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Abstract 

The physics of single photons is fascinating, by manipulating them we can observe 

and probe quantum effects. Doing so requires the fabrication and utilization of single 

photon sources, of which many types have been developed including quantum dots, 

trapped atoms and ions, and color centers. On the other end of the experiments, single 

photon detectors play a role of utmost importance, and while several types of detectors 

exist, superconducting nanowire single photon detectors are now the state-of-the-art 

technology. By offering near unity detection efficiency from the ultra-violet to the mid-

infrared light spectrum, with negligible noise and excellent time resolution, they made 

possible many experiments that were previously technologically unfeasible. The same 

appealing characteristics have found a use in applications outside of the quantum 

optics framework, with notably light detection and ranging, biomedical imaging or 

CMOS circuits testing. 

In this thesis a controlled growth method for tailoring the characteristics of niobium 

titanium nitride in the framework of superconducting nanowire single photon detectors 

was developed. Reactive co-sputter deposition of niobium titanium nitride was shown 

to be a versatile method, both in terms of the degree of control over the material 

composition, and in the choice of substrates that it allows. Unity internal detection 

efficiency of detectors at telecom wavelengths was achieved by optimizing the niobium 

content in the material. The influence of lattice matching on the critical temperatures 

of films deposited at room temperature was investigated. The fabrication of 

superconducting nanowire single photon detectors on aluminum nitride-on-sapphire, 

on lithium niobate nano-waveguides, on gallium arsenide, and the integration on SiN 

waveguides was achieved. The material was used to fabricate detectors with optimized 

response for any linear polarization of the incoming photons by using a fractal 

architecture. Another method was proposed to achieve the same results by 

encapsulating meandering detectors in a high index dielectric material, resulting in a 

decrease of the permittivity mismatch between the nanowire material and its 

surrounding and therefore optimizing the efficiency for both orthogonal linear 

polarizations. 

Finally, detectors were fabricated from films developed in this work, and were 

operated to enable the implementation of polarization-based entanglement 

distribution in optical fibers in a real-conditions scenario, over a record distance of 96 

km. This paves the way for the development of quantum communication networks 

using existing optical fiber links. 

 

Keywords: superconducting nanowire single photon detector, SNSPD, niobium 

titanium nitride, NbTiN, reactive co-sputtering, quantum communications, quantum 

sensing.  
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Sammanfattning 

Enskilda fotoners fysik är fascinerande, genom att manipulera dem kan vi observera 

och undersöka kvanteffekter. Detta kräver tillverkning och användning av källor som 

kan emittera enskilda fotoner, av vilka många olika varianter har utvecklats, inklusive 

kvantprickar, fångade atomer, joner och färgcentra. För experiment spelar 

detektorernas förmåga att detektera enskilda fotoner en viktig roll. Flera typer av 

sådana detektorer finns nu tillgängliga, men supraledande nanotrådsdetektorer för 

enskilda fotoner erbjuder den bästa möjliga teknologin för nära perfekt 

detektionseffektivitet från det ultravioletta till mitten av det infraröda ljusspektrat. Den 

försumbara brusnivån och den utmärkta tidsupplösningen har möjliggjort många 

experiment som tidigare ej varit genomförbara. Samma tilltalande egenskaper har 

kommit till användning i applikationer utanför kvantoptikområdet, såsom ”light 

detection and ranging” (LIDAR), biomedicinsk avbildning eller provning av CMOS-

kretsar. 

I denna avhandling utvecklades en kontrollerad växtmetod för att skräddarsy 

egenskaperna hos niobtitannitrid för supraledande nanotrådsdetektorer. Reaktiva 

sputterdeposition av niobtitannitrid från två metall källor visade sig vara en mångsidig 

metod, både genom den grad av kontroll som ges över materialkompositionen och val 

av substrat. Hundraprocentig intern detekteringseffektivitet uppnådes hos detektorer 

vid telekomvåglängder genom att optimera niob koncentrationen i materialet. 

Påverkan av gittermatchning på de kritiska temperaturerna undersöktes hos filmer 

deponerade vid rumstemperatur. Supraledande nanotrådsdetektorer för enskilda 

fotoner kunde tillverkas på aluminiumnitrid-på-safir, på galliumarsenid, på litium niobat 

nano-vågledare samt integrerades på SiN-vågledare. Materialet användes för att 

tillverka detektorer med optimerad känslighet för all linjär polarisationer av 

inkommande fotoner med hjälp av en fraktaldesign. En annan metod föreslogs för att 

uppnå samma resultat genom inkapsling av slingrande detektorer i ett dielektriskt 

material med högt brytningindex, vilket resulterar i en minskning av permittivitet-

skillnaden mellan nanotrådsmaterialet och dess omgivning och därmed optimera 

effektiviteten för de båda ortogonala linjära polarisationerna. 

Slutligen, från filmer som utvecklats i detta arbete tillverkades detektorer och 

användes för att möjliggöra genomförandet av polarisations-baserad 

kvantsammanflätningsfördelning i optiska fibrer i ett kommersielt nätverk, över ett 

rekordavstånd på 96 km. Detta banar vägen för utvecklingen av 

kvantkommunikationsnät med existerande optiska fiberlänkar. 
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I. Chapter 1 - Introduction 

1. Light 

Among all senses, perhaps sight is the one we use the most. We use light to 

communicate, to recognize each other. We use signs to organize our traffic, or to 

promote consumption in our capitalist societies [1]. Light drives our biology [2] and is 

one of the key elements for life itself through photosynthesis [3]. There is no doubt why 

the study of light and its associated phenomena intrigued generations of philosophers 

and physicists, who tried to understand the laws governing it propagation, its 

composition and how it interacts with its environment. This led to the parallel 

development of the wave and particle theories as early as in the 17th century, followed 

by the electro-magnetic description of light in the 19th century. All these theories are 

still being used and taught to students today, but perhaps the one theory that allows to 

explain most phenomena is the quantum theory of light developed in the early 20th 

century, bringing together the idea of light being in nature both a particle and a wave, 

or neither of them. 

With each improvement on our understanding of light, many technological 

developments were made, that have shaped our societies with the apparition of new 

tools. Microscopes allowed us to observe the smallest living organisms, to discover that 

we are made of cells. Telescopes allow us to question how our universe was created 

and what our planet’s place among its vastness is. We developed interferometers to 

measure ever more precise movements and positions. Electro-magnetic waves are the 

backbone of our wireless communication networks. And lasers have found countless 

applications, despites their early description as “a solution looking for a problem”. 

Because it is the fastest known object, light has a special place in the world of 

metrology and communications. Using the time-of-flight of light pulses with the LIDAR 

(Light Detection And Ranging) technology, our cars are becoming safer and better at 

preventing accidents. The use of optical fibers to send information between continents 

allowed us to develop the Internet. Pushing the limits of these technologies, one enters 

the realm of quantum optics and its formidable laws. Playing with these laws requires 

to be able to generate, manipulate and detect photons, the indivisible particles of light, 

one or perhaps two at a time.  

  

2. The photon 

When Max Planck was studying black-body radiation spectra, he first introduced in 

1900 the notion of the quantized electromagnetic radiation to explain these 
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observations. This idea of a quantization of the magnetic field was used later on by 

Albert Einstein in 1905 when he devised the photoelectric effect. Einstein went on and 

proposed that electro-magnetic energy quanta must also carry momentum, implying a 

particle-like nature. It is the chemist Gilbert Lewis who used the term photon for the first 

time in 1926 working on photochemistry [4]. The recognition of the work of Arthur 

Compton on the wavelength shift of scattered X-rays [5] led to the acceptance of the 

concept of photons in the scientific community. 

A rigorous definition of the photon follows the second quantization derivation by 

Paul Dirac in 1927: a photon is an elementary excitation of a single mode of the 

quantized electromagnetic field [6]. A photon is thus a quantum object that exhibits 

both wave-like and particle-like properties. It is indivisible on a beam splitter, but 

interferes with itself in an interferometer. 

The study of light quantum phenomena implicates the use single photon detectors, 

which have been developed and improved since the mid-20th century. 

 

3. Most common single photon detector technologies 

Photon Multiplier Tubes (PMTs) 

Originally, these detectors were developed for X-Ray detection, and a scintillator was 

used to down-convert an original X-Ray, high energy photon into several lower energy 

photons. The detection part of these devices consists of a photocathode where 

impinging photons (either down-converted ones or photons with energy compatible 

with the band-gap of the photocathode) knock off a primary electron into the multiplier 

tube. The electron is accelerated through an ensemble of dynodes with different 

electric potentials, where it will in turn collide and transfer energy to other electrons, 

leading to the formation of a large number of free electrons, as shown on Fig. I.1, which 

Fig. I.1: Schematic of the working principle of a PMT.  

Adapted from Hamamatsu/Florida State University. 
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can be detected as a measurable electrical signal. These detectors were invented in 

1937-1939 independently by Karl-Otto Kiepenheuer [7] and James Allen [8], initially to 

detect high energy particles. To date, these detectors are commercially available, highly 

miniaturized with the dynodes replaced in modern models by micro channel-plates, but 

the specifications of the devices remain highly dependent on the photocathode 

material and design, with a difficulty to achieve simultaneously a good signal-to-noise 

ratio, especially at wavelengths in the visible and lower energies, a timing jitter below 

150 ps and high counting rates, although a timing jitter as low as 71 ps under 650 nm 

illumination has been demonstrated for a PMT with an ALD coated micro-channel plate 

[9].  

 

Single Photon Avalanche photo Diodes (SPADs) 

SPADs are probably the most widely used single photon detectors in quantum 

optics labs. They rely on doped p-i-n semiconductor junctions reverse-biased above 

their breakdown voltage so that a photo-generated electron-hole pair, as illustrated in 

Fig. I.2, is highly accelerated in the junction, creating more pairs by knocking-out 

electrons from the valence band in an avalanche process, until a large enough current 

is formed and easily detected. In order to trigger a detection event in these devices, the 

energy of an incoming photon needs to be higher than the band-gap of the materials, 

which imposes a lower limit on the wavelength range that can be detected. The most 

mature SPADs are based on silicon (Si) and make for excellent detectors in the visible 

range, although their dark count rate and time jitter and relatively high [10]. For infra-

red light detection, other semiconductors are used, with InGaAs being the most 

common one. InGaAs commercial SPADs offer a rather limited detection efficiency at 

Fig. I.2: Band diagram schematic of the photo-generation of the initial electron-hole pair 

in APDs. Following the absorption of a photon of sufficient energy, the photo-generated 

carriers get accelerated in the biased junction, knock-out other electrons in an 

avalanche process and a pulse is generated. 
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around 30-40%, with high dark count rate (counts registered without the presence of a 

photon) in the order of a few kHz and high time jitter >150 ps. 

 

Eye 

Surprisingly enough, it has been demonstrated that the human eye is sensitive to 

single photons [11]. Although Vivoli et al. suggest the possibility of experiments 

involving entanglement and detection with the eye [12], biological sensors are beyond 

the scope of this thesis and it is generally strongly recommended not to use one’s own 

eye in quantum optics setups. 

 

4. Superconductivity 

Superconducting Nanowire Single Photon Detectors (SNSPDs) lie at the crossing of 

several fields of physics: quantum optics, nanostructure physics, material sciences and 

superconductivity. The latter aspect is perhaps the key to fully understand the behavior 

of the detectors, and to push their properties to the fundamental limits.  

Superconductivity was discovered in Leiden, The Netherlands by Dutch physicist H. 

Kamerlingh Onnes in 1911: it is the property of certain materials to offer a zero-

electrical resistance and an expulsion of the magnetic flux when cooled below a certain 

temperature called the critical temperature (Tc). One can classify superconductors into 

two categories, type-I superconductors, which have one temperature-dependent 

critical magnetic field that marks the limit between the superconducting and the normal 

or resistive state, and type-II superconductors that have two temperature-dependent 

critical magnetic fields, between which the magnetic field can partially penetrate the 

superconductor through isolated points called vortices. These vortices are thought to 

be a necessary element to allow detection processes in SNSPDs, and in fact all materials 

that have been used to fabricate detectors are made of type-II superconductors 

including NbTiN that we investigate here. Most type-I superconductors are pure 

Fig. I.3: Cooper pair formation. An initial electron (left) deforms the lattice by attracting 

the cations in the crystal. A second electron gets attracted into the more positively 

charged region, forming a Cooper pair. 
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elements, while in principle type-II superconductors are alloy compounds, one notable 

exception being Nb which is a type-II superconductor. 

Conventional superconductors can be described by the microscopic Bardeen-

Cooper-Schrieffer (BCS) theory [13]. This theory states that electrons of a 

superconducting material will condense into Cooper pairs at low enough temperature 

in the presence of an attractive potential that overcomes the Coulomb repulsion. In a 

crystal lattice, this can be due to the interaction between the electron and the lattice: 

one electron, with charge -e, attracts the positively charged nuclei of the lattice, 

deforming it. This deformation attracts another electron towards the more positively 

charged region, creating a distant interaction, mediated by the crystal lattice, between 

the two electrons: a Cooper pair is formed, see Fig. I.3. Of course, many electrons will 

pair up in the material, which results in a spatial overlap of the pairs, and because of 

their bosonic nature they are not subject to the Pauli exclusion principle and can 

condense into a quantum ground state. In order to disrupt one of the Cooper pairs, 

enough energy must be brought to the system to bring the collective ensemble into an 

excited state by overcoming the energy gap; at low temperature the vibrational energy 

of the lattice is sufficiently reduced not to excite the system, sustaining the pairing. 

Superconductivity is the macroscopic manifestation of the condensation of these 

numerous Cooper pairs which do not experience any resistance in DC or low frequency 

RF operation [14]. Building on the BCS and on the phenomenological Ginzburg-Landau 

theories [15], Abrikosov introduced the possibility of vortex formation and with it the 

existence of type-II superconductors, featuring two critical magnetic fields, showing that 

Fig. I.4: Magnetic imaging of stationary and fast moving vortices in a constricted Pb film 

at 4.2 K, with different applied magnetic fields indicated on the left -hand side, and 

different bias currents indicated at the bottom. All 2D images are 12 × 12 µm2, pixel size 

40 nm, and acquisition time 240 s/image. The scale bar is 3 µm.  Reproduced from Embon 

et al., Nature Comm. 2017. 
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vortices are necessary to allow the sustaining of superconductivity at high magnetic 

fields in certain materials [16]. Nowadays, it is possible to image these vortices, their 

formation dynamics and movements in type-II superconducting films experiencing 

diverse applied magnetic fields, as shown in Fig. I.4 reproduced from ref. [17]. There is 

now strong evidence in the field of superconducting nanowire single photon detectors 

that the generation of vortices is an essential element of the detection mechanism [18], 

which results in an electrical pulse as described in Chapter III. 

Some interesting applications have already emerged from superconductivity. 

Because superconductors offer no electrical resistance, large currents can be driven 

without any energy dissipation, making them ideal materials to generate magnetic 

fields with superconducting coils, used notably to confine plasmas in nuclear fusion 

reactors [19], or to steer beams of particle at the Large Hadron Collider [20]. Magnetic 

Resonance Imaging makes use of superconducting quantum interference devices 

(SQUID) to probe subtle magnetic field variations in compact and low cost systems [21]. 

Josephson Junctions, consisting or two superconductor pieces spaced by a weak link, 

are used in the Rapid Single Flux Quantum logic to make possible clock rates in the 

order of 100 GHz, which are not attainable with standard CMOS circuits [22], and are 

used to define the international standard for the Volt unit [23,24]. Furthermore, a lot of 

effort is put into superconducting circuits for quantum computation, and ensembles of 

superconducting qubits are perhaps the closest devices to a quantum computer we 

have to date [25,26]. Finally, another unexpected application of superconductors was 

demonstrated: they can detect light signals, and more interestingly, they can detect 

single photons. 

 

5. Detecting single photons with superconductors 

The first attempt to detect a light signal with a superconductor was made with the 

invention of transition edge sensors (TES) in the early 1940’s by Donald Andrews [27]. 

In these devices, a superconducting film is precisely biased at a current set at the 

steepest slope of the transition from the superconducting to the normal state, so that 

a small change in temperature induces a large change in the resistivity of the detector. 

The thermal heating due to light interaction with the material, even at low light flux and 

long wavelengths, is then enough to be detected by the TES. Improvements on this 

technology, mainly the implementation of negative electro-thermal feedback and 

SQUID readout in 1995 by Kent Irwin, have boosted sensitivities down to the single 

photon level, making them widely used. 

However, it was in 1971 that Louis Testardi first showed that photons can break 

superconductivity without relying on heating of the sample [28]. He observed that laser 

light shone on a superconducting lead thin film induced a resistive state in the film, and 

he first assumed that this perturbation of the superconducting state was due to local 

heating of the sample, bringing the temperature above the Tc of the material, as a 

bolometer would behave. However, he measured the dynamics of the temperature 

change of the sample kept above Tc due to heating by the laser light. Comparing to 

these dynamics, the observed sudden change to resistive state in the sample below Tc 
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was happening too quickly to be attributed simply to heating of the sample. Testardi 

deducted that there was an interaction between incident photons and the carriers in 

the superconductor: when the photon was absorbed in the superconducting thin film, 

its energy was distributed among the carriers and excites them, and if the number of 

excited particles was high enough compared to the total number of free carriers, the 

superconductivity would be macroscopically broken, regardless of the local 

temperature. 

 

6. Objectives and main achievements 

The aim of the work reported in this thesis is to improve certain important aspects 

of a state-of-the-art single photon detector, the now ubiquitous superconducting 

nanowire single photon detectors. The central part was the study of one material of 

choice for such detectors, NbTiN, through a careful investigation of its growth in co-

sputter deposition and its resulting composition and properties, in order to enhance 

the internal detection efficiency (IDE). A recipe for the fabrication of detectors with a 

pronounced IDE at 2.5K was developed. Furthermore, this allows for the deposition of 

NbTiN at room temperature, enabling the deposition of films on virtually any substrate, 

and the fabrication of detectors with diverse architectures, notably detectors on lithium 

niobate (LiNbO3) rib waveguides, and on III-nitrides. Finally, we proposed two different 

approaches to diminishing the polarization sensitivity of the SNSPDs, by limiting the 

permittivity mismatch between the detector and the surrounding material, and by using 

Peano curve meander architectures. Finally, detectors made from early films grown at 

KTH were mounted in a closed-cycle cryostat, and installed in Malta for the 

demonstration of a long distance record entanglement distribution over a 96 km 

standard telecom link between Malta and Sicily. The experiment was made possible in 

these real-life conditions by the excellent signal-to-noise ratio of the SNSPDs. 
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II. Chapter 2 – Material properties of NbTiN 

1. Crystalline phase 

Sputtered NbTiN is a polycrystalline compound, with grains forming an NaCl, or B1, 

lattice structure. The grains lattice is composed of the metallic atoms occupying the FCC 

sites, and nitrogen atoms occupying the octahedral sites, as shown in Fig. II.1, forming 

a highly miscible ternary phase of NbN and TiN [29]. NbTiN is typically deposited with 

sputtering tools, although growth by chemical vapor deposition [30], atomic layer 

deposition [31,32], and finally molecular beam epitaxy [33] and laser ablation for the 

similar NbN [34] have all been demonstrated. It was shown that the Ti atoms in the 

compound act as a nitrogen getter and improve the quality of crystals as compared to 

NbN by preventing the formation of vacancies [35,36]. In addition, NbTiN has the 

advantage of having less stringent growth requirements than NbN [37], of which the 

formation in the superconducting structure of stoichiometric B1 is not favorable at 

deposition temperatures below 1350˚C. NbTiN can be deposited on substrates with a 

large lattice mismatch, notably at room temperature while maintaining good 

superconducting properties, as discussed in Publications B, C and D and throughout 

the thesis. In Publication A, we show the dependence of the lattice constant measured 

Fig. II.1: B1 crystal lattice of NbTiN. 

Reproduced from chem.libretexts.org. 
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with transmission electron microscopy (TEM) on the deposition conditions, which 

themselves give control on the material Tc.  

 

2. Superconducting and electrical properties 

NbTiN is a type-II superconductor offering the highest Tc among B1 compounds 

based on Nb with up to 17 K in bulk [29], and as such it is widely used in different 

research fields notably for sensing in hot electron bolometers [38], or as a 

superconducting electrode [39]. In the context of SNSPDs, NbTiN was proposed as an 

alternative to NbN, initially showing promise for lower dark count rates and operation 

at higher temperatures. Both are typically treated as very similar compounds in 

theoretical models, differing only by the value of their material constants such as the 

magnetic penetration depth and coherence lengths, but following the same 

descriptions. In the framework of this thesis, we deposited NbTiN with a bulk Tc as high 

as 14.2 K while depositing at room temperature, and as high as 15.75 K for a sample 

deposited at 600˚C. As reported elsewhere [40], we observed by X-Ray Diffraction (XRD) 

that a deposition at higher temperature is linked to larger grain sizes in the alloy, which 

we directly associate to the observed increase of the Tc. During the sputtering process, 

the atoms ejected from the target that reach the deposition substrate condense on its 

surface. When this surface is at a high temperature, the ad-atoms gain kinetic energy, 

they are less likely to condense on the surface and migrate further before crystallizing. 

The nucleation will happen preferably at locations where they can more easily form a 

crystal lattice, i.e. where other sputtered atoms have already started to form grains [41]. 

As a result, the average grain size increases, with a lower density of grain boundaries 

which is more favorable for sustaining superconductivity up to higher temperatures 

[42]. 

The critical current density in the material is also influenced by the material 

composition. We achieved critical current densities of up to 6.81×1010 A/m2 when 

Fig. II.2: Characteristics of the SNSPD on lithium niobate. (a) Dark count rate recorded 

over 27.5 minutes. (b) Timing jitter of 60 ps measured with room temperature 

electronics. Inset: pulse of the detector, with a 1/e dead time of 4.5 ns.  
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operating the detectors at around 50 mK on a LiNbO3 platform, with a film thickness of 

9 nm and a device width of 80 nm as observed by SEM, optimized for waveguide 

integration and reaching a critical current Ic of 49 µA. The device was measured with a 

dark count rate of 3 mHz for a 27.5 min integration time and at 98% of its critical current, 

as shown in Fig. II.2.(a), suggesting that the bias current was still far from the intrinsic 

critical current density of the material, and perhaps limited by imperfections in the 

superconducting film. The high bias current allowed to achieve a timing jitter of 60 ps 

FWHM, measured with room temperature electronics in a coincidence measurement 

with an attenuated pulsed laser, represented in Fig. II.2.(b). The resulting pulses were 

about 800 mV high after 50 dB amplification. 

In the case of material optimization for the fabrication of SNSPDs, a higher Tc may 

be detrimental: although it enables the operation of the device at a higher temperature, 

it will also yield a higher binding energy of the Cooper pairs in the system, and in turn 

make it more difficult to trigger a detection event upon absorption of a single photon 

of a given frequency. As such, the optimization of the superconducting films for this 

application should not aim at increasing the Tc of the films, but rather at forming an 

alloy with composition that allows for the operation at the chosen temperature, with a 

good internal saturation and without sacrificing the maximum current density in the 

material. We describe our approach in Publication A. 

 

3. Use of the material 

The use of NbN and NbTiN in diverse groups was initiated by a previous knowledge 

of the materials and their superconducting properties for other applications. NbN was 

used by the Moscow group to fabricate Hot Electron Bolometers, which are devices that 

make use of the change of temperature of the superconducting material and its 

associated resistance change to detect low energy signals such as THz radiation [43,44]. 

Our group started fabricating SNSPDs with NbTiN from films developed initially for 

Microwave Kinetic Inductance Detectors (MKIDs) [45] and Superconductor-Insulator-

Superconductor (SIS) junctions devices [46,47]. MKIDs are detectors that make use of 

the change in the kinetic inductance of superconducting materials when the 

supercurrent is perturbed, i.e. when the quantity of Cooper pairs in the system is 

changed. The superconductor is coupled to one or several microwave resonators, which 

experience a change in resonance frequency when the kinetic inductance of the 

coupled superconducting strip changes. This scheme is particularly interesting for 

driving several detectors through a single pair of coaxial lines using different resonance 

frequencies, each forming a different detection pixel. MKIDs are used in astronomy for 

detecting millimeter and sub-millimeter waves. SIS junctions make use of the 

measurement of the tunneling of quasi-particles through the junction when the light 

radiation impinges on the device, a detection event being recorded as a measured 

tunneling current. Another scientific application of NbTiN is for the fabrication of single 

flux quantum logic circuits. Such circuits are based on Josephson Junctions that are 

typically made of a multilayer of NbN/AlOx/NbN, but due to the stringent growth 
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requirements of NbN in term of lattice matching, it was shown that the use of NbTiN 

interlayers are beneficial for the fabrication of the circuits [48]. 

Nevertheless, the most widespread application of NbTiN is probably in the 

production of SNSPDs. Among the different materials used for superconducting 

detectors production, NbTiN has an advantageous position by allowing a relatively easy 

deposition, an operation at 2.5K, as described in this work, while still allowing for a near-

unity efficiency with high count rates and a high time resolution [49]. 

 

4. Alternative materials and advantages of NbTiN for SNSPDs 

As described above, NbTiN has the advantage over NbN to offer a more flexible 

material deposition with satisfying properties for SNSPDs, notably at room temperature 

or on substrates with a large lattice mismatch. However, other materials, namely 

amorphous materials such as tungsten silicide (WSi) or molybdenum silicide (MoSi), 

offer more forgiveness in the deposition process than NbTiN, due to their lack of 

crystalline order and thus the irrelevance of a lattice matching. Currently, these two 

materials have the additional advantage of allowing for better internal detection 

efficiency, especially at long wavelengths thanks to their smaller superconducting gap 

[50–52] that can be expressed in the weak coupling limit and according to the BCS 

relation [53] as: 

Eg = 2∆0=  3.53 × kBTc      (II-1) 

where kB is the Boltzmann constant and Δ0 is the energy gap for individual particles at 

T = 0 K. This gap decreases as temperature increases, vanishing at Tc, but in any case it 

remains proportional to kBTc as long as the the material is in the superconducting state. 

This implies a lower energy gap at a fixed operation temperature for materials with a 

lower Tc, and the possibility to more easily break Cooper pairs apart with a photon of a 

given energy in these materials. 

However, the low Tc of WSi requires operation at a lower temperature than NbTiN, 

typically between 0.3 and 0.8 K to ensure the best performances. NbTiN detectors can 

be operated at 2.5 K in simple, cheap and reliable cryostats that run continuously for 

months at a time. Furthermore amorphous materials have typically low critical current 

densities, which result in rather small electrical detection pulses of the detectors and in 

turn in a high time jitter compared to NbTiN or NbN detectors. The best overall results 

so far with amorphous detectors were achieved with detectors made of MoSi which 

have been reported with a well saturated detection efficiency of 80% and a timing jitter 

of 26 ps [54]. These performances were achieved with an operation temperature of 0.8 

K, and we note that state-of-the-art NbTiN detectors allow for better performances in 

term of both detection efficiency and time resolution while being operated at 2.5 K. 
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5. Optical properties 

SNSPDs fabrication, and in particular NbN and NbTiN-based devices, suffer from low 

fabrication yields. Imperfections in the film, in the nanofabrication of the meander or 

in the coupling efficiency of the devices can all lead to the production of an 

underperforming detector, and it is difficult to pinpoint which fabrication steps limit the 

device properties. It would be a strategic advantage to verify the quality of a film directly 

after the sputtering step, both electrically by measuring the Tc of the material and its 

room temperature sheet resistance or residual resistance ratio, but also optically, for 

example in terms of reflectivity and transmittivity of the optical signal. We explored the 

possibility of correlating optical properties of the film to the detectors performances by 

devising a reflectometry measurement setup for the sputtered films, where we can 

compare the optical reflectance of diverse films across a wide range of wavelengths in 

the infrared (IR). The setup is described in Chapter IV, and in Fig. II.3 below we present 

measurements performed on 9 nm thick films with diverse recipes. We used SiO2/Si 

broadband reflectors centered at 1310 nm to grow the films on, which when observed 

before deposition present a strong reflectivity signal in this wavelength range (grey 

curve labelled “bare substrate”) [55], while we expect that films yielding efficient 

detectors in the same range will present a large attenuation of the reflection signal, due 

to a good absorption of the light. It is difficult to draw clear conclusions from these 

measurements, in part because the results are sensitive to the alignment angle of the 

setup with respect to the sample, and secondly because the reflection is in part due to 

thin films interferences and is very sensitive to thickness variations. This can be 

Fig. II.3: Reflectometry measurements of a set of films with different recipes with a 

nominal thickness of 9 nm, and comparison with the white light spectrum (intensity 

divided by a factor of two) and the reflection signal of a bare substrate equivalent to 

that on which the different films are grown. 
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exploited for characterization once a controlled composition is achieved, but it is 

challenging to correct for the thickness variation when studying the change in 

composition. However, we can observe that some recipes show a much better 

extinction of the reflected signal, which hints that the light is either better absorbed in 

this wavelength range, or better transmitted. Furthermore, for a given sample and with 

the sensitivity allowed by the spectrometer detector, we do not see any variation of the 

reflectivity of patterned SNSPDs between operation at cryogenic temperature and at 

room temperature, apart from a slight shift due to a change in the cavity geometry 

because of thermal contraction. 

More systematic studies have to be done to extract useful information from these 

measurements, perhaps with precisely controlled recipes, thicknesses, and in 

comparison with statistics made with detectors fabricated from the same films, which 

were not available at the time of this study. Another possible improvement of this 

measurement setup would be to be able to monitor the transmitted signal, which can 

be measured thanks to the transparency of the silicon substrates in the IR range.  

Another possibly better method to assess the optical quality of the films is the use 

of a variable angle ellipsometer sensitive in the IR, which offers the capability to 

measure the n and k values of a material of unknown thickness. However, this type of 

ellipsometers is expensive and was not available for the research work presented here. 

To conclude this section, the promise of a method to verify a film quality before any 

nanofabrication step, and at room temperature is an attractive one. We can point out 

that a further application of the reflectometry method is to verify the good alignment 

of detectors with the optical fiber core: since the reflectivity of the superconducting 

material widely differs from that of the bare substrate, one can make sure, at room 

temperature, that the fiber is well aligned, and perhaps adjust the position of the fiber 

in the sleeve to reach a minimum reflectivity signal and obtain the best possible 

coupling alignment. 

 

6. Oxidation and mechanical properties 

NbTiN is known for forming a surface oxide layer of NbOx and TiOx up to a typical 

thickness of about 1.5 nm, which stabilizes after 70 to 80 hours exposure in ambient air 

[56]. Hydro-fluoric acid (HF) is in general excellent to dissolve oxides, and as such it is 

expected that the native oxide of a film exposed to HF would get dissolved and reform 

once exposed to air again, leading to a decrease of the thickness of the actual NbTiN 

layer. However, the films that are used for SNSPDs are about 9 nm thick, therefore it is 

not clear whether the films would survive and maintain their superconducting 

properties if the non-oxidized NbTiN would not withstand the immersion in the acid. 

We diced a film into 4 samples of identical dimensions, of which one was kept as a 

reference sample, and the other three were dipped into buffered H2O:HF 7:1 solution 

for 30 seconds, respectively once, three and five times. Between each immersion in HF, 

the samples were rinsed 1 minute each in two baths of de-ionized water, dried with 

nitrogen, baked 5 minutes at 110˚C and kept in air for about 10 minutes. Although 10 

minutes is a short time compared to the 70 h after which the oxide layer stops growing, 
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the oxidation dynamics are fastest at the beginning of the process, therefore we expect 

that a new oxide layer forms after rinsing within minutes or seconds. After each dip, the 

presence of a remaining NbTiN film was verified by resistivity measurement, and we 

observed an increase of the sheet resistance for each additional immersion. The four-

point room temperature resistance values for the four samples are summarized in 

Table 1 below: 

 

Table 1: Four point resistance of samples after different HF treatments.  

Treatment Four point resistance 

No HF dip 369.90 Ohm 

1 dip, 1 s 408.31 Ohm 

3 dips, 1 s each 497.29 Ohm 

5 dips, 1 s each 537.32 Ohm 

 

 The four samples were then placed in the Tc setup described in Chapter IV, and the 

dependence of the four-point resistance of the films to the temperature is presented in 

Fig. II.4. We observe a decrease of the critical temperature with the number of HF 

exposures, down to a point where our Tc setup cannot reach a low enough temperature 

to record the transition of the sample that was dipped in HF five times. However, the 

shape of the curve in the lower temperature range hints that the sample would likely 

superconduct under colder conditions. One interesting information that we can extract 

from this measurement is that although extremely thin, the superconducting film does 

withstand HF exposure, suggesting a very good etch selectivity between the oxide layer 

and the NbTiN, offering the opportunity to digitally etch films, a few monolayers at a 

time. 

Fig. II.4: Evolution of the Tc of samples of the same film which underwent different HF 

exposures. 
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The superconducting films used in the present work are mostly grown at room 

temperature on non-lattice matched substrates, typically on dry thermally oxidized 

SiO2. Because of the non-epitaxial nature of the growth, and despite the room 

temperature deposition, it is likely that the films are strained. In order to verify this 

hypothesis, we patterned with e-beam lithography and subsequent dry etching a set of 

straight nanowires with different widths anchored between large bonding pads from a 

9 nm thick film with a Tc of 9.8 K. Knowing that the material can withstand HF wet 

etching, the chip was then placed in buffered HF for 3 minutes and subsequently critical 

point dried to avoid the collapse of the released structure due to capillary forces. As 

expected, the HF bath removed part of the SiO2 layer underneath the nano-bridges, and 

as can be seen on the SEM micrographs presented in Fig. II.5, the bridges extended 

upwards out of the surface plane. This was consistently observed for several nanowires 

with different lengths, and it is a clear indication of a built-in strain in the film due to the 

deposition conditions. We extracted from the images an average relative elongation as 

high as 10.4 (±4.0) %, defined as the length of the released bridge fitted as an arc over 

the measured initial length, both determined from SEM, which clearly indicates the 

presence of a compressive strain of 1.3 (±0.9) % in the original films. The large error bar 

is explained by the extraction method which relies on the fitting of SEM images captured 

at non-orthogonal angles. 

Using the bonding pads, we intended to measure the critical current of the 

structures and potential evolution of the response to light, but unfortunately the 

bridges collapsed during the cool down/warm up cycle in the cryostat. We attribute the 

collapse to the condensation of moisture still present in the cryostat during the warm 

up, leading to capillary forces that eventually pulled the suspended nano-bridges down 

to the remaining substrate. For that reason we could not perform enough 

measurements to draw conclusions on the effect of the release of the nanowires from 

the substrate. Our initial expectations were that the release of the superconducting 

nanowire from the substrate would disable the phonon cooling via the substrate, 

leading to a different, most likely slower dynamics of the energy dissipation, and 

probably a much longer dead time of the structure. Furthermore, it has been shown on 

NbN platform that induced strain has a strong influence on the critical temperature and 

Fig. II.5: SEM images of released NbTiN nano-bridges observed from different angles. A 9 

nm thick film was patterned into straight nanowires of width 100 nm and different 

lengths after which the chip was under-etched in hydro-fluoric acid. (a) 500 nm length 

(45˚ view), (b) 1 µm length (75˚ view) and (c) 2.5 µm length (45˚ view).  
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critical current density of the material, which can be investigated by growing the NbN 

on top of Nb5N6 non-superconducting buffer layers with various thicknesses, the thicker 

ones allowing for the best stress relaxation [57]. The native strain of the films we grew 

in this work is most likely not optimal to achieve the best current densities, and a similar 

approach using a buffer layer could be used for growing the superconducting material 

on Si platform. Furthermore, by growing a film on a piezo-electric material and 

subsequently fabricating a detector, one could directly elongate or compress the device 

while in operation, therefore allowing to directly monitor the effect of the induced strain 

on the different characteristics of the SNSPD. A first step towards this goal was achieved 

in Publication C by growing a superconducting NbTiN film directly on the piezo-electric 

material PMN-PT. 

 

7. Tailoring the Nb fraction in the alloy 

The stoichiometry of the material strongly influences its superconducting 

properties, which is notably studied in Publication A of this thesis. Making use of the 

reactive co-sputter technique, described in chapter IV, we show the influence of the Nb 

fraction x in the alloy NbxTi1-xN on the Tc of the material, and how in turn this influences 

the internal detection efficiency of detectors operated at 2.5 K. The elemental 

composition of the alloys was measured by X-ray Photo-electron Spectroscopy. Our 

main result is the identification of an optimal Nb fraction of ~0.62, which yields a wide 

detection saturation plateau at telecom wavelengths and at 2.5K, at the expense of a 

slight reduction of the critical current of the devices when compared to Nb richer alloys. 

The reduction of the Tc of the material allows for the deposition of relatively thick films 

(9 nm) while still offering the internal efficiency saturation, maintaining large nanowire 

cross-sections and therefore high critical currents. Additionally, the large thickness of 

the films makes production more tolerant to surface roughness, increasing the devices 

Fig. II.6: (a) Examples of normalized count rate vs. normalized bias current for different Nb 

fractions of the alloy. (b) Average saturation plateau width for the different recipes 

investigated in Publication A. 
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fabrication yield. Fig. II.6.(a) shows examples of normalized photon count rate (PCR) 

curves vs. normalized bias current, for detectors made from films with different Nb 

fractions with a constant thickness of 9 nm. For a Nb fraction x = 0.62 (blue curve), we 

observe a distinct plateau of the PCR at telecom wavelengths, which is a signature of a 

saturation of the internal detection efficiency, and which is not present for other recipes 

with higher and lower x values. 

In Fig. II.6.(b), we present the statistics of the saturation plateau width of detectors 

made with eight different recipes. We define the saturation plateau width as the 

difference between the critical current Ic and the saturation current Isat, normalized by 

Ic, Isat being the bias current at which the PCR is equal to 90% of its maximum value. The 

statistics are based on measurements performed on 6 different devices for each recipe, 

although in some cases a number of detectors did not function properly (too low critical 

current, no superconductivity), reducing the number of devices tested to a minimum of 

4 devices in the case of the recipes with x= 0.39, 0.49 and 0.58. The error bars represent 

the standard deviation of each ensemble, and give an idea of the fabrication yield 

homogeneity; the recipes with a fraction x ≤ 0.58 seemingly suffer from a lower yield 

than the other recipes. From our study, an Nb fraction of ~0.62 is optimum to fabricate 

detectors with an improved internal detection efficiency at an operation temperature 

of 2.5 K, with the additional benefit of offering a limited spread of performances among 

detectors. 
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III. Chapter 3 – Superconducting nanowire single photon 

detectors 

1. Development of SNSPDs 

In 2001 the first SNSPD was reported, it consisted of a 1.3 µm long, 225 nm wide 

and 5 nm thick NbN straight wire [58]. Gol’tsman et al. showed that such a device was 

suitable for detecting visible and near-IR single photons, and the authors estimated the 

device quantum efficiency to be in the order of 20%, taking into account the nanowire 

detection area with respect to the excitation spot size and intensity distribution. 

However, it is with the meandering architecture [59] that system detection efficiencies, 

considering the overall coupling of the input light to the structure, became practically 

usable in quantum optics experiments. In such meanders, the nanowire is folded in 

order to cover an area of a slightly larger size than that of the mode field diameter of a 

single mode optical fiber for telecom wavelength. In doing so, the nanowire is greatly 

elongated, which induces severe nanofabrication constraints and ties the improvement 

of SNSPDs performances to the progress in nanofabrication techniques. In addition, the 

nanowire forms an ensemble of parallel lines, which implies that a photon polarization 

will influence its absorption efficiency by the wire. This can be mitigated with a spiral 

architecture [60], or by other means described in Publications F and G of this thesis.  

As described in the previous chapter, the use of amorphous superconducting 

materials mark another improvement for the development of SNSPDs with high 

efficiencies and high fabrication yields [50]. The amorphous character of these 

materials inherently simplifies the deposition process, and their high detection 

efficiency stems from the low binding energy of the Cooper pairs in the material, 

associated with a low free carrier density: following the diffusion model [18], the energy 

of a single photon of a given wavelength will break more pairs in amorphous materials 

than in NbN, creating a larger proportion of quasi-particles, and thus it will be easier to 

switch the whole nanowire to the normal state. However, this low superconducting gap 

induces a low Tc of the material, which requires the operation of the devices at sub-

Kelvin temperatures, and the low carrier density results in low critical current, and in a 

worse timing jitter. For that reason, NbN and NbTiN are materials of choice for 

detectors, which can achieve high efficiencies, while being operated at 2 K or higher in 

relatively simple cryostats such as Gifford-McMahon cryo-coolers and simultaneously 

offering a high time resolution down to < 3 ps for straight nanowires [61] and < 10 ps 

for meander structures [62].  
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2. Detection mechanism 

Several detection mechanisms have been proposed to explain the dynamics of the 

photon absorption and loss of superconductivity in SNSPDs, based on the more general 

theories of superconductivity. The first model developed is that of the hotspot 

proposed by Gol’tsman et al. together with the introduction of SNSPDs [58]. In this 

model, a photon is absorbed in the nanowire biased close to its critical current, locally 

breaking the Cooper pairs and creating a region of normal resistance. The current is 

redistributed among the reduced cross-section around the hotspot, and the current 

density in the neighboring regions quickly rises above the critical current density of the 

superconductor, yielding an increase of the hotspot size and soon of the nanowire 

cross-section switching to the resistive state. The current is redirected to the read-out 

circuit which has a lower impedance (50 Ohm typically) than that of the normal 

nanowire, and an electric pulse is registered as depicted in Fig. III.1. below (see also ref. 

[63]). 

As postulated in the first SNSPD article, the initial hotspot forms after an incident 

photon is absorbed in the material by exciting a conducting band electron, which soon 

transfers its energy to phonons but also to Cooper pairs, breaks them apart and creates 

the normal region. This region diffuses and if the initial energy deposited in the system 

Fig. III.1: The hotspot model description. Adapted from Gol’tsman et al., APL 2001 and 

Natarajan et al., SUST 2012. 
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is sufficient, the normal region is large enough to switch the nanowire to the resistive 

state. Refinements of the diffusion model have been described [18,64], which take into 

account the excess quasi-particles in the region next to the hotspot, i.e. still in the 

superconducting state, and introduces the possibility of Vortex-induced detection 

events. This model allows to explain the observations of the temperature-dependence 

of the minimum photon energy that can trigger a detection event. 

Building on the Ginzburg-Landau-Abrikosov description of superconductivity, 

vortex-based models [18,65–68] offer a complementary view on the detection 

mechanism. In type-II superconductors, vortices can nucleate when a high magnetic 

field is applied to the material. Close to the critical current of the superconductor, 

vortices can also nucleate at the location of defects for instance, which gives rise to the 

dark counts. On the other hand, the photon absorption is also mediated by the 

formation of vortices: when a photon is absorbed, its energy is partially distributed to 

the Cooper pair. This energy dissipation lowers the energy barrier for a vortex 

nucleation in the superconductor, and if the photon energy is high enough the 

probability of a vortex formation reaches unity. The influence of the photon energy on 

the event registration probability is illustrated in Fig. III.2, where one can clearly observe 

for a same detector the efficiency saturation is much more pronounced for higher 

energy photons.  

The vortex is then subject to Lorentz forces in the biased superconducting strip, 

forcing it to move across the nanowire and perturbing the superconducting state in the 

whole cross section, which results in the creation of a resistive state and the registration 

of a photon count. Vortices can preferably either hop from the edges of the 

superconducting strip, or nucleate as a vortex/antivortex pair elsewhere in the wire, 

Fig. III.2: Photon count rate curves for different photon wavelengths of 830 nm, 1310 

nm and 1550 nm, showing a diminished internal detection efficiency for lower energy 

photons. 
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which is thought to be one of the causes for intrinsic jitter, as the displacement duration 

to create the detection event is shorter for a vortex/antivortex pair created in the middle 

of the wire (each moving across half of the wire length) than for a vortex hop from the 

edge (which needs to cover a larger fraction of the width of the wire). 

 

3. Figures of merit 

System detection efficiency and dark count rate 

The System Detection Efficiency (SDE) and the Dark Count Rate (DCR) are perhaps 

the most important characteristics of a single photon detector. For SNSPDs, one can 

break down the SDE as the product of the intrinsic or internal detection efficiency of the 

nanowire, multiplied by the absorption probability and by the coupling efficiency of the 

light source to the nanowire. The IDE is highly dependent on the material as described 

above, and on the geometry of the device. In the hotspot phenomenological picture, for 

a narrow cross-section of a nanowire a photon will more easily break the 

superconductivity than for a wider cross-section. The quantum efficiency is higher at a 

higher bias, up until the intrinsic efficiency saturation that occurs when the current 

density in the nanowire is close enough to its depairing current so that the energy 

deposited by the photon will be sufficient to disrupt the superconductivity without 

relying on any assistance from other sources of perturbation. The absorption efficiency 

refers to the probability of a photon to be absorbed in the few nanometers thin 

nanowire instead of being transmitted or reflected. Embedding the nanowire in a 

quarter lambda optical cavity increases the probability for the photon to be absorbed 

by circulating it a certain number of times in the cavity [69]. Finally, the coupling 

efficiency refers to the proportion of the input optical mode that can interact with the 

nanowire. Different architectures to enhance the absorption and coupling efficiencies 

are discussed in section 4 of this chapter. 

The dark count rate corresponds to the production of an electric signal when there 

is no incoming photon. One can distinguish the background counts, which actually are 

real photon counts from undesirable sources such as black body radiation, and intrinsic 

dark counts. In the case of fiber-coupled superconducting detectors, the optical fiber 

has a certain acceptance mode into which background counts can couple. Furthermore, 

the fiber itself is thermally anchored at room temperature outside of the cryostat. Thus 

the warm end of the fiber produces black body photons within the supported 

wavelength range and mode of the fiber that can couple into itself and are detected by 

the device. The intrinsic dark counts are due to imperfections in the nanowire itself or 

limitations in the operation scheme, and appear close to the critical current of the 

device. 

As a result, the bias current sets both the SDE and the DCR of the SNSPD. A device 

with a wide efficiency saturation plateau is desirable as it will allow for reaching the 

maximum system detection efficiency while still allowing a bias low enough to not suffer 

from intrinsic dark counts, providing the highest signal-to-noise ratio. Fig. III.3 illustrates 

a best case scenario, where a large detection plateau allows for the operation of the 
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SNSPD at its full efficiency (which might still be limited due to coupling and absorption 

losses), with a dark count rate of virtually zero if biased between 14 µA and 19 µA. 

The detection mechanisms are discussed in a separate section, see below section 2 

of this chapter. 

  

Fig. III.3: Illustration of the dependence of the normalized photon count rate (orange 

dots) and DCR (hollow black squares) on the bias current. 
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Timing jitter 

The timing jitter corresponds to the uncertainty on the arrival time delay of the 

electric pulse with respect to the actual absorption of the photon in the nanowire, as 

illustrated in Fig. III.4. It is usually evaluated in a correlation measurement between a 

precise synchronization signal, typically from an attenuated pulsed laser, and the signal 

of the device under test. The full width at half maximum (FWHM) of the histogram of 

the time delays in the correlation measurement is referred to as the setup timing jitter. 

If the jitter of all the elements other than the detectors are known, it is possible to 

deconvolute the jitter of the device under test, the overall jitter jsetup being equal to the 

geometric sum of the jitters of all the components j0 to jk used in the measurement:  

𝑗𝑠𝑒𝑡𝑢𝑝 = √∑  𝑗𝑖
2𝑘

𝑖=0      (III-1) 

The first possible source of timing jitter comes from electron noise mostly in RF 

amplifiers that add to the amplified signal and lead to an uncertainty on the amplitude 

and triggering timing of the pulse read out for instance by correlation electronics. This 

electronic readout jitter can be vastly diminished by using cryogenic amplification, due 

to the reduced noise temperature when operating one or two amplifier stages at 

cryogenic temperature. 

Secondly, the nanowire detector can be seen as an RF transmission line, in which it 

has been shown that the electrical pulse travels at a speed of 0.02c in NbN [70]. For a 

long meander, it is understood that the absorption location of a photon will influence 

the propagation delay up until the detection electronics, thus creating an additional 

jitter contribution. However, it has been proposed to use a double-side read-out of the 

pulse in order to eliminate this longitudinal jitter, with the additional benefit of allowing 

the recovery of the photon absorption location information [71,72]. 

Heterogeneity along the nanowire in term of cross-section and film composition are 

another source of timing jitter [73]. Variations in thickness, local stoichiometry, grain 

sizes, and nanowire width can all locally affect the dynamics of the normal region 

formation, leading to timing jitter. 

When the photon is absorbed, its energy is down-converted and eventually split 

between the electronic and the phonon baths. Fano fluctuations describe the variations 

on the partition of the initial energy between the two baths, which in the case of SNSPDs 

Fig. III.4: Illustration of the uncertainty of the delay time between the photon absorption 

and the detection of the electric pulse, giving rise to the timing jitter.  
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will influence the initial conditions for the formation of the quasi-particles ensemble, 

and therefore cause timing jitter [74]. 

Finally, in the vortex formation picture (described below in section 2), two additional 

sources of jitter are identified. Depending on the vortex entrance location, the distance 

that the vortex has to cover in order to create the weak link across the superconducting 

strip varies, leading to a lateral absorption location jitter [65,75]. In the probabilistic 

detection regime (i.e. for Ibias < Isat) upon absorption of a photon the energy barrier for 

a vortex entry is not brought down to zero, and only the additional assistance of 

fluctuation allows the entrance of the vortex and subsequent detection event [76]. By 

nature, these fluctuations are random and also affect the dynamics of the pulse 

formation, adding a so-called quantum jitter. 

 

Dead time and saturation count rate 

The pulses from SNSPDs typically feature a fast rise time in the order of a few 

hundreds of picoseconds, followed by an exponential decay of the signal proportional 

to L/R, where L is the kinetic inductance of the SNSPD and R its normal state resistance. 

During this exponential decay, the superconducting state recovers, and the device gets 

gradually re-biased. Only when the device is biased again to its initial value is the full 

efficiency recovered, thus this dead time sets the maximum counting rate with 

maximum detection efficiency. One way to quantify the dead time is by extracting the 

1/e decay time of the SNSPD pulse, as shown in Fig. III.5.(a), however as explained 

above, after the 1/e dead time the detector efficiency has most likely not fully recovered 

yet. Esmail Zadeh et al. [49] showed the effect of the counting rate on the efficiency of 

the detector, as reproduced in Fig. III.5.(b), and report a decrease of the detection 

efficiency with the counting rate of the detector, even at low count rates that are in 

principle easily achievable with the detector that was used considering its dead time of 

ca. 20 ns. This sheds light on the re-biasing dynamics that take place in the detector 

after a detection event. 

Fig. III.5: (a) Example of a typical SNSPD pulse, with a 1/e dead time of <8 ns. (b) 

Dependence of the detection efficiency with the counting rate for a detector with a 1/e 

dead time of 20 ns. (b) is reproduced from Esmaeil Zadeh et al., APL Photonics 2017.  
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Operation temperature 

The operation temperature of an SNSPD is a crucial practical parameter, as it 

impacts the usability of a device for actual experiments. It is desirable to develop 

detectors that can be operated with inexpensive, compact and widely available cryo-

coolers [77,78]. Although amorphous materials allow for high yield of high efficiency 

detectors, their operation temperature of typically 100 to 800 mK necessitates the use 

of sophisticated and expensive cooling systems, although recent progress hints at the 

possibility of using some materials at 2.4 K with a reduced current density [51,52,78]. 

On the other hand, NbN and NbTiN detectors are routinely operated with high 

performance at a temperature as high as 2.5 K, which is achieved in simple cryostats 

such as Gifford-McMahon-based ones. It is obvious that a superconducting detector 

needs to be operated below its Tc, but it is also to be noted that the characteristics of 

SNSPDs typically improve when lowering the operation temperature. Making use of the 

dilution refrigerator available in our research group, we observed the influence of the 

operation temperature on the critical current and dark count rate of a selection of 

devices, two being presented in Fig. III.6, compared to an operation at 2.5 to 2.8 K. By 

lowering the temperature, we observe an increase of the critical current of the device, 

but we also observe that for a given bias current accessible through the whole range of 

temperatures, the dark count rate remains constant regardless of the temperature. For 

our devices, the improvement of the critical current becomes marginal below 1.5 K. 

Unfortunately at the time of the measurement the cryostat was not equipped for 

illuminating the detectors, therefore no measurement of PCR was performed. We can 

also note that the detectors used in this experiment had a low critical current density 

due to an early-stage development film recipe. 

Photon number resolution (PNR) 

Unlike other technologies like the TES briefly introduced in chapter I, SNSPDs are 

typically not used as PNR detectors. However, many attempts have been made in order 

to offer this capability, mostly with alternative, specific designs. In general, the idea is 

based on a segmentation of the nanowire into different sections. The portions must still 

Fig. III.6: Examples of the dependence of the critical current and the DCR with the 

operation temperature for two detectors, at temperatures between 0.93 K and 2.8 K. 
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allow for a coupling of the input light mode, and are either read-out independently, 

which imposes a large number of coaxial cables per device [79,80], or in series, in which 

case the photon number information is encoded in the amplitude of the pulse [81,82]. 

Using a single coaxial line, more complex read-out techniques have been proposed and 

demonstrated, using frequency multiplexing [83], Single Flux Quantum logic, low 

temperature readout [84], or using less than one coax line per pixel with a row-column 

matrix scheme [85]. Recently, it has been proposed that the photon number 

information can be retrieved from the rise time of the pulses of standard SNSPDs [86], 

but further studies are needed to confirm this possibility. In the first two cases, the PNR 

capability relies on the random location of the photon absorption which likely does not 

occur in the same segment of the active area, but the probability of two photons landing 

at the same section is not null and achieving a high state fidelity is a difficult task.  

A work led by our collaborators (Sebastian Neumann, IQOQI Vienna, not published) 

proposes another strategy to obtain PNR with a single SNSPD, making use of a 

probabilistic time multiplexing scheme, illustrated in Fig. III.7. By using a series of 

cascaded beam-splitters and fiber loops with different lengths, all forcing a photon in 

the loop to travel for more than 1 dead time at each single passage, one can delay the 

photons from an initial n-photons state and redistribute them in time. 

In practice, the implementation of this approach is not trivial, as it necessitates 

strong requirements for the SNSPD characteristics in order to maintain a high state 

identification fidelity. The detector must have a near-unity detection efficiency and 

near-zero dark count rate, which in itself is already challenging. In addition, the fidelity 

will be higher for a larger number of cascading beam-splitters and fiber loops in the 

setup, but the detection rate of the n-photons state must be low enough so that the 

photons from a first pulse will have time to take the longest path and be detected 

before a second pulse can overlap. The lengths of each fiber loop being constrained by 

the detector full recovery time, it is desirable to use a detector with the additional 

advantage of having a short dead time. Furthermore, the higher the number of photons 

to distinguish in each pulse, the more complex the circuit gets, with additional loops 

and longer analysis time for each pulse needed in order to guarantee a decent fidelity. 

Fig. III.7: Illustration of the time-multiplexing setup proposed to achieve photon-number 

resolution with a single SNSPD and cascaded beam-splitters and fiber loops. Figure 

realized by Sebastian Neumann (IQOQI, Vienna), unpublished. 
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Finally, the probabilistic nature of the beam-splitter approach cannot guarantee a 100% 

state fidelity measurement, as there is always a chance that the photons or part of the 

photons in a pulse will take the same path in the loop system, and be detected as only 

one event by the SNSPD. The PNR capabilities of SNSPDs were not studied further in 

the framework of this thesis. 

 

4. Architectures 

Normal incidence coupling 

The first device by Gol’tsman et al. [58] involved the fabrication of a nano-bridge that 

was illuminated with normal excitation. In order to enhance the optical coupling with a 

normal light incidence, it was soon proposed and implemented to fold the nanowire 

into a meander in order to match the optical spot size [59]. It naturally leads to a 

meander with parallel lines packed close to each other with a typical filling factor of 30 

to 50% of the spot area. The light can then be focused using an objective, which can be 

a difficult task due to the operation of the detector at low temperature inside a cryostat 

requiring the use of a cryo-compatible objective mounted inside the cryostat in order 

to achieve a tight light focus and keep the dimensions of the meander reasonable. An 

alternative for normal coupling which is widely used thanks to its versatility is the use 

of optical fibers, which rely on the alignment of the fiber core right above the detector. 

This can be achieved by either a manual alignment of the fiber followed by gluing the 

fiber on the detector chip, or by self-alignment methods. In the latter approach, 

proposed by researchers from the NIST group [87], a key-hole shape is etched from the 

chip substrate after being defined by e-beam or UV lithography. The circular part of the 

key-hole chip is designed so that the detector is centered, and so that the chip fits tightly 

through a ceramic sleeve with a slit for allowing the electrical contact. That way, one can 

plug an optical fiber into the sleeve, which will be automatically aligned to the detector 

provided the fiber core is well centered within the fiber. This enables reaching a small 

spot size, which is about the mode field diameter of the fiber when the fiber is in near-

contact with the detector, without tedious manual alignment nor the use of complex 

optics at low temperature. Unlike the gluing method, it also allows for an easy plug-and-

play of the detectors without the need to splice fibers when changing detectors in a 

cryostat, and it reduces the possibility of misalignment due to thermal expansion or 

thermal shrinking, as the sleeve, the silicon substrate and the ferrule have similar 

thermal expansion coefficients.  

One of the issues of normal coupling is the extremely short interaction length 

between the light and the detectors which have a thickness in the order of 5 to 10 nm 

typically. In order to boost the optical absorption probability, SNSPDs are integrated in 

optical micro-cavities to allow the photon to be reflected a large number of times and 

thus have as many more chances of being absorbed [88]. These cavities can consist of 

two layers with a refractive index difference, typically dry thermal oxidized SiO2 on Si 

wafers, where the detector sits above the SiO2 layer of an effective optical thickness 

equal to a quarter of the wavelength of the targeted input light. A backside gold mirror 

can be deposited directly below the SiO2 layer to increase the reflector quality, which 
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requires a deep back-side etch of the chip. In order to achieve a better cavity quality 

factor, distributed Bragg reflectors (DBR) –coated wafers can be used as substrates, 

which allow for a better confinement of the electric field, at a price of a less forgiving 

optical bandwidth. This approach erases the need for backside etching, and has the 

additional benefit of filtering out background light with wavelength that does not match 

the cavity bandwidth. 

With normal incidence coupling, the use of meanders with parallel nanowire 

orientation introduces an effect on the polarization sensitivity of the detector: for light 

polarized along the nanowires length, the coupling will be enhanced while it will be 

reduced for a perpendicular polarization. This allows to optimize the detection 

sensitivity by modifying the polarization of the input light for polarized light sources, 

but in many applications the input light has a random polarization, and in such case 

one will observe an overall non-optimal detection efficiency or will need to use two 

detectors and a polarization beam-splitter to guarantee a maximum efficiency. 

Dorenbos et al. [60] proposed a spiral design which allowed for a reduced polarization 

sensitivity, however this design comes at a price of an overall average reduced detection 

efficiency, the arrangement of the nanowire lines never being optimum for coupling 

with linearly polarized light. In Publications F and G of this thesis, two new approaches 

to the reduction of polarization sensitivity in normal incidence coupling are presented, 

with the use of a capping layer to minimize the permittivity mismatch between 

meandering nanowire lines, or by using a Peano curve pattern for the meander, 

respectively. 

 

Waveguide coupling 

The improvement of nanofabrication techniques has made possible the 

development of on-chip experiments. With advantages in term of compactness, 

excellent thermal stability, and fast response time of components, integrated photonics 

has grown into a large field across a wide range of material platforms such as Si, SiN, 

GaAs or LiNbO3. It is possible to implement quantum light sources on waveguides 

(carbon nano-tubes [89], nanowire quantum dots [90]), as well as to route photons and 

spectrally filter light [91,92] on-chip. Due to their relatively simple architecture, SNSPDs 

are an excellent option as integrated detectors. When placed directly on a waveguide, 

the light field evanescently couples to the SNSPDs, allowing for long coupling lengths in 

the direction of propagation of the photon, and therefore offering high absorption 

efficiencies provided the electric field is not too strongly or deeply confined [93]. The 

absorption of the photon with near 100% efficiency is achieved with lengths of typically 

a few tens of micrometers for Si-based circuits, which is a fraction of the length of a 

meander structure (in the order of 500 µm to cover the mode field diameter of an 

SMF28 fiber). Waveguide-integrated detectors have been widely studied on diverse 

platforms [94], and offer the advantage of minimum coupling losses when all other 

components are implemented in the same circuit. 

In this thesis we showed that our material can be tailored to specific applications 

while it can be deposited on any low roughness substrate at room temperature and 

offer similar superconducting performances, as discussed in Publication C. We 
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proposed two new concepts with the deterministic integration of pre-selected, high 

performance detectors in SiN circuits in Publication E, and with the integration of 

NbTiN detectors on LiNbO3 waveguides in Publication D. Fig. III.8.(a) presents an SEM 

micrograph of a pre-selected SNSPD optimized for waveguide coupling, embedded in a 

SiN waveguide, with which the lifetime of a quantum dot emitter was measured. Fig. 

III.8.(b) shows an optical picture of a lithium niobate waveguide with an integrated 

SNSPD, of which the inset presents an SEM micrograph, designed for characterizing the 

detector. Grating couplers can be distinguished at the bottom of the optical picture, the 

SNSPD pedestal at the top right of the picture, while on the inset we can observe the 

hair-pin shape of the device. 

 

Other approaches 

In addition to the two now broadly used architectures described above, other device 

implementations have been proposed and realized. It has been shown that an SNSPD 

can be fabricated directly on a fiber end-facet [95], guaranteeing an excellent overlap 

of the mode field diameter of the fiber with the active detection area, but requiring a 

rather complex fabrication method, with the need of sputtering and performing e-beam 

lithography and etching step on the irregular shape of the fiber end. 

The SNSPD fabrication yield is typically poor, in order to overcome this issue, it has 

been shown that SNSPDs can be fabricated on SiNx membranes, which can be 

deterministically picked up and transferred after fabrication over the desired 

structures, typically on waveguide-circuits [96], offering a flexible method to select and 

integrate the detectors on-chip without damaging the devices nor the circuit thanks to 

the separation of the fabrication processes. The placing step is nevertheless 

challenging, which hinders large scale fabrication. 

Fig. III.8: Examples of waveguide-integrated detectors. (a) Pre-selected NbTiN detector 

fabricated and characterized before the integration in SiN waveguide, as presented in 

Publication E. (b) NbTiN detector integrated on a LiNbO3 rib waveguide, as presented 

in Publication D. 
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5. Applications 

Quantum optics 

The main drive for the development and commercialization of SNSPDs is their use 

in quantum optics experiments. Characterization of single photon emitters and 

quantum phenomena requires the use of highly efficient detectors, with negligible 

noise and high time resolution, and their use in real-world applications such as 

quantum communications often requires to work at telecom wavelengths and with high 

counting rates. SNSPDs are nowadays the technology of choice for these applications, 

fulfilling all the aforementioned requirements. In Publications I and J, not discussed in 

this thesis, our research group showed the advantage of using SNSPDs for 

characterizing single photon sources. The excellent signal-to-noise ratio of the 

detectors, coupled to a two-photon excitation technique of quantum dots, made 

possible the demonstration of an unprecedented raw second-order coherence g(2)(0) = 

7.5 (±1.6) × 10-5, as shown in Fig. III.9.(a). Their sensitivity at telecom wavelength with 

low noise levels allows for the precise measurement of low signals from newly 

developed quantum dot sources emitting around 1550 nm, despite narrow spectral 

Fig. III.9: Examples of quantum optics experiments using SNSPDs. (a) Second-order purity 

measurement of 7.5 × 10-5 from a quantum dot, from Publication I. (b) Signature of a 

single-photon source character by measuring the second-order coherence of a telecom 

quantum dot emitter, from Publication J. 
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filtering and non-ideal fiber-coupling for the anti-bunching measurement in a second-

order coherence measurement, signature of a single-photon source and presented in 

Fig. III.9.(b). 

In Publication H, SNSPDs allow for the counting with a high signal-to-noise ratio of 

entangled photons for entanglement correlation measurements with a visibility high 

enough to show the violation of Bell’s inequalities, after the propagation in 96 km of 

optical fiber using a commercial telecom network, as presented in Fig. III.10. We 

demonstrate that polarization-based entanglement is robust to send information over 

the full 96 km of fiber, while the use of SNSPDs is the key enabling the entanglement 

measurement due to their negligible dark count rates. Furthermore, in future quantum 

key distribution experiments a low timing jitter is crucial as it limits the bit number, 

which is a further motivation to work with superconducting detectors. 

  

Fig. III.10: Measurement setup for entanglement distribution between Malta and Sicily, 

from Publication H. 

 



33 

 

Light Detection And Ranging (LIDAR) 

LIDAR technology relies on detecting and evaluating the time-of-flight of back-

scattered light pulses. Since a target object will scatter an incoming pulse in all 

directions, only a small fraction will be back-scattered towards the LIDAR station and be 

detected, it is thus important to use a detector with a high signal-to-noise ratio. 

Secondly, since the technology relies on scanning an area or interest by sending laser 

light pulses, it is important to utilize eye-safe wavelengths and low laser power in 

general applications such as atmospheric sensing, or hard-to-detect ones for military 

purposes, and typically the wavelengths in use are in the near-IR to mid-IR range, 

requiring detectors operating at these wavelengths. Finally, the precision of the depth 

measurement depends on the time-resolution of the setup. By offering a unique 

combination of light detection with high efficiency in the IR, low dark count rate and 

high time resolution, SNSPDs are a technology of choice to implement LIDAR 

experiments, as has been shown by several groups [97,98], and as described in Fig. III.11 

reproduced from ref. [97]. 

 

Biomedical imaging 

One technique to destroy cancer tissues in-situ relies on the delivery and activation 

of the singlet state of the oxygen molecule for photodynamic therapy. Oxygen singlet 

is highly reactive, and can be photo-activated from precursors with visible light at 523 

nm, however the critical delivery dose is difficult to evaluate and can lead to a 

detrimental over-dose, damaging healthy surrounding tissues. It was shown that upon 

excitation to the singlet state, oxygen emits IR photons at 1270 nm, which can be 

detected by SNSPDs and therefore used to monitor the delivered dose [99]. 

Other possible biomedical application include fluorescence microscopy within the 

second NIR biological window (1000-1350 nm) [100–102], where the light can penetrate 

Fig. III.11: (a) Principle of operation of a LIDAR. (b) Example of LIDAR depth image 

acquired from a 910 meters distance, with 50 ms pixel dwell-time. Reproduced from 

McCarthy et al., Optics Express 2013. 
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deepest in tissues, other deep imaging techniques at wavelengths around 1500 nm 

[103], or in general in confocal microscopy when high time resolution is needed. 

 

CMOS testing 

The large scale demand and production of integrated circuits based on CMOS 

technology relies on the efficient screening of faulty devices. The Picosecond Integrated 

Circuit Analysis technique [104] makes use of the weak IR light emission of circuit gates 

when they switch state, which must have a consistent timing and can be monitored by 

detectors with picosecond time resolution to find faulty elements. By offering high 

detection efficiency in the IR and low timing jitter, SNSPDs can be used for this 

application. 
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IV. Chapter 4 - Fabrication and characterization methods 

1. Film deposition 

Reactive co-sputtering 

Sputtering is a technique of physical vapor deposition that uses ion bombardment 

to pull material from a target and deposit it on a substrate. It has the advantages of 

allowing the deposition of materials with arbitrarily high melting points that could 

otherwise not be deposited with classic evaporation methods, together with typically 

lower working pressures synonym with low contaminants densities.  

To guarantee a high purity NbTiN suitable for SNSPD fabrication, the material is 

usually deposited by magnetron reactive sputtering in an Ultra High Vacuum (UHV) 

chamber, with argon (Ar) typically used as sputter gas due to its inert nature, and 

nitrogen (N2) used as reactive gas in this specific process. After introducing the gas, a 

high voltage is applied to the targets, creating a plasma. The positive Ar+ ions in the 

plasma are accelerated towards the target, connected to the cathode, colliding and 

knocking out atoms that will be ejected towards the substrate and condense on its 

surface, as schematically represented in Fig. IV.1. The overall pressure in the chamber 

sets the mean free path of the ejected atoms, and influences the directionality of the 

Fig. IV.1: Principle of sputter deposition. 
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atoms beam and their energy when they reach the substrate. This has a direct impact 

on the deposition rate and the density of the deposited film. 

It is possible to deposit NbTiN from a single alloy target of NbTi in the Ar/N2 gas 

mixture, or from two separate targets of Nb and Ti in co-sputter deposition. In the first 

case, one can control the power applied to the target, and the pressure and 

composition of the gas atmosphere. However, this approach lacks a control over the 

Nb and Ti ratios in the deposited material. Furthermore, since Nb and Ti have a different 

mass, their sputter rates are also different, resulting in an uneven depletion of the 

target, and a change in the stoichiometry of both the target and the deposited material 

over time for a given bias. Both of these shortcomings are avoided by choosing a co-

sputter strategy, which requires independent guns and power supplies, adding another 

degree of complexity in the process, but allowing for a better control and reproducibility 

in the long run. 

 

NbTiN for SNSPDs 

For this work, a dedicated sputter tool manufactured by AJA Inc. was used in a co-

sputter deposition geometry, as pictured in Fig. IV.2. It consists of a large UHV chamber 

of diameter approximately 50 cm, capable of hosting sample sizes up to 4” (~ 100 mm) 

in diameter, with four sputter guns including one central gun directly below the 

substrate holder, and 3 confocal guns, all accommodating 3” (~ 76 mm) targets, and a 

load-lock chamber. The sample holder allows for the rotation of the sample, for heating 

up to 850˚C with a halogen lamp, and is equipped with a substrate shutter to improve 

the homogeneity control during co-sputter depositions. The Nb target was 0.250” thick, 

placed on the central gun and biased with DC power. The Ti target, also 0.250” thick, 

was placed on one of the confocal guns, and biased with RF power. RF power was used 

as TiN is produced during the sputtering process, deposited on the walls of the Ti 

Fig. IV.2: Schematic of the dedicated sputter chamber 

used for the deposition of NbTiN. 
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sputter gun, and is a semiconductor, although it has a high electrical conductivity when 

produced by sputter deposition. The load-lock vacuum is achieved using a turbo-

molecular vacuum pump, while the ultra-high vacuum of the large main chamber is 

achieved using a cryogenic pump operating at a base temperature of 14 to 18 K 

depending on the time elapsed since the last regeneration procedure. The pressure can 

be regulated with a variable gate control valve placed between the cryo-pump and the 

main chamber. The process gases are independently controlled with calibrated mass 

flow controllers. The base pressure of the system is kept below 1.5×10-8 Torr before 

depositions, with a typical value of ≤5×10-9 Torr. The main chamber pressure is 

monitored with three separate gauges: a capacitance manometer sensor for pressures 

above 0.02 Torr, a convection Pirani gauge for pressures between 1.0×10-3 and 1.0×10+3 

Torr which is also used during deposition to regulate the pressure in a closed-loop 

fashion together with the variable gate valve, and a hot cathode ion-gauge for 

monitoring the base pressure below 1.0×10-4 Torr. A quartz crystal rate monitor is 

placed below the substrate shutter, allowing for monitoring the deposition rate and 

wait until it reaches a stable value before opening the shutter and starting the film 

growth. 

As mentioned previously, the reactive co-sputter technique offers many degrees of 

freedom to tailor the film properties. When used to deposit NbTiN, this technique 

enables the growth at room temperature of superconducting thin films with high critical 

temperatures, therefore these films can be deposited on a wide variety of substrates 

without degrading the material platforms. In Publication C we demonstrate that the 

material can be deposited on any photonic platform such as gallium arsenide (a typical 

semi-conductor for fabricating quantum dot light sources), PMN-PT (a piezo-electric 

material), AlN (a material used widely in micro-electro-mechanical systems), SiN, LiNbO3 

and SiO2, without the need for a substrate-specific recipe. We deposited a 10 nm thick 

superconducting thin film simultaneously on all these substrates, during the same 

deposition run, and show that they all have similar superconducting properties. SNSPDs 

were successfully fabricated on the samples, showing photo-detection for all samples 

but the PMN-PT. For this platform, an error occurred during the fabrication process and 

the sample was destroyed. More devices will be fabricated on this substrate, with the 

intention of studying the effects of strain on the superconducting detectors. 

 

2. Film characterization 

Tc measurement and sheet resistance 

The first measurement setup that was built for this project is a Tc measurement 

setup. We used a closed-cycle cryostat based on a Sumitomo RDK-101D cryocooler and 

a vacuum chamber initially designed for housing SNSPDs. We replaced the SNSPD 

mount by a holder suitable for contacting square superconducting thin film samples of 

dimensions 9 mm × 9 mm. In Fig. IV.3 we present pictures of the inner part of setup. 

The holder consists of two large, cylindrical copper blocks of identical diameter, acting 

together as a large heat sink. Linear arrays of spring-loaded four-pin probes are fixed 

on the bottom block, itself attached to the cold finger of the cryocooler. The samples 
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are placed on the top copper block, so that it can be placed above the bottom part to 

enclose the samples while electrically contacting them. Eight sample slots are arranged 

in a circular fashion, one of them being assigned to a calibrated temperature sensor, 

leaving the possibility to measure up to seven samples in one cooldown. A heating 

element is placed on the outer part of the upper block centered on the cylinder, allowing 

to sweep the temperature of the samples from the base temperature of 4.5 K and up, 

while measuring the four-point resistance of the films. A control program records the 

resistance of all the samples, sweeps the heater power at a desired rate, kept typically 

at 0.1 K/min, while monitoring the temperature. This setup allows for the measurement 

of the resistivity at any temperature between the base temperature and room 

temperature, and for the measurement of the Tc of the films. 

In order to calculate the sheet resistance, one must take into account the geometry 

and the arrangement of the contacting pins, which are in this setup aligned and 

separated by a distance of 1.27 mm. Furthermore, since in our case the distance from 

the pins to the edges of the films is rather short, a correction factor must be taken into 

account to evaluate the sheet resistance. For our geometry, the correction factor is 

4.53236 to account for the linear arrangement and 0.8722 to account for the spacing 

between the pins and the dimensions of the sample [105]. 

Fig. IV.3: Tc measurement setup with vacuum wall open. (a) Top copper block enclosing 

the samples, and heater element. (b) View of the two un-mounted copper blocks, 

showing a set of samples installed in the sample slots, the temperature sensor and the 

four-probe array of spring loaded pins. 
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Profilometer, Atomic Force Microscope and rate monitor 

It is obviously important to control the deposition rate of the films. The deposition 

tool is equipped with a rate monitor, a device that consists of an electrically driven 

quartz crystal, vibrating at its resonance frequency. When material is deposited on the 

crystal, its overall mass increases, resulting in a change of the resonance frequency of 

the ensemble, which is recorded and translated into a deposition rate. In order to 

calibrate each recipe, a film with an expected thickness of 50-100 nm (as approximated 

from previous deposition rates of similar recipes) was deposited, keeping a small area 

covered with pen marker ink. After deposition, the sample is rinced in acetone and in 

an ultrasonic bath, lifting off the area covered by marker ink and revealing the step 

between the deposited material and the original substrate. The range of thicknesses 

between 50-100 nm can be measured with a stylus profilometer, available in the 

laboratory. This machine consists of a hard tip, oscillating in the vertical direction at a 

chosen frequency, that can be brought in contact with the surface of the sample, 

dragged across it, and record changes in the height of the tip. This way, the step height 

is measured, and the rate monitor tooling factor is adjusted to match the real 

deposition rate. 

To more precisely assess the deposition rate, Atomic Force Microscopy (AFM) 

measurement were performed on thin film samples. An AFM works on a similar 

principle as the profilometer, but uses micron-size cantilevers ended by tips with radii 

of ~ 5 nm. The cantilevers are excited at frequencies in the order of several hundreds 

of kHz, and the measurement precision in the vertical direction is of a fraction of a 

nanometer, which is perfectly suitable for the measurement of step sizes of a few 

nanometers in height. Furthermore, AFMs enable the measurement of the surface 

roughness of the films, which gives another indication of the film quality. Fig. IV.4 

presents a typical AFM scan from which one can extract a film thickness of 8.9 nm and 

Fig. IV.4: (a) AFM micrograph of a step to measure the deposited thickness, and 

extracted material roughness of the region of interest marked in blue. (b) Step size 

extracted from the full image average, with the lateral averaging zones highlighted by 

the vertical lines. 
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an Rq surface roughness (or Root Mean Squared roughness) of < 0.8 nm, a typical value 

for high quality NbTiN films being in the order of 0.5 to 0.8 nm. AFM measurements are 

also useful for evaluating the quality of the substrate. The SNSPD being extremely 

sensitive to any inhomogeneity in the nanowire composition and dimensions, it is 

crucial to minimize the film thickness variation. The roughness of the substrate surface 

can introduce such variations that must be negligible compared to the film thicknesses. 

With superconducting films typically 10 nm thick or thinner, a minimum RMS roughness 

is desirable, and can be assessed with an AFM. Fig. IV.4 reproduces an AFM scan image, 

the extracted roughness, and the step size measured for an NbTIN thin film. 

 

Transmission Electron Microscopy 

In Publication A, we performed Transmission Electron Microscope (TEM) analysis 

of the films. TEM routinely requires the preparation of sample lamellas, which is a rather 

complex and time-consuming process that entails the ion beam milling of nanometer 

thin standing walls in the investigated material. In our case, we opted for the deposition 

of 9 nm of our material directly on 10 nm thick silicon nitride (SiN) support windows, 

which is simpler and more robust, while still allowing the transmission of the electron 

beam and observation of the grain and crystallographic structures of the films. The 

measurements were performed using an instrument with 300 kV electron acceleration 

voltage and equipped with an aberration corrector for the objective lens. The film 

investigated in Fig. IV.5 was deposited with the recipe that yielded the best internal 

detection efficiency at 1550 nm in the study, but the TEM images were similar for other 

film recipes. From the low magnification image represented in Fig. IV.5.(a), one can 

observe the polycrystalline character of the film, with the presence of grains and clear, 

numerous boundaries. In Fig. IV.5.(b) the structure of each grain is revealed with higher 

magnification, and the arrangement of the atoms in ordered lattices within each grain 

allows for observing the B1 structure of the compound, as highlighted in the inset which 

shows the Fourier transform of a selected grain along the [110] axis, with a signature 

Fig. IV.5: (a) TEM micrograph or a 183 nm × 183 nm area of a film. (b) High Resolution 

TEM micrograph of NbTiN deposited on a SiN support film. Inset: Fourier transform of a 

single grain (indicated by the white square on the micrograph) imaged along the [110] 

zone axis. (c) Selected area electron diffraction of the film. Inset: the extracted [200] 

lattice spacing scaled with Nb fraction x for different samples. 
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pattern of an ordered structure in the frequency domain. The grains have an average 

size of 4 to 5 nm, with no noticeable difference in sizes and distributions across recipes 

with different Nb fraction. Finally in Fig. IV.5.(c) the electron diffraction pattern of a zone 

comprising several grains is presented, showing again a typical pattern of 

polycrystalline materials, with each ring corresponding to the diffraction along a 

different axis of the structure, for randomly oriented crystallites, as highlighted on the 

figure. From the pattern, the lattice spacing along the [200] direction was extracted; a 

general trend is observed, with a larger lattice spacing for higher Nb fractions in the 

alloys, which is expected for a highly miscible ternary compound. We stress that this 

specific lattice parameters are measured on films grown on SiN, and not on SiO2 which 

is a more common substrate for SNSPDs fabrication. 

 

X-ray Photoelectron Spectroscopy 

In order to determine the composition of the films, X-ray Photoelectron 

Spectroscopy was carried out on a large number of samples with different Nb contents. 

This technique consists of bombarding the samples with an X-ray beam, which excites 

the atoms at the surface of the material (up to a depth of ca. 10 nm), and kicks out 

electrons. These electrons are counted and their kinetic energy measured, the kinetic 

energy being a signature of the binding energy of the electrons in the atom. The 

different peaks in an XPS spectrum correspond to the electron configuration of each 

species (e.g. 1s, 2s, 2p and so on) and by extension the atomic composition can be 

deducted from the spectrum. In order to access deeper layers in the material, one can 

use Ar+ ion milling to remove the superficial material, for instance the natural oxide 

layer of NbTiN in order to assess the composition of the actual superconductor, and 

reconstruct depth profiles of the material chemical composition. Fig. IV.6 presents the 

evolution of the material chemical composition, represented as the Nb fraction x in the 

alloy NbxTi1-xN, against the applied sputtering powers. In Fig. IV.6.(a), the power applied 

Fig. IV.6: Influence of applied power on the superconducting film composition, as 

measured by XPS. (a) For a constant power applied to the Ti target of 240 W RF and 

varying Nb powers. (b) For a constant power ratio with varying total powers swept from 

PTi = PNb = 190 W to PTi = PNb = 250 W. 
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to the Ti target was kept constant at PTi = 240 W for all the films studied, while the power 

applied to the Nb target was swept, and we can clearly observe the impact of this sweep 

on the alloy composition, with Nb contents increasing from x = 0.39 at an Nb power PNb 

= 60 W, to x = 0.86 at PNb = 240 W. When changing the power of one of the targets, it is 

possible that the growth mode of the films changes as well due to a higher energy 

transfer to the atoms ejected from the target, which could impact the properties under 

study and compete with effects due to the composition change. In order to disqualify 

this hypothesis, we grew a series of films where the power ratio was kept constant 

between the applied Nb powers and Ti powers, and swept from PNb = PTi = 190 W to PNb 

= PTi = 250 W. Fig. IV.6.(b) shows the negligible influence of the total power on the 

material composition, and we showed in Publication A that there is an influence of the 

growth mode since the materials deposited with the same ratios but different absolute 

powers yielded different values of Tc, although the chemical composition does not 

change. However, this change was much smaller than that observed for the films made 

with different chemical compositions, which led us to the conclusion than the observed 

effects were mostly due to a change in stoichiometry indeed. 

 

3. Fabrication of SNSPDs 

The fabrication of SNSPDs from superconducting films relies on two steps 

lithography for the meander and the contacts, and additional steps depending on the 

light coupling strategy. First, the pattern for the metal contacts and alignment markers 

is defined by ultra-violet (UV) lithography, using photo-sensitive resists that either cross-

link under light exposure to become more resistant to the developer, called negative 

resists, or that become more soluble in the developer in the case of positive resists. 

Once the desired shapes have been exposed and developed, the samples are coated in 

a metal evaporator with a layer of chromium (Cr) or Ti for facilitating the adhesion, 

followed by the electrodes metal, typically gold (Au). The patterns are then transferred 

by lift-off process using a solvent suitable for the removal of the resist. 

In a second step, the actual SNSPD is fabricated, which requires the use of electron 

beam lithography (EBL) due to its dimensions in the nanometer range. An electron-

sensitive resist, working on the same principle than a photoresist but being sensitive to 

the exposure to electrons instead of UV light, is spun over the film and contacts. The 

metal markers are used to align the SNSPD pattern with the electrodes, and the resist 

is exposed with an electron beam with a spot diameter of a few nanometers that can 

be precisely deflected to expose any shape, and subsequently developed. The pattern 

is transferred into the NbTiN film using a dry etcher, in which a plasma is created and 

the sample placed at the cathode, so that the material not covered by the resist is 

removed by ion bombardment, quickly etching away the approximately 10 nm thick 

superconducting layer. 

If a waveguide coupling architecture is desired, the fabrication of the detector itself 

is finished after these two steps. The integrations on waveguides can be made by 

following the steps described above using a film deposited directly on the waveguides, 

in which case the initial step of contact deposition must already be aligned to the 
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previous waveguide design, and the film must be deposited on a compatible flat surface 

with low roughness. Another possibility is to define the waveguides after the patterning 

of the SNSPD, which requires to deposit the waveguide material on top of the SNSPD, 

without damaging it. This strategy was used in Publication E, where we demonstrate 

the advantage of pre-characterizing and selecting the SNSPDs before the integration in 

the waveguide circuit. 

If the SNSPD is designed for normal coupling additional fabrication steps are 

required to achieve state-of-the-art performances. The SNSPD needs to be integrated 

in an optical micro-cavity, which can be done by patterning the SNSPD on a DBR, or by 

integrating a back-side metal mirror. In the latter case, the SNSPD is fabricated on an 

optical quarter lambda SiO2 layer; a window is defined behind the SNSPD by backside 

alignment optical lithography, the underlying Si is etched via deep silicon dry etching up 

to the SiO2 membrane, and Au is finally deposited. In both cases, to guarantee a good 

alignment for fiber coupling, one can then either align the fiber using a microscope, a 

flip-chip bonder and epoxy glue, or use the self-aligning method developed by the NIST 

group [87]. In this case a new pattern exposed either by UV lithography or EBL must be 

aligned to the SNSPD and define the key-hole shape of the chip, which is then etched 

using deep silicon dry etching with Bosch process to guarantee straight and smooth 

side-walls by alternating etching and passivation steps. In general, the SNSPD design is 

slightly larger than the mode field diameter of the fiber, allowing for a misalignment 

tolerance of 1 to 2 µm, which is at the precision limit of research grade UV lithography 

systems. Fig. IV.7 illustrates the complete workflow for the fabrication of an SNSPD 

integrated in a micro-cavity with back-side gold mirror and self-aligning fiber coupling. 
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Fig. IV.7: Fabrication workflow for an SNSPD with normal coupling, integrated in a 

quarter-wavelength cavity for telecom wavelengths with back-side gold mirror and 

self-aligning fiber coupling. The Cr adhesion layer below the contacts and markers is 

omitted. 
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4. SNSPD characterization 

Morphology 

During the fabrication process, Scanning Electron Microscopy (SEM) is used to verify 

the quality of the EBL. After exposure and development of the E-beam resist, the mask 

is observed and if its shape differs from the targeted design, the resist is stripped and 

the exposure dose and development conditions are changed accordingly. Once the 

mask reaches an acceptable quality, the SNSPD is etched and again the result is 

observed by SEM. At this stage, if the etching parameters did not yield a good pattern 

transfer, one has to start the process over with a new film. The SEM micrographs are 

used to verify the homogeneity of the nanowire and its width in order to calculate the 

current density of the structure. 

 

Optical characterization using optical fibers 

The optical characterization of the devices presented in this thesis were all done in 

closed-cycle cryostats. The most typical cryostats used to operate NbTiN devices are 

Gifford-McMahon systems, which can achieve a temperature of ca. 2.5 K. A vacuum 

chamber is built around the cryostat to guarantee the best possible thermal insulation. 

The cold head consists of two stages, the first one offering 3 W of cooling power at 45 

K, suitable for the operation of cryogenic amplifiers, and the second one offering 150 

mW at the base temperature, which is suitable for the operation of the SNSPDs. The 

SNSPDs are connected via coaxial RF lines and vacuum feedthroughs to the outside of 

the cryostat, while hypothetical cryoamplifiers are powered with DC lines. In addition to 

supporting in some cases cryoamplifiers, the 40 K stage is used to mount a radiation 

shield, which blocks the blackbody radiation for temperatures above 40K to reach the 

SNSPDs. The SNSPDs are further shielded at 2.5 K using a chip holder that encapsulates 

the devices. Optical fiber vacuum feedthroughs are made by using bare optical fibers 

(which consist of the fiber core, fiber cladding and coating, but no extra jacket), fed 

through a flange and glued using a low viscosity Epoxy resin. 

These cryostat are suitable for two types of optical characterization, both requiring 

the use of optical fibers to bring the light signal to the detectors. In the case of flood 

illumination, the detectors are contacted and placed so that the fiber illuminates all the 

structures with a broad spot. By using fiber collimators and mirrors, it is possible to 

achieve a rather homogeneous illumination among devices scattered over a relatively 

large wafer piece, but in any case it remains difficult in these conditions to evaluate 

precisely the number of photons that are incident on an SNSPD. Nevertheless, this 

setup allows for the characterization of the internal detection efficiency of a large 

number of detectors at once, as this figure of merit is not affected by the optical 

coupling efficiency as long as some light reaches the devices, with the additional benefit 

of not requiring a fiber alignment fabrication step. This is particularly suitable for 

studying material properties, as a large number of devices can be tested, all fabricated 

with a limited number of steps, which minimizes the possibilities for external influence 
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on the observed results. In Fig. IV.8 we show pictures of the simplest flood illumination 

setup used in this work, without any collimation unit or mirror to shape the beam. 

For practical applications, it is important to precisely characterize the system 

detection efficiency of the SNSPDs, which requires a full fiber-coupling packaging as 

described in section 3 of this chapter. The chip is then placed inside the cryostat, 

contacted with a coaxial cable, a fiber is plugged on the fiber sleeve and pushed into 

contact with the SNSPD, guaranteeing a low-loss optical coupling. The SDE corresponds 

to the number of counts registered by the SNSPD divided by the number of input 

photons, typically generated with a laser source for characterization purposes. To 

measure the photon flux, a calibrated, high sensitivity power meter is used, capable of 

measuring light signals down to the nanowatt range. However, there are still several 

orders of magnitude of difference in sensitivity until a measurement at the single 

photon level, with count rates in the order of a few to tens of megahertz. In order to 

bridge this gap, a calibrated variable attenuator with up to 68 dB of attenuation is used. 

This allows to measure powers in the order of tens of nanowatts with the powermeter, 

before sending the light to the SNSPD with only one fiber connection change in the 

setup, minimizing the chances for a change in the fiber coupling. It has to be noted that 

the measurement of input light on the powermeter underestimates the number of 

photons that will actually be sent into the fiber going to the SNSPD, because of the glass-

to-air interface that induces a back-reflection of ca. 3.5%, and which must be taken into 

account for evaluating the SDE. 

As explained in Chapter III, the system detection efficiency, dark count rate and 

timing jitter are bias-dependent. Thus they are typically quantified as a function of the 

Fig. IV.8: Flood illumination setup built around a 2.5 K cold finger. 
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applied bias. We used a variable voltage source in series with a resistor to current bias 

the detectors; a bias tee allows for the collection of the RF pulses towards the two-stage 

amplification (50dB) and counter. The electronics driver we use allows for the 

simultaneous sweeping of the bias and counting of the pulses, and to record the PCR 

curves. 

 

Free-space optical characterization 

In order to characterize the waveguide devices on LiNbO3 described in Publication 

D, a setup with low temperature nano-positioners was built as shown in Fig. IV.9. The 

chip was designed for fast testing of a large number of detectors and circuits by 

translating it and coupling into several grating couplers. We used the lowest stage of 

the dilution refrigerator available in our lab which features transparent windows for 

free-space optical access. The refrigerator comprises five different stages with base 

temperatures of 60 K, 4K, 800 mK, 100 mK and 10 mK, the first four being used to mount 

radiation shields, which implies the use of five consecutive thermalized windows in the 

beam path to reach the sample, including one for the vacuum can. We mounted on the 

10 mK stage an XYZ positioner stack behind a cryo-compatible objective; the nano-

positioners cannot move if a heavy mass or strong forces are applied on them, thus we 

used flexible, light coaxial cables to connect the SNSPDs. The losses introduced by the 

windows are characterized using a metallic mirror by measuring the intensity of the 

reflected signal through the windows and comparing it to the input signal. Once cooled 

down, the chip can be moved, and the coupling can be optimized by maximizing the 

number of counts on the SNSPD. The circuits used in Publication D allow for the 

collection of light signal after a beam-splitter, out-coupling through another grating 

Fig. IV.9: Picture of the illumination and collection setup (left), schematics of the 

milli-Kelvin temperature free-space measurement setup (right). 
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coupler, and collection through the same objective. This setup and this photonic circuit 

provides a way to evaluate the number of photons impinging on the detector, and thus 

to calculate the system detection efficiency of the circuit if the propagation losses are 

known. 

 

5. Polarization sensitivity of SNSPDs 

The typical orthogonally fiber-coupled SNSPDs are constrained in shape in order to 

match the incident spot size. The general approach to achieve a unity coupling efficiency 

is to use a meander design, with the nanowire arranged in straight, parallel lines folded 

back and forth. This architecture has the disadvantage of introducing polarization 

dependence: the photons impinging with a polarization parallel to the direction of the 

lines (TE) will be absorbed more efficiently than those coming with perpendicular 

polarization (TM). This effect is more pronounced for photons with low energy than for 

shorter wavelengths. As previously mentioned, a few approaches have been proposed 

to minimize the polarization sensitivity. The spiral design allows for a minimum 

polarization sensitivity for linearly polarized light [60], but it averages the response for 

any polarization rather than optimizing it for all of them. Bilayer SNSPDs [106] are more 

complex to implement, which limits their fabrication yield and the range of materials 

that can be used to mostly amorphous materials, to date. In this thesis, we present two 

approaches in Publications F and G to optimize the SNSPD response for different 

polarization without introducing complex fabrication steps. 

In Publication F, we realized the proposition to embed the nanowire in a high 

refractive index material [107], which allows for the fabrication of devices with a 

boosted sensitivity to TM photons, without compromising the absorption efficiency to 

the other polarization. In a standard device without a capping layer, the gaps between 

parallel nanowire lines is left in vacuum, which induces an inhomogeneous distribution 

of the light filed across the nanowire for TM-polarized light. The permittivity mismatch 

between the vacuum and the detector causes a minimum field intensity at the nanowire 

edges, which increases towards a maximum at it center. As a result, the optical 

absorption probability is only high at the center of the nanowire segments, resulting in 

an overall lower absorption probability. By encapsulating the devices in high dielectric 

materials, the permittivity mismatch is reduced and in turn the overall efficiency for TM 

polarization is enhanced. SiNx offers a transparency window allowing for the 

propagation of telecom light, while having a refractive index of 1.87 at 1550 nm, which 

makes it a suitable candidate as a dielectric capping layer. By tuning the thickness of 

the SiNx layer one can maximize the absorption efficiency for both polarizations or find 

an optimum for a broadband maximized response. In this work, a thickness of 330 nm 

was chosen for the capping layer, which allows for a minimum polarization sensitivity 

at 1550 nm while simultaneously offering an optimized absorption for both TE and TM 

polarizations at 1310 nm. Fig. IV.10.(a) and (b) show the expected absorption efficiency 
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for the simulated stack depending on the incident polarization and on the SiNx thickness 

for both 1310 nm and 1550 nm, respectively, the dashed line highlights the chosen 

dielectric thickness. Fig. IV.10.(c) and (d) show the measurements on the fabricated 

device. The detector was placed at 770 mK in the dilution refrigerator, fiber coupled and 

the light polarization was set using a three-paddle fiber polarization controller. RF 

coaxial-line and the same electronics as described in section 4 of this chapter were 

used. The device polarization sensitivity C is defined as: 

 

𝐶 =
1−𝑁𝑇𝑀 𝑁𝑇𝐸⁄

1+𝑁𝑇𝑀 𝑁𝑇𝐸⁄
      IV-1 

 

where NTM and NTE are the device response to TM and TE polarized light, respectively, 

evaluated as the count rate for a given photon flux. C1310 = 0.075 ±0.013 and C1550 = 

Fig. IV.10: Simulated absorption efficiency of the capped structure for TE and TM 

polarization, and the TE/TM polarization sensitivity ratio at 1310 nm (a) and at 1550 nm 

(b). Efficiency vs bias current measurements at 770 mK of the capped detectors for TE 

and TM polarizations at 1310 nm (c) and 1550 nm (d), with the inset showing the 

measured and simulated polarization sensitivities for both wavelengths with and without 

the capping layer. 
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0.093±0.018 were measured, for a wavelength of 1310nm and 1550 nm, respectively, 

which is greatly improved compared to standard detectors. 

In Publication G, a novel fractal design of the meander [108] was implemented. 

Using Peano curves [109] instead of straight lines, the orientation of the nanowire is 

divided between the two orthogonal directions, both on the scale of the whole active 

area and on a much more local scale, as pictured in Fig. IV.11. The unit nanowire cell is 

shown in Fig. IV.11.(a), of which nine units are connected in series to form a first order 

cell (Fig. IV.11.(b)), which again are connected to form a second-order cell (Fig. IV.11.(c)), 

and a final nine ensembles of such cells form the full active area of the detector covering 

9.1 µm × 9.1 µm (Fig. IV.11.(d)), which is suitable for instance to connect to a telecom 

single mode fiber. The detection efficiency at 1550 nm of the device was measured to 

be 67% for TE polarized photons and 61% for TM-polarized photons, which yields a low 

polarization sensitivity, as defined in the previous paragraph, of C1550 = 0.047. Compared 

to standard meander devices made from the same films the maximum efficiency (for 

TE polarization) remained unchanged for the fractal design, although we observed a 

diminution of the critical current and a lesser saturation of the internal efficiency, which 

was attributed to current crowding effects in the numerous turns of the device. Finally, 

we note that this design should allow for polarization insensitivity with higher modes in 

optical fibers, which is highly beneficial for the implementation of space-division 

multiplexing communication schemes.  

Fig. IV.11: SEM micrographs of the fractal SNSPD at different magnification: (a) first 

order, (b) second order, (c) third order, and (d) full device connecting four third-order 

Peano curve nanowires. 
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V. Chapter 5 - Summary of publications and perspectives 

 

1. Publication A 

The requirements in quantum optics experiments for high single photon detection 

efficiency, low timing jitter, low dark count rate and short dead time have been fulfilled 

with the development of superconducting nanowire single photon detectors. Although 

they offer a detection efficiency above 90%, achieving a high time resolution in devices 

made of amorphous materials is a challenge, particularly at temperatures above 0.8 K. 

Devices made from niobium nitride and niobium titanium nitride allow to reach the 

best timing jitter, but in turn have stronger requirements in terms of film quality and 

nanofabrication to achieve high efficiency, resulting in a low yield of high performance 

detectors. Here we take advantage of the flexibility of reactive co-sputter deposition to 

tailor the composition of NbxTi1-xN superconducting films, and show that a Nb fraction 

of x = 0.62 allows for the reliable fabrication of detectors from films as thick as 9 nm 

and covering an active area of 20 µm, with a wide detection saturation plateau at 

telecom wavelengths and in particular at 1550 nm. This is a signature of an internal 

detection efficiency saturation, achieved while maintaining the high time resolution 

associated with NbTiN and operation at 2.5K. With our optimized recipe, we fabricated 

detectors with high critical current densities reaching a saturation plateau at 1550 nm 

with 80% system detection efficiency with a fabrication yield of 30%, and with a FWHM 

timing jitter as low as 21 ± 2 ps. 

 

2. Publication B 

In this paper, we study the impact of using III-nitride semiconductors (GaN, AlN) as 

substrates for ultrathin (11 nm) superconducting films of NbTiN deposited by reactive 

magnetron sputtering. The resulting NbTiN layers are (111)-oriented, fully relaxed, and 

they keep an epitaxial relation with the substrate. The higher critical superconducting 

temperature (Tc = 11.8 K) was obtained on AlN-on-sapphire, which was the substrate 

with smaller lattice mismatch with NbTiN. We attribute this improvement to a reduction 

of the NbTiN roughness, which appears associated to the relaxation of the lattice misfit 

with the substrate. On AlN-on-sapphire, superconducting nanowire single photon 

detectors (SNSPDs) were fabricated and tested, obtaining external quantum efficiencies 

that are in excellent agreement with theoretical calculations. 
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3. Publication C 

Being the Nb-based compound with the highest known critical temperature, NbTiN 

is of particular interest for many applications. It is used in Josephson junctions for single 

flux quantum logic gates, as a superconducting electrode to contact semiconductor 

devices, and one important use is in superconducting nanowire single photon 

detectors. These detectors are the ideal candidate for on-chip integration in photonic 

circuits, offering near-unity detection efficiency, low noise and excellent time resolution, 

therefore it is desirable to implement them on a wide variety of platforms. However, it 

remains a challenge to deposit the superconducting material with a process suitable 

for heterogeneous integration, as the most widespread material, NbN, is associated 

with a deposition at a high temperature. Taking advantage of the possibility to deposit 

superconducting NbTiN with various stoichiometries by co-sputter deposition at room 

temperature, we demonstrate growth on six different substrates – silicon dioxide, 

silicon nitride, gallium arsenide, lithium niobate, [Pb(Mg1/3Nb2/3)O3]-x[PbTiO3] or 

PMN-PT, and aluminum nitride – in the same deposition run, and show that all the films 

exhibit superconducting properties with similar critical temperatures. We fabricated 

waveguide-compatible superconducting nanowire single photon detectors on five 

substrates, report short dead times for all devices with a narrow spread of 

performances, and discuss their different photon detection saturation behavior. Our 

method simplifies the fabrication of superconducting devices on a wide range of 

materials. 

 

4. Publication D 

Fiber-coupled superconducting nanowire single photon detectors are a ubiquitous 

tool for quantum optics experiments as they offer near unity detection efficiency over 

a broad wavelength range, low dark count rate, excellent time resolution and high 

saturation rate. Nevertheless, advancing quantum optics experiments and applications 

beyond the few-photon limit requires large scale integrated systems of quantum 

sources and detectors. In recent years there has been a tremendous progress with 

integrating single photon detectors with a variety of photonic platforms. This includes 

attempts on ion-diffused waveguides in LiNbO3, a non-linear and electro-optic material 

with widespread use for signal processing, frequency conversion, and quantum optics 

devices. However the realization of superconducting detectors on single mode 

waveguides remains elusive. Here we present an NbTiN superconducting single photon 

detector integrated directly on a LiNbO3 single mode nanophotonic waveguide at 

telecom wavelength, with a high critical current density and a dark count rate of 3 mHz 

at 99% of its critical current. 

 

5. Publication E 

Integration of superconducting nanowire single-photon detectors and quantum 

sources with photonic waveguides is crucial for realizing advanced quantum integrated 
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circuits. However, scalability is hindered by stringent requirements on high-

performance detectors. Here we overcome the yield limitation by controlled coupling 

of photonic channels to pre-selected detectors based on measuring critical current, 

timing resolution, and detection efficiency. As a proof of concept of our approach, we 

demonstrate a hybrid on-chip full-transceiver consisting of a deterministically 

integrated detector coupled to a selected nanowire quantum dot through a filtering 

circuit made of a silicon nitride waveguide and a ring resonator filter, delivering 100 dB 

suppression of the excitation laser. In addition, we perform extensive testing of the 

detectors before and after integration in the photonic circuit and show that the high 

performance of the superconducting nanowire detectors, including timing jitter down 

to 23 ± 3 ps, is maintained. Our approach is fully compatible with wafer-level automated 

testing in a cleanroom environment. 

 

6. Publication F 

Superconducting-nanowire single photon detectors (SNSPDs) are able to reach 

near-unity detection efficiency in the infrared spectral range. However, due to the 

intrinsic asymmetry of nanowires, SNSPDs are usually very sensitive to the polarization 

of the incident radiation, their responsivity being maximum for light polarized parallel 

to the nanowire length (transverse-electric (TE) polarization). Here, we report on the 

reduction of the polarization sensitivity obtained by capping NbN-based SNSPDs with a 

high-index SiNx dielectric layer, which reduces the permittivity mismatch between the 

NbN wire and the surrounding area. Experimentally, a polarization sensitivity below 0.1 

is obtained both at 1.31 and 1.55 μm, in excellent agreement with simulations. 

 

7. Publication G 

We demonstrate the superconducting nanowire single photon detectors (SNSPDs) 

based on a fractal design of the nanowires to reduce the polarization sensitivity of 

detection efficiency. We patterned niobium-titanium nitride thin films into Peano curves 

with a line width of 100 nm and integrated the nanowires with optical micro-cavities to 

enhance their optical absorption. At the base temperature of 2.6 K, the fractal SNSPD 

exhibited a polarization-maximum device efficiency of 67% and a polarization-

minimum device efficiency of 61%, at the wavelength of 1550 nm. Therefore, the 

polarization sensitivity, defined as their ratio, was 1.1, lower than the polarization 

sensitivity of the SNSPDs in the meander design. The reduced polarization sensitivity of 

the detector could be maintained for higher-order spatial modes in multi-mode optical 

fibers and could tolerate misalignment between the optical mode and the detector. This 

fractal design is applicable to both amorphous and polycrystalline materials that are 

commonly used for making SNSPDs. 
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8. Publication H 

Quantum entanglement is one of the most extraordinary effects in quantum 

physics, with many applications in the emerging field of quantum information science. 

In particular, it provides the foundation for quantum key distribution (QKD), which 

promises a conceptual leap in information security. Entanglement-based QKD holds 

great promise for future applications owing to the possibility of device-independent 

security and the potential of establishing global-scale quantum repeater networks. 

While other approaches to QKD have already reached the level of maturity required for 

operation in absence of typical laboratory infrastructure, comparable field 

demonstrations of entanglement-based QKD have not been performed so far. Here, we 

report on the successful distribution of polarization-entangled photon pairs between 

Malta and Sicily over 96 km of submarine optical telecommunications fiber. We observe 

around 257 photon pairs per second, with a polarization visibility above 90%. Our 

results show that QKD based on polarization entanglement is now indeed viable in long-

distance fiber links. This field demonstration marks the longest-distance distribution of 

entanglement in a deployed telecommunications network and demonstrates an 

international submarine quantum communication channel. This opens up myriad 

possibilities for future experiments and technological applications using existing 

infrastructure. 
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VI. Chapter 6 - Conclusions and outlook 

This work aimed at improving SNSPDs made of NbTiN. This material has many 

advantageous characteristics, including an operation at 2.5 K, the possibility to be 

deposited at room temperature and on substrates with large lattice mismatch, and to 

achieve high detection efficiencies without sacrificing the time resolution. When 

deposited in a reactive co-sputtering geometry, a full control of the material 

composition is possible, which allows for a high degree of flexibility to match the alloy 

characteristics to the end-device desired properties. It is possible to produce a 

superconductor with a high critical current density while maintaining a low film 

thickness, with perhaps a limitation on the achievable internal detection efficiency at 

long wavelengths, or to tune the material towards a higher Ti content and allow for a 

better internal detection efficiency saturation at the expense of a slightly lower critical 

current density.  

The room temperature deposition method allows for the growth of films on a wide 

variety of substrates, including III-nitride materials, and their patterning into 

superconducting detectors. These materials are widely used as single photon light 

sources, and the possibility to integrate SNSPDs directly on-chip for a more efficient 

circuit. With the integration of SNSPDs on lithium niobate rib waveguides, we widened 

the choice of on-chip platforms to this highly versatile material. Our proof-of-concept 

circuit with an integrated SNSPD paves the way for experiments at the single photon 

level where the non-linearities and electro-optics capabilities of lithium niobate could 

be used for the routing and preparation of quantum states of light, detected directly 

on-chip. The possibility of fabricating SNSPDs on a wide variety of III-nitride 

semiconductors, a natural platform for engineering single photon sources, lays another 

block for building hybrid semiconductor-superconductor circuits. We showed that the 

recipes developed in this work can be universally deposited on virtually any substrate 

platform due to the superconducting properties of NbTiN and to the possibility to grow 

this material at room temperature. 

The possibility to pre-characterize detectors before building integrated circuits 

presents another approach to optimize the quality of the experiments by picking the 

best components available. Associating this technique with the pre-selection and 

deterministic integration of single photon sources, as has been shown in our group with 

nanowires [90], is a logical future step. 

In the case of normally coupled detectors, the fabrication of reliable films is crucial 

to allow for testing new designs and confidently extract the relevant information. The 
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fabrication of fractal SNSPDs was tested against standard meander detectors made 

from the same film, owing to a decent homogeneity of the film. The fractal design 

tackles an important technical question with the reduction of the polarization sensitivity 

without sacrificing the maximum detection efficiency. The encapsulation of detectors in 

high index dielectric materials is another solution to this problem, requiring another 

deposition step and an intrinsically narrower wavelength bandwidth, but having the 

advantage of keeping the shape of the meander simple and encapsulating it to provide 

a protection to oxidation and ageing. 

One of the pressing issues faced when using NbTiN for SNSPDs is the fabrication 

yield. We presented film recipes that have the additional benefit of seemingly increasing 

the device production homogeneity compared to our previous works, and we foresee 

that the use of perhaps thicker films will help improve this aspect even further.  

Finally, we demonstrated that SNSPDs are a key to realize quantum communication 

protocols due to their unique characteristics, combining high detection efficiency at 

telecom wavelengths, low dark count rate and excellent time resolution. Polarization-

entanglement was demonstrated over a record distance of 96 km using existing 

commercial fiber network. 

 

In future work, we identified several ideas worth pursuing to either bring more 

understanding to the physics of SNSPDs, to improve their characteristics or to make use 

of their capabilities. 

As suggested by the experiment with the suspended NbTiN nano-bridges, a high 

compressive strain is present in the as grown films, and therefore in the detectors too. 

This strain must have an influence on the superconducting properties of the detector. 

By depositing films on different substrates with different lattice parameters, the strain 

can be engineered, but it is not clear how the growth mode is affected, and whether the 

difference in superconducting properties is due to different grain sizes or different 

lattice constants in the grains, for instance. By depositing films and patterning SNSPDs 

on deformable substrates such as piezo-electric materials for instance, one could 

monitor the properties of the detector while tuning the strain. A first step towards this 

goal was achieved by growing a superconducting thin film on PMN-PT, but we are still 

working on the fabrication of detectors on this platform. 

By fine tuning the superconducting gap of the material, one can boost the detection 

efficiency for wavelengths longer than 1550 nm, perhaps up to the mid-IR range. Many 

interesting phenomena can be probed in this range, notably the vibrational levels of 

carbon-based molecules. This would allow for gas monitoring, perhaps by building 

LIDAR systems with SNSPDs and tunable lasers that can lock interesting transitions. This 

would allow for the deployment of air quality monitoring stations, with the potential to 

measure the concentration of undesirable gases with depth precisions in the meter 

range or shorter, and on the scale of cities or large production factories. 

The sensitivity and time resolution of SNSPDs have yet not been fully exploited in 

biomedical imaging. Current research works and medical applications rely mostly on 

dyes emitting in the visible range that have been developed when the technology on IR 

detectors did not offer good solutions. With superconducting detectors, new dyes can 
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be used [103], including in spectral regions were the self-fluorescence of tissues is 

absent [110]. 
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