in two steps. A 

coarse alignment is done by coupling a laser with high power (980 nm diode laser) which 

is visible to the CCD camera and approaching the facet as well as possible with an 

alignment by eye. A fine alignment is done by pumping with the 980 nm diode laser from 

the top at the highest power, close to the edge of the ridge waveguide, and then trying to 

maximize the PL counts at fixed wavelength, collected through the lensed fibre.   
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Chapter 3 

Superconducting single-photon detectors: 

film growth and fabrication 

 

3.1 Introduction  

The SSPDs used for this work are made of nanowires patterned on top of NbN film. The 

NbN films are grown by the reactive DC-magnetron sputtering (Chap. 2.2) in the 

NanoLab@TU/e cleanroom facility. The films have been sputtered on top of different 

substrates: single-sides polished GaAs (100) and different designs of GaAs/AlGaAs 

heterostructures grown by MBE (Chap.2.1) in the NanoLab@TU/e by Ing. F.W.M. van 

Otten. In order to keep the thickness uniformity of the NbN films during the sputtering, 

the specimens are cleaved into 1x1 cm
2
 or up to 2.0x2.0 cm

2
 pieces from the 2-inch wafer, 

after that cleaned in an ultrasonic bath first of acetone and then isopropanol, and finally 

dried. Special attention has been put on keeping track of the crystallographic orientation 

of the cleaved pieces for the wafers, as the RWGs have to be aligned to the [011] plane in 

order to create a trapezoidal support (Chap.4.2.6). 

Traditionally, SSPDs were fabricated on sapphire (Al2O3)
[1]

 or magnesium oxide 

(MgO)
[2]

, lately mainly on silicon (Si)
[3]

. In this work, GaAs has been selected as substrate 

material due to its high suitability for integration with single photon sources and passive 

circuit elements (Chap.1.2.3). The technology of SSPD on GaAs has been previously 

studied
[4]

 and is not very straightforward. The deposition of NbN films on other substrates 

is mostly performed at high growth temperatures (> 400°C). On the other hand, GaAs is 

known to start evaporating above 350°C
[5]

, severely restricting the range of optimum 

growth conditions. The implementation of the NbN film technology in the 

NanoLab@TU/e cleanroom was started by Dr. D. Sahin. The sputtering conditions found 

during that research project
[6]

 have been mainly used for this work. However the 

optimization of such growth parameters has been performed along this project, in order to 

always guarantee the best quality film, whatever the condition of the DC-magnetron 

sputtering would be in that specific moment.  

 

In the first part of this chapter the growth conditions are discussed with a particular focus 

on the temperature and pressure. The consequences of different film properties on the 

SSPDs characteristics are discussed in the second part of this chapter. In the last part some 
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important parameters for the design the SSPD are examined and the best solutions 

selected in order to define the “standard” SSPD used in all the integrated detectors and 

circuits of the present work.     

  

3.2 NbN film growth and characterization 

As already discussed on Chap.2.2.2, the growth variables are numerous and every 

different combination could strongly affect the quality of the film. In the following are 

presented the optimum condition parameters found in ref.[6] and used also for the present 

one. 

 

 NbN target angle: 11° with respect to the normal to the chimney  

 Distance target - substrate: 6 cm 

 Holder rotation: 50 rpm 

 Target current supply: 250 mA  

 Gas flux: ΦN2 = 1.4sccm, ΦAr= 12sccm 

 Deposition rate: 0.5 Å/s 

 

Two very significant parameters that define the microstructure of the film are the 

deposition pressure and temperature. According to the Thornton model
[7] 

(Fig.3.1), it is 

possible to define four growth regimes (structure zone) as a function only of these two 

parameters. The first zone is formed by small and elongated grains that form a columnar 

structure with porous morphology. This kind of structure is produced by low diffusion and 

mobility of the adatoms, mainly due to the low temperature. The second zone shows the 

beginning of formation of crystalline grains and higher binding among the columns. In 

this case the temperature is higher, so the adatoms mobility. The third zone is 

characterized by high diffusion into the grains which results in a nice crystalline structure. 

A fourth transition zone (T zone) has to be added between the first and second. The T 

zone is constituted by grains with very low porosity, so the surface is denser and 

smoother. 

According to this model, in order to obtain a crystalline structure, i.e. to fall in the third 

zone regime, the substrate temperature has to be as close as possible to the melting point 

of the Nb target (T = 2477°C). On the other hand, GaAs starts to evaporate above 350°C, 

so only the first zone and T zone are the ones that can be taken into account considering 

this specific substrate.  
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Fig. 3.1 Schematic rapresentaion of the Thornton model. The red arrow indicates the region of interest for 

sputtering on GaAs. 

However the low pressure and low growth rate support the highly energetic particle 

bombardment. Indeed, the atoms are highly energetic when they are ejected from the 

target and with a very little collision rate, due to the low pressure, they can reach to the 

substrate by retaining most of their kinetic energy. Therefore, it has been proved
[8]

 that it 

is possible to grow high quality NbN film even at relatively low temperatures, like the 

ones used for this work. Indeed, the high resolution TEM image of Fig. 3.2 clearly shows 

how the NbN film, growth under the above mentioned conditions, presents a poly-

crystalline structure, rather than a porous structure (Zone 1) as expected for the used 

conditions of temperature and pressure.  

 

 

Fig. 3.2 HR-XTEM image of a NbN film deposited on GaAs at 410oC and 2 m Torr[6]  

In the following are presented the characteristics of several films as a function of the 

above mentioned parameters. In particular every film has been characterized in term of 

thickness, roughness of the surface and critical temperature with the techniques described 

in Chap. 2.2.3.  
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3.2.1 Deposition temperature 

It is possible to control this parameter either by changing the nominal set temperature 

(Tset) or by changing the heating time (theat). Indeed the deposition process starts with 

raising the temperature to Tset. Once the desired value of Tset is reached (this changes 

according to the condition of the infrared lamps) the holder is left inside the chamber to 

thermalize for a time theat, that can be controlled by the user. Only after this time the flow 

Φ of N2 and Ar is let into the chamber and the Nb chimney supplied with a fixed current 

to ignite the plasma. The real deposition temperature strongly depends not only on Tset but 

also on theat and indirectly on the thickness of the holder (thicker holder require a longer 

theat to properly thermalize) and the amount of In used to glue the samples.  

Firstly the impact of Tset on the film characteristics has been studied, fixing theat = 12min 

and  the chamber pressure at 2 mTorr. Considering a starting value of 400°C 
[6]

, films 

have been grown within the range 370°C - 420°C with 10°C step. Once the thickness and 

roughness of the film have been found to match the required specifications (5nm thick, 

ρrms < 0.5 nm), R(T) measurements were performed. The calculated Tc as a function of Tset 

is shown in the following graph (Fig.3.3).  

 

Fig. 3.3 Critical temperature as function of the set deposition temperature, at fixed heating time theat = 12min. 

The experimental point in red is the same as the one of the next figure. 

From the graph a linear dependence of Tc with Tset is observed. The Tc increase with the 

deposition temperature up to Tc = 9.7K, however the increase of Tc  is less than 1K within 

the 50°C considered temperatures range.  

In previous work
[6]

 this behaviour has been observed, over a smaller range of 

temperatures, but with a larger impact of  Tset on  Tc (1.1K increases over 30°C range). 

However a study on the dependence of Tc on the heating time theat was not been performed 

in that case. 
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In this work, it has been found that theat plays a much more significant role on the impact 

on the Tc compared to Tset. Fixing the chamber pressure at 2 mTorr and Tset = 400°C, films 

with different theat are grown and their Tc compared in Fig. 3.4.  

 

Fig. 3.4 Critical temperature as function of the heating time, at fixed set deposition temperature Tset = 400°C. 

The experimental point in red is the same as the one of the previous figure. 

Also in this case a linear growth of Tc with theat is observed. However, it is clear how the 

Tc variation is much stronger in this case within the explored range of values. Indeed 3K 

have been gained on Tc within the explored range of 6 min (from 8min to 14min).                       

For theat  ≥ 14min, the quality of the film starts to degrade as indicated by the AFM images 

of Fig. 3.5. Therefore the range above 14min has not been explored.   

The reason behind the strong influence of theat on Tdep is most probably due to the infrared 

lamps, together with other factors like the thickness of the holder. As said (Chap. 2.2.1), 

Tset is established by a thermocouple located between the two infrared lamps at the back 

side of the sample holder. The heating power that reaches the thermocouple is indeed 

stronger than the one that propagates through the INCONEL holder to reach the samples. 

The INCONEL material has a low thermal conductivity (15 W/m °K) that guarantees high 

uniformity of temperature in all the volume, but require long thermalization time. 

Therefore a longer  theat can strongly affect more the real temperature at the surface of the 

samples.  

The effect of higher Tdep does not only influence the Tc, but also the ΔTc. As it can be 

noticed in the previous graphs, ΔTc (error bar) increases as well with Tdep. In particular for 

high values of Tc (> 9.8K), ΔTc ~ 0.6K instead of the usually obtained ΔTc ~ 0.3K for 

lower Tc. A large value of the superconducting transition width indicates a degrading of 

the quality of the film, as it will be shown from a more detailed analysis of the film 

roughness. 

So far, the roughness of the film as a function of the deposition temperature has not been 

particularly taken into account, due to the fact that the measured ρrms was always within 
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specification. However it is necessary to point out few aspects regarding the morphology 

of the samples surface in function of Tdep. In the following two AFM images (Fig 3.5) are 

shown, the left one of a film with Tc = 9.5K and ΔTc = 0.3K and the right one with Tc = 

10.5K and ΔTc = 0.6K, the difference in growth has respectively been theat = 12min and 

theat = 14min.    

 

Fig. 3.5 AFM and SEM images of films growth with theat = 12min on the left and theat = 14min on the right. The 
yellow circles underline the craters on the film surface due to As evaporation. 

The measured ρrms is well below 0.5nm for both films, specifically for the left ρrms = 

0.15±0.05nm and for the right ρrms = 0.28±0.08nm. However darker spots of dimension    

< 100nm are easily visible (yellow circle) both in the AFM and SEM images of the higher 

Tc sample. On the contrary the other sample does not show any particular surface feature. 

Similar behaviour has been verified for a majority of samples in which the Tc exceeds a 

certain threshold (~9.8°K). Those dark spot have been identified like craters due to 

desorption of As from the GaAs substrate. This phenomenon has been observed above a 

critical temperature of 350°C in ref.[5]. However in this work it has not been easy to 

establish a threshold temperature, due to the stronger dependence on theat  rather than on 

Tset. Indeed above a certain Tdep (dependent both on theat and Tset) all the films present the 

following three properties: Tc > 9.8°K, ΔTc > 0.5°K and craters. The consequence of such 

properties on the SSPD electro-optic characteristics will be shown in par 3.3.    
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3.2.2 Deposition pressure 

The total pressure inside the deposition chamber is the other significant parameter that can 

influences the microstructure of the film according to the Thornton model
[7]

. As already 

mentioned, the limitation on the deposition temperature for this specific substrate requires 

very low pressures in order to obtain high quality films. While in the past the optimum 

pressure value found for this particular sputtering machine was 2 mTorr
[6]

, during this 

work and considering the deteriorated condition of the sputtering machine, it has been 

necessary to experiment different solutions in order to obtain low enough pressure to grow 

good quality films.  

Firstly, films have been growth using different pressure within a range of 2 mTorr < Pdep < 

5 mTorr, keeping constant Tset = 400°C and theat = 12min. In the following the R(T) curves 

for all the examined pressure values are shown and in the inset the behaviour of Tc as a 

function of Pdep. 

 

Fig. 3.6 R(T) measurments of NbN films for different deposition pressures. Inset: Tc values in function of Pdep. 

As expected Tc increases and ΔTc (error bar of Tc) decreases as Pdep decreases. 

Considering the very strict limitation on the deposition temperature, only Pdep = 2 mTorr 

can ensure an acceptable value of Tc. However the stability of the sputtering process for 

this specific value of pressure was not good enough to guarantee the reproducibility of the 

growth for several runs. This was mainly due to the unstable behaviour of the gate valve 

that is used to maintain a constant pressure inside the sputtering chamber. At Pdep = 2 

mTorr the valve was not always able to keep the pressure stable and therefore a stable 

plasma, considering a flux of Ar     ΦAr= 12sccm.   

Usually the simplest way in order to maintain a plasma stable is to inject a flux of Ar. The 

amount of Ar flow used for optimum growth has been ΦAr= 12sccm, therefore the effect 

of small increases in ΦAr have been studied. Fig. 3.7 shows the R(T) curves and AFM 
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pictures for films grown with Tset = 400°C, theat = 12min, Pdep = 2 mTorr and using ΦAr= 

12sccm (Fig. 3.7 b),  ΦAr= 12.5sccm (Fig. 3.7 c) and ΦAr= 13sccm (Fig. 3.7 d).  

 

 

Fig. 3.7 a) R(T) measurments of NbN films for different Ar flux. AFM images for: b) ΦAr = 12sccm,                  

c) ΦAr = 12.5sccm, d)  ΦAr = 13sccm. 

The R(T) curves do not present any particular feature with Tc= 9.8K and ΔTc = 0.3K for 

the film grown at ΦAr = 12sccm (same curve as the green one in Fig, 3.6), Tc= 9.9K and 

ΔTc = 0.4K for the film grown at ΦAr = 12.5sccm, Tc= 10K and ΔTc = 0.4K for the one 

grown at   ΦAr = 13sccm. Those obtained values are promising for a good film quality, 

however the AFM analysis reveal unexpected features on the film surface.  

Structures similar to bubbles of a dimension ~150nm and with a very uniform density of 

~500/µm
2
 can be easily visualized in Fig. 3.7 (c). The other sample (Fig 3.7 d) shows 

similar structures as the previous one on the background, plus bigger bubbles (~500nm) 

but with not uniform distribution and much lower density ~1.2/µm
2
.  

The formation of bubbles on the surface of sputtered NbGe has been observed in the 

past
[9]

 and is caused by Ar incorporation on the surface above a certain threshold of ΦAr 

injected on the system. Even if the considered material is different, a mechanism very 

similar to the one described for NbGe must be the reason for the behaviour observed in 

the AFM pictures. Moreover, this explanation could easily clarify why the sample growth 

with ΦAr = 13 sccm presents also bigger bubbles compared to the one with ΦAr = 12.5 

sccm. Therefore increasing the ΦAr is not a feasible solution in order to keep the plasma 

stable.  

Finally a different approach has been found and adopted to keep the pressure and 

therefore the plasma stable at Pdep = 2 mTorr.  During the sputtering deposition process, 

after the time theat has passed, the flow Φ of N2 and Ar is let into the chamber, but the Nb 

chimney is not supplied with current until the set pressure Pdep is reached. In order to 

maintain the valve stable, it is necessary to introduce intermediate steps in which, keeping 

the flow fixed, the pressure is gradually reduced until it reaches Pdep. Initially two 

intermediate steps were used to arrive at Pdep. The pressure was reduced from 5 mTorr to 3 
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mTorr and finally from 3 mTorr to 2 mTorr. Surprisingly adding two extra intermediate 

steps, 4 mTorr and 2.5 mTorr, was enough to ensure the valve stability at Pdep = 2 mTorr 

and so the reproducibility of the process also for low-pressure conditions. 

 

3.3 Effect of film properties on the SSPD characteristics 

As already discussed on the previous paragraph several films with different characteristics 

have been fabricated. Samples with important surface imperfections or ρrms > 0.5nm have 

been excluded from the fabrication process to avoid clear problems of constrictions
[11]

 of 

the nanowires. Now considering two samples with the same thickness and very similar 

roughness but with very different Tc, normally the film with higher Tc would be the best 

choice to fabricate on. Indeed it is usually assumed that films with higher Tc would also 

provide higher current density (Jc)
[12]

 and consequently higher efficiency
[13]

. However as it 

is shown following this assumption is not always correct.     

In this section three films (NbN29, NbN41, NbN60) are examined. In the following table 

the main film parameters of those samples are shown for comparison: 

 

Film Tset(°C) 
theat 

(min.) 

Thickness 

(nm) 

ρrms 

(nm) 
Tc (K) 

NbN29 420 12 5.11 0.28 9.3 

NbN41 410 12 5.09 0.30 9.4 

NbN60 400 14 5.10 0.33 10.2 

Tab. 3.1 Main growth parameters and characteristics of three NbN films on which SSPDs have been fabricated  

The three films are very similar in all the parameters except for the large difference in 

terms of Tc that distinguishes NbN60 from the others. Nanowires of 100nm width and 

260nm pitch were fabricated on those films (Fig. 3.10) and electro-optically characterized.  

The electrical characterization is performed as explained in Chap. 2.4.1 over a set of 20 

nominally identical devices for all the considered films. The optical characterization at 

λ=1300nm, described in Chap.2.4.1, has been performed over the devices with the highest 

values of IC for the three films. From the optical characterization, the device quantum 

efficiency is calculated following Eq. 1.5 and Eq. 1.6 of Chap. 1.4.2. In this case, 

considering top coupling excitation, Eq. 1.5 

 

𝑁𝛷 =
Pλ

hc
𝜂𝑐

𝐴𝑑

𝐴𝑙

 

 

has been multiplied by the ratio Ad/Al , in order to take into account only the active area to 

photon absorption. The detectors area Ad has been estimated as the wire width plus the 
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pitch, multiplied by the wire length and the laser spot area Al has been measured to be 

314µm. 

The coupling efficiency of the light to the device ηc considers the correction for the power 

loss between the laser source and detectors. For the optics currently mounted on the setup, 

the coupling efficiency has been calculated as 0.1%.  

In the following the IV characteristics and DQE of the films of Tab. 3.1 are shown, 

together with a summary table for direct comparison: 

 

Film Ic (µA) DQE (%) Tc (K) 

NbN29 8.2 ~1 9.3 

NbN41 5.9 ~1 9.4 

NbN60 6.0 ~0.1 10.2 

Tab. 3.2 Summary of avarage Ic and maximum of DQE of the nanowires fabricated on the films of Tab.3.1   

 

 

Fig. 3.9 a) IV characteristics and b) DQE curves of nanowires fabricated on different NbN films   

The immediate results that come to the eye are the low value of DQE for the NbN60, that 

has the highest Tc. The two films (NbN29, NbN41) with lower Tc, despite the quite 

different values of Ic, show an optical response of the detectors that is the one expected 

considering the kind of device. The theoretical maximum for the DQE of NbN on GaAs 

when the detector is not integrated with a waveguide and other kind of optical cavities is 

only 10%
[14]

.  

Eventually it will be shown in Chap.5.3.1 that this value of 1%, measured at 4K, 

corresponds to 28% for a similar detector integrated on waveguide and measured at 2K.  

However the value of DQE = 0.1%, for a film with high Tc and for devices with Ic 

comparable to the one of NbN41, it is very surprising. Further investigation on this film 

showed the presence of craters (<100nm) on the surface (Fig.3.10 b). The presence of 

holes is correlated to the higher value of Tc as already has been observed and explained in 
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the previous paragraph (par. 3.2.1). It also has to be noticed that the distribution on the 

average value of Ic is two times bigger than for the devices from other films, further 

implying the effect of constrictions
[11]

 on the Ic. 

Films with higher Tc are an advantage under a theoretical point of view
[12,13]

 but also 

practical one, since the limitations related to a good thermalization of the samples inside 

the cryostat are a bit less restraining in the case of higher Tc. However as it has been 

shown in this chapter, it is crucial to work in a range of Tdep that is very far away from the 

threshold temperature of As evaporation. For this reason, as it is not always easy to clearly 

visualize the craters in the AFM pictures, it has been chosen to work only with films in 

which the measured Tc is below 10K, specifically in a range of 9.3-9.7K.     

 

 

Fig. 3.10 SEM pictures of nanowires fabricated on top of NbN41 a) and NbN60 b) 

 

3.4 SSPD design optimization 

The requirement of placing the SSPD on top of a suspended nanobeam (SNB) calls for a 

compact design that diverges from the standard meander shape SSPD. This compact 

design is basically a single U-turn (Fig. 3.10) of a meander SSPD, connected to larger 

wires (300nm) that link the U-turn to the metal contact pads, used to bias the detectors. 

Placing the wires on top of a SNB guarantees higher absorptance of the photons requiring 

a shorter length in order to achieve the same efficiency. So for this work a length of the 

wire of 20µm has been chosen, as will be explained in Chap.5.2. All the other variables of 

the design of the SSPD (pitch, width, shape of the bending point, length and width of the 

contact wires) are going to be discussed in the following. 
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3.4.1 Pitch 

The idea to see how the pitch influences the behaviour of the nanowires arose mainly 

because the first fabricated SSPDs didn’t show any photon response, but had values of Ic 

that were way above (> 25µA) what could be expected for nanowires with such design 

(100nm width, 20µm long, 260nm pitch). The high values of Ic led to the belief that the 

etching in the middle of the U-shape of the wire might not have entirely work, creating a 

bridge between the two sides of the wire. A nanowire with a width bigger than 300nm, 

instead of the designed 100nm, could explain both the high Ic and the absence of 

responsivity to the excitation light (λ=1300nm).        In order to verify this hypothesis, 

devices with larger pitch (290,320,350,380,420nm) were fabricated and electro-optically 

characterized. In the following the IV and DQE curves of one representative device (the 

one with higher Ic) for each pitch are shown. 

 

Fig. 3.11 a) IV characteristicts and b) DQE curves of nanowires fabricated with different pitches. 

 

Pitch 

(nm) 
260 290 320 350 380 420 

Ic (µA) 8.1 8 8.3 8.6 7.6 8 

DQE (%) 1.3 1.4 0.9 0.9 1.2 1 

Tab. 3.3 Summary of  avarage Ic and maximum of DQE of nanowires with different pitch 

As expected the electrical properties of the SSPDs do not change if the pitch is being 

varied as this does not affect the cross section of the wire (Fig.3.11 a). A more detailed 

comparison between the Ic for different pitch is shown on Tab. 3.3, together with the 

maximum DQE values. 

Clearly the hypothesis was verified, since for every considered pitch the value of Ic was 

within the expected range and also the photon responsivity was present. The devices with 

pitch of 260nm were also perfectly working. Actually, as shown in Fig.3.12 the supposed 
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bridge between the two parts of the wire was not covering the full space among them, but 

only the conjunction point with the contact wires. The contact wires were touching each 

other creating a short circuit, so the current was bypassing the nanowire altogether making 

them unresponsive to photons. This problem was easily solved by moving the contact 

wires further apart, without compromising any other sensitive part for the integrated 

SSPD design.  

 

 

Fig. 3.12 SEM picture of the conjuction point between nanowire and contact wires, in which the NbN bridge, 
usually hidden underneath the HSQ mask, is exposed and visible (yellow rectangle).   

As expected there is no sign of a significative difference between the different pitches
[15]

. 

The DQE curve of the device with 260 nm pitch (Fig. 3.11 right) reflects this behaviour as 

well, and actually shows the highest DQE at lower bias current. Since the low bias current 

is the best region to work with, due to very few dark counts, and also considering the 

convenience of positioning one or two SSPDs with a small pitch on top of a narrow 

nanobeam (1µm), the pitch for the final design has been set at 260nm.     

 

3.4.2 Width  

As mentioned previously (Chap1.4.2), the DQE can theoretically be enhanced by using 

narrower wires as this decreases the size of the section that has to be made resistive. To 

pursue the goal of high efficiency SSPDs on GaAs, nanowires with widths of 80 nm 

together with the standard width of 100 nm have been fabricated and electro-optically 

characterized.  

Changing the width of the wires and therefore its cross section obviously has 

consequences on the electrical properties. More specifically, the value Ic is expected to 

decrease linearly with decreasing width, but, as can be seen in Fig.3.13 (a), the ratio of  Ic 

between the two different designs is around 0.6, three times more than expected. 

Moreover the distribution around the average of Ic is much wider for the 80nm wires than 
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for the 100nm ones (Fig. 3.13 b, c). Both these facts lead to the conclusion that the 

nominally 80 nm width wires are narrower (~75nm) and much more affected than larger 

wires by variation in width due to fabrication imperfections or by inhomogeneities of the 

NbN film. 

 

Fig. 3.13 a) IV characteristics for a 100nm and an 80nm wide wires. b) and c) Ic distribution of devices with 
width 80nm (b) and 100nm (c). 

 

Fig. 3.14 Dependence of the counts on the trigger level for 100nm and 80nm wide devices and for the two 

configuration unbiased (noise) and biased (noise+dark counts). 

Before every optical measurement it is important to set a trigger level on the counter that 

cuts out the electrical noise permitting only to dark and photon counts to be registered. 

The value of this trigger is easily found for SSPDs in which the Ic has a reasonably high 

value. However if the Ic is very low, like in the case of the 80nm wires, finding an 

adequate value for the trigger can be tricky. In Fig.14 the number of registered counts as a 

function of the trigger level is shown for an 80 nm and a 100 nm wire. These 
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measurements have been done for both unbiased detectors (noise), and biased detectors 

(noise + dark counts), in which the dark counts are measured together with the electrical 

noise. The 100 nm wire shows a clear difference between unbiased (green curve) and 

biased behaviour (blue curve) and for this wire the trigger level could be easily set 

between 70 and 100 mV, such that the electrical noise is completely cut out and the counts 

are all above trigger level. The 80 nm wire shows a less clear difference (black and red 

curves) and it is not immediately clear which trigger level will perform optimally. The 

plateau of the electrical noise plus dark counts line lays around 60 mV, but at this trigger 

value a lot of noise will also be registered. This leads to the conclusion that, due to the low 

value of Ic, finding an adequate trigger level for the 80nm wires is problematic, causing 

uncertainty on the reliability of the optical characterization of those wires. 

Even in this condition in which it is difficult to find a proper trigger level, optical 

measurements of 80nm wide wires have been performed. In the following are shown the 

DQE curves for the 80nm and 100nm wide wires (Fig. 3.15). Unsurprisingly as 

theoretically expected, the 80nm detectors show higher DQE = 2.5% against the 1% that 

we already saw previously (par. 3.3) for the 100nm wires. Moreover for low bias current 

the DQE curve of the 80nm is way higher compared to the one of 100nm, and shows 

almost a saturation behaviour that has rarely been seen on standard NbN detectors on 

GaAs. However, even if the higher DQE would suggest to choose the 80nm design for the 

integrated SSPDs, lastly the standard 100nm one has been chosen. Indeed the very low 

average value of Ic together with a very broad distribution around it, meaning that a high 

percentage of the analysed devices could have Ic below 1µA, make the 80nm wide wires 

not suitable in term of scalability and integration. As it will be shown on the next chapter 

(Chap.4.2.2), the fabrication steps, that allow the integration of the SSPDs on quantum 

photonic circuits, damage the wires reducing step by step the initial value of Ic. So 

compromising on the efficiency in favour of a higher Ic was considered a safe choice.  

 
Fig. 3.15 DQE for an 80nm and a 100nm wide wires 
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3.4.3 Bending points 

The geometry of the bending points has been designed following ref.[16], in order to 

avoid the problem of current crowding. When an electrical current travels through a 180° 

turn or around a sharp corner in a thin film, it tends to concentrate on the inner boundary 

of the curve. In a normal metal, this effect is known as current crowding, and results in an 

additional resistance around the bend area. In a superconductor the effect is analogous, 

except that it manifests itself primarily as an area with reduced critical current. A 

superconducting wire will become resistive as soon as the critical current for the inner 

corner is exceeded, even if the total current is lower than the critical current of the 

connecting straight-line segments. Basically those points could be considered the same as 

constriction points
[11]

. However, it has been proved that, a rounded shape for the inner 

corner can guarantee the same critical current on those points, as the one of the straight 

parts of the wire. The complex mathematical calculation reaches a model for an optimum 

design, in which the only important parameter to take into account is the width (w) of the 

nanowires. In the following are sketched the derived optimum designs for a 90° and 180° 

turn in function of w (Fig. 3.16 left). Both the 90° connection points between the nanowire 

and the contact wires and the 180° bending point of the nanowire, have been designed and 

fabricated following this method depending on w (Fig. 3.16 right).   

 

Fig. 3.16 On the left optimum design for 90° and 180° turn in function of nanowire width w. On the right SEM 

images of the fabricated nanowires following the designs on the left. 
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3.4.4 Contact wires 

The contact wires do not constitute simply an electrical link among the nanowire and the 

metal pads, they play an important role in terms of recovery time of the SSPD. As already 

discussed in Chap1.4.2 the dead time (3τe) is directly proportional to the kinetic 

inductance (Lk) of the nanowire divided by the load resistance (RL), meaning that to 

obtain a fast SSPD either the Lk is decreased or the RL is increased. However it has to be 

kept in mind that an excessive decrement of Lk and increment of RL might lead to latching. 

In this case RL =50Ω and Lk/□=90pH are the used parameters
[17]

 that guarantees the 

absence of latching. Indeed Lk/□ = µ0λ
2
/t, where square (□) is the ratio of the length of the 

nanowire to its width, t the thickness of the film, µ0 absolute permeability and λ 

penetration depth of the superconductor. So once the superconducting material and its 

thickness are established, it is possible to find the specific Lk per square. The number of 

squares, required for a NbN film, such that the proper value of Lk is obtained, are equal to 

1600. This total number has to be reached considering all the squares of all the wires, so 

including both nanowire and contact wires. The already selected length of 20µm and 

width of 100nm for the nanowire represent 200□. The remaining 1400□ have been 

included by adjusting the length of the contact wires, considering a fixed width of 320nm 

(double the wire spacing).  

The devices fabricated following this design did not show any latching and the measured 

recovery time is comparable with the one of a standard SSPD (Chap 5.3.2.).   

 

3.5 Conclusion 

Several NbN films have been analysed in terms of roughness and Tc in order to identify 

the best deposition conditions, specifically as a function of the deposition temperature. 

However, only the electro-optically characterization of devices, fabricated on films with 

slightly different characteristics, brought to a conclusive result. Indeed it has been found 

that even if it is advisable to work with films of higher Tc (>10K), it is safer to restrict the 

range to 9.3-9.7K, so that the deposition temperature is kept low and even small As 

evaporation is avoided. Films within such range of Tc have shown one order of magnitude 

higher DQE compared to films with higher Tc.  

Once the sputtering deposition parameters have been found such to have a very smooth 

surface and Tc within the above mentioned range, the NbN is deposited on top of the  

heterostructured pieces grown by MBE.   

After this step the contact pads and alignment markers, consisting of 14 nm Ti and 140 

nm Au layers, are defined through optical or electron beam lithography (Chap.2.3.1), 

followed by electron beam evaporation (Chap2.3.2), and lift-off. The nanowires and the 

contact wires are patterned by electron beam lithography on a 100-nm-thick mask of HSQ 

(Chap.2.3.1). The nanowires are 20µm long with a pitch of 260nm and width of 100nm, 
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that has been preferred to 80nm due to the too low value of Ic that those last nanowires 

shown. All the bending points have been designed to avoid the current crowding and the 

contact wire (320nm wide) is long enough to provide the proper total kinetic inductance.  

In the next step the design is transferred from the HSQ mask to the NbN film via reactive 

ion etching (RIE) in an Ar/SF6 plasma (Chap2.3.4). The fabrication of the SSPDs is 

concluded with this step. From this point on all the rest of the fabrication is entirely 

dedicated to create the nanophotonic structures of the integrated circuit (see next chapter).  
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Chapter 4 

Quantum Photonic Integrated Circuit 

fabrication processes 

 

4.1 Introduction  

The integration of SSPDs into nanophotonic circuits has been proved on different 

platforms: on GaAs with waveguides
[1]

 and QDs
[2]

, on Si with waveguides
[3]

 and 

nanobeam cavities
[4]

, on Si3N4 with waveguides and beam splitters
[5]

 and Si LED
[6]

 or 

carbon nanotube light emitters
[7]

, on diamond with waveguides and beam splitters
[8]

. 

However the demonstrated circuits lacked of more complex structures (high-finesse 

cavities and electro-mechanical tunable cavities, tunable single photon sources), needed 

for photonic QIP. The integration of this kind of structures on a platform containing 

SSPDs presents significant technological challenges, as it will be shown in this chapter.  

One of the main concerns, regarding the integration of NbN nanowires with other 

nanophotonic components on a GaAs platform, is related to the thermal degradation of the 

NbN film after its deposition. Indeed while for other platforms
[6,8]

, it has been possible to 

operate at high (>250°C) temperature without compromising the SSPDs` characteristics. 

A degradation of the film for temperature above 210°C has been observed on GaAs.  To 

systematically test this behaviour, test samples containing perfectly working SSPDs have 

been baked on hot plate for 2 min, exploring a temperature range between 210°C  and 

300°C. The baking time of 2 min has been chosen following the one used for the 

hardening of e-resists such as HSQ or ZEP. Afterwards the detectors have been 

electrically tested at 4.2K, and the average values of Ic are shown in Fig. 4.1 as function of 

the baking temperatures. The error bar represents the standard deviation considering 10 

devices measured for each baking temperature.  

The average Ic drops already to half (~4.5µA) of the value, measured before any baking 

and also at 210°C (~8µA), for an increase in temperature of only 20°C (at 230°C). The 

average Ic keeps decreasing as the baking temperature is increased, up to the point, at 

300°C, for which the superconductive behaviour almost disappears and Ic ~0.5µA. This 

behaviour is most probably due to a fast oxidation of the NbN film, which has been 

proved to deteriorates the superconducting properties
[9]

.       

This temperature limitation, regarding the fabrication of nanophotonic structures on GaAs, 

has required the exploration of different solutions, in order to integrate such components 
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without damaging the superconductive wires. In this chapter a low-temperature (LT) 

fabrication process will be presented and compared to the “standard” temperature process 

normally used for the fabrication of nanophotonics components, such as photonic crystal 

cavities. The LT fabrication process, that in principle solves the temperature problem, will 

show the capability of producing high performances SSPDs integrated in the proposed 

QPIC. However the reproducibility of such result has been limited to few fabricated chips. 

The reasons behind the lack of reproducibility have been carefully analysed, for every 

fabrication step, in the present chapter.  

 

Fig. 4.1 Average SSPD critical current as function of the baking temperature for baking time of 2min. 

In the first part of the chapter, the optimized process for integration on single membrane, 

of SSPDs with ridge waveguides, PhC cavities and waveguides and suspended 

nanobeams, will be shown.  In the second part, the optimized process for the integration 

on double membrane and doped layers, with electro-mechanically tunable PhC cavities 

and Stark diodes will be presented.  

 

4.2 Optimized process for integration on single 

membrane 

The heterostructures used for the fabrication of these integrated devices, have been grown 

by MBE on an undoped GaAs substrate where a layer of GaAs with 320 nm thickness, 

embedding low-density InAs QDs, is grown on top of a 1.5 µm thick layer of 

Al0.7Ga0.3As, used as sacrificial layer (first two layers from the bottom of Fig. 4.2).  

Once the NbN film is sputtered on top and the steps needed for the fabrication of the 

SSPDs (Chap. 3.5) are completed, the next steps required for the integration of RWGs, 

PhCCs and PhCWGs, SNBs, are the ones presented in the following.  
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4.2.1 Standard process flow on single membrane 

Before presenting the optimized LT process, the standard temperature process flow, used 

for the fabrication of PhC structures and RWG, is shown in the following. This process 

has been developed inside the NanoLab@TU/e cleanroom facility by Dr. L. Midolo and 

Dr. T. Xia and later optimized by Dr. M. Petruzzella.  The process flow for the fabrication 

of high quality factor photonic crystal can be summarized in the following 8 steps: 

1. At the beginning of the process the sample is cleaned with O2 plasma and 

deoxidized in a diluted solution of ammonium hydroxide.  

2. A thick SiN layer (400 nm) is deposited by PECVD at 300°C for 30min to 

conformally cover the all surface and be used as hard mask. 

3. On top a ZEP-520A e-beam resist is spinned, pre-baked from 100°C to 150°C in 

4min and then at 200°C for other 2min. The PhCC patterns are then exposed in 

the EBL system and the ZEP developed.  

4. The holes are then etched in the hard mask by a dedicated RIE machine at room 

temperature, using a pure CHF3 recipe without oxygen for about 22min. 

5. The residual resist is stripped-off from the SiN hard mask with O2-plasma at 300 

W for 20min.  

6. The processing continues with the transfer of the PhCC from the SiN hard mask 

to the GaAs membrane. In order to obtain an optimized anisotropic vertical dry 

etching of the holes an ICP machine rather than a standard RIE has been 

employed. The chosen chemistry has been Cl4/N2 at 300°C for 4min. 

7. To have the GaAs PhCC membrane surrounded by air, the AlGaAs sacrificial 

layer is removed below the PhC region. Two wet etching methods have been 

investigated. The first consists of a 1% HF dip for 10 sec and then cold 

concentrated 37% HCl acid for 8min at 1°C with a final water rinse. The second 

one consists of 10s etching in 10% HF and rinse in deionized water.  

8. If metal contacts are present in the sample the SiN hard mask must be completely 

removed in order to clear the access to the µ-probes used during the experimental 

measurements to bias the devices.  This is done by dry etching in a RIE machine 

at room temperature, using CF4 plasma. 

Clearly some steps of the standard temperature process (n. 2, 6) require higher 

temperatures than the one of thermal degradation of the NbN film (210°C). In the next 

paragraphs the alternative solutions to those steps are shown and an optimized LT process 

presented. Moreover, even if not directly related to temperature issues, some of the other 

steps (n. 1, 4, 7, 8) have been shown to be also critical in order to maintain high 

performances SSPDs and have been modified.    
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4.2.2 Optimized process flow 

The optimized low-temperature process flow is the following (Fig. 4.2): 

1. A SiN layer (230nm) is deposited by ICP PECVD at 70°C for 15 min. 

2. Metal contacts are opened as follow:  

2.1 Optical lithography as described in Chap 2.3.1 

2.2 SiN etching by general purpose RIE machine at room temperature, using 

CHF3 plus O2 for 5 min (100nm of SiN etched). 

2.3 Optical resist removal by ultrasonic bath in acetone and then isopropanol.  

3. The PhCC, PhCWG and RWG are patterned on top of the e-resist ZEP, following 

the same process as described in step 3 of the previous process flow. 

4. SiN etching to transfer the pattern in the hard mask. Same recipe as n.2.2 but for a 

time of 12min (200nm of SiN etched). It has been found that this etching 

time is one of the most critical parameter in order to obtain high 

performances SSPDs (see par. 4.2.4).  

5. The residual e-resist is removed by O2-plasma at 300 W for 30min, 

using only quartz sample holder in order to partially thermally isolate 

the sample from the heating produced by the plasma. 

6. The structures are transferred to the GaAs membrane by dry etching using a 

general purpose RIE machine at room temperature. The used chemistry is pure 

SiCl4 for 4min (30nm SiN + 320nm GaAs + 350nm AlGaAs etched). The GaAs 

etching time is the other most critical parameter in terms of SSPD integration (see 

par 4.2.5).  

7. Undercut of the AlGaAs sacrificial layer by wet etching at 1°C  in 37% HCl 

solution for 8min. Ultrapure water rinsing and drying in warm isopropanol at 

80°C temperature, to avoid membranes collapsing produced by the air pressure of 

a standard drying by pressured N2.  

Overall the process flow of the low-temperature process is not very dissimilar from the 

standard temperature one, except for the use of etching system that can work at low 

temperature. But it has to be underlined that the step 1 of pre cleaning of the sample 

surface, used for the standard temperature process, has been removed. Indeed it has been 

observed
[10]

 that the HSQ is prone to damage when exposed to oxygen plasma. However 

some kind of cleaning is required. Indeed when the surface is not cleaned before the SiN 

deposition, there is a high risk of finding resist particles on the surface. Those particles 

could compromise the uniformity of the hard mask in certain areas of the chip damaging 

the fabrication final result on those areas. Even worse they could produce a completely 

cracked hard mask through which all the chemicals (especially acids for wet etching) can 

pass reaching directly the NbN nanowires. 
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When the fabrication part for the PhCC and RWG starts, the surface presents only the 

SSPDs metal contact pads and the HSQ nanowires covering the NbN film. The sample 

has been cleaned in the last step with acetone and isopropanol, but any other kind of 

cleaning (like oxidation-deoxidation, HF buffer (BHF), etc.) could potentially damage the 

covering layer of HSQ or worse the NbN film. However it has been observed, that, even 

with a simple acetone/isopropanol cleaning, without a special pre conditioning of the 

sample surface, the SiN hard mask maintains a good uniformity all over the chip and 

usually does not present cracking.  

The other main difference of the optimized process flow is the presence of the metal 

contacts opening step (n. 2) and the elimination of the final SiN removal. Indeed the SiN 

has been used, not only as hard mask for transferring the PhC and RWG patterns on the 

GaAs membrane, but most importantly as protection of NbN nanowires during all the 

fabrication steps. A final SiN removal has disastrous consequences for the integrated 

SSPDs (par. 4.2.7), so in order to have access to the metal pads, an intermediate step of 

opening only of the contacts had been introduced.      

All the other steps are discussed in the following in details, considering especially the 

effect of the fabrication parameters on the SSPDs performances.    

 

Fig. 4.2 Schematic of the optimized process flow: the number indicates the corresponding process step.  
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4.2.3 SiN hard mask deposition 

Since the deposition at 300°C of the SiN hard mask is not suitable for the SSPDs, one 

easy way of solving the problem would be trying to deposit the nitride in the same 

PECVD system, but at low temperature. However it has been observed
[11]

 that films 

grown in this condition can contain significant amount of hydrogen, that compromises 

their structural and electronic properties. Therefore a different solution has been sought. 

An alternative deposition technique, to obtain high quality SiN film at low temperature, is 

the use of an ICP PECVD machine (Chap. 2.3.3). One way to judge the quality of a 

nitride films is to check the mechanical stress, the refractive index and the wet etching rate 

to acids such BHF. It has been found
[12]

 that below a deposition temperature of 200°C, the 

ICP PECVD is capable of producing SiN films with comparable mechanical stress (200-

800MPa) and refractive index (1.8-2.2) as the ones produced by PECVD at 300°C. 

Moreover the BHF etch rate is basically constant (≤ 200nm/min) for deposition 

temperatures from 40°C to 300°C and comparable to the one of PECVD for deposition 

temperature above 200°C. The low BHF etch rate, verified also during this experimental 

work, is an indication for high density and low hydrogen content of the film.  

The SiN films, used for this work, have been produced with the following system 

parameters: 

RF frequency 13.56 MHz, ICP power 800W, RF power 100W, chamber pressure 

10mTorr, SiH4 flux 29sccm and NH3 flux 24sccm, temperature deposition 70°C.  

According to the relative gas flux ratio (0.82) and the RF power chosen, the produced SiN 

film should have: stress of 600MPa and refractive index of 2.0. Moreover a BHF etch rate 

of 20nm/min and deposition rate of 15.3 nm/min have been experimentally measured.  

The thickness of the deposited SiN layer is a crucial parameter for the realization of the 

PhC structures. Indeed the ratio between SiN and ZEP thickness is fundamental for a 

proper transfer of the PhCC pattern to the SiN hard mask and then to the GaAs membrane.  

For example if the ZEP is too thin the SiN surface becomes uncovered before the holes 

are completely etched, with an increase of the holes dimensions and SiN roughness, that 

can worsen the later PhCC dry etching in GaAs. If the ZEP is too thick a trenching effect 

starts to arise inside the holes with the reacting ions of the RIE plasma that undergo spiral 

trajectories reducing their energies and therefore the etching rate in SiN, with poor results 

in depth and verticality of the holes.  

On the other hand if the SiN is too thin, there is the risk that it will be completely etched 

away before all the fabrication steps are completed, leaving the sample surface uncovered. 

If it is too thick, an effect similar to the one for thick ZEP is expected. Moreover if the 

SiN and ZEP etching rate in the RIE are not balanced, it can happen that the ZEP is 

entirely consumed before the holes are completely etched up to the bottom of the SiN 

mask.  

After several tests, a good balance has been found with a SiN layer of 230nm (15min 

deposition time) and ZEP thickness of 415nm (spinner 2700rpm). Compared to the 
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standard-temperature process the ZEP thickness has not been drastically changed (390nm 

vs 415nm). However the SiN thickness has been almost halved (400nm vs 230nm). As it 

will be discussed in the next paragraph, since the density of this new mask is higher than 

the one produced at high temperature, a new etching recipe had to be found. The new 

optimized etching recipe has an etching rate that is lower compared to the one for the 

standard-process SiN. This explains why a thickness of 230nm is required in order to 

obtain a reasonable layer of ZEP (~130nm) at the end of the SiN mask etching. Moreover, 

due to the very slow wet etching rate of the low-temperature SiN mask, its 230nm 

thickness is always enough to guarantee a thick (>50nm) covering layer above the full 

chip.      

 

4.2.4 SiN hard mask etching 

Commonly the dry etching of dielectric materials, such as SiO2 or Si3N4, used as hard 

mask is performed by using either CF4 or CHF3. Both chemistries are employed in the 

standard PhC fabrication process, either to etch large (>1µm) structures (RWGs, vias or 

metal pads openings) with CF4 or to etch PhCs structures with pure CHF3. Pure CHF3 

guarantees high etching selectivity and directionality, therefore resulting more suitable for 

the etching of small and particularly fabrication sensitive structures such as PhCs.  

Both chemistries have been tried in order to etch the LT SiN hard mask, but the results 

have been poor, in terms of etching rate (completely unbalanced comparing it with the one 

for the ZEP) but most importantly in the ability to completely remove every residual 

layers of the mask.  

Indeed it is known
[13]

 that, in CF4 and CHF3 plasmas, polymer-forming radicals can 

deposit on the substrate to form a barrier layer consisting of various bonds of carbon and 

fluorine. This protective layer acts as a diffusion barrier for the fluorine radicals to reach 

the surface of the material to be etched. The etch rates of dielectrics is inversely 

proportional to the thickness of this polymer layer and, eventually, for very thin layers of 

dielectric (<10nm) it has the ability to completely stop the etching. Moreover SiO2 and 

Si3N4 have different abilities to consume carbon species during etching. The SiO2 reacts 

stronger with fluorocarbon as compared to Si3N4. This is because oxygen in the oxide 

layer provides additional reaction channels with carbon in the polymer layer over nitrogen 

in the nitride layer. Therefore the addition of O2 in the plasma could provide additional 

reaction paths that decrease the thickness of the polymer barrier layer on Si3N4.  

Indeed, a study
[14]

, about the dry etching of dielectrics by CHF3/ O2 chemistry, has proved 

how even a small amount of  O2 is helpful to reduce the polymer barrier, allowing a fast 

etching of the SiN mask.  

This result has been confirmed in this work during the etching of the LT SiN hard mask. 

Indeed, without changing any other parameters (RF power 100W, process pressure 60 

mTorr and total gas flow 60sccm) compared to the recipe with pure CHF3 chemistry, a 
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small alteration on the stoichiometric ratio of the reactive chemicals has produced the 

sought result. Simply adding a flow of  O2 of 5 sccm to the 55 sccm of CHF3 has been 

enough to both solve the inability to etch the last residual layers of SiN and achieve an 

etching rate (16.5 nm/min) which allows to work with the one for the ZEP (25 nm/min).  

The high density and most importantly the low impurity content of the LT SiN hard mask 

are probably the reasons why the standard etching recipes, used for high-temperature 

PECVD SiN, have not worked in this case.  

The room-temperature oxygen-enriched CHF3 recipe has been used in this work for every 

etching of SiN layer, ensuring directionality and selectivity, as it is shown in the following 

SEM cross-section picture (Fig. 4.3) of a PhC structure after the SiN etching.     

 

 

Fig. 4.3 SEM cross-section image of a PhCs structure after SiN etching. Colours have been added for clarity: in 

red the  GaAs substrate and single membrane, in green the AlGaAs sacrificial layer, in yellow the SiN mask, on 
top the ZEP residual layer.  

However, as already mentioned, even if in principle this etching procedure (room 

temperature process and NbN covered by several layers of materials for a total thickness 

of 400nm) should not produce any particular effect on the functionality of the SSPDs, it 

has been discovered as one of the most damaging in terms of detector integration. Indeed 

it has been observed often that after this etching step the average Ic of the SSPDs would 

drop from a standard ~8µA to half of it, with severe consequences on the detector 

efficiency. This behaviour has been noticed with an unpredictable dependence of the 

etching time and process chamber conditions. To try to understand and solve this 

unexpected behaviour, several tests have been performed.  

To test the dependence on the etching time, test samples with working SSPDs have been 

covered with resist (~1µm thick and not etched by the SiN etching recipe) and inserted 

inside the process chamber, switching on the same plasma used for the etching of the SiN 

hard mask. For each test 4 pieces of similar dimensions have been inserted and left in 

plasma for 9 min, then, one piece has been removed for future electrical characterization, 

and other 3 pieces left inside for another extra 2 min in plasma, for a total time of 11min. 

A similar procedure has been repeated such to end up with a single piece, that has been 
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kept in plasma for a total time of 14min. Such step by step procedure has been chosen to 

exclude an overheating effect of the substrate due to a prolonged time in plasma. The 

minimum time of 9 min has been selected due to the fact that for such time a degradation 

of the NbN films during previous tests has never been observed. The maximum time of 14 

min, has been chosen as the maximum time needed for SiN etching for all structures and 

machine conditions.  

Moreover, during this experimental work, it has been noticed that the use of a general 

purpose RIE machine (used by several users to etch different kinds of materials) does not 

help in terms of reproducibility of the process. Different results have been obtained during 

different time periods of the machine use, without the possibility of finding a way to reset 

the system, such to guarantee the reproducibility of the fabrication process. For this reason 

two sets of data have been acquired during two different periods, corresponding to 

different machine conditions. The processing for the first data set (Set1) has been carried 

out inside a process chamber completely clean of every contamination of other materials, 

possible thanks to manual cleaning and polishing of every surface inside the chamber 

before the use. The second data set (Set2) has been acquired after 15 days of machine use 

by other users. It has to be underlined that before every use the process chamber has been 

cleaned using O2 plasma for 45min and preconditioned for 20min by oxygen-enriched 

CHF3 plasma. After the plasma treatment, the samples have been cleaned with acetone and 

isopropanol in order to remove the resist mask and electrically characterized at 4.2K. 

One exemplary IV curve for each etching time is shown in Fig. 4.4 a, while the behaviour 

of the average Ic as function of the etching time is presented in Fig. 4.4 b, considering both 

Set1 and Set2 to see the difference according to the chamber conditions. The error bar is 

the standard deviation over the 10 devices measured for each etching time. 

 

 

Fig. 4.4 a) Exemplary IV characteristics of SSPDs after SiN etching processing for different etching times. b) 

Average Ic as function of the SiN etching time for two different process chamber conditions: clean chamber 
(Se1), “used” chamber (Set2). 

As expected for the minimum etching time of 9 min, the average Ic does not decrease 

compared to the standard one (~8.5µA) usually obtained at the end of the SSPDs 
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fabrication process. Moreover within the error there is no difference as function of the 

chamber conditions (first point of Fig. 4.4 b for Set1 and Set2). However a decrease of the 

Ic is observed for longer etching time as well as a different dependence as a function of the 

chamber conditions. The decrease is faster for Set1 (down to 4.6µA) rather than for Set2 

(down to 5.3 µA). At the beginning it was assumed that different chamber conditions 

could be seen by monitoring the plasma voltage, and that a strong difference in voltage 

could explain the different results between Set1 and Set2 and for different etching time. 

However the monitoring of the voltage, during all the processes, has not underlined any 

particular variation and a constant 380±1V has always been observed for every chamber 

conditions and for every considered time.    

Excluding a voltage dependence as well as an effect produced by substrate overheating, 

considering the step by step procedure followed for the sample processing, the observed 

behaviour of decreasing Ic for long etching time suggests that the exposure to the plasma 

is the reason for the progressive film degradation. However this does not explain the 

difference between Set1 and Set2. 

Considering that usually the etching time required to etch the PhCs structures is around 

11-12min,  for a chamber not completely cleaned (Set2) the value of Ic is still acceptable 

(7μA) in order to have good working detectors. However often it can happen that 

according to the machine condition a longer etching time is required to etch through the 

PhCs holes, reducing even more the value of Ic. 

 

4.2.5 GaAs etching 

After the removal of the residual e-resist, the patterned structures are transferred to the 

GaAs membrane by using the same RIE system used for the SiN etching. The room 

temperature recipe has been implemented in the system by Dr. F. Pagliano and it uses a 

pure SiCl4 chemistry. This recipe has shown good directionality as observed in the SEM 

cross-section picture of Fig. 4.3 of a PhCs structure.  

The etching rate of the LT SiN hard mask (~37.5nm/min) has been monitored during this 

step to avoid excessive mask erosion with consequent increase in the hole diameter. 

Ensuring that about 100 nm of SiN would remain after dry etching of the GaAs membrane 

is a good rule of thumb for a proper PhCC processing. 

Unfortunately, as already stated in the previous paragraph, the use of the general purpose 

RIE machine does not guarantee a good reproducibility of the process, especially in terms 

of etching rate. To etch through the residual SiN layer (~30nm) and the GaAs membrane 

(~320nm) to finally reach and partially etch (~350nm) into the AlGaAs layer, a time 

between 3 min 30s and 4 min 30 s has been used, according to the machine condition. 

While, once the etching rate is found for a particular run, the time can be tuned in order to 

completely open the PhCs structures without damaging the photonic components, the 

SSPDs functionality has been found, once again, strongly dependent on the used etching 
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time. Exactly the same procedure used in the previous paragraph has been used to try to 

understand and solve this unexpected behaviour. Two sets have been processed in two 

different periods either with the chamber completely clean (Set1) or after 15 days of use 

(Set2). The procedure has been made step by step considering etching time from 3min to 

4.5min with step of 0.5min between each step, but of course this time the SiCl4 plasma 

used for the etching of GaAs has been ignited.   

 

 

Fig. 4.3 SEM cross-section image of a PhCs structure after GaAs etching, the top darker layer is residual SiN 

The samples have been electrically measured at 4.2K and one exemplary IV curve for 

each etching time is shown in Fig. 4.6 a. The behaviour of the average Ic as function of the 

etching time is presented in Fig. 4.4 b, both for Set1 and Set2.  

 

 

Fig. 4.4 a) Exemplary IV characteristics of SSPDs after GaAs etching processing for different etching times. b) 

Average Ic as function of the GaAs etching time for two different process chamber conditions: clean chamber 

(Se1), “used” chamber (Set2). 

The minimum etching time of 3 min has been selected on purpose since no degradation of 

the detectors has been observed previously. However a small reduction of Ic (7.4µA) is 

already observed for 3min time in the case of Set1. Indeed a larger difference between 

Set1 and Set2 is observed in Fig. 4.6 b comparing it with the one of Fig. 4.4 b.  The 

decrease of Ic as function of the etching time is much faster for Set1 leading to a value as 
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low as 0.5µA for a time of 4.5min. For Set2 instead the average Ic does not go below 

3.6µA. 

However, contrary to the SiN etching case previously analysed, in this one a relevant 

difference of ~10V in the plasma voltage has been observed, comparing Set1 (628±2V) 

and Set2 (618±2V).  

Indeed, this voltage difference could explain the quite different behaviour of Set1 

compared to Set2. However within one set, so within certain machine condition, no 

voltage difference has been observed for different etching times.     

Also in this case, excluding the voltage dependence and the overheating of the substrate, 

the reduction of Ic as function of the etching time is due to the exposure of the nanowires 

to the plasma.   

As previously stated, the appropriate time, required to etch through the PhCs holes such to 

obtain clean suspended structures, changes from time to time, according to the chamber 

condition, by an amount of around 1 min such that large differences in Ic can result. 

Therefore, finding a balanced etching time, such to preserve high-quality functioning 

detectors, but at the same time enough to etch all through the PhCs structures, has been a 

big challenge for each fabrication process.  

Finally it has to be underlined, that if only structures of large dimension (>1µm) are 

fabricated, such as RWGs, the etching times required, in order to etch the SiN mask 

(8min) and the GaAs membrane (3min), are much less than the ones used for etching 

through the PhCs structures. Therefore the reproducibility of the LT fabrication process, 

such to obtain high-quality working detectors, is guaranteed in this last case. 

 

4.2.6 Wet etching 

In order to realize free-standing structures (PhCs membrane, SNBs), the Al0.7Ga0.3As 

sacrificial layer has to be removed below them.    

To do that, two wet methods have been considered in terms of etching capability and 

compatibility with the integrated detectors.  

The first method consists of 10s dip in 10% HF and rinse in deionized water. This method 

is particularly efficient when the aluminium content in the AlGaAs layer is higher than 

70%. This technique is very clean, reducing the probability to end up with Al-related 

hydrofluoric compounds underneath the suspended membrane. However this method does 

not give any geometrical control, contrary to the second one.  

In the second method a wet etch in a cold (1°C) 37% HCl solution is performed. It has 

been experimentally found
[15]

 that cold HCl can etch the AlGaAs layer with strong 

anisotropy. This anisotropy originating from different etching rates along different 

crystallographic orientations, results in a tilted profile which makes a 55° angle with the 

substrate. Using an appropriate orientation (waveguides aligned along the [011] 

crystallographic direction), this etching technique can be used to create a trapezoidal 

support for the RWGs (Fig. 4.7 a). Moreover the size of the trapezoidal base changes with 
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the width of the waveguide, until it disappears for width smaller than 1.5µm. This wet 

etching technique easily allows the fabrication of RWGs connected through adiabatic 

tapering to suspended nanobeams (see Chap. 6.1).   

Even if the aluminium content in the AlGaAs is below 70%, with this last method is 

possible to obtain clean suspended PhCs structures like the one shown in Fig. 4.7 b. 

However if the etching through the GaAs has not been enough to properly reach the 

AlGaAs underneath, result like the one shown in Fig. 4.7 c is obtained. This kind of result 

has often been observed, due to the use of too short etching times employed in order to 

preserve the detector properties.  In this situation the cavity is compromised and, in the 

µPL spectra, it is not possible to distinguish clear modes from the background created by 

the bulk material.    

 

Fig. 4.7 SEM cross-section immages: a) Ridge waveguide with the trapezoidal support, b) suspended PhC 
membrane, c) suspended PhCs membrane with residual bulk material attached. 

When this wet etching step is executed the NbN nanowires are covered by 100nm HSQ 

plus 80nm of SiN hard mask. However the side of the nanowires is less protected, due to 

the tight alignment on top of the nanobeam, and especially if the etching selectivity is not 

very high like in the case of 10% HF.  

Indeed a strong reduction of the average Ic down to 1µA has been systematically 

observed, whenever 10% HF was used. This effect is due to a lateral nanowires etching, 

produced by small GaAs etching at the sides of the SNB (due to the limited etching 

selectivity of the HF) plus strong etching of the HSQ protecting the NbN film.  

Instead the use of cold HCl did not produce any effect on the average starting value of Ic 

(~8µA) of the detectors. Therefore only this wet etching technique has been used to create 

the free-standing structures of the integrated chip.           
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4.2.7 SiN removal 

A final step of dry etching to remove the residual SiN hard mask is usually required in 

order to open the metal contacts. However it was immediately noticed that this step is 

incompatible with the detectors integration. Indeed it has been observed several times that 

a complete removal of the SiN hard mask causes a strong damage to the detectors, due to 

a lateral etching that drastically reduces the width of the wire and correspondingly the 

value of the critical current.  

The solution to this problem, in order to gain access to the contacts, was initially found 

introducing an intermediate step (step n.2 of par. 4.2.2) that would open only the metal 

pads. This technique was successful, however with poor reproducibility in maintaining 

always perfectly functional detectors. The reason for this poor reproducibility is related to 

two different effects that are depending on the amount of SiN left on top of the pads 

during their opening.       

If the amount of removed SiN is too large (>50nm), during the GaAs etching the pads are 

going to be directly exposed to the plasma and a phenomenon, that could be compared to 

the antenna effect
[16]

 in CMOS processing, is observed. The antenna effect is observed 

when the charges, produced in the plasma during the etching, create a strong passage of 

current in a MOSFET transistor, which is able to damage the oxide gate. In the case of 

SSPDs, a strong passage of current through the highly resistive nanowires could produce a 

large local heating of the NbN film, therefore damaging it.   

This kind of effect has been proved checking the Ic of several SSPDs on a chip in which 

half has been completely protected by resist and the other half protected everywhere 

except above the metal pads. The chip has been exposed to the same plasma used for the 

SiN etching for a time of 8 min (well below the etching time for which damaging of the 

detectors is observed) and electrically measured at 4.2K. 

For the covered devices an average Ic of 8.5µA with a standard deviation of 0.5µA has 

been observed. On the other hand the devices, in which the metal pads were uncovered, 

have shown ohmic behaviour or in few cases superconducting one, but with values of 

critical current around 0.5 µA. This result (Fig. 4.8 red point) implies that an effect 

comparable to the antenna effect is present whenever the SSPDs metal pads are directly 

exposed to the etching plasma for a time longer than few seconds. 

On the other hand, if the thickness of the removed SiN is too small and a layer ~50nm is 

left on top of the metal pads, the detectors are protected from the antenna effect, but the 

thin layer creates problems both for the electrical and thermal contact with the µ-probe. 

Indeed it has been observed that even if the layer is thin enough to allow electrical 

measurements, the thickness of the layer has a strong effect on the thermalization of the µ-

probe. Therefore the real value of Ic is masked by the poor thermalization of the µ-probe, 

and the effect is stronger for thicker SiN residual layers. A proof of that is presented in 

Fig. 4.8 where the average value of Ic is shown as function of the thickness of the SiN 
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layer remaining on top of the pads. The error bar is calculated as the standard deviation of 

the measured devices (10 for each SiN thickness). 

 

Fig. 4.8 Detectors avarage Ic as function of the thickness of the SiN layer left to cover the SSPDs contacts. The 
red point, obtained for 0nm covering layer, is correlated to antenna effect. 

 

Fig. 4.9 SEM picture of the full QPIC. Zoomed pictures of SSPD (a) and PhCC (b) 

From these observations, it is clear that it is not easy to find a balance for the right amount 

of SiN to leave on top of the metal pads, such to avoid the antenna effect, but also to 

obtain good electrical and thermal contact. Indeed from time to time the right SiN 

thickness has been found, but also in this case the precarious balance of such kind of 

effects creates big problems in terms of reproducibility of the integration process, 

particularly considering the detector performance. 

On the other hand the SiN layer (~50nm) left on top of all the other components of the 

integrated chip does not seem to negatively impact them. Actually as it will be shown in 
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the next chapter (Chap. 5.2) the SiN layer helps in terms of SSPDs absorptance and 

polarization-independence.  

Instead the optical properties of the PhC structures are not modified by the SiN layer. 

Indeed in Chap.6.2.2 it will be shown that the quality factors of the cavities are around 

1000, as expected from the simulation, in which only the GaAs membrane has been 

considered.   

An example of a complete QPIC at the end of the fabrication process is presented in Fig. 

4.9.  Its different components are enlighten: the nanowire (a) placed on top of a 15 µm-

long, 1 µm-wide nanobeam, the two PhC waveguides with the  PhC cavity (b) and the 

other SNB that is tapered to a RWG of 5 µm width at the cleaved facet. 

 

4.3 Optimized process for integration on double 

membrane and doped layers 

So far, the photonics components that have been considered for integration in the 

proposed QPIC do not allow any control of the resonances of QDs and/or cavities. 

However a reversible method to independently control such components is needed, in 

order to realize a scalable circuit. Indeed, the energy mismatch between the emitter and 

the cavity, due to growth and fabrication, is unavoidable. Therefore, without a control, the 

emission of single photons is purely based on probability. Several efforts have been made 

in order to produce scalable single-photon sources based on QDs emission, controlled 

post-fabrication by tuning systems
[17,18]

. However, due to the extensive fabrication know-

how, implemented in the NanoLab@Tue cleanroom facility by Dr. L. Midolo first and by 

Dr. M. Petruzzella after, for this work, an electric field tuning of the QDs based on Stark 

effect
[19]

 and a NOEMS approach for the cavity control
[20,21]

 have been selected as tuning 

systems.         

In order to implement such systems in the QPIC, the design of the heterostructure has 

been modified, including doped layers for the realization of Stark diodes and double GaAs 

membranes for the NOEMS implementation.  

The layer stack is shown in Fig. 4.10. This time on top of the sacrificial layer of 1.5µm, 

not one but two membrane layers are grown, with thickness of 180nm for the one on top 

and 170nm for the one at the bottom. The upper membrane contains low density self-

assembled InAs QDs and the two membranes are separated by an AlGaAs sacrificial layer 

240nm thick.  

In order to realize two p-i-n diodes, one for QDs tuning and the other for the cavity 

mechanical actuation, the top part (55nm thick) of the two membranes is p-doped, while 

the bottom part (55nm thick) of the top membrane is n-doped.     
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Fig. 4. 10 Layer stack of the heterostructure used for the implementation of Stark diodes and electro-tunable 

PhCs cavities. 

Also for the fabrication of this more complex QPIC, the process flow can be separated in 

two parts: the first one in which the SSPDs are fabricated and the second one in which all 

the other photonic components (RWGs, Stark diodes, electro-mechanical tunable PhCs 

cavities, SNBs) are added. 

 

4.3.1 Standard process flow on double membrane and for 

Stark tuning 

Before presenting the optimized LT process, the standard process flow is shown in the 

following. The process for the fabrication of the electro-mechanically tunable PhC 

cavities has been developed by Dr. L. Midolo, while, further optimization of this process 

with integration of Stark diodes has been made by Dr. M. Petruzzella. 

The process flow to realize such devices can be summarized in the following 7 main 

steps: 

 

1. Cleaning of the sample with O2 plasma and deoxidation in a diluted solution of 

ammonium hydroxide.  

2. Realization of deep-etched alignment markers: 

2.1 Deposition of SiN layer (400nm) in PECVD at 300°C, 

2.2 Spinning, exposure and development of ZEP-520A, 

2.3 Transfer of the pattern by dry etching of the SiN using pure CHF3 plasma, 

2.4 Stripping of the residual resist by O2-plasma, 

2.5 Transfer of the pattern on the GaAs/AlGaAs layers by dry etching in RIE 

machine using pure SiCl4 plasma,   

2.6 SiN removal by dry etching of the SiN using pure CF4 plasma, 

2.7 Cleaning as step 1. 

3. Opening of n-via: 

3.1 Deposition of SiN layer (50nm) in PECVD at 300°C, 
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3.2 Spinning, exposure and development of ZEP-520A, 

3.3 Pattern transfer by dry etching of the SiN using CF4 plasma, 

3.4 Stripping of the residual resist by O2-plasma, 

3.5 Surface conditioning with 1% HF for 10s 

3.6 Wet etch of GaAs with diluted citric acid solution until the n doped layer is 

reached, 

3.7 Cleaning as step 1. 

4. Opening of p-via: 

4.1 Spinning, exposure and development of ZEP-520A, 

4.2 Pattern transfer by dry etching of the SiN using pure CF4 plasma, 

4.3 Then by dry etching of the GaAs/AlGaAs layers using pure SiCl4 plasma, 

4.4 Stripping of the residual resist by O2-plasma, 

4.5 Wet etch in 5% HF of the intermembranes AlGaAs, to expose the p doped 

layer 

4.6  Cleaning as step 1. 

5. Metal contact deposition: 

5.1 In case of residual SiN, removal by dry etching, 

5.2 Spinning, exposure and development of the resist, 

5.3 Metal evaporation (Ti 50nm, Au 200nm), 

5.4 Lift-off in acetone vapour. 

6. PhC structures and waveguides fabrication: 

6.1 Deposition of SiN layer (400nm) in PECVD at 300°C, 

6.2 Spinning, exposure and development of ZEP-520A, 

6.3 Transfer of the pattern by dry etching of the SiN using pure CHF3 plasma, 

6.4 Stripping of the residual resist by O2-plasma, 

6.5 Transfer of the pattern on the GaAs/AlGaAs layers by deep etching in ICP at 

200°C by nitrogen enriched Cl2 plasma, 

6.6 Undercut of the sacrificial layers by wet etch either in cold 37% HCl or 10% 

HF, 

6.7 Rinsing and drying in critical point dryer machine to avoid membranes 

collapsing or irreversible stitching, 

7. SiN removal by dry etching of the SiN using pure CF4 plasma. 

 

Even at a first glance it is clear how several steps of this fabrication process are 

completely incompatible with the integration of the detectors. Excluding the ones 

incompatible for temperature limitations, that have already been discussed and solved for 

the fabrication process on single membrane, the main concern is related to the SiN 

removal and cleaning steps that are repeated several time during the process. Those steps 

are added in order to guarantee, in each etching step, an always fresh and good quality 

SiN hard mask, that does not crack, due to surface contamination.    
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As already discussed in the previous paragraph (4.2), it is of fundamental importance to 

cover the detectors with SiN in order to protect them during every fabrication step, 

therefore once the hard mask is deposited it should never be removed.    

In order to make the two processes compatible different solutions have been explored.  

The easiest way for an integrated process would be opening the vias to the doped layers at 

the very beginning and afterwards proceeding with the deposition of the superconducting 

film, SSPDs fabrication and integration of the other photonic components following the 

same process flow for single membrane described in par. 4.2.2. This solution has been 

experimentally tested, checking the IV characteristic at 4.2K of the SSPDs fabricated on a 

NbN film deposited after the opening of the vias. Unfortunately the average value of the Ic 

was below 0.5µA on 20 tested devices. Indeed, the roughness on the sample surface, 

produced by the vias opening, must have strongly compromised the quality of the 5nm 

NbN film.   

The other solution, in which the detectors are first fabricated and afterwards all the other 

components are implemented, is presented in the next paragraph.  

 

4.3.2 Optimized process flow on double membrane 

The process flow presented in the following is a LT fabrication process, that excludes all 

the steps incompatible with the detector integration and that starts immediately after their 

fabrication.  

 

1. Opening of n-via: 

1.1 Deposition of SiN layer (270nm) by ICP PECVD at 70°C, 

1.2 Spinning, exposure and development of ZEP-520A, 

1.3 Pattern transfer by dry etching of the SiN using oxygen enriched CHF3 

plasma in general purpose RIE at room temperature, 

1.4 Stripping of the residual resist by O2-plasma, 

1.5 Surface conditioning with 1% HF for 10s, 

1.6 Wet etch of GaAs with diluted citric acid solution until the n-doped layer is 

reached. 

2. Opening of p-via: 

2.1 Spinning, exposure and development of ZEP-520A, 

2.2 Pattern transfer by dry etching of the SiN using oxygen enriched CHF3 

plasma, 

2.3 Then by dry etching of the GaAs/AlGaAs layers using pure SiCl4 plasma, 

2.4 Stripping of the residual resist by O2-plasma, 

2.5 Wet etch in 5% HF of the intermembranes AlGaAs. 

3. Metal contacts deposition for electrical tuning/actuation : 

3.1 Spinning, exposure and development of the resist, 

3.2 Metal evaporation (Ti 50nm, Au 200nm), 
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3.3 Lift-off in acetone vapour. 

4. PhC structures and waveguides patterning and SSPDs metal contacts opening: 

4.1 Spinning, exposure and development of ZEP-520A, 

4.2 Pattern transfer by dry etching of the SiN using oxygen-enriched CHF3 

plasma, 

4.3 Stripping of the residual resist by O2-plasma. 

5. Definition of a protecting layer for the SSPDs including their contacts and vias, 

using the negative e-resist MaN2410.       

6. Transfer of the PhCs and waveguides pattern from the SiN hard mask to the 

GaAs/AlGaAs layer by standard RIE etching at room temperature, using pure 

SiCl4 plasma.  

7. Removal of the e-resist MaN2410 by acetone 

8. Undercut of the bottom sacrificial layer, and release of the two membranes by wet 

etching of the two AlGaAs layers at 1°C in 37% HCl solution for 8min. Ultrapure 

water rinsing and drying in warm isopropanol at 80°C, to avoid membrane 

collapse and stitching.  

 

Fig. 4.11 Schematic of the optimized process flow: the number indicates the corresponding process step. 
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The optimized process flow for detector integration on double membranes and doped 

layers, differs from the standard process since the first step. The fabrication of alignment 

markers has been completely removed. Indeed, the metal markers, fabricated for the 

alignment of the SSPDs nanowires, can be also used for the alignment of all the other 

components, with better results than deep-etched markers.  

The first step of the optimized process is the deposition of the SiN layer (270nm), used to 

protect the detectors and as hard mask to etch through the vias, PhCs holes and WGs 

trenches.  The vias are created in similar way as for the standard process, however the SiN 

is never removed at the end of their fabrication.      

The photonic structures are transferred from the resist to the SiN mask in the same way as 

made for the fabrication on single membrane. However the etching time required 

(13.5min), due to the use of a thicker mask compared to the one used for single 

membrane, is very close to point for which degradation of the NbN film  is observed as 

shown in par. 4.2.4. Additionally the step 4 is used to create access to the SSPD metal 

pads.  

At the end of step 4 the doped layers are unprotected, therefore the next GaAs etching 

would damage the Stark diode. The SSPDs metal contact needs to be protected in order to 

avoid the antenna effect during the GaAs etching and the nanowires need to be 

additionally covered as well. Indeed, the longer GaAs etching time, required in order to 

etch through the two membranes, produces a thinning of the SiN mask that may result in 

exposing the nanowires. For these reasons, it is fundamental to insert step 5 in between 

the etching through the photonic structures. It has been observed that inserting this step, 

while the PhCs holes and WGs trenches are already open in the SiN mask, does not 

compromise the verticality and smoothness of the side walls of the next etching step (Fig. 

4.12). 

 

 

Fig. 4.12  SEM cross-section image of a PhCs structure on double membrane after GaAs etching. Colours have 

been added for clarity: in red the two GaAs membranes, in green the bottom AlGaAs sacrificial layer and 
intermembranes AlGaAs .  

The step 6 is the most critical in terms of integration with the detectors. While good 

results have been observed in terms of deep etching (Fig. 4.12), using the standard RIE 
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rather than the ICP, the etching time required to etch all the way through the two GaAs 

membranes (170nm+180nm) plus the AlGaAs interlayer (240nm) is too long (6.5min) to 

avoid the superconducting film damaging observed in par. 4.2.5.  

Therefore, while trying to keep the GaAs etching time as short as possible, the capacity of 

a clean release of the two membranes has been compromised with a poor final result (Fig. 

4.13).   

The characterization of all the components (electro-mechanical tunable cavity, Stark 

diode, SSPD) of the integrated QPIC is presented in the following.  

 

 

Fig. 4.13 SEM cross-section image of the full QPIC on double membrane at the end of the fabrication process. 
The main components are underlined for clarity: in blue the superconducting single-photon detector, in red the 

photonic crystal cavity shoulder coupled to the photonic crystal waveguides, in green the ridge waveguide. Inset: 

zoom of the intermembranes layer in which some residual AlGaAs is visble.     

 

4.3.3 Results 

As already mentioned above, the main concerns in terms of integration are expected to be 

observed after the etching steps of SiN and GaAs, due to the longer time required to etch 

through the double-membrane stack layer. Therefore, in order to monitor the process step 

by step, the detector functionality has been checked in different moments, with electrical 

characterization at 4.2K. Of particular relevance, it is the characterization after the 

fabrication of the diodes and of course the one at the end of the process.   

During the diode fabrication (steps n. 1, 2, 3), due to the necessity of via opening, the 

detectors had to withstand a long SiN etching plasma, that could have compromised them. 

Instead the GaAs etching time required to access to the bottom p doped layer remains 

within the standard time used for single membrane processing (3.5min). Moreover the two 

wet etching steps (citric acid solution and 5% HF) could have produced other kind of 

damage to the detectors, like the one described in par. 4.2.6 for the use of 10% HF. The 
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IV characteristics of 8 SSPDs, measured after the diode fabrication, are shown in Fig. 

4.14.  

The average Ic of the detectors is 5.2µA with standard deviation 0.6µA. Considering the 

long SiN etching time (13.5min), this value of Ic is expected (see Fig. 4.4 a). Even though 

the Ic is not very high, it is still good enough to guarantee good detector functionality. 

Moreover it has to be underlined that, due to the presence of the doped layers especially 

the top p layer, the capability of observing the classic superconducting IV characteristic of 

the SSPDs was not easily foregone. As both the contact metal and NbN film rest on the p-

doped GaAs layer, current conduction in this layer could potentially short-circuit the 

detector.  

Instead, even a scan over a large range of applied voltage (Fig. 4.14 inset), shows the 

expected ohmic behaviour, observed for SSPDs fabricated on undoped substrates
[22]

, 

proving that SSPDs can be fabricated on top of doped layers as well. 

 

Fig. 4.14 SSPD IV characteristics after fabbrication of diodes. Inset: scan over a wide range of voltage and 
current for a typical detector.  

The metal pads for the diodes of both QDs tuning and cavity actuation have been designed 

with a lateral configuration and facing the SSPDs pads (Fig. 4.15 a), in order to easily 

insert the waveguide in between. The diodes have been electrically isolated from the rest 

of the chip using 3µm wide trenches (blue thin lines in Fig. 4.15 a) etched down up to the 

bottom AlGaAs sacrificial layer. Two typical IV characteristics of Stark and cavity 

actuation diodes, measured at 4.2K, are shown in Fig. 4.15 b.  For both, the reverse 

currents is very small (tens of nA), and the threshold (1.3 V for the Stark diodes and 1.5 V 

for the cavity actuation diodes) similar to the one observed in similar devices
[23]

. Due to 

the good IV characteristics of these diodes, good tunability is expected. 
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Fig. 4.15 a) optical microscope image of the device after diodes fabbrication. The green arrows indicate the pads 

used for QDs tuning, the red ones the pads used for cavity actuation and the brown the SSPDs pads.  b) typical 

IV characteristics of Stark diode (green) and of cavity actuator diode (red).   

At the end of the process the IV characteristics of both diodes and SSPDs have been tested 

again. The diodes showed exactly the same characteristics observed in Fig. 4.15 b. 

However, unfortunately, due to the very long GaAs etching time (6.5min), the Ic of the 

detectors dropped to values below 0.5µA (Fig. 4.16 a), making them optically 

unresponsive.     

The fabricated double membrane cavities have been characterized at room temperature, 

acquiring µPL spectra by exciting the cavities from the top. For the main part of the 

devices was not possible to clearly distinguish a symmetric (S) and antisymmetric (AS) 

modes as expected
[20]

. However in few devices it was possible to observe several peaks in 

the µPL spectra. One example is shown in Fig. 4.16 b, where two peaks around 1168nm 

and other two around 1255nm are visible. Presumably they could be associated to the X 

and Y of the antisymmetric mode at 1168nm and to the X and Y of the symmetric mode at 

1255nm. Indeed considering a large buckling of the top membrane, like the one shown in 

the SEM image of Fig. 4.13,  the observed large distance (~90nm) between S and AS is 

what expected
[20]

. Moreover the large background underneath the peaks is another 

confirmation of the presence of residual AlGaAs between the membranes and 

unsuccessful openings of the holes of the bottom membrane, as observed in the SEM 

picture of Fig. 4.13.  

Concluding, even though the optimized LT fabrication process for double membrane has 

been tailored on purpose for the SSPD integration, it does not serve to its objective, due to 

the fabrication obstacles presented in par. 4.2.4 and 4.2.5.   
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Fig. 4.16 a) SSPDs IV characteristics at the end of the LT fabbrication process on double membrane and doped 

layers. b) µPL spectrum acquired at room temperature with top excitation on a double membranes PhCs cavity, 

fabbricated with the optimized low-temperature process.  

 

4.4 Conclusion  

In this chapter two low-temperature fabrication processes, that allow the integration of the 

different components of QPICs, have been presented.  

In the first part, the process for integration, on a single membrane, of SSPDs with RWGs, 

PhC cavities and SNB is analysed step by step. Even though nominally every step is 

perfectly compatible with the integration of the detectors, it has been observed that several 

steps together may degrade the NbN film. In particular, a dependence between the etching 

time and detector critical current has been found for both SiN and GaAs dry etching 

processes. The decrease of the Ic as the increase etching time does not seem connected to 

thermal heating of the substrate. The degradation is therefore likely related to the exposure 

to the plasma.  

Due to the unstable RIE machine condition, the etching time, required to etch through the 

photonic structures and especially the PhCs holes, had to be tuned every time with strong 

consequences on the detector functionality. Indeed, finding a balanced etching time, such 

to preserve high-quality functioning detectors, but at the same time enough to etch all 

through the PhCs structures, has been a challenge for each fabrication process. Therefore 

the reproducibility of the LT fabrication process has been limited to few working chips 

and within a chip limited yield (20%) of fully functional devices has been obtained.   

However, it has to be underlined that without the inclusion of PhC structures, the etching 

times required for other photonic components such RWGs and SNB, are much shorter. 

Therefore the reproducibility of the LT fabrication process, with high-quality detectors, is 

guaranteed in this case. 

In the second part, the process for the integration of SSPDs on double membrane and 

doped layers, with electro-mechanically tunable PhC cavities and Stark diodes, has been 

presented.     
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Also in this case, even though every step appears perfectly compatible with the integration 

of the detectors, the results have not been completely positive. SSPDs have been 

integrated with diodes for QDs tuning and cavity actuation, which have also shown good 

potential for tunability. However due to the limitation in the etching time, already 

observed for the single membrane case, the detector functionality at the end of the process 

has been completely compromised.  Indeed until the fabrication obstacles, presented in 

par. 4.2.4 and 4.2.5, are not understood and solved, the developed processes for the 

detector integration are not going to guarantee reproducibility and functional components.       

In the next two chapters, the working devices, fabricated with the LT fabrication process 

presented in the first part of this chapter, are going to be characterized in every part of 

their components.  
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Chapter 5 

Performance of suspended-nanobeam 

superconducting single-photon detector 

 

5.1 Introduction  

A key component of a quantum integrated photonic circuit is the single-photon detector. 

Superconducting single photon detectors based on NbN nanowires combine high detection 

efficiency, low dark count rates, and ultra-fast response, making them promising 

candidates for QIP 
[1]

. The integration of such detectors into nanophotonic circuits has 

been proved on different platforms: on GaAs with waveguides 
[2]

 and QDs 
[3]

, and on Si 

with waveguides 
[4]

 and nanobeam cavities 
[5]

.  

In this chapter superconducting nanowires integrated on top of suspended nanobeams 

(SNB SSPD) are presented together with other quantum photonic components such as QD 

photon sources, PhCs waveguides and cavities.  The advantage of positioning the SSPDs 

on top of a waveguide is not only related to the possibility of integrating them with a 

photonic circuit, but it also increases the photon absorption.  The quantum efficiency of an 

SSPD is absorption limited on a plain substrate, due to the very thin films. A substrate that 

presents nanophotonic structures (DBR, waveguides) will significatively increase the 

probability of photon absorption by the nanowires. For example a waveguide 

configuration provides above 90% absorption in superconducting wires after a few tens of 

micrometers 
[2]

. As it will be shown in the following, the field confinement is higher in 

SNB compared to a RWG. The consequence is that shorter nanowires lengths are 

sufficient to reach high absorption.  This is expected to reduce the role of wire 

inhomogeneities and increase efficiency. The effect on the field confinement of the SiN 

layer left on top of the nanowires is also investigated.  

The characterization of the integrated SNB SSPDs is presented in the second part of this 

chapter, with all the main performance`s parameters: efficiency, jitter and dead time.   

Finally the characterization of an autocorrelator system and its functionality are 

demonstrated. Indeed it has been proved
[6]

, that two electrically independent detectors 

placed on top of the same waveguide probe the same guide mode. This system can be 

used for autocorrelation measurements. Here the proof that two SSPDs placed on top of a 

SNB behave as an autocorrelator system is shown. 
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5.2 Waveguide SSPD design 

The chosen design for the detectors on top of a SNB is based on simulations in which the 

absorptances for nanowires on top of either GaAs waveguides or nanobeams are 

compared. In the first design (Fig. 5.1 a), an NbN meander (5-nm-thick, 100-nm-wide, 

and with a 250 nm pitch) was placed on top of a GaAs/Al0.7Ga0.3As waveguide (1.85-µm-

wide and 250-nm-deep). The electron beam resist (HSQ) of 100nm thickness is left on top 

of the nanowires for protection. This resist is a form of amorphous silicon oxide, therefore 

a 100nm layer of SiO2 is considered in the simulation.  

Using the complex refractive indices of Tab 5.1, a modal absorption coefficient of αTE = 

370 cm
-1

, for the fundamental mode of TE, and αTM  = 347 cm
-1

, for the fundamental mode 

of TM, are calculated at λ= 1310 nm, by using a finite element mode solver. Those 

absorption coefficients provide a total absorptance of 84% for TE and 82% for TM for a 

50-µm-long waveguide
[7]

 (Fig. 5.3). While the theoretical calculations suggest a high 

absorptance, the experimental device detection efficiency for this detector’s design does 

not go above 20%
[2]

, indicating that inhomogeneities could play a major role on limiting 

the detector’s efficiency.  

 

 

Fig. 5.1 Sketches of NbN superconducting nanowires on top of GaAs/AlGaAs ridge waveguide (a) and on top of 

suspended nanobeam (b). The NbN nanowires are indicated considering the HSQ mask rather than the thin film 

for visual clarity. 

Therefore, a new design (Fig. 5.1 b), with a NbN meander on top of a GaAs SNB 

surrounded by air, has been proposed as a possible improvement
[7]

. As the index contrast 

between GaAs and the bottom cladding layer is higher as compared to the previous 

design, the field is pushed towards the top GaAs/NbN interface and the absorptance is 

improved. For the simulation, a NbN meander (5-nm-thick, 100-nm-wide nanowire with a 

260 nm pitch), covered with 100nm thick SiO2, on top of a 1-µm-wide and 320-nm-thick 

SNB, is considered. The dimensions of the SNB are chosen by considering those factors: 

the influence of the thickness on the supported guided modes, a width that would allow 

some space for alignment tolerance in the patterning of the wires on the SNB, while 

maintaining a good field confinement. Particularly regarding the thickness has been 
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observed
[7]

 that for thinner waveguide (250nm) the quasi-TM mode presents a complex 

distribution of the electric field and as consequence the SSPDs have been observed to be 

polarization dependent. For a thickness of 350nm instead the complex distribution for the 

quasi-TM mode disappears and a polarization independent behaviour is observed. 

Moreover the coupling between the guided modes of the RWG and the SNB through a 

tapering adiabatic transition (Chap 6.1) have been simulated and optimized for a 

nanobeam thickness of 320nm
[8]

.  

Considering those nanobeam dimensions and using the complex index values in Tab. 5.1, 

the modal absorption coefficients for TE and TM polarizations at 1310nm are respectively 

αTE = 847 cm
-1

 and αTM = 2581 cm
-1

. With those coefficients, 90% of the input light will 

be absorbed by the nanowires in a 15µm long nanobeam for TE polarization and 6µm 

long one for TM polarization (Fig 5.3). Neglecting the small perturbation to the guided 

mode produced by the NbN wires, the continuity conditions at the interface between the 

waveguide and the media above (SiO2 wires + air) has as consequence an increase of the 

field for the TM mode in the top SiO2 layer (Fig. 5.2 c). The higher field is also sensed by 

the NbN wires and this explains the big difference between the absorption coefficients for 

the TE and TM modes. 

 

Medium NbN GaAs AlGaAs SiO2 Si3N4 

ñ (nm) 
4.35 – 

i4.65 
3.39 3.07 1.46 2.00 

Tab. 5.1 Complex reflective indexes at λ=1310nm for all the media used for the simulations. 

As already explained in Chap.4.2.7, at the end of the fabrication process, the residual SiN 

is not removed from the chip, in order not to damage the NbN nanowires. A residual layer 

of around 50nm is left on top and its effect on the field confinement has to be taken into 

account during the simulations. Using again the refractive indexes of Tab. 5.1, the 

absorption coefficients αTE = 1166 cm
−1

 and αTM = 1399 cm
−1

 are found for λ= 1310 nm. 

Differently than the previous case (without the SiN layer), in this one, the difference 

between the two polarizations is minor. Also in this condition there is an increase of the 

field for the TM mode at the interface between waveguide and SiN layer (Fig. 5.2 d). 

However, the refractive index contrast between the GaAs and the media above it is 

smaller in the case with the SiN layer. The impedance mismatch at the interface is smaller 

and so the field. Therefore the difference between the absorption coefficients for the TE 

and TM modes is much smaller compared to the case without SiN.     

Indeed, in this case with the SiN layer, a 10µm long nanobeam is enough to guarantee, 

that 90% of the input light is absorbed regardless of the considered polarization (Fig. 5.3). 

In par.5.3.3 will be shown the dependence of the fabricated SNB SSPD efficiency on the 

input light polarization, but according to simulation they should present nearly 

polarization-independent behaviour. So after all, the SiN layer, included only to solve a 
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technological problem, shows also a useful purpose in terms of polarization and 

absorptance.  

Actually it has to be underlined, that in terms of integration with the QD sources, only the 

fundamental TE mode has to be considered. But a polarization-independent device’s 

behaviour will help to validate the result found in Chap. 6.3.3 regarding the interaction 

between SSPDs and PhCs filters.  

The calculated electric field for the TE and TM mode is shown in Fig.5.2 for the case 

without (a,c) and with (b,d) 50nm thick SiN layer left on top of the nanowires. 

 

 

Fig. 5.2 Simulated electric field distribution of the TE mode (a,b) and TM mode (c,d) for NbN nanowires on top 

of SNB in the case without (a,c) and with (b,d) a cover layer of 50nm of SiN.  

 

Fig. 5.3 Simulated absorptance of TE polarizated light at λ = 1310nm in function of the waveguide length. The 

three cases of: ridge waveguide (black), suspended nanobeam without SiN layer on top (red) and suspended 
nanobeam with SiN layer on top (green) are compared.  
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The absorptance of the fundamental TE mode in function of the waveguide length is 

presented in Fig. 5.3 for the three considered case: ridge waveguide, suspended nanobeam 

without SiN layer and suspended nanobeam with SiN layer. Clearly the design on 

suspended nanobeam with SiN layer is the one that guarantee the highest absorptance for 

short waveguide lengths. The use of shorter waveguides (10µm) and therefore nanowires 

(20µm) is expected to help to reduce the effect of film inhomogeneities and so increase 

the internal quantum efficiency ηi.     

 

5.3 Performances 

The integrated SNB SSPDs (Fig. 5.4), obtained using the fabrication process described in 

Chap 4.2.2, are here characterized.  

 

 

Fig. 5.4 SEM picture of a SSPD nanowire patterned on top of a SNB 

The experimental setup used for the characterization has been the one described in Chap. 

2.4.2. After an electrical pre-characterization made in the setup of Chap. 2.4.3, the chip is 

cleaved, so that only the SSPDs showing the highest Ic are going to be optically 

characterized. Indeed in this setup no more than 4-5 devices per time can be characterized, 

due to the reduced movement of the piezo and short length of the μ-probes arm. For the 

optical characterization of a single SNB SSPD, the configuration inside the cryostat is the 

one with one μ-probe and one lensed fibre at an angle of 90°. The μ-probe is connected to 

the control box and from there to the counter. The data from the counter are directly 

processed through a LabVIEW software. The laser light at 1310nm is coupled through the 

polarization-maintaining lensed fibre (nominal spot of 2.0±0.5µm) into the waveguides. A 

free-space setup, consisting of two mirrors, a half-wave plate and fibre-couplers, is used to 

control the polarization between the CW laser and the lensed fibre.  

The measured performance`s parameters, defined in Chap 1.4.2 , are discussed in the 

following. 
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5.3.1 DQE and dark counts 

The quality of an SSPD can be quickly judged by its I-V characteristic. As explained in 

Chap. 4.4, while the yield on a chip with tens of SSPDs is around 90%, before the 

integration with the other nano-photonics components, afterwards it drastically drops at 

20% or even less. In the electrical pre-characterization only the devices showing a 

characteristic similar to the one of inset of Fig.5.5 are considered for the next step of 

optical characterization. In this particular device, with a 20-µm-long wire, the critical 

current is 8 µA. 

For the optical characterization the procedure described at the end of Chap. 2.4.3 has been 

used, in order to optimally align the lensed fibre to the waveguide. However it has been 

observed, that the signal of the on-chip SSPDs is much stronger compared to the µ-PL 

signal collected in the external spectrometer (see Chap.6.3.3). Therefore a more precise 

alignment has been performed moving slowly the fibre until the SSPD counts rate was 

maximized.  

The laser power has been constantly monitored, in order to guarantee single-photon 

regime operation. Fig. 5.5 shows the count rate in function of the laser power, a power law 

dependence of the kind C ~ P
m
 is found as expected

[9]
. From the slope of the curves a 

value m=0.97 is found, proving the single-photon regime.  

 

Fig.5.5 Counts with bias Ib = 0.94 Ic in function of the light power. The red line show the fit with slope m=0.97.  

Inset: I-V characteristic of a functioning SSPD (optical characteristic shown in the next Fig.)      

The device quantum efficiency (DQE) for TE polarization is plotted in red of Fig. 5.6 as a 

function of the normalized bias current Ib/Ic, and it is defined as the number of counts 

minus the dark counts (in black) divided by the number of photons coupled to the 

waveguide. We note that the dark counts shown in Fig. 5.6 have been measured in a 

cryostat with an optical window. They are therefore mostly produced by the absorption of 
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infrared thermal photons and not indicative of the detector’s performance in an optimized 

environment. 

 

Fig.5.6 Device quantum efficiency (DQE) (red) of a 20 µm-long SSPD on top of SNB under TE polarized light 

at 1300 nm, and dark count rate (black) as a function of the normalized bias current. 

The number of photons coupled into the system RWG-adiabatic tapering-SNB is 

determined by transmission measurements. The transmission is measured on a sample, 

covered with 50nm of SiN, in which the SNB (width 1µm, length 10µm) is coupled on 

both sides to RWG (width 5µm, length 1000µm) through tapering (width from 1 to 5µm, 

length 20µm). The experiment is performed at room temperature, with a configuration of 

the piezo stages in which the lensed fibres face each other. A tunable continuous wave 

laser is sent into one fibre and the transmission through the RWG-SNB-RWG system 

collected through the other fibre, then sent to the power-meter. The plot of the 

transmission as function of the wavelength is shown in Fig. 5.7, where the Fabry-Perot 

(FP) fringes due to the reflections at the two cleaved facets are evident. The period of the 

fringes can be calculated as Δλ = λ
2
/ (2ngL) where λ is the wavelength, ng  the effective 

group index of the RGW mode and L the length of the RWG. Considering ng ≈ neff = 

3.193, extracted from the simulated fundamental TE mode, and L = 1030±20µm, the 

calculated fringe period is Δλ = 0.16nm. However from Fig. 5.7 is observed a period of 

~0.13nm, the difference is attributed to uncertainty in the simulated index value.  

From the FP fringes and particularly from the maximum and minimum transmission in TE 

polarization, the propagation loss over a 1 mm waveguide length is deduced using the 

equation
[10]

: 

𝛼 =  
−1

𝐿
ln (

1

𝑅
 
𝑇 + 1

𝑇 − 1
) 

 

 

 

 

(5.1) 
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R is the reflectance at the facet and calculated by numerical simulations has a value 

around 0.27
[8]

, and   

 

𝑇 =  √
𝑇𝑚𝑎𝑥

𝑇𝑚𝑖𝑛

 

 

is the visibility. The calculated value of the loss for unit length is α ≈ 5 cm
-1

. Assuming 

symmetric input/output coupling and using the expression for the FP transmission
[10]

 

 

𝜂𝐶𝑒−𝛼𝐿/2 =  
2√𝑇𝑚𝑎𝑥𝑇𝑚𝑖𝑛

√𝑇𝑚𝑎𝑥 + √𝑇𝑚𝑖𝑛 
 

 

the coupling efficiency is derived: ηC = 2.3%. Another way to calculate the coupling 

efficiency is using the spectrally averaged transmission (red line Fig. 5.7). From this 

calculation 𝑇̅ = 0.065±0.001%, meaning that the coupling efficiency from the fibre to the 

centre of the nanobeam is 𝜂𝐶 =  √𝑇̅ = 2.5 ± 0.3%, including the loss. The two values are 

in close agreement and the value ηC = 2.4% is used in the following. 

 

Fig. 5.7 Experimental trasmission of the system RWG-tapering-SNB in function of the excitation wavelength. 

The red line is the spectrally averaged trasmission. 

Finally taking this ηc into account, the maximum value obtained for the DQE is ~28%. 

While the coupling efficiency is relatively low, due to the unoptimized modal matching 

between the lensed fibre and the waveguide, the DQE is the relevant figure of merit for 

integrated experiments where the photons are produced within the chip.  

This kind of optical characterization has been performed on 5 different devices showing 

similar value of Ic. The average of the maximum DQE over the considered devices is 28% 

with a standard deviation of 2%. Indeed the yield of efficient devices can be considered 

(5.2) 

(5.3) 
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very high (above 90%) whenever the value of Ic ~ 8µA. However, as already mentioned, 

the yield of devices with good Ic drops to less than 20%, after the integration process with 

the nano-photonics components.  

In conclusion this DQE value represents a record for waveguide SSPDs on the GaAs 

platform. The SNB SSPDs provide higher efficiency than RWG SSPDs in a smaller 

footprint. Moreover their reduced cross-section and higher mode confinement makes them 

suitable for integration with suspended PhC structures.   

However this DQE is still lower than the calculated absorptance. Assuming that the 

simulations on the absorptance are correct, this DQE result implies that significantly 

shortening the length did not help as much as expected in term of internal quantum 

efficiency. Indeed, it has been observed
[11]

, that the ηi dependence on the nanowire length 

tends to saturate for lengths much longer than 100nm. Therefore, even with a difference in 

the nanowires length of an order of magnitude (20μm rather than 200μm), the considered 

lengths range is still far away from the one in which a strong effect on ηi is expected. 

  

5.3.2 Dead time and jitter 

As already discussed in Chap.1.4.1, to quantify the speed of the device it is necessary to 

estimate the time constant (τe) of the exponential decay of the output voltage pulse. Indeed 

the decay part τe of the pulse corresponds to the recovery of the current in the nanowire. 

The dead time, during which the device is blind to photon arrival, can be estimated as     

τD = 3 τe. Moreover τe can be used for an estimation of the kinetic inductance Lk using the 

equation τe = Lk/RL. As already mentioned in Chap. 3.4.4, the external load resistance RL 

is equal to 50Ω and a kinetic inductance of 90 pH/□ is expected.  

Fig. 5.8 a) shows a typical voltage response of an SSPD after amplification measured with 

the digital oscilloscope (LeCroy Waveace 234). The features present in the tail of the 

pulse are caused by reflections, probably due to a small mismatch in the nominal 50Ω load 

resistance. From the fittings of the pulse of Fig. 5.8 a) it is possible to derive a pulse 

duration of 3.4ns (FWHM) and a decay time of 2.8ns (τe). From this value of τe, a wire 

kinetic inductance of Lk = 150nH is derived, and considering a design with 1600□, an 

excellent  agreement with the expected value of 144nH is found.  

Finally the estimated dead time τD = 3τe = 8.4ns implies a frequency f = 1 / τD = 119 MHz, 

that quantify the maximum counting rate.  
The timing accuracy of registering a photon is the jitter (Chap.1.4.2). The jitter of a 

detector can be determined illuminating the detector with a pulsed laser (λ = 965 nm, 100 

ps pulse width) and sending the output pulse to a correlation card, together with the laser 

trigger signal to record the coincidences counts.  

Fig. 5.8 b) shows the coincidence peak using a bias current of 94% Ic. The fit with a 

Gaussian distribution gives FWHM = 127±8 ps. Indeed the jitter is the convolution of all 

the jitters in the measurement set-up. While the one of the correlation card is completely 

negligible, the laser pulse width (100ps) is comparable with the measured total jitter. This 
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means that it is not possible to establish a definitive value for the intrinsic detector jitter, 

because it is limited by the laser jitter. However considering that commonly SSPDs have 

jitter < 60ps
[1]

, the total jitter value is indeed within the order of magnitude for what 

expected in a standard SSPD.  

Low jitter is a fundamental requirement for time-correlated single-photon counting 

experiment since the temporal resolution is determined by this value. The QD carrier 

lifetime is of the order of 1 ns, much longer than the calculated total jitter, so correlation 

measurements are not going to be significantly affected by the detector jitter (see Chap. 

6.3.1).  

The fast response (few ns) and low jitter (<60ps) are maybe the most important 

characteristics, that distinguish the SSPDs from other types of single-photon detectors 

working in the near-infrared, and makes them very appealing for high-speed quantum 

photonic information processing. 

 

 

Fig. 5.8  a) Output pulse after 48dB amplification, the red line indicate the exponential decay fit.  b) Histogram 

of the jitter time of the detector biased 94% Ic, the red line indicate the gaussian fit. 

  

5.3.3 Polarization dependence 

From the simulation shown above (par. 5.2), the SNB SSPDs covered with the SiN layer 

should not present a polarization-dependence. Indeed, for a nanowire length l = 20µm and 

λ= 1310 nm, the two polarization modes have very similar absorptance, above the 90%.   

However this does not necessarily means that the DQE of the two modes have to be 

similar. One example of that has been presented in ref.[7], where despite very similar 

absorptance a DQE reduction of the TM mode of more than three times compared to the 

DQE of the TE mode was reported. The reasons for a polarization dependence could be 

related to a poor coupling, meaning that a design change could solve the problem. 

However the simulation images of Fig. 5.2 present a well confined field and also a good 

uniformity of the field polarization over the cross-section, especially in the case with SiN 

on top, making them promising for polarization independency.  
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Measurements of SQE in TE and TM polarization have been performed on the same 

device as Fig. 5.6 and are shown in Fig. 5.9.  

Clearly the difference between the two polarizations is very small, although the maximum 

SQE value for TM reaches 0.75% while the one for TE it is 0.67%. This small difference 

could be related to the slightly higher absorption coefficient for TM, but could also be 

only a statistical fluctuation. Indeed an estimation of the error on the SQE of a single 

device is not reliable, especially considering the points at higher Ib/Ic where the 

contribution of dark counts is the most significant.  

However from Fig. 5.9, it can be fairly concluded that for this particular design of SNB 

SSPD there is no significant dependence on polarization. 

 

Fig. 5.9 System quantum efficiency of a 20 µm-long SSPD on top of SNB with cover layer of SiN under 
illumination at 1300 nm, in the case of TE (black) and TM (red) polarization, as a function of the normalized 

bias current. 

 

5.4  Autocorrelators 

5.4.1 Introduction 

As already mentioned in Chap.1.5, the objective of this experimental work is to create a 

multi-functional quantum photonic integrated circuit. The measurement of the second-

order correlation function g
(2)

(τ) is a key functionality for a QPIC, since it allows the 

characterization of single- and entangled- photon states
[12]

. The second-order 

autocorrelation 

function is usually measured in free space or fibre-optics with a Hanbury-Brown and 

Twiss (HBT) interferometer
[13]

. Fig. 5.10 shows the configuration of a free-space HBT 

interferometer for the characterisation of a single-photon source that is based on a 50:50 
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beamsplitter and two distinct detectors on the two output arms. g
(2)

(τ) is measured by 

combining the electrical output of the two detectors in a correlation card. 

A novel configuration of SSPDs has been introduced
[6]

, in order to realize a similar 

functionality in an integrated platform. This configuration is based on two electrically 

independent SSPDs patterned on top of ridge waveguides. These devices are called 

integrated autocorrelators and enable the measurement of  g
(2)

(τ) in a compact integrated 

system.  

 

Fig. 5.10 Sketch of a free space HBT interferometer used to measure g2(τ) 

Two different approaches have been pursued to realize the integrated autocorrelator 

system.  

A first design (Fig. 5.11 a), exactly replicating the HBT interferometer in free space, in 

which the two SSPDs are patterned on each output arm of a multi-mode interference 

coupler (MMI), where the MMI is optimised for 50:50 splitting ratio, in order to operate 

as a 50:50 beamsplitter. A second design (Fig. 5.11 b), that simplifies and compacts even 

more the system, uses two SSPDs defined on a single waveguide and therefore sensing the 

same waveguide mode.  
 

 
Fig. 5.11 Sketch of integrated autocorrelators systems. a) the two SSPDs are on two different arms and 

connected to a MMI acting as 50:50 beam splitter[6] b) the two SSPDs are on top of the same RWG[6] c) the two 

SSPDs are on top of the SNB. 
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The autocorrelator functionality of both designs has been proved
[6]

, however the second 

design (waveguide autocorrelators) is more promising in term of integration in a QPIC, 

due to its very simple and compact structure. Following the waveguide autocorrelators 

design, in this work two electrically independent SSPDs have been patterned on top of the 

same SNB (Fig. 5.11 c).  

 

5.4.2 Design and setup configuration 

The nanowires design follows exactly the one used for a single nanowire on SNB (par. 

5.2). The distance between the two independent nanowires is equal to the pitch (260nm) 

and the SNB has been enlarged by 0.5µm for a total width of 1.5µm. The SNB is directly 

tapered to a RWG, rather than going through a PhCs cavity as for the devices of the Chap 

6.    

The SNB autocorrelators (Fig. 5.12) have been fabricated following the same fabrication 

process described in Chap 4.2.2., and characterized.  

 

 

Fig. 5.12 SEM picture of a SNB autocorrelator. The two different colours underline the nanowires of the two 
electrically independent SSPDs. Inset: cross-section SEM picture of the same device.  

As for the SNB SSPD, an electrical pre-characterization has been made in the setup of 

Chap. 2.4.1 and an optical characterization in the setup of Chap. 2.4.2. For this experiment 

the configuration inside the cryostat is the one with two μ-probes facing each other, one 

for every SSPD of the set composing an autocorrelator, and one lensed fibre at an angle of 

90°.The signal of the two μ-probes is sent to the control box. This box presents two 

independent input/output channels and for each one is possible to control the bias current 

on the corresponding wire. The signals of the two output channels are sent either to a 

counter for efficiency measurements or to the correlation card for the autocorrelation 
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measurements and processed through LabVIEW software. It is important to notice, that in 

order to perform the autocorrelation measurements, a coaxial cable between the output of 

the amplifier and the correlation card, with a known time delay, has been used. The laser 

light, either CW at 1310nm or pulsed at 965nm, is coupled through the polarization-

maintaining lensed fibre into the waveguides. The free-space setup, described previously, 

is used to control the polarization.  

The performance of the two independent detectors composing an autocorrelators is shown 

in the following. Afterwards, the characterization of a possible crosstalk between the two 

components is presented. Finally the proof of principle of the autocorrelator functionality 

is demonstrated.        
 

5.4.3 Single device performance 

The detectors are first characterised in terms of their current-voltage characteristic curves. 

The IV curves of two detectors forming a SNB autocorrelator are shown in the inset of 

Fig. 5.13. The two detectors show similar IV behaviour, although a difference of 2.7µA in 

terms of critical current (Ic
A
=13.9µA, Ic

B
=11.2µA) is observed. Such difference in Ic of 

two nominally identical detectors is another indication that, for 20-µm-long wires, the 

inhomogeneities still play a role. 

 

Fig. 5.13 Device quantum efficiency (DQE) of the two SSPDs (A in black and B in red) of an autocorrelator 

device on top of a SNB under illumination at 1300 nm, as a function of the normalized bias current. Inset: IV 
characteristics of A in black and B in red. 

Fig. 5.13 shows the device quantum efficiency of both detectors measured using a CW 

laser at 1310 nm in the TE polarization. As expected, the difference in Ic between the two 

detectors has an impact also on the DQE. Indeed detector A, that presents higher Ic, also 

has higher DQE compared to detector B. The maximum values of DQE are respectively 
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27% for A and 23% for B. Those values have been derived by dividing the number of 

counts (after subtracting the dark counts) by the number of photons coupled to the 

waveguide, taking into account the measured coupling efficiency ηc = 2.4%.  

This difference in DQE between the two detectors is considered during the g
(2)

(τ) 

measurements. Indeed the bias current, for each one of the two detectors, has been chosen 

such that both of them had comparable values of DQE.  

 

5.4.4 Crosstalk 

The close packing of the nanowires could in principle produce electrical, magnetic, or 

thermal coupling between the two detectors
[14]

. That potentially leads to either a false 

detection or a decreased detection probability in one wire after the other has fired. Such 

coupling, referred to as crosstalk, would introduce spurious correlations at and around 

zero delays and affect the measurement of the second-order correlation function.  

Two different tests are performed in order to investigate the possible crosstalk between 

two adjacent detectors on a SNB. A first series of tests is performed in static conditions, to 

determine whether the bias condition of one detector has an influence on the electrical 

response of the other. The second series is in dynamic conditions in order to investigate 

any temporal variation of the detection probability of one detector due to the firing of the 

other detector. The dynamic crosstalk is measured through the analysis of the g
(2)

(τ) of a 

pulsed laser coupled to the waveguide.  

This experiment establishes also the proof of principle that the SNB autocorrelator system 

is suitable for on-chip g
(2)

(τ) measurements.   

In the following, the absence of any crosstalk, either static or dynamic, between the two 

detectors, is proved. 

Static 

To study the static crosstalk the electrical response of one detector is studied as a function 

of the bias of the adjacent detector. Fig. 5.14 shows the I-V characteristic of one detector 

(A) when the other one (B) is biased above the Ic or when it is not biased at all, and vice 

versa. Biasing the other detector in the resistive region is a stringent test to prove the 

absence of static crosstalk. Indeed, the heat dissipated due to Joule effect could thermally 

affect the other detector. For example in sapphire a 10 % decrease in the critical current of 

one detector has been observed, whenever the other one was in its resistive state
[14]

. This 

effect is not present in this case, as can be seen in Fig. 5.14. Indeed the I-V curves are 

completely superposed in every electrical regime of the devices. The difference between 

the behaviour of the two substrates could be related to the higher thermal conductivity of 

GaAs with respect to sapphire, leading to an efficient heat transport to the substrate.  

In conclusion no static coupling between the SNB SSPDs is evidenced in this 

measurement.  
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Fig. 5.14 IV curve of Detector A while Detector B is unbiased or in resistive state; IV curve of Detector B 

while Detector A is unbiased or in resistive state. Inset: sketch of the two independent SSPDs on top of 

SNB. 

Dynamic 

The idea behind this test on the dynamic crosstalk is the following. Since a coherent beam 

has a constant g
(2)

(τ), if the probability to click, after a detection event on the other wire, was 

increased or decreased, g
(2)

(τ) would show a peak or a dip at τ = 0.  

The expected time range for crosstalk is within a few ns delay because the relevant 

timescales are the recovery time of the detector (few ns), the electromagnetic wave 

travelling time along the waveguide (<1 ps) and the propagation time of phonons across 

the detector and between the two nanowires components of the autocorrelator (up to a few 

ps). The zero delay has been calibrated in a different experiment with a single-photon 

source and using the same delay line.  

The test on the dynamic crosstalk has been realized measuring the intensity correlation 

function g
(2)

(τ) of a pulsed laser (λ = 965 nm, 80 MHz repetition rate) coupled to the 

waveguide. As mentioned before the detectors were biased such to have similar values of 

DQE in the chosen working region, in particular Ib
A 

= 0.86 Ic and Ib
B 

= 0.92 Ic. 

In Fig. 5.15, the coincidence counts are shown as a function of the delay time between the 

start and stop channels, and as expected coincidences are observed only at delays multiple 

of the repetition period of the laser (12.5 ns). The coincidence counts are normalized to 

the average of the peak’s maximum presented in Fig. 5.15 and show a standard deviation 

of 0.03 due to statistical fluctuation. Considering that the peak at zero delay has 1.00 

normalized coincidences, it is fair to conclude that no dynamic crosstalk was observed, 

within the error margin related to the observed standard deviation.   

Moreover it has been proved as the autocorrelator system on top of a SNB can be used for 

on-chip g
(2)

(τ) measurements, with a limitation in time resolution related to detector`s 

jitter. This value, as shown in par.5.3.2,  is well below the ns scale, meaning that this 
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autocorrelator system could be used for on-chip characterization of single-photon emitters 

(decay time of ns). 

 

Fig. 5.15 Coincidence rate of the SNB autocorrelator system under illumination with 80MHz pulsed laser at 

965nm. 

 

5.5 Conclusion 

It has been shown that the low-temperature fabrication process (Chap.4), developed in 

order to integrate single-photon sources and detectors on a GaAs platform, enables the 

fabrication of high performance SNB SSPDs. In particular they present maximum DQE = 

28% at λ=1310nm in TE polarization, dead time τD = 9ns and jitter = 127±8ps.  

The simulation of the electric field mode guided inside the SNB has shown the possibility 

to use shorter wires (20μm instead of 200μm long) preserving high absorptance (90%) and 

so reducing the inhomogeneities problem. The DQE = 28% is still lower than anticipated, 

considering the reduction of the nanowires length. However, even if the experimental 

DQE did not improve as much as estimated, a new record for the DQE on GaAs platform 

has been established. Moreover from the simulation of the TE and TM modes, a 

polarization-independent behaviour of the SNB SSPDs was expected and it has been 

experimentally confirmed.  

A SNB autocorrelator system, composed of  two electrically-independent SSPDs on top of 

a suspended nanobeam, has been realized and characterized. The system did not present 

any static or dynamic crosstalk, allowing the demonstration of the proof of principle that 

is it possible to perform an HBT experiment on chip. This result, combined with a jitter of 

the order of tens ps, shows how the SNB autocorrelator system is suitable for completely 

on chip characterization of single-photon emitters. 
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Chapter 6 

Performance of the quantum photonic 

components 

 

6.1 Introduction  

As already discussed in Chap.1.5, a prototype architecture of a quantum photonic 

integrated circuit on GaAs platform is presented in this work. The integrated circuit 

consists of InAs QDs, photonic crystal waveguides and cavities, and SSPDs patterned on 

top of suspended nanobeams (Fig.6.1).  

The advantages of using SSPDs over other kinds of single-photon detectors have already 

been discussed in the previous chapter (Chap.5.5).  

This chapter, instead, starts with a focus on the photonic crystal units of the proposed 

QPIC. The addition of PhCCs and PhCWGs is required in order to filter the emission from 

one or several QDs, so that single photons originating from a single excitonic line are 

funnelled to the circuit and then measured. Photonic crystals are one of the best candidates 

for the control of the emission from single-photon emitters and realization of processing 

units in a QPIC, but they typically suffer from high propagation losses.  

For the successful realization of the QPIC efficient coupling of light into the circuit and 

among its different units is required. For this reason the coupling between PhC structures 

and conventional low-loss waveguides has been realized employing an adiabatic taper
[1]

. 

Direct coupling of the two structures will result in considerable loss due to scattering and 

reflection at the interface. This is due to the spatial mode profile mismatch related to the 

difference in the width. In order to reduce this mismatch and consequently the losses, a 

design based on the adiabatic theorem
[2]

 has been proposed. The theorem states that a 

system remains in its eigenstate in the presence of a perturbation only if the perturbation is 

introduced gradually. Based on this strategy the width of the nanobeam is gradually 

increased along the propagation direction until it reaches the same width of the RWG 

(Fig. 6.1 inset) After a critical width of 1.65µm, a supporting post of AlGaAs is created to 

sustain the membrane and the width of the trapezoidal AlGaAs pedestal increase 

accordingly to the width of the taper (see Chap.4.2.6 for the fabrication details). The 

longer the taper, the lower the losses associated to the transition. However the taper 

cannot be arbitrary long, due to the presence of buckling, as observed for structures longer 
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than 10µm. In this work a linear taper of a length L = 8µm and angle θ = 6.7° has been 

employed.  

At the beginning of this chapter different designs of PhCCs are compared in order to 

select the one that presents the best filtering. Afterwards the cavities fabricated following 

the selected designs are tested and the one that shows better performance chosen as part of 

the QPIC. 

In the second part of this chapter, the QPIC, realized following the low-temperature 

fabrication process (Chap.4.2.2) and including all the optimized devices, is tested in terms 

of functionality and interactions between the different components.        

 

 

Fig. 6.1 Sketch of the proposed approach for the QPIC. Single photons are produced via spontaneous emission of 

excitons in QDs, efficiently funnelled in waveguides, filtered by a PhCC and detected by waveguide SSPDs. 

Inset: sketch of the adiabatic taper used as interface between the SNB and the RWG.  

 

6.2 Filters 

In order to detect single-photon emission from QDs, a single excitonic line must be 

filtered out of the complex emission spectrum of one or more QDs.  

A coupled PhCC-PhCWG system has been theoretically and experimentally investigated 

and proposed as a system capable of realizing the filtering functionality
[3,4]

. Basically 

when the wavelength of the input light matches the wavelength of the cavity, light can 

pass through the cavity by resonant tunnelling.  

The performance of this filter can be described by coupled-mode theory
[5]

. The coupling 

of the cavity to the PhCWG and to the leaky radiation modes can be characterized by 

quality-factors QWG and QR , where the total quality factor QT is obtained as  
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This means that for a fixed QR (~5000 considering the design and fabrication of the 

cavity), increasing the transmission requires a decrease of the QWG, which will increase 

the bandwidth of the filter thus deteriorating the filtering functionality. So to achieve good 

filtering performances a trade-off between the transmission and the bandwidth is required, 

limiting QT to a value of around 1000.  

The free spectral range (FSR) is another important parameter of a filter and relates the 

spectral distance between two consecutive modes. In this application of PhCCs as filters, 

it is essential to have a FSR as large as possible, such that all the QDs with a wavelength 

different from the one interest are filtered out. A reasonable FSR around the transmission 

peak is at least 40nm, given the QD emission spectrum.  

 

6.2.1 Design 

In this paragraph different designs for the coupling between PhCC and the PhCWG are 

compared. The evanescent coupling of the cavity to the PhC waveguide is realized by 

removing a single row of holes from the hexagonal lattice of the photonic crystal. To 

achieve high coupling efficiency, the cavity modes must be matched spatially and in 

energy with a guided mode supported by the PhC waveguide. For this work only L3 PhC 

cavities, obtained by removing the first three holes from the centre of the PhC, have been 

considered. It is possible to modify the coupling efficiency playing with few parameters, 

such as manipulating r (holes radius) and a (lattice period) of the holes around the cavity 

or using different number of holes as barriers between the PhCC and the PhCWG or even 

aligning the waveguide to a certain angle respect to the cavity axis.     

For this work three different designs have been first simulated and then experimentally 

tested (Fig. 6.2). The first two designs consist of a direct coupling (in-line) between a L3 

PhCC and a PhCWG. The difference between the two stands in the number of holes that 

have been used as barriers between the PhCC and the PhCWG, either three holes (design 

A) or two holes (design B). Moreover the diameter (2r) of external hole of the barrier for 

the design B has been reduced of the 10% compared to the others holes such that higher Q 

is expected
[6]

.  

(6.1) 

(6.2) 
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In the third design the cavity axis in not in-line with the waveguide axis but it is tilted with 

an angle of 60° (shoulder coupling) and the barrier is realized with two holes (design C). 

This last design has been realized following a proposal
[7]

 which suggests that as the spatial 

profile of the fundamental mode of an L3 cavity is tilted by 30° with respect to the axis of 

the cavity, aligning the waveguide to the cavity at an angle of 60° should maximize the 

mode field overlap.   

The simulated transmission spectra of a PhCWG (Fig. 6.2 top-left) and of the three 

considered designs for the filters are shown in following (Fig. 6.2).The design with the 

simulated amplitude of the electric field is shown close to the transmission spectrum. In 

the table the calculated values of  FSR, transmission T and quality factor Q for the 

fundamental mode Y1 and the first-order mode Y2 are presented. 

 
Fig. 6.2 Simulated spectra of a PhCWG (WG) and of the three different PhCC-PhCWG designs: A in-line 3 

holes barrier, B in-line 2 holes barrier, C shoulder coupling 2 holes barrier. Inset: sketches of all the considered 

designs. The simulated amplitude of the electric field is shown in yellow. 

Design QY1 QY2 TY1 (%) TY2 (%) FSR (nm) 

A 1250 - 87 - 60 

B 1170 1230 58 78 75 

C 1145 65 75 64 70 

Tab. 6.1 PhCC calculated parameters of the three simulated designs.  

The spectrum for the PhCWG, considering a ratio r/a = 0.28, presents more than 80% of 

transmission until a cut-off at the wavelength λ = 1350nm. 

The spectra for the design A presents a very promising fundamental mode peak with Q = 

1250, FSR = 60nm and the 87% of transmission, indeed it fulfil all the wanted 

requirements. 
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However it has to be noticed that the wavelength of the fundamental mode (λ = 1348nm) 

is very close to the cut-off wavelength of PhCWG and this could create problems for the 

mode propagation.  

In the spectra for the design B both the fundamental and first-order mode peaks are quite 

narrow (QY1 = 1170, QY2 = 1230) and well separated with a FSR=75nm. The transmission 

for both modes is high especially for the excited mode (T  Y1 = 78%) , meaning that also the 

design B satisfies the requirements.   

The design C has a simulated spectrum that presents both modes with a FSR=70nm, 

however the QY2 of the first-order mode is very low. The fundamental mode (λ = 1338nm) 

has Q and T comparable with the ones of the other two designs, so overall the design C 

satisfies as well all the requirements.  

Filters following those three different designs have been fabricated (Fig. 6.3), including 

RWGs coupled on both sides of the crystal to allow direct transmission measurements. In 

the next paragraph the experimental results are presented.  

 

Fig. 6.3 SEM picture of a photonic crystal membrane coupled to both side to RWGs through adibatic taper. 
Inset: SEM pictures zoomed on the cavity for all the considered designs: A (in-line 3 holes barrier), B (in-line 2 

holes barrier), C (shoulder coupling 2 holes barrier).  
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6.2.2 Performance 

Based on simulations the three designs should work properly for the filtering purpose, but 

actually the experimental transmission measurements show that only the design in-line 

with 2 holes in the barrier (design B) fulfils the required specifications.  

As mentioned the filters are coupled on both sides with RWGs such that fibre-in fibre-out 

measurements can be performed to directly evaluate the transmission. For those 

measurements the transmission is calculated as the power-out power-in ratio over all the 

scanned wavelengths, considering a fibre-RWG-SNB coupling efficiency of  ηc = 2.4% 

(Chap. 5.3.1). However the transmission scan over a large range of wavelengths requires 

quite a long time, meaning that usually measurements are performed on a smaller 

wavelength range (~30nm) around the transmission peak.  

On the other hand an indirect method can be used to measure the transmission allowing 

fast measurements over a large range of wavelengths. With this method the transmission 

spectra are calculated as the ratio between the PL spectra acquired from the two sides of 

the cavity, therefore before and after filtering. To obtain these spectra a non-resonant laser 

(780nm) is applied from the top on the two sides of the cavity. The PL is collected 

through the lensed fibre from one side only, using the RWG coupled to the PhCC-

PhCWG system.  

Ten devices for each design have been measured, in order to check the reproducibility of 

the result. In the following the transmission spectra of an exemplary device for each 

design are shown. The ones obtained with direct fibre-in fibre-out measurements (Fig. 6.4 

direct) are compared with the ones obtained as ratio between the PL spectra before and 

after filtering (Fig. 6.4 indirect). 

It is easily seen that the peaks are modulated by fringes. It has been verified that those are 

Fabry-Perot fringes due to reflections at the cleaved facet and at the interface between 

RWG and SNB.  

The comparison between two spectra, coming from the same filter’s design, but measured 

with either the direct or indirect method, shows no significant differences, meaning that 

the indirect method can be employed as systematic technique to measure the transmission. 

From Fig.6.4 it is obvious how the spectrum for the design A does not present any clear 

transmission peak, rather it shows a broadband transmission over the considered 

wavelength range. As already mentioned, the calculated wavelength for the fundamental 

peak (λ = 1348nm) is very close to the PhCWG cut-off wavelength (λ = 1348nm). Indeed 

in the wavelength region close to the cut-off, PhCWG are known to present high losses, 

which could have masked the observation of the cavity peak. Moreover from the 

simulated spectra of Fig.6.3 (design A) a high broadband transmission is expected for 

wavelength below 1285nm. Therefore a wavelength shift due to fabrication imperfection 

could partially explain what observed in the experimental spectra of Fig.6.4 (design A).  
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Fig. 6.4 Experimental transmission spectra calculated by direct and indirect measurements for the three studied 

filters` designs: in-line 3 holes barrier (A), in-line 2 holes barrier (B), shoulder coupling 2 holes barrier (C). 

Design B is the only one, that provides a clear and isolated transmission peak (1300nm) 

with a very large FSR = 60nm. The wavelength of the peak suggests that is the one related 

to the fundamental mode, however the first-order mode peak is not clearly visible in the 

range of wavelengths below 1250nm (not shown in Fig. 6.4). In that wavelength region 

the transmission is not suppressed and similar spectrum as the one for the design A is 

present. The value for the FSR in this case is calculated as the distance between the peak 

and the area of broadband transmission and is smaller compared to the simulated one 

(FSR = 75nm).       

The peak transmission obtained with the direct measurement is equal to 24±2%, while the 

one calculated by ratio of the two spectra before and after filtering is 23±2%. The two 

values, differently calculated, are in good agreement, meaning that a consistent value for 

the transmission peak of the design B can be considered ~23%. This experimental result is 

far from the simulated transmission for the fundamental mode peak of 58%. From the 

experimental transmission (T ~23%) and total quality factor ( QT ~1000) and using the 

formulas of par. 6.2, a value of  QR ~ 2000 is calculated. This value, much lower than 

what expected for this fabrication process (QR ~ 5000), explains the difference between 

the simulated and experimental transmission.   

Finally the spectrum for the design C shows the presence of a peak at λ = 1300nm, with a 

percentage of transmission ~28%. However, contrary to the design B, the transmission for 

other wavelengths is not well suppressed and a strong transmission background is present 

over the considered wavelength range. So in this last case even if a transmission peak is 
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present and with a percentage of transmission comparable to the one found for design B, 

the background is so strong that design C cannot be used for an efficient filtering action. 

 

 

Fig. 6.5 Top: sketch of the design B filter: the red (before cavity), black (on cavity) and blue (after cavity) arrows 
indicate the different position of the top excitation, while the green the direction of the side collection. Bottom: 

µPL spectra for the three different excitation positions with corresponding colour coding, the blue spectra has 

been reduced of a factor 5 to greater clarity. 

To better clarify the indirect method and especially to clearly visualize the filtering action 

of the PhCC-PhCWG system, PL measurements of a device with design B are presented 

(Fig. 6.5 bottom). They are obtained, as previously explained, applying a non-resonant 

laser from the top on the two sides of the cavity (Fig. 6.5 top, red and blue arrows) and 

directly on top of it (black arrow). The PL coupled to the PhCWG (green arrow) is 

collected from the RWG through a lensed fibre. The PL spectra and the arrows indicating 

the position on PhCC-PhCWG system are correspondingly colour coded.  

The blue curve (after cavity) shows a broad emission with several peaks in the slow-light 

part of the dispersion curve of the PhCWG mode
[8]

, while in the other two it is possible to 

observe the filtered cavity mode (1266nm) located around 20nm away from the slow-light 

dispersion edge. When the pump is applied on top of the PhCC, some additional peaks are 

observed compared to the case where the laser is applied before the PhCC, due to the 

excitation of PhCWG section around the cavity (since the laser spot is bigger than the area 

of the cavity). From the Lorentzian fit of the cavity mode a Q = 1000 is obtained, a value 

close to the one predicted from the simulation (QY1 = 1170). From the spectra before 
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cavity (red curve) for the full range of wavelengths (1200nm-1350nm not shown) no other 

cavity peak was observed, indicating that a FSR of at least 66nm or bigger has been 

obtained for this particular device 

In conclusion, among the three simulated designs of PhC-PhCWG systems, only the one 

with in-line coupling and 2 holes in the barrier presents all the required parameters for an 

efficient filtering action. The experimental transmission of the cavity mode (~23%) is not 

as high as expected, presumably due to disorder-induced optical losses, however the 

suppression for all the other wavelengths outside the cavity mode is pretty strong. This 

will help to obtain a higher ratio between the filtered single QD excitonic line and the 

background emission of all the other QDs.  

 

6.3 Coupling between QPIC components 

The low-temperature fabrication process, developed in order to integrate single-photon 

sources, detectors and passive circuitry, has shown the capability to preserve high 

performance for each component of the proposed QPIC.  In particular the SSPD patterned 

on top of a SNB presented DQE = 28% and jitter = 127±8ps, and two electrically 

independent SNB SSPDs have been used to perform on-chip g
(2)

(τ) measurements. The 

PhCC-PhCWG system showed the expected filtering functionality, with a FSR ≥ 60nm 

and transmission ~23%. 

To finally demonstrate that a working multi-functional QPIC has been fabricated, it is 

necessary to prove that all the involved components, not only work independently, but can 

also be coupled with each other. In the following the integration of two functionalities per 

time will be presented.   

The conclusive proof of principle of the integration of all the three functionalities would 

have been a fully on-chip g
(2)

(τ) measurement of the filtered single QD excitonic line 

emission. This experiment has been performed several times during this project, however 

the perfect condition, in which every device was working as expected, has been very rare. 

Indeed, as already mentioned, the yield of the integrated SSPDs is quite low. Additionally 

for the autocorrelator system to perform the g
(2)

(τ) measurement two working SSPDs on 

the same SNB are needed. On the other hand, without any electro-mechanical control, the 

filtering of a single QD excitonic line emission is purely based on the probability of 

finding a QD emitting in resonance with the mode of the PhC filter. Even though for very 

few devices all those conditions have been realized, it has not been possible to distinguish 

a clear deep for τ = 0, as expected for a single-photon source. This has been mainly due to 

technical problems related to electrical noise that produced spurious counts in the SSPDs, 

especially considering the long acquisition time (2-3h) required in order to distinguish a 

dip at zero delay.  

Even though this last conclusive proof has not been demonstrated, the working capability 

of the multi-functional QPIC has been proved and it will be presented in the following.    
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6.3.1 SSPDs and QDs 

In order to demonstrate a fully-functional QPIC it is necessary to prove that the SSPDs are 

able to detect only light coming from the QDs and not from other sources like for example 

the direct or scattered light of the laser pump. In order to test that, fully on-chip time 

resolved measurements, using the integrated detectors, have been performed at low-

temperature (2.2K).  The devices used for this test did not present a PhC filter in between 

the QDs embedded in the RWG and the SNB SSPD (Fig. 6.6 inset).  

For these measurements, a technique very similar to the one used to measure the SSPD`s 

jitter (Chap. 5.3.2) is used. However in this case, a gain switched diode laser at λ = 750nm 

and with a repetition rate of 80MHz is used to excite the QDs and use them as an internal 

light source. The SSPD on SNB is biased at 0.94Ic and the output is send to the correlation 

card together with the laser trigger to record the coincidences counts.   

In a first measurement the instrument response function (IRF) of the SSPD under direct 

laser illumination at normal incidence with 30nW of power is measured. The IRF (Fig.6.6 

blue curve) shows a main peak and a shoulder, which may be due to a relaxation 

oscillation of the laser. A Gaussian fit to the main peak has a FWHM of 134±4ps, that 

corresponds very well with the value of jitter previously measured for the SSPD on a 

sample without QDs. At long delay it is possible to recognize a shoulder due to the 

response to QD emission. The exponential decay fit of the shoulder (green curve) gives a 

decay time value τd = 0.94 ± 0.01ns that corresponds to the typical spontaneous emission 

lifetime of these InAs quantum dots
[9]

.  

In the second measurement an ensemble of QDs at the edge of the ridge waveguide 

(0.5mm away from the SSPD) is excited non-resonantly with the same power and the on-

chip time resolved photoluminescence (TR PL) data are recorded (Fig. 6.6 black curve). 

The exponential fit of the decay time gives a value τd = 0.92 ± 0.01ns, in good agreement 

with the decay time observed in the shoulder on the IRF curve. And most importantly the 

temporal profile of the excitation laser pulse is not observed anymore at t ~ 37.5ns. This 

proves that, whenever the excitation spot is far enough from the detector, the laser is 

completely absorbed in the GaAs so that only the QD emission is detected. 

In the QD TR PL of Fig 6.6, a relatively long rise time (τr) of the luminescence signal is 

observed. The same behaviour has been observed in ref. [10], where the rise time has been 

studied as function of the excitation energy level, finding a strong dependence. Indeed, the 

ultrafast response and high detection efficiency of the integrated SSPDs permit to probe 

the PL dynamics at low excitation levels.  

Actually for a fully discrete electronic structure such as QDs, efficient relaxation is 

expected to be limited by phonon bottleneck phenomena
[11]

, caused by the large energetic 

spacing of QD energy levels that inhibits single-phonon mediated scattering processes
[12]

. 

Thanks to the fast intrinsic timing resolution of the SSPDs, the charge carrier capture and 

relaxation dynamics of the excited QDs can be studied such to observe the relaxation 

bottleneck. 
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Fig. 6.6 IRF of the SSPD (blue) and on-chip time resolved QD photoluminescence measurement (black). The red 
line represents the Gaussian fit of the IRF and the green lines the exponential fit of the decay time of the QD 

emission. Inset: SEM picture of the device.  The arrows indicate the excitation points and are colour coded 

according to the graph. 

The non-resonant laser, used to excite the low-density ensemble of QDs at the edge of the 

ridge waveguide, is set with different powers and on-chip TR PL data are acquired.  

In the following, the on-chip TR PL curves for different excitation energies are shown 

(Fig. 6.7 a).  

 

Fig. 6.7 a) On-chip time-resolved QD photoluminescence measurements for different excitation energy densities. 
b) carrier relaxation time (black square), obtained from the exponential fit of the rising component of the TR PL 

curves shown on the left, as a function of the excitation energy density. The red curve fits the points with an 

exponential decay function.      

For the lowest energy density used E = 15 nJ/cm
2
 the curve (in black in Fig. 6.6 a) follows 

an exponential increase and immediately after a mono-exponential decay at longer 
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timescale. Same behaviour is observed for the other two energy densities E = 70 nJ/cm
2
 

(in red) and E = 130 nJ/cm
2
 (in green). Instead for E = 430 nJ/cm

2
 and above the decay 

became multi-exponential, as light emitted by the faster decays of multi-excitonic 

transitions
[13]

 is detected by the SSPD. Moreover from the exponential decay fits a small 

dependence of τd as a function of the energy density is observed. From a τd = 1.01 ns for 

the highest energy to a τd = 0.88 ns for the lowest energy, this excitation energy 

dependence and the found values are in agreement with ref. [10]. 

From the fit of the exponential PL rise the rise times τr are calculated and a strong 

dependence on the energy density is found. As shown in Fig 6.6 right as the energy is 

increased the relaxation time reduces, specifically from τr = 0.81ns for E = 0.3 nJ/cm
2
 to  

τr = 0.16ns for E = 1400 nJ/cm
2
. This trend, that can be fitted with an exponential decay 

(red curve), reach almost a saturation close to the limit resolution of the SSPDs (jitter = 

0.13ns).  

The slow relaxation time τr = 0.81ns, found for the lowest excitation level, indicates the 

presence of the phonon bottleneck, which for stronger excitation levels is masked by 

much faster carrier capture and relaxation via Auger-like processes with other charge 

carriers
[14]

.  

In the case of off-chip TR PL experiments, typically a relaxation time < 100ps is found
[13]

, 

indicating that the experimental conditions are not adapt to show the presence of the 

phonon bottleneck.  Indeed in the case of on-chip experiments, not only the detectors have 

an excellent timing resolution, but being placed directly on-chip permit to use ultra-low 

excitation energy, without losing too many counts.  

The trend of the relaxation time in function of the energy density is in good agreement 

with what found on ref.[10].   

 

6.3.2 QDs and filters 

The capability of the on-chip filter to isolate a single QD excitonic line is presented here. 

In par. 6.2 it has been demonstrated that the coupled PhCC-PhCWG system has filtering 

functionality.  Indeed it has been shown how only light resonant with the cavity mode can 

pass through the filter, while all the other peaks are completely suppressed (Fig. 6.5).  

To prove that those filters are able to isolate a single QD excitonic line, it is necessary to 

work at low temperature (2.2K) in order to find a device in which there is a dot emitting in 

resonance with the mode of the PhC filter. Without any possibility of tuning either the 

cavity mode or the QD emission or both, the only way to find such a device is scanning 

through several ones until the one satisfying this condition is found. A quick way to 

individuate such kind of devices is by pumping the non-resonant laser on top of the cavity, 

collecting the PL emission from the top optics and sending the signal to the spectrometer 

(see Chap. 2.4.2).  Fig. 6.8 blue curve shows a typical PL spectrum (divided by a factor 

100 for direct comparison) acquired by top-excitation top-collection, in which the 
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presence of a QD excitonic line in resonance with the cavity mode is clearly visible at λ = 

1185nm (yellow arrow).  

 

Fig. 6.8 µPL spectra at 2K of top excitation on cavity (P=200µW) and top collection (blue) or side collection 

(green). Top excitation before cavity with P= 1µW (red) or P = 20nW (black) and side collection. The yellow 
arrow indicates the wavelength of the single QD excitonic line. 

This technique to scan the devices is faster because avoid the necessity to align the lensed 

fibre to every single device of the chip. However once few devices with the required 

condition have been found, the PL signal has to be collected from the side through the 

lensed fibre, in order to see the  filtering action. The green curve in Fig. 6.8 shows the 

resonant emission of the cavity, measured by top pumping on cavity and collecting from 

the side. Three main features differentiate the two curves: the absence of Fabry-Perot 

fringes for the top collection, the absence of a second peak (λ= 1180nm) close to the 

cavity mode (λ= 1186nm) and a strong PL intensity reduction for the side collection. The 

absence of Fabry-Perot fringes is expected as well as a reduction of the side collection 

signal due to the not so high coupling efficiency of the RWG-SNB (ηC = 2.4%), even 

considering the same pump power (~200µW) for both configurations. On the other hand, 

the absence of a second peak, in the side collection spectrum, is probably due to a poor 

coupling of certain cavity modes to the RWG modes, which does not allow their 

propagation.  

The other two spectra of Fig. 6.8 are acquired for side collection with the laser focusing 

on top of the SNB before the cavity. The red curve clearly shows the presence of a single 

excitonic line perfectly in resonance the cavity mode, however the pumping power is quite 

strong (1µW) and also other excitonic lines are presents in the background, as well as the 

signature shape of the cavity mode.  To be able to better discriminate the single QD 

excitonic emission line, the pump laser power was strongly attenuated (20 nW) and the 

spectrometer was left to acquire for long time (60s instead of the standard 10s) in order to 

get enough signal. In the black curve, the QD emitting at λ = 1185nm is isolated while all 
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the other QDs emission lines at different wavelengths are suppressed. However due to the 

lower Q = 300 of this specific cavity some residual QD emissions close to the filtered line 

are not yet well suppressed. Indeed the filtered QD line is three times higher than the 

average off-resonance background, but only two times higher than other lines within the 

bandwidth of the cavity mode. 

However it has been proved that whenever a QD is emitting exactly within the bandwidth 

of the cavity mode, only a single excitonic line is passing through the filter while all the 

other lines are suppressed. Moreover cavity mode with higher Q (~1000) will help to 

obtain a higher ratio of the filtered QD`s signal to background.  

 

6.3.3 Filters and SSPDs 

In this paragraph the integration of a SSPD with a filter is presented, which is a key 

requirement for the application of SSPDs within the QPIC. It will be shown how the 

SSPDs respond only to TE polarized photons passing through the PhCs filter, while 

photons with different polarization are not detected (Fig. 6.9).  

In this case it is important to mention that the polarization-independent behaviour of the 

SSPDs (Chap. 5.3.3) helps to validate the result found in this paragraph. Indeed if the 

SSPDs would be polarization dependent, it could not be excluded, that the different 

responses to the polarized light, passing through the filter, is an effect of difference in 

efficiency between the TE and TM mode. Instead polarization-independent SSPDs 

guarantee the same sensitivity to the two modes, so that the only discriminant is the 

polarization of the light passing through the filter.  

For this experiment, firstly the wavelength range around the transmission peak has to be 

located, this is done by exciting non-resonantly the cavity from the top and collecting 

from the side with the off-chip spectrometer (dotted curve of Fig. 6.9). A tunable laser, 

with a wavelengths range of tunability comparable to the wavelengths range around the 

transmission peak of the selected device, is fibre-coupled to the free-space setup for the 

polarization control and sent to the lensed fibre. A laser scan over the considered 

wavelengths range is performed and its signal collected by the on-chip SNB SSPD, after 

passing through the system RWG-PhC filter (Fig. 6.9 inset).  

In Fig. 6.9 the on-chip SSPD counts as a function of the laser emission wavelength are 

shown and the curves for TE and TM polarized light are compared, together with the off-

chip µPL signal. For the TM polarized detection curve (green) there is no sign of 

transmission peak but only background counts. This is expected since TM polarized light 

is not guided in the PhC WG as there is no gap in TM. On the other hand the TE polarized 

detection curve (blue) present a peak right where the transmission peak is expected, 

considering the off-chip µPL signal (dotted black). Moreover FP fringes are observed on 

the transmission peak and they match well the fringes observed in the off-chip µPL signal. 
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Fig. 6.9 Off-chip µPL signal of top non-resonant excitation on PhC cavity (dotted black). On-chip SSPD counts 

of the tunable laser excitation, passing through the PhC filter, for TM (green) and TE (blue) polarized light. 
Inset: SEM picture of the device, the arrows indicate excitation and collection points for the off-chip (dotted 

black) and on-chip (blue) measurments.     

 

6.4 Conclusion  

In this chapter different designs of the PhCC-PhCWG system have been theoretically and 

experimentally tested. The design with in-line coupling and 2 holes in the barrier presents 

all the required parameters for an efficient filtering action. From the experimental 

transmission spectra a FSR ≥ 60nm and Q = 1000, as estimated from simulation, were 

found, however the transmission 23% was lower than expected.  

Moreover it has been proved that the three main components of the QPIC (SSPDs, QDs, 

PhC filters), not only independently work as they are supposed to, but also interact 

between each other.  

The study of the interaction between SSPDs and QDs has been performed through an on-

chip time-resolved PL measurement and it has been verified that the SSPDs detect only 

the QDs emission, whenever the laser is focused at a sufficiently long distance from the 

detector. From the fits of the TR PL spectra a QDs spontaneous emission lifetime τd = 

0.94ns has been calculated and a study on the PL dynamics at low excitation levels has 

been shown. From this study a strong dependence of the rise time τr in function of the 

excitation power level has been observed and attributed to an Auger-mediated interband 

relaxation process
 [10]

.  

The interaction between the QDs and filters have been proved, showing, that even with 

relatively low filter transmission, it is possible to isolate the single excitonic line and 

transmit it through the filter. The ratio of the excitonic line over the background is 
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dependent on the Q of the considered cavity (~300) and a higher ratio is expected for 

higher Q (~1000).  

From the interaction between SSPDs and filters it has been concluded that the SSPDs 

respond only to TE polarized photons passing through the PhCs filter, while photons with 

different polarization are not detected.  

In conclusion a number of key components of a QPIC, including QD sources, filters and 

detectors, have been developed and successfully tested, opening the way for numerous 

QIP applications. 
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Chapter 7 

Conclusion and outlook 

 
Photonic quantum information processing (QIP) is very promising and interesting results 

have already been achieved, especially in the cryptography field. However, in order to 

scale photonic QIP to more complex functionalities, quantum photonic integrated circuits 

(QPICs) are required. QPICs promise many key advantages, however some stringent 

criteria on the performance of each component are required. Despite the impressive 

progress made in the development of each component at the single unit level, to date a 

fully-functional QPIC has not been demonstrated.  

GaAs is a favourable material in order to integrate many QPIC elements, from excellent 

single-photon sources to high-performance single-photon detectors. In this work the 

prototype architectures of two slightly different QPIC demonstrators have been 

investigated.  

The first kind of QPIC is realized on a GaAs single-membrane with embedded InAs QDs 

used as single-photon sources and on which photonic crystal waveguides (PhCWGs) and 

cavities (PhCCs) are fabricated, in order to filter a single excitonic line, and 

superconducting single-photon detectors (SSPDs) are patterned on top of suspended 

nanobeams (SNBs). The second kind of QPIC comprises all the components of the 

previous one, but it is realized on GaAs double-membranes and includes doped-layers. 

This allows the fabrication of p-i-n diodes for Stark control of the QDs emission and the 

realization of a nano-opto-electro-mechanical photonic crystal cavity which can be 

electrically actuated in order to bring it in resonance with the QD emission and so have an 

on-demand highly efficient single-photon source. The results on the realization of the 

proposed QPICs are the following: 

 SSPDs have been fabricated using NbN as superconducting film. The deposition 

process via DC-magnetron sputtering has been optimized, comparing films 

grown with different deposition parameters (temperature, pressure). SSPDs 

fabricated on different films have been electro-optically characterized and the 

best results in terms of efficiency have been obtained for films with critical 

temperature (Tc) in the range of 9.3-9.7K. The optimized deposition parameters 

have been used to sputter NbN thin films on top of heterostructure wafers growth 

by MBE.  

 The design of the detectors has been carefully chosen in order to realize the 

SNB-SSPDs. Different pitches and widths have been compared, and a design 
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with 260nm pitch and 100nm width has been selected. Moreover the design of 

the bending points has been optimized in order to reduce the current crowding 

and the length of the contact wires carefully chosen to avoid latching of the 

detectors.    

 Once the optimized SSPDs are fabricated, they are integrated with the other 

photonic components. A low-temperature (LT) fabrication process, developed in 

order to preserve the SSPDs performance, is used. Even though nominally every 

step of the process is perfectly compatible with the integration of the detectors, it 

has been observed that several steps together may degrade the NbN film. In 

particular, a dependence between the etching time and detector critical current 

has been found for both SiN and GaAs dry etching processes.  

 The SSPDs patterned on top of a 10µm-long SNB and integrated with QDs, PhC 

structures and RWGs are characterized and they present maximum DQE = 28% 

at λ=1310nm in TE polarization, polarization-independent behaviour, dead time 

τD = 9ns and jitter = 127±8ps. The DQE = 28% is lower than anticipated, 

considering the numerical simulation and the reduction of the nanowires length 

to 20 µm, that should have reduced the inhomogeneities problem. However, even 

if the experimental DQE did not improve as much as estimated, a new record for 

the DQE on GaAs platform has been established. 

 A SNB autocorrelator system, composed of two electrically-independent SSPDs 

on top of a suspended nanobeam, has been realized and characterized. The 

system did not present any static or dynamic crosstalk, showing that it is possible 

to perform a HBT experiment on chip. This result, combined with a jitter of the 

order of tens ps, shows how the SNB autocorrelator system is suitable for 

completely on-chip characterization of single-photon emitters. 

 Different designs of PhCC-PhCWG systems, used as filters of single excitonic 

QDs lines, have been tested. The design with in-line coupling and 2 holes in the 

barrier presents all the required parameters for an efficient filtering action. From 

the experimental transmission spectra a FSR ≥ 60nm and Q = 1000, as estimated 

from simulation, were found, however the transmission 23% was lower than 

expected.  

 The realization of the first kind of QPIC has been proved, testing the interaction 

between the three main components (SSPDs, QDs, PhC filters). The SSPDs have 

been used for on-chip time-resolved PL measurements of the QDs emission, 

finding a spontaneous emission lifetime τd = 0.94ns. Moreover the PL dynamics 

at low excitation levels have been studied, finding a strong dependence of the 

rise time τr in function of the excitation power level, attributed to an Auger-

mediated interband relaxation process. The integration of QDs and filters have 

been proved, showing, that even with relatively low filter transmission, it is 

possible to isolate the single excitonic line and transmit it through the filter. From 

the coupling between SSPDs and filters it has been concluded that the SSPDs 
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respond only to TE polarized photons passing through the PhCs filter, while 

photons with different polarization are not detected. It should be noted that the 

reproducibility of this process has been observed to be limited due to problems 

related to degradation during subsequent etching steps. 

 The second kind of QPICs, including the p-i-n diodes for QDs control and cavity 

actuation, have been realized using a LT process with a different process flow 

compared to the one used for the QPICs on single-membrane. The diodes for 

QDs tuning and cavity actuation have shown good potential for tunability, and in 

few devices the signatures antisymmetric and symmetric modes of the double-

membrane cavity have been identified in the µ-PL spectra. However, due to the 

long time required to etch PhC structures through the double-membranes, the 

functionality of the SSPDs has been completely compromised, therefore not 

allowing the demonstration of this second kind of QPIC.     

Even though few key components of a QPIC (QDs sources, filters, detectors and 

autocorrelators) have been successfully integrated on the same chip, some problems must 

be addressed before the realization of a fully-integrated QPIC able to perform complex 

QIP functionalities.  

First of all, each component can be further improved, for example increasing the quality 

factor of the cavity in order to improve the filtering action, or trying to use 

superconducting amorphous material (WSi, MoSi) for the SSPD in order to enhance the 

efficiency.  

In what concerns the integration, the main problem is related to the understanding and 

solving of the etching time fabrication issue. Indeed, until this obstacle is overcome the 

optimized LT fabrication process will not be able to guarantee reproducibility or the 

realization of more complex QPICs like the second one proposed.  

On the other hand, once this issue is solved, the GaAs platform can be considered the one 

in which the realization of a fully-integrated QPIC can be done in a relatively short term. 

Indeed the second proposed platform on GaAs double-membrane and with doped layers 

would allow the integration on the same chip of all the key components necessary for 

linear quantum information protocols, namely electrically-driven on-demand single-

photon sources
[1]

, electro-optic phase shifters
[2]

, passive circuitry such as waveguides or 

directional couplers, and detectors.  
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