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Abstract

In this thesis we present the first successful on-chip detection of quantum light, thereby

demonstrating the monolithic integration of superconducting single photon detectors with

semiconductor quantum dots in a prototypical quantum photonic circuit.

In order to fabricate highly efficient and ultra-fast detectors exhibiting dark count rates

≤ 1 cps, we start by optimizing 4 to 22 nm thick NbN films on GaAs substrates, as described in

chapter 2. Whilst systematically analyzing the parameter space of film growth using reactive

magnetron sputtering, we identify the nitrogen partial pressure to determine the crystal phase

and structure. By combining low-temperature transport measurements with depth-dependent

atomic concentration studies, we demonstrate that 13% (26%) nitrogen content during growth

results primarily in the formation of face-centered cubic δ-phase (hexagonal ε-pase) NbN thin

films. Complementary investigations of the role of the growth temperature reveal an optimum

of 475◦C representing a trade-off between enhanced surface diffusion improving crystal quality

and arsenic desorption from the GaAs substrate promoting disorder at the interface.

Having obtained optimized 4±0.5 nm thick NbN films on GaAs exhibiting a superconducting

transition temperature of 10.2± 0.2 K, we continue by presenting the nano-lithographic fab-

rication process of superconducting single photon detectors (SSPDs) throughout the second

part of chapter 2. In detail we show how we optimized electron beam lithography and reac-

tive ion etching to define defect-free 100 nm wide nanowires exhibiting a homogeneous width

distribution < 5 nm. Employing low-temperature transport measurements, we study the crit-

ical current IC of SSPDs in general and single nanowires in particular for different detector

geometries and operation temperatures, thereby further optimizing the device design. While

investigating the temporal evolution of photon induced normal conducting hotspots in both

4 ± 0.5 nm thin and 22 ± 0.5 nm thick devices, we identify the low detection efficiency and

dark count rates of the thick film detectors as arising from rapid hotspot cooling via the heat

reservoir provided by the NbN film. In strong contrast, we show that thin detectors exhibit

maximum efficiencies of 21 ± 2% for top-illumination. By systematically characterizing the

detector performance metrics as a function of the film thickness, we find 10 ± 0.5 nm thick
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Abstract

SSPDs to represent the perfect compromise of a moderately high maximum top-illumination

efficiency of ∼ 0.1 % combined with an ultra-low noise level of < 1 dark counts per second

when biased at 0.95 IC . Finally, we characterize the temporal response of optimized detectors,

thereby measuring an ultra-fast timing resolution of only 72± 2 ps.

Throughout chapter 3, we build up on the technology described above in order to develop

waveguide coupled SSPDs for in-situ detection of quantum dot (QD) luminescence. There-

fore, we start by optimizing both the emitter-waveguide and the waveguide-detector coupling.

Here, we systematically simulate the mode profiles, propagation and absorption losses and

the dipole emission fraction into the waveguide. Having optimized the basic device charac-

teristics, the fabrication technology for low-loss active and passive GaAs/Al0.8Ga0.2As ridge

waveguides is presented. By characterizing the different types of devices employing spatially

and temporally resolved low-temperature opto-electrical measurements, we prove that the

on-chip detected light almost exclusively stems from the emission of the embedded emitters.

Employing the QDs as calibrated light sources, we determine the on-chip detection efficiency

to be ∼ 1%, thereby significantly exceeding the efficiency for top-illumination. We continue

by utilizing the fast response of the integrated SSPDs to probe exciton capture and relax-

ation dynamics. Time-resolved luminescence measurements performed with on- and off-chip

detection reveal a continuous decrease in the carrier relaxation time from τr = 1.22± 0.07 ns

to 0.10 ± 0.07 ns upon increasing the number of non-resonantly injected carriers. By com-

paring off-chip time-resolved spectroscopy with spectrally integrated on-chip measurements,

we identify the observed dynamics in the rise time as arising from a relaxation bottleneck at

low excitation levels. A characteristic τr ∝ P 2/3 power law dependence is observed suggesting

Auger-type scattering between carriers trapped in the quantum dot and the two-dimensional

wetting layer continuum circumventing this phonon relaxation bottleneck at higher excitation

power levels.

Having established the technology for the monolithic integration of sources, waveguides and

detectors on a hybrid semiconductor-superconductor chip, we continue by developing the first

prototype of an integrated quantum optical circuit throughout chapter 4. Therefore, we iden-

tify the source of the background signal in previous on-chip experiments to originate mostly

from reflection and diffuse scattering of laser light at the sample backside. We efficiently sup-

press this stray light by employing > 2 mm long, low-loss waveguides featuring a propagation

length of 664 ± 64 μm. Furthermore, we apply both a detector top-coverage and a sample

backside treatment including polishing and coating with a silicon absorber layer to reduce the

laser stray light by ∼ 40×. By additionally operating a time-resolved on-chip luminescence

technique for both readout and signal filtering, we perform excitation spectroscopy on single

QDs. Thereby, we are able to identify common excited state resonances in on- and off-chip

detection. We continue to demonstrate and investigate resonant fluorescence (RF) of single

dots with a line-width of 10 ± 1 μeV. By employing an optical gating laser to stabilize the

electro-static environment experienced by the dot, we show both an increase of the RF signal

of ∼ 3× and a reduction of the line-width by ∼ 2×. We continue by performing measurements

on the photon statistics of the dot, thereby showing the quantum nature of the detected light.
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Finally, we present first indications of Rabi oscillations with on-chip detection, indicating the

coherent interaction between the excitation laser and the quantum emitter.

The on-chip generation, distribution and detection of non-classical light within a prototypical

quantum optical circuit fabricated from a semiconductor-superconductor hybrid nanosystem

paves the way for further progress towards integrated solid-state quantum optics.
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Zusammenfassung

Indem wir die monolithische Integration von supraleitenden Einzelphotonendetektoren mit

Halbleiter Quantenpunkten in einem prototypischen quantenphotonischen Schaltkreis zeigen,

präsentieren wir in der folgenden Arbeit die erste erfolgreiche Erzeugung, Verteilung und

Detektion von Quantenlicht auf einem Chip.

Um hocheffiziente und ultraschnelle Detektoren mit vernachlässigbaren Dunkelzählraten zu

fertigen, stellen wir zunchst 4..22 nm dicke NbN-Filme auf GaAs-Substraten her, wie in Ka-

pitel 2 beschrieben. Mittels einer systematischen Analyse des des Filmwachstum-Parameter-

raums mittels reaktivem Magnetron-Sputtern identifizieren wir den Stickstoff-Partialdruck als

ausschlaggebend für die Kristallphase und Struktur. Durch die Kombination von Tieftempe-

ratur-Transportmessungen mit Tiefen abhängigen Studien der atomaren Konzentration zeigen

wir, dass 13% (26%) Stickstoff während des Wachstums die Formierung von flächenzentrierten,

kubischen δ-Phasen (hexagonalen ε-Phasen) NbN Dünnschicht-Filmen bewirkt. Ergänzende

Untersuchungen der Wachstumstemperatur weisen ein Optimum bei 475◦C auf, das zurückzu-

führen ist auf einen Kompromiss zwischen erhöhter Oberflächendiffusion, die die Kristallqua-

lität bevorzugt, und dem Abdampfen von Arsen von dem GaAs Substrat, das zu Fehlordnung

an der Grenzschicht führt.

Nachdem wir das Wachstum von optimierten 4 ± 0.5 nm dicken NbN Filmen auf GaAs mit

einer supraleitenden Sprungtemperatur von 10.2 ± 0.2 K etabliert haben, präsentieren wir

den nano-lithographischen Fabrikationsprozess von supraleitenden Einzelphotonen Detekto-

ren (SSPDs) im zweiten Teil von Kapitel 2 präsentieren. Im Detail zeigen wir, wie wir die

Elektronenstrahl-Lithographie und das reaktive Ionenätzen optimiert haben um defektfreie

100 nm breite Nanodrähte mit einer homogenen Breitenverteilung< 5 nm zu definieren. Durch

die Anwendung von elektrischen Transportmessungen bei tiefen Temperaturen untersuchen

wir den kritischen Strom von SSPDs im Allgemeinen und von einzelnen Nanodrähten im Spe-

ziellen. Dabei betrachten wir verschiedene Detektor-Geometrien und Betriebstemperaturen

um das Design der Detektoren weiter zu optimieren. Weiterhin analysieren wir die zeitliche

Entwicklung von Photon induzierten, normalleitenden ’Hotspots’ in 4 ± 0.5 nm dünnen und
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22± 0.5 nm dicken Detektoren. Dabei können wir die niedrige Detektionseffizienz und Dun-

kelzählraten der dickeren Detektoren auf schnelles ’Hotspot’-Kühlen über den Wärmespeicher,

der von dem NbN Film bereitgestellt wird, zurückführen. Im Gegensatz dazu zeigen wir, dass

dünne Detektoren eine maximale Effizienz von 21 ± 2% aufweisen. Durch die systematische

Charakterisierung der Leistungsmerkmale für verschiedene Filmdicken stellen wir fest, dass

10± 0.5 nm dicke SSPDs den perfekten Kompromiss zwischen einer moderaten Effizienz von

∼ 0.1% für Beleuchtung von oben darstellen und einem verschwindend geringen Rauschniveau

von < 1 Dunkel-Zählereignis pro Sekunde bei einem Betriebsstrom von 0.95 IC . Abschließend

charakterisieren wir die zeitliche Antwort der optimierten Detektoren und messen dabei eine

ultraschnelle Zeitauflösung von nur 72± 2 ps.

In Kapitel 3 verwenden wir die neu etablierte Technologie, um an Wellenleiter gekoppelte

Detektoren für die ’in-situ’ Detektion von Quantenpunkt-Lumineszenz zu entwickeln. Dafür

optimieren wir zunächst sowohl die Kopplung zwischen Emitter und Wellenleiter, als auch die

Kopplung des Wellenleiters an den Detektor. Hierbei simulieren wir systematisch die Moden-

profile, die Propagations- und Absorptionsverluste und den Anteil des von dem Dipol in den

Wellenleiter emittierten Lichts. Nach der grundlegenden Optimierung präsentieren wir die

Fabrikationstechnologie von aktiven und passiven GaAs/Al0.8Ga0.2As Wellenleitern mit nied-

rigen Propagationsverlusten. Indem wir die verschiedenen Arten von Bauelementen durch

orts- und zeitaufgelöste opto-elektrische Messungen bei tiefen Temperaturen charakterisie-

ren, zeigen wir, dass das auf demselben Chip erzeugte und detektierte Licht fast ausschlielich

von der Emission der eingebetteten Quantenemitter stammt. Weiterhin verwenden wir die

Quantenpunkte als kalibrierte Lichtquellen und bestimmen somit eine Detektionseffizienz für

Wellenleiter-Photonen von ∼ 1%. Dabei zeigen wir, dass dieser Wert die Effizienz für Beleuch-

tung von oben signifikant überschreitet. Sodann verwenden wir die schnelle zeitliche Antwort

der integrierten SSPDs dazu, um die Dynamik des Einfangs von Ekzitonen und deren Relexa-

tionszeit zu untersuchen. Zeitaufgelöste Lumineszenz-Messungen mittels auf dem Chip aus-

geführter Detektion weisen eine kontinuierliche Abnahme der Ladungsträger Relexationszeit

von τr = 1.22±0.07 ns zu 0.10±0.07 ns auf, während wir die Anzahl der nicht-resonant injizier-

ten Ladungsträger erhöhen. Indem wir konfokale, zeitaufgelöste Spektroskopie mit spektral

integrierten auf dem Chip ausgeführten Messungen vergleichen, können wir die beobachtete

Dynamik der Anstiegszeiten auf einen Relaxations-Flaschenhals bei niedrigen Anregungs-

leistungen zurückführen. Eine charakteristische τr ∝ P 2/3 Potenzgesetz-Abhängigkeit kann

festgestellt werden. Diese suggeriert, dass Auger-artige Streuung zwischen Ladungsträgern,

die im Quantenpunkt gefangen sind, und dem 2-dimensionalen ’wetting-layer’ Kontinuum

dafür verantwortlich sind, dass der Relaxations-Flaschenhals bei höheren Anregungsleistun-

gen verhindert wird.

Nachdem wir die Technologie für die monolithische Integration von Quellen, Wellenleitern

und Detektoren auf einem hybriden Halbleiter-Supraleiter-Chip gezeigt haben, entwickeln

wir den ersten Prototypen eines integrierten quantenoptischen Schaltkreises, wie in Kapitel

4 beschrieben. Dafür identifizieren wir die Quelle des Hintergrundsignals, das wir in früheren

Experimenten mit Detektion auf dem Chip beobachtet haben. Dieser Hintergrund stammt
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größtenteils von Laserlicht, das an der Proben-Rückseite reflektiert und diffus gestreut wird.

Durch das Benutzen von > 2 mm langen verlustarmen Wellenleitern mit einer Propagati-

onslänge von 664 ± 64 μm, können wir dieses Streulicht effizient unterdrücken. Weiterhin

verwenden wir sowohl eine Detektorabdeckung von oben als auch eine spezielle Behandlung

der Probenrückseite mit Polieren und Aufdampfen einer absorbierenden Siliziumschicht, um

das Laserlicht um ∼ 40× zu reduzieren. Indem wir zusätzlich eine zeitaufgelöste Lumineszenz-

Technik mit Detektion auf dem Chip sowohl für das Auslesen als auch das Filtern des Signals

verwenden, können wir Spektroskopie als Funktion der Anregungsenergie an einzelnen Quan-

tenpunkten durchführen. Dabei ist es uns möglich, gemeinsame Anregungszustände sowohl in

konfokaler Detektion als auch in auf dem Chip ausgeführter Detektion zu identifizieren. Da-

nach zeigen und untersuchen wir resonante Fluoreszenz (RF) an einzelnen Quantenpunkten

mit einer Linienbreite von 10± 1 μeV. Indem wir einen zusätzlichen Laser in den Anregungs-

pfad mischen, der die elektrostatische Umgebung des Quantenpunkts stabilisiert, zeigen wir

sowohl ein Ansteigen des RF Signals um ∼ 3× als auch eine Reduktion der Linienbreite um

∼ 2×. Weiterhin führen wir Messungen der Photonenstatistik des Quantenpunkts durch und

zeigen dabei die quantisierte Natur des detektierten Lichts. Abschließend präsentieren wir

erste Anzeichen von Rabi Oszillationen mit auf dem Chip ausgeführter Detektion, die eine

kohärente Interaktion zwischen dem Anregungslaser und dem Quanten-Emitter andeuten.

Das Erzeugen, Verteilen und Detektieren von nicht-klassischem Licht innerhalb eines prototy-

pischen quantenoptischen Schaltkreises, der gefertigt wurde mittels einer hybriden Halbleiter-

Supraleiter-Nanostruktur, bereitet den Weg für weitere Fortschritte in Richtung einer festkör-

perbasierten integrierten Quantenoptik.
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CHAPTER 1

Introduction and rationale for study

1.1. A vision of integrated quantum photonics

Over the past decades, mankind has continuously striven to increase the computational power

of information technologies, whilst miniaturizing the size of microprocessors. The need to

solve increasingly complex problems in various scientific fields, for example the simulation of

molecular functions for drug design [Kit04] or the accurate prediction of climate developments

[Cox00] either demands higher computational power, or the development of completely new

methods for information processing. However, the first solution will cease to be an option in

the very near future, as the exponential growth of computational power witnessed over the

last decades will come to a rapid stop, since with the process of downsizing the transistors

on a single chip, the fabrication costs grow similarly exponentially. This is commonly known

as Moore’s first and second law, respectively [Sch97]. Furthermore, physical boundaries are

reached when the size of a single transistor becomes comparable to the de Broglie wavelength

of the electrons and, therefore, quantum effects will determine the characteristics of the

device. Gate length of state-of-the art transistors are already at 5 nm, i.e. ∼ 50 atomic

layers [Yan04]. Therefore, many scientific groups worldwide, working in various different

fields [Lei05, O’B09, Pla13] put significant efforts in the development of systems that utilize

the laws of quantum mechanics for computation. As initially proposed by Richard Feynman

[Fey82], the computational power of such a device being based entirely on quantum hardware

scales at the same rate as the complexity of the system under investigation [Deu85].

In general, such quantum information (QI) technologies rely on individual quantum objects

to encode and manipulate information [Fey82]. One of the most promising endeavors towards
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Introduction and rationale for study

QI processing is based on single photons [Kim08]. Complementary to computational tasks,

quantum key distribution (QKD) that presently constitutes the most secure form of com-

munication utilizes single photons [Dua01, Gis02] whilst representing the first example of a

quantum technology being technically matured to a stage were it is commercially available.

On the other hand, fully scalable linear optical quantum computing (LOQC) [Kni01a, O’B07]

represents a far more ambitious photonic QI application. The major reasons that LOQC

is still difficult to realize can be traced to the high demands placed on components such as

single-photon detectors [Var08, Had09] and on-demand sources of quantum light [He13]. With

regard to detectors, significant progress has been made in terms of detection efficiency, dark

count rates, timing resolution and the ability to resolve multiple photons. Here, supercon-

ducting single photon detectors (SSPDs) represent the most promising technology that has

attracted tremendous attention over the last decade [Gol01b, Spr11, Per12a, Mar13]. These

devices will be introduced as a newly emergent technology in sections 1.2 and 1.4.

Besides the requirements placed on single photon detection technologies, the need arises to

efficiently extract single photons from a solid state device and to guide and process them.

When utilizing III-V semiconductor quantum dots (QDs), light extraction from the high index

material is challenging [Rei12] due to total internal reflection. Therefore, semiconductor based

2D photonic crystals (PCs) [Kra99] are highly attractive since QDs serving as deterministic

single photon sources can be embedded into them [Kre05] and passive optical hardware such as

waveguides [Oli02, McN03, Not04], beamsplitters [Bos02] and phase-shifters can be integrated

around them [Fus08] to guide the light on-chip. Recently, the efficient directional guiding of

single photons from QDs into propagating PC waveguide modes has been theoretically [MR07]

and experimentally [Sch11, Lau12] investigated, demonstrating the broad feasibility of this

approach. Furthermore, several experiments have confirmed that the strong light-matter

coupling regime is accessible in high-Q PC nanocavities containing individual QDs [Lau09,

Ota11] illustrating that few photon quantum non-linearities could be exploited to provide the

phase and amplitude control [Fus08] needed for photon based quantum information processing

[O’B03], even at the level of a single photon. Whilst much progress has been made with respect

to guiding and manipulation of photonic quibits, the on-chip detection of single photons

on the same chip would complete the pallete of components needed for photon based QI

technologies [Kni01b] in a highly compact and integrated geometry. Optical QI technologies

[O’B09] would profit significiantly from the availability of detectors that can be compactly

and directly integrated on-chip together with sources and passive optical components.

Moving beyond previous works, we developed a working prototype of an all optical circuit

with sources, waveguides and detectors fully integrated onto a single chip. The ability to gen-

erate and route single photons on-chip and efficiently detect them in-situ represents a major

step towards the realization of semiconductor based quantum optical circuits. In our work we

will employ optically excited semiconductor quantum dots (QDs) as efficient sources of single

photons, as described in section 1.3. Single light quanta emitted by individual QDs is guided

within multimodal GaAs ridge waveguides. Via evanescent coupling [Spr11, Per12a] of waveg-

uide photons to the nanowires of an integrated superconducting NbN-SSPD [Gol01b, Naj12]
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grown on a GaAs substrate[Mar09b], we demonstrate a device being capable of detecting

quantum dot photo luminescence (PL) that is created and routed on the same chip. Hereby,

we provide an important proof of principle that such highly integrated and downscaled quan-

tum optical circuits are indeed feasible using such semiconductor - superconductor hybrid

nanosystems.

1.2. Single photon detection

For over a century it has been known that light is fundamentally composed of individual

energy-packets referred to as photons [Ein05]. With typical energies for visible to near-

infrared photons of only ∼ 1 . . . 3 eV = 1.6 . . . 4.8 · 10−19 J, a device that is capable of detecting

single photons has to be extremely sensitive. However, single-photon detectors now enable

a variety of applications at the frontiers of science and engineering. Conventional single-

photon detectors are based on photo-multipliers and avalanche photodiodes and are used in

a wide range of time-correlated single-photon counting applications [Had05]. A major cause

for the drastic increase in interest in new single-photon detector technologies is undoubtedly

fueled by the push towards optical quantum information applications, as illustrated above in

section 1.1. These new applications place extreme demands on detector performance that go

far beyond the capabilities of established single-photon detectors [Var08, Had09].

A new superconducting device concept was first demonstrated by Gregory Gol’tsman and

colleagues, based on a niobium nitride nanowire [Gol01b]. This type of device is referred

to as a superconducting single-photon detector (SSPD). It exhibits single-photon sensitivity

for light at visible up to infrared wavelengths with recovery times orders of magnitude faster

than existing technologies [Nat12]. Furthermore, the timing precision of these devices easily

outperforms semiconductor based single photon avalanche photodiodes (SPADs) [Had05] with

a photodetection timing jitter as low as 18 ps [Gol05, Per12a]. Most recently, it has been

demonstrated that these devices can reach near-unity quantum efficiency at telecommunica-

tion wavelengths [Mar13] whilst exhibiting negligible dark count rates. These mechanisms

being responsible for the highly efficient conversion of single photons to measurable voltage

pulses is described in section 1.4. Complementary to exisiting work done for other substrates

such as sapphire [Vil01], MgO [Mar08a] or glass [Mau93], we will show how we optimized

NbN-SSPDs on technologically important GaAs substrates to obtain similarly good devices

on this new material system. Furthermore, the outstanding performance metrics of SSPDs

combined with the possibility of integration on semiconductor substrates [Spr11, Per12a] mo-

tivates our choice of SSPDs for the implementation of a first prototypical quantum photonic

circuit, as presented in chapters 3 and 4.
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1.3. Quantum dots as single photon sources

The research on semiconductor quantum dots (QDs) has developed to become a rich field

over the last 30 years and is still moving at a rapid pace. These zero dimensional systems,

referred to as artificial atoms, have a number of unique, yet well-understood features that

proved to be ideal for the implementation of solid-state qubits.

By employing a self-assembled growth process [Leo93], InGaAs isalnds with typical lateral

dimensions of a few ten nanometers and a height of a few nanometers can be directly embedded

in a GaAs matrix during molecular beam epitaxy [Cho75]. In the resulting nanostructure, the

motion of charge carriers is confined in all three directions, giving rise to a full quantization

of the motion and, therefore, the formation of discrete atom-like energy states exhibiting

a rich fine-structure [Fin02]. The quantum confinement creates optical states with large

dipole moments showing strong light-matter interactions [Ngu12] and, therefore, an excellent

optical accessibility [Kro04]. Amongst the various quantum optical effects observed in these

nanostructures, photon anti-bunching proves QDs to be excellent single photon sources [Rei12,

He13]. Furthermore, Rabi oscillations can be observed upon pulsed optical excitation [Zre02]

enabling the coherent optical control of QDs [Mül13]. In addition, the energy of excitons

confined in QDs can both be controlled by external electric fields using the quantum confined

Stark effect [Fin04] and electrically read-out via photo-current [Fin98].

As quantum dots being embedded in a semiconductor matrix can already by grown at deter-

ministic positions [Sch09], they are in principle compatible with today’s CMOS technology.

Especially the straightforward integration into photonic semiconductor structures makes them

ideal candidates for quantum information processing [Kim08]. Here, these emitters could

already be successfully coupled to photonic crystal waveguides [Sch11, Lau12] and cavities

[Lau09, Ota11]. Throughout the following thesis, we employ InGaAs quantum dots embedded

in GaAs ridge waveguides as highly efficient emitters of quantum light.

1.4. Physics of superconducting single photon detectors

The detection of single quanta of light in superconducting nanowires that are biased close to

their critical current IC relies on the formation of a small normal-conducting region, a so-

called hotspot via the breaking up of Cooper pairs [Ili98, Gol05]. This process is schematically

depicted in figure 1.1 and will be described in detail in section 1.4.1. Subsequently to hotspot

formation, the bias current is expelled into the still superconducting side-channels, thereby

causing the current density to exceed the critical current density over the whole width of the

wire. In the process, a resistive barrier is formed formed leading to a redistribution of the

bias current into the detection circuit and, thus creating a measurable voltage pulse [Yan07b].

Throughout section 1.4.1, we will consider the processes involved in hotspot creation, thereby

establishing a microscopic picture of the local suppression of superconductivity. In section
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1.4.2 we will continue to investigate the processes leading from the hotspot to a measurable

voltage pulse in a macroscopic electro-thermal model [Yan07a, Yan07b].

Figure 1.1.: Schematic of the photon absorption process in a thin superconducting wire, as adapted from

[Gol05]. The absorption of a light quantum of energy hν leads to the breaking up of Cooper pairs, thereby

creating a normal-conducting hotspot with a diameter of ∼ 2λT , where λT is the electron thermalization

length. The arrows indicate a constant bias current, that leads to the formation of a resistive barrier across

the wire, as described in section 1.4.2.

1.4.1. Microscopic picture: hotspot model

In order to obtain insights into the various processes involved in single photon detection

using superconductors, we start from a microscopic perspective. Thereby, we consider a thin

superconducting film with a thickness of a few nanometers which is held well below its critical

temperature, as shown in figure 1.1. The creation of a hotspot can be explained by a cascade

of several processes [Ili98, Gol05] which is depicted schematically in figure 1.2. We begin by

considering the energy of a single photon

Eγ = �ω = hν =
hc

λ
(1.1)

with the Planck’s constant h, the speed of light in vacuum c, the photons angular frequency

ω and wavelength λ. Following equation 1.1, the energy of a photon in the visible to near

infrared spectrum is in the range 1 to 3 eV. Absorption of such a light quantum can break

apart a Cooper pair due to its very low binding energy [Bar57]

2Δ ∼ 3 kB TC ∼ 1 meV (1.2)

with the critical temperature TC ∼ 10 K. Due to the large spatial extension of a Cooper pair

[Bar57], a part of the energy which is close to the incident photon energy will be absorbed

by one electron giving rise to the creation of one highly excited quasi-particle and one low

energy quasi-particle, as depicted in figure 1.2a. In this context quasi-particle refers to a

single electron within the superconductor.

5



Introduction and rationale for study

Figure 1.2.: Photo-induced avalanche process in a superconductor following [Gol05]: (a) A photon with an

energy �ω >> 2Δ breaks up a Cooper pair whilst creating a highly excited quasi-particle and a low energy

quasi-particle. The hot electron breaks up additional Cooper pairs on a fs timescale via electron-electron (e-e)

scattering and, subsequently via electron-phonon (e-ph)interaction. (b) During this thermalization process the

temperature of the electron subsystem Te rises above TC leading to a local resistive area, a so-called hotspot.

Quasiparticles begin to recombine while emitting phonons at an energy equal to 2Δ. (c) Therefore these

phonons have enough energy to break up additional Cooper pairs resulting in hotspot growth taking place on

a ps-timescale. (d) At the same time, thermal phonons escape from the film into the substrate causing hotspot

healing and restoration of superconductivity.

This highly excited quasi-particle relaxes via electron-electron scattering (e-e) over fs timescales

[Gol05], leading to the creation of secondary quasi-particles, as schematically depicted in figure

1.2a. When the average temperature of the electrons is of the order of the Debye temperature

(0.1 eV), the emission of phonons by electrons (e-ph) becomes the most efficient mechanism

for the redistribution of energy within the electron subsystem. These phonons efficiently ex-

cite further electrons by breaking up additional Cooper pairs. The e-ph process continues

until the average energy decreases to approximately 1 meV when the multiplication process

of quasi-particles is replaced by electron-electron collisions (figure 1.2b). Finally, the number

of excited quasi-particles η ideally reaches

η =
�ω

2Δ
∼ 300, (1.3)
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since their average energy decreases towards the energy gap 2Δ of the superconductor, while

simultaneously the effective temperature of the electron subsystem Te increases [Gol05]. At

this level of the thermalization process, an elevated temperature Te is established well above

the critical temperature TC [Yan07a] resulting in local suppression of superconductivity and

formation of a so-called hotspot. Subsequently, as depicted in figure 1.2b, electrons in low

energy states with energy just above the gap 2Δ condense into Cooper pairs on a timescale

τR whilst emitting acoustic phonons. Those phonons have an energy that is sufficiently high

such as to break up additional Cooper pairs, a process that occurs on a timescale τB, as

sketched in figure 1.2c. This hotspot-growth process is governed by the thermalization time

of electrons and occurs over ps timescales. In the specific case of NbN τB ∼ 7 ps [Ili98].

These processes continue simultaneously until a further cooling mechanism takes place, as

shown in figure 1.2d. This final step until the hotspot completely heals out occurs over

a timescale τes which is the ecape time of non-equilibrium phonons from the film into the

substrate via electron-phonon interactions [Kad96]. Since this process takes place over a

timescale of ∼ 30 ps [Ili98], the small normal conducting hotspot with a ∼ 15 nm spatial

extension [Yan07b] is present within the surrounding superconductor for a few 10 ps. During

this time the current is redistributed into the still superconducting side-channel, as described

in a macroscopic electro-thermal model throughout the following section.

1.4.2. Macroscopic picture: electro-thermal model

In order to describe the electro-temporal evolution of the superconducting nanowire after

hotspot absorption, it is appropriate to apply a two-temperature model to extract the time

constants and to obtain the time-dependent temperatures of both the electron subsystem

Te and the phonon subsystem Tp. In 1996 Kadin et al. [Kad96] treated this problem one-

dimensionally and developed a heat flow equation which allows one to describe this problem

from a macroscopic perspective:

κ
∂2T

∂x2
+

α

d
(T0 − T ) = c ·

∂T

∂t
(1.4)

Here, κ is the thermal conductivity within the film, α is the thermal boundary conductance

between the film and the substrate which represents the heat dissipation through phonons

escaping into the substrate and c = ce + cp is the sum of the electron specific heat capacity

(ce) and the phonon specific heat capacity (cp). Furthermore, d is the thickness of the metallic

film, T0 is the bath temperature of the substrate whilst the temperature of the thin film T

is approximated to be homogenous across its thickness. Using this model one can predicted

that the diameter of a photon-induced hotspot will exhibit a nanometer scale which has

been verified by several groups [Gol05, Yan07b, Mai10] and is also analyzed in section 2.4.1.

With this knowledge the idea of patterning the film into thin nanowires with dimensions

comparable to the size of such a hotspot came up. In 2001 Gregory Gol‘tsman demonstrated
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such a superconducting detector that was sensitive to single photons [Gol01a]. This type of

device is referred to as a superconducting single-photon detector (SSPD).

Figure 1.3.: Current redistribution and side-channel switching after hotspot formation, as adapted from

[Gol05]: (a) After hotspot creation, the bias current in the superconducting nanowire is redistributed into

the side channels of the stripe due to the ohmic resistance of the hotspot. (b) As the bias current is chosen

close to the critical current, the current density in the side channels exceeds the critical current density JC

and, therefore, the sidechannels switch to normal conductivity. (c) A resistive barrier is formed, since the wire

becomes normal conducting along its entire width. As a result of the current flowing through the detector,

Joule heating forces the hotspot to grow along the wire. The current is quenched and a voltage pulse can be

detected.

A superconducting single-photon detector consists of an ultrathin NbN film with a thickness

of a few nanometers being patterned into narrow nanowires with each of them exhibiting

a width of 100 nm. In our case the device is realized on a GaAs substrate. It is kept

well below its transition temperature TC , typically at temperatures lower than TC/2 [Kit08].

The basic operating principle of an SSPD is presented schematically in figure 1.3. When

operating the SSPD, a bias current is sent through the detector being close to but less than

the critical current IC . A single nowire is schematically depicted in figure 1.3a directly after

the absorption of a photon and the creation of a hotspot, as decribed in section 1.4.1. Here,

the arrows represent the superconducting bias current being expelled into the side channels

of the nanowire. Figure 1.3b shows the current density in the side channels rising beyond the

critical current density JC . Thus, the wire becomes normal conducting along the entire width

of the stripe, respectively, as depicted in figure 1.3c. As a result of this normal conducting

barrier, the current through the naowire is quenched and the bias current can be redirected

into an output circuit. As presented in detail in section 2.4.1, the mechanism described above

can be employed to detect a single voltage pulse for each photon being absorbed within the

superconducting detector.

8



CHAPTER 2

Single photon detection using superconductors

In this chapter we establish the fundamental technologies that are necessary to fabricate and

characterize ultra-fast and highly efficient superconducting single photon detectors (SSPDs)

on GaAs substrates. We begin by describing the growth process for atomically thin NbN

films on GaAs via reactive magnetron sputtering and continue by presenting the optimization

of the various parameters involved in film deposition in order to obtain 4± 0.5 nm thin films

with state-of-the-art superconducting metric exhibiting maximum critical temperatures of

TC = 10.2 ± 0.2 K. The optimum growth temperature is shown to be ∼ 475◦C reflecting a

trade-off between enhanced surface diffusion, which improves the crystal quality, and arsenic

evaporation from the GaAs substrate. By analyzing the elemental composition of optimized

films we confirm that the growth process results in predominantly δ-phase films showing the

highest TC of NbN [Bra61a]. Thereby, we verify that the formation of different crystal phases

in NbN is primarily controlled via the nitrogen partial pressure during growth.

We then continue to utilize these optimized NbN thin films and lithographically define

100 nm wide, 369 μm long nanowire single photon detectors. The optimization of the nano-

lithographic fabrication process will be presented along with the device characterization. Here

we employed a custom built low-temperature electro-optical characterization setup to contact

and measure individual devices, as fabricated on a chip consisting of a 10 × 10 SSPD array.

Employing this technique, we compare 4.0 ± 0.5 nm thin devices with 22 ± 0.5 nm thick

SSPDs, with respect to their performance metrics for bias currents of 98% IC at a wavelength

of 950 nm. Time-resolved studies of the photo-response, absolute detection efficiency and

dark count rates of these detectors as a function of the bias current reveal maximum single

photon detection efficiencies as high as 21 ± 2% at 4.3 ± 0.1 K with ∼ 50 k dark counts per
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second. As expected, similar detectors fabricated from 22 nm thick films exhibit much lower

efficiencies (0.004%) with very low dark count rates ≤ 3 cps. The maximum lateral extension

of a photo-generated resistive region is estimated to be 30±8 nm, clearly linking the origin of

the low detection efficiency and dark count rate of the thick film detectors with the hotspot

cooling via the heat reservoir provided by the NbN film.

By systematically studying dark count rates and detection efficiency as a function of the film

thickness, we find 10±0.5 nm thick SSPDs to represent the perfect compromise of a moderately

high maximum top-illumination efficiency of ∼ 0.1% combined with an ultra-low noise level

of < 1 dark counts per second when biased at 95% IC . Furthermore, these devices proved

themselves to be very robust against fabrication imperfections showing average device yields

exceeding ∼ 90% of working SSPDs per chip. We finish the basic device characterization by

studying the temporal response of optimized SSPDs, thereby measuring an ultra-fast timing

resolution of 72 ± 2 ps. The performance metrics of the devices obtained throughout this

chapter make our optimized SSPDs on GaAs substrates the perfect choice for in-situ single

photon detection in the structured photonic devices presented throughout chapters 3 and 4.

2.1. Growth and optimization of NbN thin films

The deposition of NbN films with high superconducting transition temperatures TC is typ-

ically performed by either using radio-frequency (rf) magnetron sputtering [Cuk85, Mau93]

or DC reactive magnetron sputtering on sapphire [Vil01], MgO [Mar08a] or glass [Mau93]. In

contrast to the DC technique, rf sputtering causes ion bombardment on the growing surface

of the film at every sign change of the cathode voltage [Mar09b]. Therefore, we chose DC

sputtering, as described in the discussion of figure 2.3, for all films prepared throughout this

thesis.

Crystal phases of NbN

In the following, we present a short overview of the crystal structure of the different NbN

phases in relation to the main growth parameters, i.e. the nitrogen pressure and the substrate

temperature during deposition.

Figure 2.1a depicts the phase diagram of NbN as a function of the growth temperature and

the atomic ratio of nitrogen to Nb [Bra61b]. As obtained via heating dry chemical Nb in

a nitrogen atmosphere to temperatures between 900◦C and 1450◦C, the diagram reveals the

various different phases which NbN crystallizes into. The corresponding crystal structures are

presented in figure 2.1b with the two structures that are most relevant for our studies being

highlighted in red for the face-centered-cubic (fcc) δ-phase and in green for the hexagonal

ε-phase in green. Despite the different growth process applied by [Bra61b], the data gives a

qualitative understanding of the phase formation in NbN.
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Figure 2.1.: NbN crystal phase diagram (a) plotted for different N/Nb atomic ratios and different ambient

temperatures during NbN growth, as adapted from [Bra61b]. The corresponding crystal structures are pre-

sented in (b). The two crystal phases relevant to our NbN growth studies, namely the face-centered-cubic

δ-phase and the hexagonal ε-phase, are highlighted by the red and green box, respectively.

Both the data presented in figure 2.1a and later experiments performed with NbNx bulk

samples reveal that the only phase exhibiting a high TC , namely the δ-phase [Tot71], is formed

over a wide range of nitrogen concentration x with 0.85 < x < 1.06 [Bra64]. Furthermore, we

expect the δ-phase to be formed predominantly for large growth temperatures. In contrast,

the formation of the ε-phase is considered to occur for large nitrogen concentrations with

x > 1.0. However, in addition to the growth process being different in our case, we have

to take into account that we study thin films with a thickness of only a few nanometers in

contrast to the bulk samples studied in [Bra61b] and shown in figure 2.1. Therefore, since a

thin film can be approximated as a two-dimensional disordered structure, the superconductor-

insulator transition (SIT) tends to occur, as carriers become localized at defects via Coulomb

interactions [Lar99]. This effect is expected to become even more dominant for decreasing

film thicknesses, thereby, leading to a decrease of crystal quality and TC [Mik02].
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In conclusion, we expect from the work previously performed in this field that the crystal

phase and resulting TC of NbNx will predominantly be determined by the atomic ratio x

[Bra61b, Bra64]. Furthermore, a significant decrease of crystal quality will occur for thin

superconducting films compared to bulk material [Lar99, Mik02].

Micro-structure of reactively sputtered NbN films

We continue by considering the micro-structure of polycrystalline, reactively sputtered NbN

thin films. Based on earlier work performed by [Mov69], a zone model was established for

NbN thin films describing the grain sizes and boundaries. Here, the deposition process is

understood as a sequence of three steps. The sputtered atoms transfer their kinetic energy to

the lattice and become loosely adsorbed to the substrate. Then they diffuse over the surface

whilst exchanging energy with the lattice and other adsorbed atoms. Finally, they become

rearranged within the lattice via bulk diffusion [Tho77]. Each of these processes are expected

to be strongly temperature dependent [Bro64].

Figure 2.2.: Thornton zone model illustrating the different growth regimes for sputtered NbN as a function

of the Ar pressure PAr and the growth temperature Tg in units of the melting temperature Tm. The diagram is

adapted from [Tho77]. The grain size distribution and orientation is schematically sketched for the quenched

growth (QG), the surface diffusion (SD) and the bulk diffusion (BD) regime.

Figure 2.2 schematically depicts the so-called Thornton zone model, the film micro-structure

as a function of growth temperature Tg in units of the melting point Tm = 2573◦C [Mar09b]

and the argon pressure PAr during sputtering [Tho77]. Strongly depending on Tg, a total of

three distinct zones and one transition zone (Zone T ) can be identified. For Tg < 0.3 ·Tm

consists of crystals separated by voided boundaries with a poorly defined internal structure.

This regime is referred to as the quenched growth (QG) regime. However, when tuning Tg to

values between 0.3 ·Tm and 0.5 ·Tm, surface diffusion (SD) of sputtered atoms is enhanced,
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promoting columnar grains with tight boundaries between them and less incorporated defects.

Finally, for Tm > 0.5, the NbN is grown in the bulk diffusion (BD) regime producing nearly

defect-free equiaxed grains [Tho77]. Furthermore, as depicted schematically in figure 2.2, an

increase of the inert sputtering gas pressure from PAr ∼ 5 mtorr towards higher pressures

affects the spacing between crystal grains. A larger PAr causes the boundaries to become

more open, thus quenching electrical conductivity [Jon75, Nig88, Rei86]. Therefore, we chose

the lowest pressure possible in our system, namely PAr ∼ 3 mtorr.

In conclusion, we expect the film quality to vary strongly with Tg. However, in order to achieve

a high crystal quality for a film grown in the surface or bulk diffusion regime, temperatures

> 770◦C are necessary [Tho77]. As we are limited to temperatures below ∼ 475◦C, since
Arsenic starts to dissociate from the GaAs substrate [Bay76], we need to carefully optimize

all parameters involved in the sputtering process to achieve the high crystal quality necessary

for single photon detection [Gol01b]. Furthermore, the crystal quality will be quenched by

the strain field that builds up due to the 27% lattice mismatch [Mar09b] at the NbN-GaAs

interface. Throughout the following section, we describe how we optimized the film deposition

process to compensate for these effects.

2.1.1. Film deposition

In order to deposit high-quality NbN thin films on GaAs substrates, we employed DC reactive

magnetron sputtering. This process offers excellent control over the various growth parameters

involved and it has been shown that it is possible to deposit high-quality superconducting NbN

thin films on other substrates, such as sapphire [Vil01], MgO [Mar08b] and glass [Mau93].

In the following, the system operated for this thesis will be introduced and the sputtering

process will be described. A more detailed description of every single step that has to be

performed to prepare high quality films is given in appendix B.

Sputtering process

Figure 2.3a shows a photograph of the reactive magnetron sputtering machine. Figure 2.3b

shows a schematic sketch of the growth chamber (1) and figure 2.3c shows an image of the

sample rod used to insert four 5 × 5 mm2 GaAs wafer pieces. The samples are held in

place with a copper sample holder fixed at position (8) to ensure a good thermal contact

between the samples and the rod (7) which can be heated up to ∼ 600◦C. After the chamber

conditioning routine, as described in section 2.1.3, the rod is inserted into the chamber (1) via

the load-lock (12). Afterwards, the chamber (1) is evacuated with a turbo pump (5) to a base-

pressure Pbase ≤ 5 · 10−6 mbar, thereby evacuating the chamber of unwanted residual gases

that would be incorporated into the film as impurities [Kai02]. Once the desired base-pressure

is reached, the process gases, namely Ar and N2 are allowed to enter the chamber (1) using a

mass-flow controller (11). As shown in section 2.1.3, the mixture of these gases primarily sets

the stoichiometry and, thereby, the crystal structure of the NbN film [Won93]. Employing a

butterfly valve (13) the total sputtering pressure Ptot can be fixed to a value which is typically
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Figure 2.3.: Image (a) and schematic sketch (b) of the DC reactive magnetron sputtering system operated

for NbN thin film deposition on GaAs substrates. The different components of the system (c) Sample rod for

NbN deposition on four 5× 5 mm5 GaAs wafer pieces.

between 4.4× 10−3 mbar for the sputtering process itself and 50.0× 10−3 mbar for the target

conditioning, also referred to as pre-sputtering. The total pressure Ptot determines the mean

free path length of sputtered particles inside the chamber and, thereby, influences the angular

distribution of particles being incorporated into the film [Bac83]. Furthermore, Ptot sets the

number of particles available for sputtering and, hence, has an impact on the sputtering rate.

With the gas flows and the pressure being stable, the plasma (10) is ignited for pre-sputtering,

thereby removing the top-oxide layer of the target (2). To start the plasma reaction a negative

DC voltage (6) of ∼ 350 V is applied to the target, thereby accelerating Ar+ ions towards it.

Once the plasma is stable, a voltage drop to ∼ 200 V is observed and the sputtering rate can

be set via the applied current. Due to a built in magnetron (3) underneath the target the

ions are forced onto circular trajectories. Thereby, they hit the target at a steep angle in a

ring which can be observed in the picture of an old Niobium target in the inset of figure 2.4b.

This picture shows a target after the sputtering of ∼ 100 films, clearly showing a 2 − 3 mm

deep groove originating from the Ar+ ion bombardment. Furthermore, an Nb-oxide layer in

the center and in the outermost ring of the target is visible. During the ion bombardment,

the target is cooled via a water cooling system (4). After 15 min of pre-sputtering, Ptot is

typically reduced to 4.4 × 10−3 mbar and the shutter (9) is opened while a timer is started.

Now, the sputtered Niobium atoms hit the sample surface (8), form chemical bonds with the

nitrogen and arrange into crystal grains depending on the substrate temperature given by the

heater (7). After the desired sputtering time, the shutter (9) is closed and the gas flows (11)

as well as the acceleration voltage (6) are switched off. Once the sample has cooled down to

a temperature below ∼ 50◦C, the butterfly valve is closed, the pump is switched off and the

chamber is flooded with nitrogen. Now the sample can be removed from the growth chamber

and is ready for basic film characterization, as described in the following section.
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Film thickness measurement

In order to obtain atomically thin NbN films that are suitable for single photon detection

[Gag10a], the sputtering rate for a given set of parameters has to be determined. With

the desired film thickness being in the range of a few nanometers, X-Ray diffraction does not

provide enough signal from the few ten monolayers of NbN compared to the signal originating

from the GaAs substrate. Furthermore, Dektak profilometer measurements do not provide

the accuracy needed [Vee14]. White light interferometry [Wya02] was considered for a quick

thickness characterization, however, the optical constants of the NbN films were found to

be strongly dependent on the growth parameters preventing accurate measurements from

being made. Therefore, atomic force microscopy (AFM) was chosen as a reliable and highly

accurate way to obtain the thickness of NbN thin films independent of their respective crystal

structure.

Figure 2.4.: (a) Height profile of a typical NbN film as measured with AFM along the A-B marked line.

Inset: Optical microscope image of the NbN grid on GaAs, as obtained by optical lithography and reactive ion

etching. (b) Film thickness dNbN as a function of sputtering time. Inset: Niobium sputtering target showing

an oxidised region in the center and a ∼ 1.5 mm grooved ring indicating the field lines of the magnetron.

Prior to the AFM characterization, a grid structure was defined on the NbN films using

optical lithography. This grid was then transferred onto the film via reactive ion etching

(RIE). An optical microscope image of the resulting structure is shown in the inset of figure

2.4a. When performing an AFM scan across the line marked A-B on figure 2.4a, the height

profile of the NbN thin film is obtained. By averaging the height trace in the GaAs and

NbN regions, respectively, the film thickness dNbN can be extracted as indicated by the grey

dashed lines in figure 2.4a. Although, the NbN surface roughness is ∼ 1 nm for this particular

film, the absolute value of the film thickness exhibits an error of only 0.5 nm when comparing

multiple films grown under nominally identical conditions. Therefore, the thickness results to

15



Single photon detection using superconductors

dNbN = 26± 0.5 nm. Throughout the following chapters, the thickness of all films discussed

were determined using this method.

Having established a robust, growth parameter independent method to obtain the film thick-

ness, we then determined the deposition rate ΓNbN . As this rate depends on the chosen

growth parameters, ΓNbN was obtained for each set of growth parameters. Figure 2.4b com-

pares dNbN for five samples with sputtering times of tSp = 30, 60, 120, 180 and 240 s for a fixed

nitrogen partial pressure, sputtering current and growth temperature, as listed in appendix

B.3. It was found that, starting from 30 s onwards, dNbN increases linearly from 7±0.5 nm up

to 21± 0.5 nm for a sputtering time of 240 s. As indicated by the dashed line, the deposition

rate for very thin films with dNbN � 7 nm differs from the average growth rate observed for

dNbN � 7 nm. The slope ΓNbN = 3.9± 0.2 nm/min of the linear fit presented in figure 2.4b

reflects this average growth rate and enables us to produce thin films of a desired thickness

for this set of growth parameters. However, as the rate varies for extremely thin films, the

thickness of 4−6 nm thin films was independently measured for each set of sputtered samples,

to ensure the desired film thickness was reached.

2.1.2. Electrical film characterization

Having developed a robust way to determine the thickness and growth rate of sputtered

NbN thin films, we move on to the characterization of the electrical properties of the films.

In the following, temperature dependent transport measurements in a 4-point geometry are

described and, furthermore, it is shown how the critical temperature can be extracted from

those experiments. During each sputtering-run, 4 identical films were fabricated as described

in section 2.1.1 and appendix B.2. From these wafer pieces, the first one is cleaved so that

two pieces can be used for basic characterization, namely the thickness determination and

the transport measurements. If the resulting film is found to exhibit the desired properties,

the remaining 3 pieces are then used for device fabrication, as described later on in section

2.2 and in appendix B.1.

In order to perform electrical transport measurements, the NbN thin films are glued on a

chip-carrier with vacuum grease and contacted by soldering four thin gold wires directly onto

the film using Indium as an adhesive. A picture of such a sample is shown in the magnified

part of the inset in figure 2.5. The optimum soldering temperature which does not damage

the film but still enables a smooth contacting process was found to be ∼ 120◦C. The four

equidistant contact points are set in a straight line across the film, as shown in the inset of

figure 2.5. This 4-point geometry lets us drive a constant current through the thin film via

the two outer ports marked I+ and I−, whilst enabling us to simultaneously measure the

voltage drop across the two inner points V+ and V−, respectively. This geometry allows us

to measure the film resistance without any influence of the ohmic contact resistivity [Smi58].

The contacted sample is then gradually lowered into a can of liquid Helium using the cryogenic

dip-stick shown on the left side of the inset in figure 2.5. While the sample experiences the
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2.1 Growth and optimization of NbN thin films

Figure 2.5.: NbN thin film resistance as a function of temperature measured in a 4-point geometry, whilst

gradually cooling down the sample to liquid He temperatures. The inset depicts the cryogenic dip-stick

and the contacted sample being fixed to a chip-carrier and bonded with gold wires. The thin film exhibits

dNbN = 26± 0.5 nm and was grown following appendix B.3.

lowered temperature via Helium exchange gas in the stick, the temperature is monitored using

a temperature sensing diode, mounted directly next to the sample.

Residual resistivity ratio

Now the resistance, measured between V+ and V− is recorded as a function of the temperature

and a typical transition curve of a superconducting thin film is observed. As shown in figure

2.5, the resistance gradually increases from 37.6 Ω at room temperature and then saturates

at 43.6 Ω for 20 K. At T ∼ 12.5 K the resistance rapidly drops to a value close to 0 Ω, at

the point where the NbN thin film shows the transition from a normal conducting state to

superconductivity. First of all, the nature of conductivity in the T ≥ 20 K regime will be

discussed. The figure of merit to characterize the film conductivity is the residual resistivity

ratio RRR [Mar09b] with

RRR =
R(T = 300K)

R(T = 20K)
=

{
< 1, thermally activated conductivity

> 1, metallic conductivity
(2.1)

In case of the data shown in figure 2.5, we observe RRR = 0.87 ± 0.01 with an exponential

increase of the resistivity stemming from thermally activated electric conductivity where

electrons tunnel through non-conducting barriers at crystal grain boundaries [Jon75, Nig88,

Rei86]. In contrast, a value larger than one stems from a metallic film character, where the

conductivity is mostly limited by scattering with acoustic phonons. Therefore, in this case,

the resistivity is expected to decrease according to a T 3 dependence [Kop07].
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In conclusion, depending on the value of RRR, the micro-structure of the film is either

granular with nitrogen or oxygen incorporated between the grain boundaries or is nearly

mono-crystalline [Nig88, Tho77].

Critical temperature and transition width

After the characterization of the conductivity up to T ∼ 20 K, we now take a closer look at

the transition to superconductivity. For an analysis of the two figures of merit, namely the

critical temperature TC and the transition width ΔTC , the transition region, as previously

shown in figure 2.5, is now plotted between 11.5 K and 12.5 K in figure 2.6a.
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Figure 2.6.: (a) Film resistance as a function of temperature showing a typical superconducting transition

curve. TC and ΔTC , as well as Tupper and Tlower are marked in grey. (b) Derivative ΔR/ΔT of the data

shown in figure a. Tsuper and Tnormal are shown in grey. The NbN thin film exhibits dNbN = 26± 0.5 nm and

was grown following appendix B.3.

Following the method applied in previous work on NbN thin film growth on GaAs substrates

[Mar09b, Mar09a], we extract TC and ΔTC using the following steps:

1. The numerical derivative ΔR/ΔT of the R(T ) curve is taken and is normalized to 1, as

shown in figure 2.6b.

2. The temperature at which the film is just above the transition but still in its normal

conducting state, Tnormal, is defined as the maximum of the derivative on the high

temperature side of the peak shown in figure 2.6b. It is determined as the data point

being closest to ΔR/ΔT = 0.5.

3. On the other hand, Tsuper, which refers to the film being superconducting, is defined

as the first data point on the superconducting side of the peak shown in figure 2.6b for

which ΔR/ΔT = 0.
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2.1 Growth and optimization of NbN thin films

4. Now the average normal state resistivity R̄ is calculated as the arithmetical mean of the

resistance between Tnormal and Tsuper + 2 K.

5. As shown in figure 2.6a, Tlower and Tupper can now be extracted to be the boundaries

of the 10%− 90% transition with: R(Tlower) = 0.1R̄ and R(Tupper) = 0.9R̄.

6. Now the figures of merit for superconductivity of thin films are defined as:

TC = 1/2 (Tupper + Tlower)

ΔTC = Tupper − Tlower

Using the method described above, the film NbN 92.1, exhibits TC = 12.1±0.2 K and ΔTC =

0.30±0.05 K. The errors stated here arise from the standard deviation of the superconducting

metrics of three films which were sputtered and measured under nominally identical conditions

and are used as error bars throughout section 2.1.

The approach described above was applied to all thin films studied throughout the course

of this thesis. It was chosen to allow facilitate comparison with the results of other groups

working with NbN thin films on GaAs substrates [Mar09b, Gag10b].

Sheet resistance

Following theoretical [Rei86] and experimental [Nig88] predictions, we know that the electrical

conductivity σ = 1/ρ and the electrical resistivity ρ are a direct measure for the crystal quality,

the grain structure and grain sizes. Therefore, also the RRR as introduced in equation 2.1, is

directly correlated to the film resistivity measured at room temperature [Nig88]. As a result,

we can employ the sheet resistance

RSq =
ρ

dNbN
= R ·

W

L
(2.2)

with the thickness of the NbN film dNbN , the room temperature resistance R and the

width(length) of the film W (L) as a new measure for the quality of the superconducting

film. Employing a 4-point geometry for measuring the sheet resistivity of a thin film sam-

ple and using the literature value [Ser98] of the electrical resistivity for a gold test-sample

RSq(Au) = 2.44 × 10−8 Ωm, we built and calibrated a small room temperature sheet resis-

tivity characterization setup. Using this test setup, RSq can quickly be determined without

bonding or damaging the NbN film. Typical values obtained are RSq ∼ 200 − 300 Ω/Sq for

high quality samples grown on active GaAs substrates with dNbN = 10± 2 nm being suitable

for device fabrication. The values of RSq measured for our 10 ± 0.5 nm thick NbN films on

active GaAs are typically ∼ 2× lower than RSq reported elsewhere for 4.0 nm thick films

grown on sapphire [Gol05, Yan07b] but considerably larger than the sheet resistance of bulk

or near-bulk (dNbN = 400− 600 nm) NbN [Nig88].
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However, this method was not used for detailed studies of the crystal quality. Instead it

was employed to determine the thin film exhibiting the highest quality in each growth run

before device fabrication without damaging the film by attaching bond wires. Thereby, as

RSq varied by up to 35% between the single films of one growth run, it was ensured that

the on-chip detection devices investigated throughout chapters 3 and 4 have the highest NbN

crystal quality obtained during one growth run.

2.1.3. Optimization of superconducting metrics

Having established efficient and robust methods to determine the film thickness and super-

conducting metrics, we continue by optimizing the growth parameters. In order to obtain

samples that are suitable for single photon detection [Gol05], a film thickness of only a few

nanometers is needed [Gag10b]. However, at the same time, the critical temperature has to

be well above the operation temperature to ensure a stable detector operation at a high quan-

tum efficiency [Per12b, Mar13, Hof10a] and a low dark count rate [Kit07, Kit08]. Building on

previous work in which NbN thin films were deposited on sapphire [Bac83], MgO [Mar08a],

Si [Ili08] and, most importantly, GaAs [Mar09b] substrates, we describe how we optimized

the growth parameters to obtain state-of-the-art NbN thin films on GaAs. Fully optimized

samples with dNbN = 4 ± 0.5 nm exhibited TC up to 10.2 ± 0.2 K [Rei13b]. Thereby, the

27% lattice mismatch and the need to deposit films at low temperatures [Mar09b], below the

threshold for thermal decomposition, represent the main challenges we had to face.

Chamber condition

In order to produce atomically pure films with a minimum concentration of defect atoms, the

vacuum inside the sputtering chamber, as described in relation to figure 2.3, should be as

pure as possible before the actual process is started [Kai02]. In practice [Mar09b] it has to

be evacuated to pressures below 10−5 mbar. For an investigation of the effect of the so-called

base pressure Pbase on the superconducting metrics, two films sputtered with 9 · 10−6 mbar

and 6 · 10−6 mbar were compared, as shown in figure 2.7a in red and blue, respectively. Except

for the different base pressures, the growth parameters were chosen to be identical, as listed

in appendix B.3. Here, the small decrease of Pbase leads to a significant improvement of the

superconducting metrics, as TC inceases by 2.8± 0.2 K, indicated by the blue arrow. At the

same time the normal state resistivity for temperatures larger than ∼ 12 K decreases from

162 Ω to 63 Ω. As described earlier in section 2.1.2, this increase in conductivity is a strong

indication for a less defected micro-structure and larger crystal grains [Nig88], due to less

incorporation of oxygen [Kai02].

Besides the base pressure, the condition of the sputtering chamber, as determined by the

last processes run in the chamber, is crucial for the film quality. This is verified by the data

presented in figure 2.7b. Here, three nominally identical films were grown before SiO2 was

sputtered in the system (blue squares), directly after an SiO2 deposition run (red circles)

and after a 20 min chamber conditioning routine (green triangles), respectively. A clear
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Figure 2.7.: (a) Transition curves for two nominally identical films that where sputtered using different base

pressures, as indicated in red and blue. A significant increase of TC when decreasing the base pressure is

observed, as indicated by the blue arrow. (b) Superconducting transitions for three nominally identical films,

one sputtered directly after SiO2 was evaporated in the sputtering machine (shown in red), the next one being

grown after a long period of NbN sputtering, as plotted in blue. The dataset presented in green was obtained

from films grown after a chamber conditioning routine.

decrease of TC by 1.8 ± 0.2 K and an increase of the normal state resistivity by ∼ 87 Ω is

observed, caused by SiO2 inside the system, as illustrated by the red arrow. The isolating

barriers between NbN crystal grains, caused by incorporated SiO2 and oxygen, damage the

film micro-structure and lead to a quenched electrical conductivity [Nig88].

In order to resolve this problem and to ensure reproducible film quality being independent

of the prior machine usage, a 20 min chamber conditioning routine is performed before each

sputtered film. Here, the growth routine with its specific growth parameters is carried out,

however with no substrate mounted in the chamber, as described in detail in appendix B.2.

Afterwards, the same process is done with the substrate inside the conditioned chamber. As

shown by the green data set, an even better film quality is obtained, when comparing the film

to the scenario of an unconditioned chamber (blue dataset). As indicated by the green arrow,

an increase of TC by 0.6 K is observed. The film characteristics shown throughout the rest of

this thesis were obtained emplyoing this chamber conditioning routine, thereby suppressing

the influence of any processes previously run in the sputtering chamber.

Nitrogen partial pressure and substrate temperature

As described in the discussion related to figures 2.1 and 2.2, the two main parameters deter-

mining the crystal structure and film quality of sputtered NbN films are the nitrogen partial

pressure during growth [Bac83] and the substrate temperature [Kai02]. As described in the

following, the N2 partial pressure PN2 sets the concentration x in NbNx and, along with x, the

crystal phase [Bra61a]. In contrast, the growth temperature influences the surface mobility
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of particles during growth and hereby determines the micro-structure [Kai02], as described in

the discussion related to figure 2.2.
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Figure 2.8.: (a) Critical temperature TC as a function of substrate temperature Tg. The data shown in red

corresponds to 22 ± 0.5 nm thick films sputtered at 26% nitrogen partial pressure, whereas the data points

in blue refer to 5 ± 0.5 nm thick films grown at 13% nitrogen. Both curves exhibit a clear maximum at

Tgrowth = 475± 5◦C. The light grey curve represents the data obtained for the thin films, albeit shifted using

the results from the thickness dependent studies shown in figure 2.10a. (b) TC as a function of the nitrogen

partial pressure PN2 for 5 ± 0.5 nm thick films (blue) and 22 ± 0.5 nm thick films (red), respectively. Two

maxima at 0.13 and 0.26 nitrogen can be identified and attributed to δ - and ε - phase NbN,as indicated by

the grey double arrows.

To determine the optimum growth conditions, films of 22± 0.5 nm, which will be referred to

as ’thick films’ in the following, and 5± 0.5 nm thickness (i.e. ’thin films’) were sputtered for

growth temperatures varying between 350◦C and 525◦C. The result of this study is summa-

rized in figure 2.8a showing the transition temperature of thick films grown at a N2 partial

pressure of 26% of the total pressure Ptot = 0.005 ± 0.001 mbar in red and thin films grown

at 13% N2 in blue, respectively. An overall increase of TC by ∼ 1 − 1.5 K is observed when

comparing the thick and thin films. This effect will be discussed in detail in relation to the

data presented in figure 2.10. In addition, a clear maximum of TC for Tg = 475 ± 5◦C can

be observed for both datasets. Considering the Thornton zone model shown in figure 2.2,

an increase of TC for growth temperatures below the TC maximum can be understood as an

increase in surface mobility of atoms during deposition. This transition from the quenched

growth regime (QG) towards the surface diffusion regime (SD) favors larger grain sizes and

a more homogeneous crystal structure [Kai02], as schematically depicted in figure 2.2. How-

ever, for temperatures above 475± 5◦C, Arsenic from the GaAs substrate starts to dissociate

[Bay76], thereby promoting film defects and thus limiting the crystal quality. This tradeoff

temperature of 475 ± 5◦C was used for all further NbN films studied here and was found to

22



2.1 Growth and optimization of NbN thin films

be independent of the nitrogen concentration inside the sample, as apparent from the similar

trend of the blue and the red curves on figure 2.8a.

Having identified the optimum growth temperature, we fixed the growth conditions and varied

the nitrogen partial pressure PN2 over the range from ∼ 9% up to ∼ 30% of the total pressure

Ptot. This study is summarized in figure 2.8b and was performed for thick films (red circles)

and thin ones (blue squares), respectively. Again, a similar behavior is observed for thick as

well as thin films. However, similar to the growth temperature studies presented in figure

2.8a, the thick ones show ∼ 2 − 2.5 K higher transition temperatures, an effect that will

be investigated quantitatively in section 2.1.4. For the thick films two clear maxima can be

observed, a broad one at Pδ = 0.13Ptot and a sharp one at Pε = 0.26Ptot. The thinner ones

only exhibit a clearly pronounced maximum at 13% nitrogen and weak indications of a second

one in the vicinity of Pε.

The observation of two maximum TC values for the datasets recorded with PN2 = 26% and

13%, suggests that a change in film micro-structure occurs from a nitrogen-rich phase at

PN2 = 26% to a phase with lower nitrogen content at PN2 = 13%. Amongst all the different

crystal phases that occur for NbN the face-centered cubic δ-NbNx phase with a nitrogen

content 0.88 ≤ x ≤ 0.98 has the highest TC of 16.4 K [Tre95]. Our observations suggest

that the optimum 13% nitrogen film grown at Tgrowth = 475◦C may consist primarily of

polycrystalline δ-phase NbN, an expectation that is supported by the structural microscopy

data presented later on in figures 2.11 and 2.12. The phase diagram of NbNx [Bra61a],

shown in figure 2.1, indicates that the hexagonal ε-phase is preferentially formed for nitrogen

contents x that are significantly higher than the δ-phase [Pol78b], lending support to the

identification of the two maxima labeled in figure 2.8a. Therefore, we tentatively attribute

these two maxima in TC at PN2 = 26% and PN2 = 13%, as arising from δ and ε-phases of

NbN, respectively. The corresponding crystal structures are depicted in figures 2.12a and

2.12b.

Similar to the critical temperature studies for NbN films sputtered with different growth

temperatures and nitrogen partial pressures, an analysis of the transition width ΔTC reveals

insight into the optimum growth conditions. As summarized in figure 2.9a, both thick and

thin films, shown in red and blue, exhibit a clear minimum of ΔTC at Tg = 475 ± 5◦C.
Hereby, the previous finding of an optimum growth temperature arising from a trade-off

between enhanced surface diffusion and disorder induced by Arsenic evaporation is further

verified by the ΔTC trend. When considering ΔTC for different nitrogen partial pressures, as

presented in figure 2.9b, the minimum at PN2 = 0.13Ptot is clearly pronounced for thin films.

The data obtained for 22 ± 0.5 nm films shows only a small dip which is shifted from the

δ-marked peak of figure 2.8b to a lower nitrogen partial pressure of 0.11Ptot. However, within

the experimental error, the N2 partial pressures are almost identical. Furthermore, the peak

in the TC data, previously marked with the ε-phase, is clearly visible as a local minimum in

ΔTC at PN2 = 0.26Ptot.
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Figure 2.9.: (a) Transition width ΔTC as a function of growth temperature Tg shown for 5 ± 0.5 nm thick

films grown at 13% N2 (blue) and 22± 0.5 nm thick films grown at 16% N2 (red), respectively. Both the thick

and the thin films exhibit a clear dip of TC for Tg = 475◦C. (b) ΔTC as a function of the nitrogen partial

pressure PN2 for 5± 0.5 nm thick films (blue) and 22± 0.5 nm thick films (red). Minima of ΔTC can now be

observed at the maxima of TC shown in figure 2.8b.

In summary the optimization of the basic parameters of the sputtering process was shown. In

detail, we demonstrated how a base pressure decrease of 3× 10−6 mbar leads to a significant

increase of TC by 2.8 ± 0.2 K. Furthermore, the negative influence of previously sputtered

SiO2 was investigated along with the successful suppression of SiO2 induced defects by a 20

min chamber conditioning routine. Finally, the systematic study of the growth temperature

and the nitrogen partial pressure clearly revealed the optimum growth parameters for NbN

thin films on a GaAs substrate. Thus, we were able to grow state-of-the-art ∼ 4 ± 0.5 nm

thin NbN films with TC = 10.2 ± 0.2 K. Using this knowledge the influence of different film

thicknesses on the crystal quality as well as the atomic composition and the crystal phases

being formed in the NbN films will be studied throughout the following section.

2.1.4. Microstructure and elemental composition

The following section covers the depth dependent analysis of optimized NbN thin films grown

according to section 2.1.3. As-grown and selectively thinned samples exhibiting a film thick-

ness dNbN with 4.0 ≤ dNbN ≤ 22.0 nm will be investigated with respect to TC and their

elemental composition. It will be shown that the grown films are homogenous along the

growth direction and that the thickness of the NbN film has little or no influence on the

growth mechanisms. In contrast, it will be shown that the crystal quality is intrinsically

limited for thinner films. We conclude by presenting X-Ray Photo-emission Spectroscopy
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2.1 Growth and optimization of NbN thin films

(XPS) measurements that unambiguously prove that the high-TC δ-phase of NbN is formed

in optimized samples, controlled primarily via the nitrogen partial pressure during growth.

Influence of thickness on superconducting metrics

To exclude the possibility that the crystal structure and quality vary strongly with dNbN

due to the formation of a buffer layer, comparative measurements were performed on several

films grown under nominally identical conditions, but with different final thicknesses (6 nm

≤ dNbN ≤ 22 nm), and a 19 nm thick film that was selectively thinned after growth using

reactive ion etching in a SF6-C4F8 plasma. In the following, we refer to these two types of

samples as the as-grown and thinned films, respectively.
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Figure 2.10.: Critical temperature TC (a) and transition width ΔTC (b) as a function of film thickness

dNbN for NbN films grown at PN2 = 0.26Ptot and Tg = 475◦C. Red circles correspond to as-grown films with

sputtering times of 15 s, 30 s and 55 s. The blue symbols correspond to selectively thinned films, originating

from a single 19 nm film, which was etched down for 0 s, 30 s, 60 s and 90 s, respectively. The data points

within the dashed bubble refer to a top oxide layer, also observed in figure 2.11.

Figure 2.10 shows TC (a) and ΔTC (b) as a function of film thickness for as-grown (red circles)

and thinned (blue squares) films. All the NbN films studied in figure 2.10 were grown using

PN2 = 0.26Ptot and Tg = 475 ± 5◦C. The as-grown films had a thickness of dNbN = 22 nm,

16 nm and 6 nm, whereas the thinned films were obtained from an initially 19 nm thick film

that was etched back for 0 s, 30 s, 60 s, and 90 s resulting in film thicknesses of 19 nm, 17 nm,

15 nm, and 10nm, as measured by AFM. Comparing TC and ΔTC of as-grown and thinned

films reveals results that are mostly identical within the experimental error. For as-grown

films TC decreases from 11.7 K to 8.6K as dNbN reduces from 22 nm to 6 nm. Over the

same thickness range ΔTC increases from 0.30 K to 0.67 K. For thinned films TC decreases

from 10.1 K to 9.2 K, whereas ΔTC increases from 0.37 K to 0.55 K. These trends are in

very good agreement with the findings of [Mar09b], which showed that the reduction of TC

(increase of ΔTC) reflects the stronger influence of disorder which induces the superconductor-
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insulator transition [Lar99, Mac99]. The observation of a monotonic dNbN dependence of the

superconducting metrics, that are identical for as-grown and thinned films, indicates that the

grown films are homogeneous along the growth direction. In addition, the thickness of the

NbN film appears to have little or no influence on the growth mechanisms indicating that

the large lattice mismatch between NbN and GaAs is most likely accommodated by defects

close to the NbN-GaAs interface. In contrast, crystal quality seems to be intrinsically limited

for thinner films. The finding that the film thickness has no significant influence on the

growth conditions of NbN on GaAs is not at all intuitive, since one would expect a thickness

dependence caused by the strain field that builds up due to the 27% lattice mismatch [Mar09b]

at the NbN-GaAs interface. Considering these findings and the data presented in figure 2.10,

we conclude that the nitrogen partial pressure fully determines the crystal phase, whereas a

growth temperature of 475 ± 5◦C provides an optimum crystal quality independent of film

thickness. The clear film thickness dependence of the superconducting metrics presented in

figure 2.10 allows us to quantitatively scale the data for the 5 nm thick films presented in figure

2.8b and directly compare it with the data recorded from the 22 nm film. This procedure

results in the light grey curve plotted in figure 2.8b. Remarkably, both the form of the data

recorded from the scaled 5 nm data and the absolute values of TC (ΔTC) agree within the

experimental errors, strongly suggesting that the observed maximum in the film quality for

PN2 = 0.13Ptot is indeed a general result.

Depth dependent film analysis

We continue by presenting direct measurements of the depth profile of the atomic composition

and stoichiometry of the NbN films grown using the optimum growth temperature of Tg =

475◦C and obtain results that strongly support these conclusions. Depth dependent XPS and

Rutherford back scattering (RBS) measurements were performed through the NbN film, and

into the GaAs substrate, to confirm that the nitrogen concentration during growth does indeed

determine the crystal phases and that the optimised films consist primarily of δ-phase NbN.

Measurements were performed on two films grown with 0.13Ptot (4 nm thick) and 0.26Ptot

(22 nm thick) nitrogen partial pressures, as marked by the dark grey arrows on figure 2.8b.

Figures 2.11a and 2.11b show the depth dependent atomic concentrations for the PN2 =

0.13Ptot (4 nm thick) and PN2 = 0.26Ptot (22 nm thick) films, respectively. The XPS mea-

surements reveal a thin NbOx layer at the surface with a thickness of ∼ 1 nm. This finding

compares very well with the observations from the etching depth dependent measurements

presented in figure 2.10a that showed no difference between the unetched sample and the

sample etched for 30 s, as indicated by the dashed bubble. While the oxygen concentration

decreases rapidly with depth, to levels below 0.04 for the thick film, the oxygen concentration

remains above 0.04 for the thin film throughout the NbN layer. This can be clearly seen by

the red curve in figure 2.11. Since both samples were grown for the same base pressure of

Pbase < 3 · 10−6 mbar, the oxygen concentration should be equal for both films, and hence,

we interpret the higher oxygen concentration in the thin film to post-growth oxygen interdif-

fusion. Whilst the oxygen concentration decreases, the Nb and N content in both samples
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Figure 2.11.: Atomic concentration for NbN films as a function of depth obtained by XPS and RBS. (a)

corresponds to dNbN = 4 nm grown at PN2 = 0.13Ptot and (b) shows dNbN = 22 nm grown at PN2 = 0.26Ptot.

Both films were grown for Tg = 475± 5◦C.

increases and then remains constant throughout the entire film. At the NbN-GaAs interface,

we again observe a thin oxygen rich layer with a thickness of ∼ 1 nm and the stoichiometry of

the GaAs layer deviates from the expected value of 0.50. This observation correlates very well

with the thermal dissociation of GaAs at the surface for Tg > 400◦C due to As2 desorption.

The resulting arsenic vacancies appear to be occupied by Nb atoms, as shown in the atomic

concentrations in figure 2.11.

Figure 2.12 shows the nitrogen concentration x of the NbNx films as a function of depth for

the film grown at 0.13 N2 (a) and 0.26 N2 (b). The range of x that would correspond to

δ-NbN [Bra61b, Pol78a] is indicated schematically by the green hatched region, whereas the

range corresponding to the ε-phase [Bra61b, Pol78a] is denoted by the red shaded region,

respectively. For the thin film, grown at 0.13 N2, x increases from 0 to ∼ 0.9 within the 1

nm thick region of the film closest to the surface. Thereafter, x slowly decreases again for

depths ranging from 2 to 3 nm but remains entirely within the range expected for δ-NbN.

Afterwards, a sharp decrease in x is observed close to the NbN-GaAs interface. From these

measurements we conclude that the film grown for PN2 = 0.13Ptot does indeed consist of the

δ-phase having high TC , in good agreement with observations from the electrical transport

measurements and the optimised superconductivity metrics presented in figure 2.8. The data

for the sample grown at PN2 = 0.26Ptot, presented in figure 2.12b, exhibits a similarly sharp

increase in x over the uppermost 1 nm. However, in contrast to the thin sample a much higher

value of x = 1.2 is reached. Afterwards, x gradually decreases to 1.05 within the next 2 nm

and then remains approximately constant within the range expected for the ε-phase, until the

NbN-GaAs interface is reached. These observations support the conclusion that films grown
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Figure 2.12.: Nitrogen content x for NbNx films as a function of depth obtained by XPS and RBS. (a)

corresponds to dNbN = 4 nm grown at PN2 = 0.13Ptot and (b) shows dNbN = 22 nm grown at PN2 = 0.26Ptot.

Both films were grown for Tg = 475± 5◦C. PN2 = 0.13Ptot grown films consist of nitrogen poor fcc δ-NbN, as

indicated by the green shaded region, whereas PN2 = 0.26 grown films exhibit nitrogen rich hexagonal ε-NbN,

as indicated by the red shaded region. The corresponding crystal structures of δ-phase NbN in (a) and ε-phase

NbN in (b) are shown as insets.

at PN2 = 0.26Ptot consist primarily of the nitrogen-rich ε-phase, supporting the conclusions

reached in the discussion of figure 2.8.

Throughout this section we studied the film thickness dependency of TC both for selectively

thinned and as-grown films, showing that crystal quality is intrinsically limited for thinner

films. Furthermore, having analyzed the elemental composition of optimized δ- and ε-phase

NbN films and, thereby, having proven that the nitrogen partial pressure fully determines

the crystal phase, we now move on to investigate the refractive indices of δ−phase NbN. The

knowledge of these material constants will be crucial for the simulation and optimization of

an efficient detector waveguide coupling presented later on in section 3.1.1.

2.1.5. Refractive indices of δ-phase NbN

In order to determine the refractive index of optimized δ-phase NbN thin films, we analyzed

dNbN = 4±0.5 nm thin and 22±0.5 nm thick films employing ellipsometry measurements. To

do this, dNbN was determined using AFM measurements, as described in section 2.1.1 and,

subsequently, complex refractive index pairs returning the measured thickness were obtained

with the ellipsometer. All measurements were conducted using red light with a photon energy

of 1.959 eV, thus resulting in an approximation for the near-infrared energy range studied

throughout chapters 3 and 4.

28



2.1 Growth and optimization of NbN thin films

3.40 3.45 3.50 3.55 3.60 3.65 3.70
3.5

3.6

3.7

3.8

3.9

� = 3.79 � 0.17

dNbN = 4 � 0.5 nm

real part n of refractive index

im
ag

in
ar

y
pa

rt
�

of
re

fra
ct

iv
e

in
de

x

dNbN = 22 � 0.5 nm

n = 3.51 � 0.14

Figure 2.13.: Imaginary part κ of the refractive index as a function of the real part n. The data was

obtained using ellipsometry measurements on dNbN = 4 ± 0.5 nm thin δ-phase NbN films, as shown in red,

and dNbN = 22± 0.5 nm thick films presented in blue, respectively. The intersection between κ and n results

in a refractive index of ñ = (3.51± 0.14) + i · (3.79± 0.17).

In figure 2.13 our refractive index studies are summarized for thin and thick δ-phase NbN films

presented in red and blue, respectively. Here, we determined the complex part κ resulting in

the correct film thickness for a fixed value of the real part n. Thereby, the error bars reflect

the thickness error of 0.5 nm. As indicated by the grey dashed lines, the intersection of the

strongly varying κ of the thin films with the mostly constant values obtained for the thick

films results in a refractive index for δ-phase NbN films of

ñ = (3.51± 0.14) + i · (3.79± 0.17). (2.3)

The slightly larger error compared to the data presented in figure 2.13 stems from the standard

deviation of three independent data sets, as determined for three independently grown sets

of samples. The refractive index determined here enables us to conduct simulations of the

coupling efficiency for NbN-detectors integrated on ridge waveguides, as presented later on

in section 3.1. The data presented above completes our characterization of optimized δ-

phase NbN thin films and we can now move on to utilize these thin films for the fabrication,

optimization and characterization of NbN-SSPDs on GaAs substrates.
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2.2. SSPD fabrication and optimization

In section 2.1 we established a robust and reliable method to produce high quality δ-phase

NbN films on GaAs substrates being suitably thin for single photon detection [Gol01b]. Now

we move on by focusing on the fabrication technology for nanowire SSPDs. Throughout this

section, the steps that needed special optimization, namely electron beam lithography and

reactive ion etching, will be covered in detail, whereas the standard processes such as optical

lithography and contact pad evaporation will be only briefly mentioned. A detailed recipe

including all fabrication steps and process parameters can be found in appendix B.

2.2.1. Nano - lithographic fabrication process

Throughout the following section, the stepwise fabrication of NbN-SSPDs is described. Here,

we start with the bare GaAs substrate and finish with a chip containing 10 × 10 individu-

ally contactable devices being ready for low-temperature electro-optical characterization, as

described later in sections 2.3 and 2.4.

Figure 2.14.: Schematic overview of the nano-lithographic steps involved in SSPD - fabrication: Thin film

deposition on a bare GaAs substrate (a) by reactive magnetron sputtering (b), spin coating of the sample

with a negative tone electron beam resist (c), electron beam lithography and development (d), transferring

the pattern into the NbN using reactive ion etching (e), removal of the electron beam resist in acetone (f),

spin coating the sample with the optically sensitive resist S1818 (g), defining contact pad structures via optical

lithography (h), Ti/Au evaporation for the SSPD contact pads (i), final lift-off of the optical resist and finished

sample (j).

Figure 2.14 gives an overview of the whole fabrication process. As described in the previous

section, unprocessed and cleaned GaAs wafer pieces (a) are built into the sputtering machine

and 4 ≤ dNbN ≤ 22 nm of high-quality superconducting NbN is evaporated onto the substrate

(b). Subsequently, as schematically depicted in figure 2.14c, the sample is covered with a

100± 10 nm thick layer of a negative tone electron beam resist (AR-N 740 ). Since the resist
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thickness has an impact on the dose needed in electron beam lithography, the resist thickness

is controlled via profilometer measurements [Vee14]. If the resist has the desired thickness

and homogeneously covers the sample surface, the sample is placed in the electron beam

lithography system (Raith eLine) and an array of up to 10× 10 meander-type SSPDs with a

typical active area of 10× 10 μm2 is defined for each device.

The individual devices exhibit a total length of 369 μm and consist of 100 ± 5 nm wide

nanowires, as presented in the SEM images in figures 2.15 and 2.21 and the AFM image de-

picted in the inset of figure 2.17b. Furthermore, a single meander-shaped SSPD is schemat-

ically depicted in figure 2.14d in red. Via the development step (d), the resist is removed

everywhere except for the active device area. In order to transfer these meander patterns

into the NbN film, reactive ion etching is employed (e). Subsequently, the residual electron

beam resist is removed in acetone (f). For the possibility to contact single devices in the

low-temperature probe-station described in appendix A.1, metal contact pads with lateral

dimensions of 375 × 200 μm are defined, as presented in the optical microscope image in

the right column in figure 2.16b. These pads are defined using optical lithography. At first,

the sample is covered with a ∼ 1800 μm thick layer of positive tone optical resist (S1818 ),

as schematically depicted in figure 2.14g. Afterwards, the resist is exposed with UV light

through an optical mask and, subsequently, the resist is developed (h). Now, the sample is

covered in optical resist, except for the areas where the contact pads were defined via the

optical mask, as schematically depicted in figure 2.14h. After a short dip in HCl that removes

the natural surface oxide layer, the sample is placed in an electron beam metal evaporation

machine (Leybold) and a 10 nm thick conducting and adhesive layer of Ti is deposited, fol-

lowed by a 100 nm thick layer of Au (i). Finally, the optical resist is removed in acetone (j)

and the chip is ready for characterization inside a cryostat, as presented in section 2.3.

The fabrication steps depicted in figure 2.14f-j are standard processes which did not need

special optimization. The parameters are given in appendix B. However, the steps depicted in

figure 2.14d and 2.14e, namely high-resolution electron beam lithography with a negative tone

electron beam resist and reactive ion etching are non-standard and crucial for the fabrication

of working SSPDs. In the following, we focus on the optimization of these two process-steps

in order to obtain high quality devices.

2.2.2. Electron beam lithography

In order to obtain high quality SSPDs, the fabrication of near to defect-free nanowires with a

length of 10 μm and a uniform width of 100±5 nm is necessary. For a stable device operation

very close to the critical current and for the resulting high photon detection efficiencies, it

is crucial that the current density JC (see equation (2.4)) flowing through each of the wires

is identical [Gol05, Ker07a]. Therefore, the distribution of the nanowire-width should be as

narrow as possible. Furthermore, the critical current is limited by the thinnest, i.e. the most

constricted nanowire [Ker07a]. Hence, wire constrictions have to be suppressed in the whole
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device. These points require both a high resolution and robust electron beam lithography

process. Key elements of the optimization of this process will be presented in the following

discussion.

Figure 2.15.: (a) SEM image of a typical meander shaped SSPD, as defined by electron beam lithography

on a 10 ± 0.5 nm thick substrate. The width w of the single nanowires can be extracted, as indicated by

the dashed lines. (b) Nanowire width w as a function of electron beam dose for a dosetest performed on

a dNbN = 22 ± 0.5 nm thick NbN sample. (c/e) SEM image of nanowires defined without/with proximity

correction. (d) Write file of electron beam lithography indicating the proximity correction factors ranging from

1.2 for the outermost wires to 0.8 for the inner ones.

Figure 2.15 gives an overview of the basic optimization steps involved in electron beam lithog-

raphy (EBL). Figure 2.15a shows a typical SEM image of a meander-shaped nanowire detector,

as defined using EBL on a 10 ± 0.5 nm thick δ-phase NbN substrate. Since this image was

obtained employing an optimized EBL process, the nanowire width w distribution is limited

by the resolution of the EBL system with w = 100 ± 5 nm. Here the dose that is deposited

in the electron beam resist is crucial for the fabrication of high-quality nanowires of a certain

width. The results of a typical dose variation performed on a 22± 0.5 nm thick NbN film are

presented in figure 2.15b. Here, the nanowire width w, as measured for several independent

devices from similar images as presented in figure 2.15a, is plotted as a function of the electron

beam dose deposited during resist exposure. From this data the optimum dose resulting in

100± 5 nm wide wires can be extracted to be 109± 2 μC/cm2.

However, we note that the dose is strongly dependent on a number of parameters including

the resist thickness, the alignment of the EBL system and, most importantly, the electronic

properties of the NbN substrate. During EBL, the charge transport of the electrons deposited

on the substrate is determined by the sheet resistance of the film RSq. Since the charges that

are accelerated towards the film during exposure experience the electric field generated by

the electrons already accumulated on the film surface, they get deflected due to Coulomb

repulsion. This effect causes a strong dependence of the required dose during EBL on RSq.

Furthermore, as discussed in sections 2.1.2 and 2.1.4, the electronic properties of NbN thin

films vary strongly with both the thickness dNbN and the crystal quality. Therefore, in order
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to ensure a robust fabrication process, the dose analysis presented in figures 2.15a and 2.15b

was performed on a dummy sample having the same structural and electronic properties as the

real sample for the fabrication of the on-chip detection samples studied throughout chapters

3 and 4.

In addition to dose variations introduced by varying electronic properties of the NbN film,

scattering of electrons inside the resist leads to the so-called proximity effect. As depicted in

the SEM image in figure 2.15c, the exposure of nearby nanowires causes an effective higher

dose being deposited at center nanowires compared to nanowires, positioned at the device

edges. This effect can clearly be observed in figure 2.15c by the darker regions and slightly

broader nanowires in the device center. To solve this problem and to suppress the proximity

effect, a dose correction was employed for all devices studied throughout this thesis. Figure

2.15d shows the EBL write file including a typical proximity correction with edge-nanowires

experiencing a higher dose of 1.2× compared to center wires with a dose factor of 0.8×. The

resulting proximity corrected device is presented in the SEM image in figure 2.15d. Here we

observe defect free nanowires exhibiting a uniform width distribution.

2.2.3. Reactive ion etching

With the knowledge that the devices, as defined by electron beam lithography, consist of

100±5 nm wide, defect-free nanowires with a homogeneous width, the structures can now be

transferred into the NbN using reactive ion etching. The process gases, needed for etching of

NbN are SF6 for the etching itself, C4F8 for surface passivation and Ar as an inert process

gas. To ensure a smooth and gentle etching process and to keep the metal contamination

of the process chamber to a minimum, we decided to employ a chemical etching process

rather than a physical one. Hereby, ion bombardment of the exposed NbN surface and

the resulting sputtering of NbN atoms is inhibited by applying no acceleration voltage in

the plasma chamber [Tac86, Mor85]. In this case, the NbN is removed via chemical reactions

between SF6 and NbN. The resulting reaction products are then evacuated from the chamber.

Thereby, contamination of the reaction chamber is avoided. This process is more isotropic

[Lee95] as compared to physical etching but provides a smoother etching without introducing

defects into the structure via ion bombardment during sputtering [vD01].

Optimization of substrate temperature during etching

The main parameters determining the etching process are the base pressure, the substrate

temperature TRIE , the partial pressures of the reaction gases and the radio frequency (rf)

power that keeps the plasma reactions running. Directly after electron beam lithography

and resist development, as described in section 2.2.2, the chamber containing the sample,

is evacuated to a pressure Pbase ≤ P0 ∼ 2 × 10−5 mbar. Subsequently, the process gases

are led into the chamber and the plasma is ignited and kept running for the desired etching

time. For a fabrication of high quality nanowires, one process parameter was varied, while

the others were kept constant, in order to optimize the process. After resist removal, the
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resulting structures were analyzed using optical microscopy and AFM. In the following we

will focus on the substrate temperature during etching TRIE , as it has the highest impact

on the chemical etching process. However, the optimization of TRIE is representative for the

optimization performed for the rest of the etching parameters.

Figure 2.16.: AFM scans (left panels) and optical microscope images (right panels) of an array of NbN contact

pads on GaAs, acting as test structures for the optimization of the etching process. The pads were defined

by optical lithography and transferred to the NbN by reactive ion etching. When increasing the substrate

temperature during etching from TRIE = 10◦C (a) to 50◦C (b), a significantly cleaner structure and smoother

surface is obtained.

Figure 2.16 shows AFM scans (left panels) of an alignment cross, as marked with a circle

in the optical microscope images depicted in the right panels.The data presented here was

obtained for two samples being etched with identical process parameters except for the sub-

strate temperature TRIE which was adjusted to 10◦C for the sample presented in figure 2.16a

and 50◦C for the data shown in 2.16b. Here, contact pads and alignment markers were litho-

graphically defined on bare 20 ± 0.5 nm thick NbN films, thereby acting as test structures

for the optimization process. In each case, the chamber was evacuated to pressures below

P0 and the SF6 flux was fixed to 30 sccm, whilst the C4F8 flux was set to 10 sccm. The Ar

flux was adjusted to 5 sccm. Furthermore, the chamber pressure during the etching process

was set to 0.033 mbar via a butterfly-valve and the rf power was fixed to 20 W. The process

was operated for 8 min being representative of the typical etching duration applied for the

fabrication of a ∼ 10 nm thick SSPD sample.

As shown in figure 2.16, the substrate temperature has a significant impact on the surface

roughness of the resulting structure. While the AFM scan for TRIE = 10◦C (a) shows

34



2.2 SSPD fabrication and optimization

pyramidal shaped NbN-droplets of ∼ 200 nm lateral size and ∼ 50 nm height, the data

obtained for TRIE = 50◦C (b) shows a smooth GaAs surface with a residual NbN-droplet

density of ≤ 1 per 10 μm2. The direct comparison of the two microscope images in the

right column of figure 2.16 confirms the cleaner NbN structure resulting from the elevated

temperature. Here, the faster and cleaner removal of the NbN is caused by the higher etching

temperature enhancing the speed of the chemical reactions during the process [Mor85].

Reactive ion etching rate of NbN thin films

Similar optimization runs were repeated for all other relevant process parameters leading to

the optimized etching recipe, as described in B. With the etching process being established, we

can move on to characterize the etching rate and height profile obtained for lithographically

defined NbN nanowires.

Figure 2.17.: (a) Reactive ion etching depth as a function of the etching time tRIE . The etching rate after

oxide removal (up to tRIE ∼ 3 min) can be extracted to be 4.5±0.5 nm/min. After tRIE = 12 min the 22±0.5

nm thick film is fully etched away and the etching depth remains constant, as GaAs acts as an etching stop.

(b) Height profile of NbN nanowires directly after 14 min of reactive ion etching and before resist lift-off. The

inset shows an overview of the height profile, as obtained by AFM. The arrow indicates the scan shown in

the plot. From the film thickness dNbN , as previously determined according to section 2.1.1, the height of the

residual electron beam resist dAR−N can be extracted, as indicated by the grey arrow.

In figure 2.17a the etching depth as a function of etching time tRIE is presented for 6 test

samples of identical starting thickness dNbN = 22±0.5 nm that were deposited under identical

growth conditions. After etching and resist removal the thickness was measured for each of the

samples according to the method described in section 2.1.1. The data presented in figure 2.17a

shows a shallow slope for tRIE ≤ 3 min which can be attributed to a quenched etching process

due to surface oxide removal (compare figure 2.10, 2.11 and [Rei13b]). For 3 ≤ tRIE ≤ 6 min

the bulk-NbN etching rate can be determined to be Γ = 4.5± 0.5 nm/min. Subsequently, the

slope decreases again, as the oxide layer at the NbN-GaAs interface is reached at ∼ 20 nm,
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as also observed in the depth dependent XPS studies presented in figure 2.11b. Finally, for

tRIE ≥ 9 min, the etching depth remains fully constant at the level of the film thickness.

Thereby, it is apparent that GaAs acts as an etching stop for the RIE process suggesting

to employ etching times � 10 min to fabricate nanowire devices with a thickness of up to

22±0.5 nm. The longer etching time ensures a clean and residual NbN-droplet free substrate

surface, as observed in the AFM data in figure 2.16b. However, before we can fix the etching

time for SSPD fabrication, the etching rate of the electron beam resist has to be analyzed.

Height profile of reactively etched NbN nanowires

In order to determine the profile of the fabricated NbN nanowires, to ensure that no residual

NbN is remaining between the wires and to analyze, if the resist protects the device surface

throughout the whole etching process, height profiles of etched SSPDs were measured directly

after etching. Figure 2.17b shows an AFM scan across three nanowires, as marked in the

height profile overview map depicted as an inset. The AFM profiles of the nanowires exhibit

a width distribution of 130± 13 nm which appears slightly wider than the values obtained in

SEM images with typical wire width of 100± 5 nm, as the lateral AFM resolution is limited

by the tip dimensions. However, we note, that no residual NbN remains between the wires

indicating that the process will yield working devices without short-circuits. Furthermore, we

note that the height profile of the NbN film with an initial thickness of dNbN = 32± 0.5 nm

exhibits a dAR−N = 13 ± 3 nm thick layer of residual electron beam resist on top of the

nanowires, as indicated by the grey shaded region. Therefore, we note that the wires are

protected by resist throughout the whole etching process, as the resist etching rate is only ∼
6 nm/min when considering the initial resist thickness of 100±10 nm. Thereby, the maximum

etching time is limited to ∼ 16 min, enabling us to etch films with up to ∼ 70 nm thickness.

However, most devices that will be studied exhibit a film thickness of dNbN = 4..10 nm and

were fabricated using an etching time of tRIE = 8 min, thereby ensuring both a complete

etching of the film and the protection of the NbN wires during etching.

Having shown the optimization of the substrate temperature during reactive ion etching

being representative for the optimization of the other parameters involved in etching, we

obtained a recipe yielding high quality etched NbN structures on GaAs. The employed

chemical etching approach ensures both a smooth and clean etching without contaminating

the etching chamber with NbN residuals. Furthermore, we deduced the NbN etching rate

to be Γ = 4.5 ± 0.5 nm/min and continued to examine the height profile of the resulting

nanowires using AFM. Finally, by studying the resist etching rates, we concluded that the

recipe developed here allows for etching of films with a thickness of up to ∼ 70 nm without

damaging the nanowire.
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2.3. Electrical transport measurements on SSPDs

Having established a robust technology resulting in high-quality lithographically defined

nanowires fabricated from high-TC NbN thin films, we move on by describing low temper-

ature electrical transport measurements. We will start by presenting basic current-voltage

characteristics and explain how we can extract both the critical current and get insight into

homogeneity of the nanowires. Afterwards, we will briefly analyze heat transfer occurring in

SSPDs by comparing the subsequent switching of closely and widely spaced nanowires. We

conclude by presenting temperature dependent measurements of the critical current density

and compare the data to a simple theoretical model.

2.3.1. Current - voltage characteristics

In order to extract the performance metrics of lithographically defined superconducting

nanowire devices and, thereby to determine the devices worth for detailed opto-electrical

characterization, as presented later on in section 2.4, we mount the sample in a low tem-

perature microwave probe station. Details concerning the sample mounting technique and

the experimental setup can be found in the appendix A. Once the sample is cooled down to

T = 4.3± 0.1 K, single devices can be contacted using the microwave probes.

Figure 2.18.: Typical current-voltage characteristics of a 20 ± 0.5 nm thick SSPD measured at 4.2 K. The

device exhibits TC = 12±0.2 K and is connected in series with a 100 kΩ resistor giving rise to the ohmic slope

in the superconducting regime (SC). The critical current IC = 55.6 μA was extracted from the point where

the device becomes partially normal conducting. For voltages > 18 V the whole SSPD has witched to normal

conductivity (NC).
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To determine the critical current IC of single SSPDs and to get insight into the current-voltage

characteristics of the devices, a bias-voltage of 0..22.5 V is applied, while simultaneously

measuring the current Ibias flowing through the nanowires. As presented in figure2.18, Ibias
ramps up to the critical current IC = 55.6 μA, as marked with an orange dashed line. This

current ramp exhibits a slope of 1/100 kΩ corresponding to the bias resistor that is connecting

the test-device with the voltage source, as described in detail in appendix A.1. When the

applied voltage exceeds 5.6 V, the current abruptly drops to 26.7 ± 0.9 μA and remains

constant at this current up to Vbias = 18.0 V. However, when Vbias = 18.0 V is reached, the

current shows an ohmic increase corresponding to a SSPD resistance of 637 kΩ.

In total we can identify three distinct regimes, as marked in figure 2.18:

1. SC (0 ≤ Vbias ≤ 5.6 V, blue shaded): The whole device is superconducting and we

measure a resistance of R = 100 kΩ, corresponding to the bias resistance [Yan07b]. As

discussed in section 2.4.1, the device operation point will be chosen within this regime

being slightly below IC .

2. partially NC (5.7 ≤ Vbias ≤ 18.0 V, orange shaded): The applied current Ibias exceeds

IC , thereby causing the thinnest, i.e. most constricted nanowire [Ker07a] to switch from

a superconducting state to normal conductivity, since

Ibias > IC = JC ·wC · dNbN (2.4)

with the critical current density JC = 2.8± 0.1 MA/cm2 and the width of the smallest

wire constriction wC . This regime exhibits a sawtooth-like fine-structure originating

from the sequential switching of the nanowires with increasing current corresponding

to their width [Yan07b]. The trend and distribution of the single wire critical currents

gives insight into the homogeneity of the wire width and will be studied in greater

detail in section 2.3.2. Furthermore, as indicated by equation (2.4), the critical current

of the device is a linear function of the nanowire width. An experimental verification of

(2.4) is presented in [Sen12]. The influence of the film thickness on the critical current

density is also expected to be linear, when solely considering equation (2.4). However,

as presented in section 2.3.3, JC varies with dNbN , since the ratio of electrically active

to electrically dead NbN varies strongly with the film thickness.

3. NC (Vbias ≥ 18 V, red shaded): Here, the complete device has switched to a normal

conducting state exhibiting a resistance of 637 kΩ = 41 ·Rw with Rw = 15.5 kΩ being

the average nanowire resistance of the particular device analyzed in figure 2.18. Using

Ohm’s law [Ser98]

Rw = ρ(NbN) ·
lw
Aw

(2.5)
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with the wire length lw = 10 μm and the average wire cross-section Aw = dNbN · 100 nm,

we can determine the resistivity of the sputtered δ-phase NbN film on a GaAs substrate

at temperatures just above the critical temperature [Yan07b] to be

ρ(NbN,GaAs) = 310± 20 μΩcm. (2.6)

This value compares very well to the resistivity obtained for optimized NbN thin films on

MgO substrates with ρ(NbN,MgO) = 200 μΩcm [Gol05], when considering the better

crystal quality that can be obtained on MgO due to a high temperature deposition

process [Tho77] and the better matching of lattice constants [Mar09b].

Having presented the basic current voltage characteristics of a superconducting nanowire de-

tector at temperatures T � TC , we have identified three distinct regimes of the device opera-

tion, corresponding to superconductivity, partial superconductivity and normal conductivity.

Besides the quick determination of the critical current and the NbN resistivity of SSPDs, we

get insight into the homogeneity of the lithographically defined nanowires, as discussed in the

following.

2.3.2. Critical current of single nanowires

In order to study the critical current of detectors of different nanowire width and, in particular,

to study the switching behavior of single nanowires, we cooled down a sample containing

SSPDs fabricated from a 22 ± 0.5 nm thick NbN film with TC = 11.2 ± 0.2 K. As measured

using AFM, the nanowire width w varies between 80±5 nm and 140±5 nm. When contacting

single devices at 4.2 K and measuring the current-voltage (IV) characteristics, the typical

behavior, as discussed in section 2.3.1 can be observed. We continue to study the regime of

the stepwise nanowire switching (partial NC - regime) in detail.

Figure 2.19a shows the low-temperature IV characteristics of a SSPD consisting of w1 =

110 ± 5 nm wide nanowires presented in red and a device with w2 = 140 ± 5 nm in blue,

respectively. The detector with the thinner wires exhibits a critical current of IC,1 = 16.2 μA,

whereas the detector with the thicker wires shows IC,2 = 37.0 μA, as extracted from the

sharp decrease of Ibias after the switching of the thinnest, i.e. most constricted wire. Here,

the significantly larger IC for w2 stems from the wider nanowires in which the critical current

density JC is reached at higher values of IC compared to w1. When considering equation

(2.4), it becomes apparent that IC,1/IC,2 ∼ 0.44 should be equal to w1/w2 ∼ 0.79 for an

identical JC . However, in this case, the data for w2 was recorded at a significantly lower

temperature of 4.2 K compared to the data of w1 which was measured at 6.3 K. As discussed

in section 2.3.3, the sample temperature has a great impact on IC and JC , thus accounting

for the deviation of current and wire width ratios.
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Figure 2.19.: (a) Current-voltage characteristics of a 22±0.5 nm thick SSPD consisting of w1(2) = 110(140)±
5 nm wide nanowires, as presented in red (blue). The data for w1 was measured at 6.3 K, whereas the data

corresponding to w2 was obtained at 4.2 K. (b) Bias circuit resistance representing the 100 kΩ bias resistance

and the detector resistance. As depicted in red (blue), w1(w2) wide nanowires lead to a stepwise increase of

the device resistance by Rwire,1(2) = 36.66 ± 0.12 (22.66 ± 0.02) kΩ for each single nanowire switching from

superconductivity to normal conductivity.

Subsequently to reaching the critical current IC,1(2) of the whole device, a saw-tooth like

pattern of Ibias is observed reflecting the switching of single wires in order of their respective

width. Here, the critical current density (see equation (2.4)) is reached first in thinner wires.

Therefore, IC increases slightly for the second (third, forth, etc) nanowire, as observed in the

red data in figure 2.19a. However, when considering the data obtained for w2 wide wires, as

presented in blue, a strong reduction of the critical current of the second wire and a weaker

reduction of the third (forth, etc.) wire is observed. This can be explained by the larger

effective spacings between the nanowires in case of w2. As the nominal spacing between the

nanowires is fixed to 100 nm during lithography, w2 wide wires result in effective spacings

of 60 ± 5 nm, whereas in case of w1, the wires are 90 ± 5 nm apart from each other. Since

heat transfer between nanowires occurs through the substrate [Yan07b], the Joule heating

generated by the first normal conducting wire lowers the critical current of the wires close to

the first one, since IC varies strongly with the temperature, as shown later in section 2.3.3.

The behavior observed for the blue data in figure 2.19a was reproduced in several samples

with various different spacings between the wires, thus verifying the heat transfer occurring

between wires. However, for a stable and fast detector operation at high photon count rates,

we suppress this cross-talk between the wires and promote the fast cooling of nanowires by

choosing a fixed spacing of 150 nm and a wire width of 100 nm for the devices studied in

section 2.4 and in chapters 3 and 4.
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In order to further support our attribution of the saw-tooth like IV characteristics, as pre-

sented in figure 2.19a, we analyzed the resistance of the SSPDs as a function of applied Vbias.

A summary of these studies is presented in figure 2.19b showing the total bias circuit re-

sistance R as a function of Vbias for w1 and w2 wide nanowires. R was obtained by taking

the numerical derivative R = ΔV/ΔI of the data presented in figure 2.19a. Here, we clearly

observe a stepwise increase of R starting from the bias resistance of 100 kΩ, when the device

is fully superconducting, and then increasing by Rwire,1 = 36.66 ± 0.12 kΩ for the thinner

wires shown in red and by by Rwire,2 = 22.66± 0.02 kΩ for the thicker wires, as presented in

blue, respectively. The values Rwire,1(2) and their errors were obtained by taking the mean

and standard deviation for all steps observed in the investigated Vbias range. Here, the negli-

gibly small errors of 0.3 % for the w1-device and only 0.09 % for the w2-SSPD directly reflect

the small distribution of wire width w resulting from the optimized lithography and etching

process, as presented in sections 2.2.2 and 2.2.3. Therefore, the error of 5 nm stated for the

determination of w using AFM and SEM is purely limited by the resolution of the respective

measurement system. Since the critical current is not limited by any constrictions and the

width of the lithographically defined nanowires are identical within ≤ 0.3 %, we expect the

efficiencies of our fabricated devices to reach the maximum values possible in these kind of

SSPDs [Ker07a].

2.3.3. Phase diagram and critical current density

The performance metrics of SSPDs exhibit a pronounced temperature dependence [Kit07].

As briefly described in section 2.4.2 and analyzed in detail elsewhere [Kit08, Sen12], both

the detector dark counts and the device efficiency show an exponential dependency on the

temperature. Complementary to these observations, we continue our analysis of the critical

current by presenting temperature dependent studies.

SSPD phase diagram

In figure 2.20 we present the critical current IC as a function of temperature T of a typical

SSPD fabricated from a 22 ± 0.5 nm thick NbN film exhibiting TC = 11.2 ± 0.2 K. The

blue data points represent measured values following section 2.3.1, whilst the red data points

represent the calculated values IC(T ) using

IC(T ) = IC(0) ·

(
1−

(
T

TC

)2
)2

(2.7)

with IC(0) = 40.6 μA, as extracted by fitting the data. Equation (2.7) was obtained as a

phenomenological expression by [Yan07b] for the temperature dependence of IC over a range

of T = 2 K up to T = TC . As indicated in grey, the device is superconducting/normal

conducting below/above the plotted curve.
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Figure 2.20.: Critical current IC as a function of the temperature T . The blue data points were measured

according to section 2.3.1 for a typical SSPD fabricated from a 22 ± 0.5 nm thick NbN film exhibiting TC =

11.2± 0.2 K. The red data points represent the calculated values IC(T ) using equation (2.7). As indicated in

grey, the device is superconducting/normal conducting below/above the plotted curve.

The applied bias current Ib for device operation is ∼ 0.95 · IC and Ib is directly proportional

to the amplitude of the voltage transient corresponding to a single photon event, as described

in section 2.4.1. Therefore, a large critical current is favorable, since large voltage transients

corresponding to each detected photon result in an elevated signal-to-noise ratio. Thus, we

applied an additional radiation shield in our cryostat and a novel method of sample mounting,

as described in detail in appendix A.1. Employing these techniques the sample temperature

could be reduced from ≤ 5 K to ∼ 4.2 K.

Critical current density for thick and thin devices

Before presenting the electro-optical characterization of nominally identical 22±0.5 nm thick

and 4± 0.5 nm thin detectors, we compare these devices with respect to their critical current

densities JC , as defined by equation (2.4). With IthickC (T = 4.3 K) = 39.6 μA and IthinC (T =

4.8 K) = 5.05 μA and by correcting for the different temperatures using equation (2.7) and

[Yan07b], we find the ratio

J thick
C

J thin
C

= 1.3± 0.2. (2.8)

However, since JC is expected to be solely a property of the crystal phase, this ratio should

be close to unity. By defining an effective active film thickness
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deff = dNbN − dOx, (2.9)

where deff is the active thickness of the superconducting NbN layer and dOx is an optically

and electrically dead oxide layer, we found that this ratio becomes unity for dOx ∼ 1 nm,

in excellent agreement with the XPS results presented in figure 2.11. Therefore, SSPDs

fabricated from the 4± 0.5 nm film have an effective thickness deff = 3± 0.5 nm and, due to

their extremely small thickness, are expected to show very high detection efficiencies [Hof10b],

as shown in section 2.4.2.

2.4. Optical properties of SSPDs

Having shown the basic electrical characterization of our detectors based on superconducting

nanowires, we move on by studying their optical response. We begin by presenting the low

temperature operation of SSPDs and the readout of single photon events. By measuring

the time evolution of the voltage and current transients during a single photon events, we

determine the duration, amplitude and lateral extension of photo generated hotspots in thick

and thin devices. Having determined the voltage threshold level of a single photon event, we

then move on by verifying the predictions made by our hotspot measurements. Therefore,

we prove single photon detection and, furthermore, we determine the detection efficiency

and dark count rates of thin and thick devices. Here, we observe a maximum efficiency for

top-illumination of η = 21 ± 2%. We conclude by presenting measurements on the timing

performance of a typical SSPD showing an ultra-fast response of 72± 2 ps.

2.4.1. Single photon detection

Using optimized, predominantly δ-phase NbN films (compare section 2.1) we fabricated SSPDs

in the typical meander-type geometry [Gol01b] using films of various different thicknesses of

4 ≤ dNbN ≤ 22 nm. The SSPD fabrication was performed, as described in section 2.2.

For basic device characterization samples were fabricated consisting of 10 × 10 μm2 NbN

meanders on GaAs, each of which consisted of 41 NbN nanowires with a width of 100±5 nm,

as presented in the SEM images in figure 2.21. In order to electrically address single detectors,

a low-temperature microwave probe station was employed, as described in appendix A.1.

For opto-electrical characterization, the sample was cooled down to T = 4.3±0.1 K and single

detectors are electrically connected to the bias-tee exhibiting an inductance of 1.5 mH and a

capacitance of 0.22 μF (figure 2.21). A fixed bias-voltage Vb in series with a 100 kΩ resistor

is fed into the DC port of the bias-tee, operating the detector at a drive-current

Ib =
Vb

100kΩ
. (2.10)
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Figure 2.21.: Schematic of opto-electrical SSPD characterization setup. A meander-type detector (SEM

pictures on the left) is operated just below the critical current IC by using a bias-tee (1.5mH inductance

and 0.22μF capacitance) connected to a 100kΩ resistor and a constant voltage source Vb. The SSPD can be

modelled as an inductor Lk and a time-dependent resisitor Rn(t). As depicted schematically in the leftmost

SEM image, a normal conducting region Rn is formed upon photon absorption. This leads to a redirection

of the bias current onto the output-capacitor, producing a voltage pulse V (t) which is monitored using an

oscilloscope.

The AC port of the bias-tee is directly connected to a 20 GHz sampling oscilloscope with

a 50 Ω input impedance for pulse-shape measurements, as depicted schematically in figure

2.21. Such meander type nanowire detectors can be electrically modelled as an inductor Lk in

series with a time-dependent resistor Rn(t) [Ker06, Yan07b]. When operating the device with

a bias current ISSPD = Ib, slightly below the device-critical current IC , the absorption of a

photon by a Cooper pair creates a small normal conducting region, a so-called hotspot, which

then extends across the whole wire [Sko74, Sem01]. This process is schematically depicted in

the SEM picture in the upper left panel of figure 2.21. The appearance of Rn �= 0 in the left

arm of the circuit redirects a part of the bias current

Iout = Ib − ISSPD (2.11)

into the right arm leading to a voltage pulse V (t) at the oscilloscope. Due to the ohmic

character of Rn, higher bias currents result in higher voltage pulses, as shown in the V (t)

data presented in figure 2.21 and analysed later in figure 2.23. After hotspot healing, the

recovery of the current is limited to a nanosecond timescale by the rise time τI,rise = Lk/50Ω

[Ker06], thereby limiting the detector count rate to a few hundred MHz.

Hotspot time evolution

To probe the time evolution of the hotspot resistance, both 22± 0.5 nm thick and 4± 0.5 nm

thin SSPDs were operated and measured using the circuit presented in figure 2.21. Laser

pulses with a duration of ∼ 90 ps at an energy of E = 1.305 eV were delivered by a laser

diode with a repetition rate of 80 MHz. Light is focussed onto the detector using a long

working distance compound objective, as described in appendix A.1. Typical voltage pulses
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V (t) are shown in the inset of figure 2.21. For the thick detector the observed pulses could be

detected directly by a 20 GHz sampling oscilloscope, whereas voltage traces originating from

the thin SSPD were amplified using two calibrated low-noise 30 dB high-frequency amplifiers.

For the further analysis, the amplification and pulse shortening due to high-pass filtering of the

amplifiers were corrected to reproduce the original, photo-generated pulse shape. The kinetic

inductance of the corresponding device was determined by fitting an exponential decay to the

falling edge of the voltage trace. The thick SSPD then exhibits Lk = 76 ± 14 nH, whereas

the thin SSPD shows Lk = 393± 20 nH, the difference between the two values being in very

good agreement with

Lk = Lk

∫
ds/A(s) (2.12)

where Lk is the kinetic inductivity, A is the cross-sectional area and integration is performed

along the wire [Ker06, Had05]. The temporal evolution of the hostpot resistivity Rn(t) and

the corresponding current drop ISSPD(t) can then be obtained from V (t) by using an elec-

trodynamic model following previous work [Yan07b]. Rn(t) and ISSPD(t) can be derived by

using the measured voltage trace V (t) to solve the electro-dynamic equations for the circuit

presented in figure 2.21. When considering the center-node and the input impedance of the

oscilloscope, we obtain

Ib(t) = ISSPD(t) + Iout(t) with Iout(t) =
V (t)

50Ω
(2.13)

for the bias current. By defining Vhigh as the potential between the voltage source and the

center-node and Vlow as the potential between the SSPD and ground, we obtain:

Vb = Vhigh(t) + Vlow(t). (2.14)

Assuming that the change in bias current is negligible [Yan07b], since the bias current from our

constant current source is not quenched during a detection event, but redistributed between

ISSPD and Iout, we derive:

Vhigh(t) = 100kΩ× Ib(t) + 1.5mH× İb(t) ≈ 100kΩ× Ib. (2.15)

Furthermore, the output port of the bias-tee can be described by:

V̇low(t) =
1

0.22μF
× Iout(t) + V̇ (t). (2.16)

Combining all equations above and describing the SSPD by a series connection of the time-

dependent resistor Rn(t) and the kinetic inductance Lk, we obtain the following two equations:
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⇒ ISSPD(t) =
Vb − Vlow(t)

100kΩ
− V (t)

50Ω
(2.17)

⇒ Rn(t) =
1

ISSPD(t)
×
(
Vlow(t)− Lk × İSSPD

)
(2.18)

Using the model described above, we are now able to determine ISSPD(t) and Rn(t) by only

measuring the voltage trace V (t) originating from a single photon detection event.

Figure 2.22.: Temporal evolution of the hotspot resistance Rn (red symbols) and detector current ISSPD

(blue symbols) for the 22 ± 0.5 nm thick (a) and 4 ± 0.5 nm thin (b) SSPD. The insets schematically depict

the photon induced resistive region along the nanowire.

The data was recorded for a fixed bias current of Ib = 0.56IC for the thin SSPD and 0.75IC
for the thick one, as indicated by the dashed blue lines in figure 2.22. The current through

the detector ISSPD(t) (blue symbols) and the hotspot resistance Rn(t) (red squares) are

presented on logarithmic scales in figure 2.22 for the thin detector (a) and the thick detector

(b), respectively. For the thick detector the resistance builds up within 1.3 ns to a maximum

value of Rmax = 72 Ω and then reduces to zero within ∼ 0.8 ns. In contrast, the thin SSPD

shows a 35× larger maximum resistance of 2.5 kΩ which is ∼ 50% smaller than typical values

for SSPDs on MgO substrates [Yan07b]. Furthermore, when compared to the thick device

the resistance build-up and healing takes place over much faster timescales (0.7 ns and 0.4 ns,

respectively).

For both cases, a drop of ISSPD is observed shortly after the hotspot resistivity starts to

build up, delayed by the kinetic inductance of the device. For the thick detector, the current

drops to 74% (34 − 25 μA), whereas the current through the thin detector reduces to 6%

(3.4 − 0.2 μA), reflecting the much higher resistance of the thin device. Again, delayed by

the kinetic inductance, the current then recovers with a rise time of 1.5± 0.3 ns for the thick
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detector and 7.9 ± 0.4 ns for the thin one, the difference arising from the film thicknesses.

However, the 34× larger hotspot resistivity of the thinner detector cannot be explained by a

5.5× smaller film thickness alone.

As the build-up of a resistive region across the entire wire upon photon absorption is de-

termined by a complex interplay of various effects [Gol05, Yan07b, Gol01b], as presented in

section 1.4, we present here a qualitative explanation for the observed behavior. To get a

better understanding of the responsible mechanisms, the horizontal extension of the hotspot

along a nanowire is estimated for both cases. With the knowledge of the ohmic resistance

Rwire of a single nanowire of length lwire for temperatures T > TC , the horizontal exten-

sion of the photon induced resistive region lmax along the nanowire can be estimated to be

lmax = lwire×Rmax/Rwire. Here, Rwire is determined from the current voltage characteristics

of the investigated devices where a sequential switching of the nanowires from superconduct-

ing state to normal conductivity is observed. Now lmax can be estimated to be 270± 10 nm

for the thin detector and 30 ± 8 nm for the thick detector, as schematically shown in the

insets of figure 2.22. Here, the larger hotspot extension of the thinner detector promotes a

faster cooling of the resistive region via phonon emission into the adjacent GaAs substrate.

In addition, thermal boundary conductivity at the NbN/GaAs interface scales with 1/dNbN

[Yan07b] and, hence, is expected to be significantly higher for the thin device. In the case of

the thick detector the initially photon-created hotspot with an extension of ∼ 13 nm [Mai10]

cannot extend as fast and wide as for the thin device due to heat transfer within the wire

[Yan07b]. Here, cooling inside the comparatively larger heat sink provided by the surrounding

nanowire takes place, before switching of the side channels [Gol05, Gol01b] and creation of the

entire resistive region occurs. Therefore, if the photon absorption leads to a detectable event,

the resistance and its lateral extension are expected to be smaller, since hotspot quenching

is promoted during the longer resistance built up, as observed in figure 2.22. These consid-

erations suggest a considerably lower dark count rate for thick SSPD devices, however, at

the price of a much smaller detection efficiency, as experimentally investigated throughout

section 2.4.2.

Threshold level for single photon events

For a noise free detector operation, we set an event - threshold level Vt that rejects the noise of

the readout-electronics but does not cut off any photon detection events. In order to find the

optimum value of Vt, the device was illuminated with a constant calibrated photon flux and

a histogram of the amplified voltage pulses of the detection events was recorded for different

values of I/IC .

The results of typical measurements are presented in figure 2.23 for the 4 ± 0.5 nm thin

(leftmost panel) and 22± 0.5 nm thick (rightmost panel) detectors. For these measurements

the maximum output voltage was recorded within each trigger cycle, as given by the laser

repetition rate. The data presented shows the average over 500 independent measurements.

In this way, the number of events depicted in the histogram reflects the number of registered

photon detection events per time and, therefore, when compared with the calibrated incident
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Figure 2.23.: Histograms of the amplified voltage pulses resulting from hotspot detection events for different

bias currents Ib in units of IC . The leftmost (rightmost) data sets were obtained from SSPDs defined with

4± 0.5 nm / 22± 0.5 nm thick films.

photon flux on the detector, the corresponding detection efficiency. As one would expect from

other reports in the literature [Div08, Dor11], the detection efficiency scales exponentially with

the drive current. This effect can be clearly seen in the data recorded for the thick detector

and will be studied in greater detail in section 2.4.2. In contrast, the thin detector was

operated in saturation, so the histograms show no increase of the registered events for higher

drive currents. Besides, a clear shift of the mean pulse height is observed for increasing bias

currents reflecting the ohmic nature of the photon induced resistive region. For the count-rate

measurements to determine the device detection efficiency, as presented later in figure 2.24,

the voltage threshold level was set to be 80 mV for the thin SSPD and to 700 mV for the

thick detector, respectively.

2.4.2. Detection efficiency and dark counts

For the detectivity and dark count measurements, presented in figure 2.24, the oscilloscope in

the circuit in figure 2.21 is replaced by two low-noise 30 dB high-bandwidth amplifiers which

are connected to a 350 MHz frequency counter, as described in detail in appendix A.1. The

respective SSPD is now operated at a fixed bias current ratio I/IC , as indicated for each data

series presented in figure 2.24. The device was illuminated using a laser beam with a carefully

calibrated circular intensity profile with a diameter of dbeam = 5.5± 0.1 mm (see figure 2.24b

- inset).
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Figure 2.24.: Number of detected photon events as a function of the top-incident photon number for a

4 ± 0.5 nm thin SSPD (a) and a 22 ± 0.5 nm thick SSPD (b), respectively. Data is shown in a double

logarithmic plot and presented for different I/IC ratios. The corresponding dark count rates are indicated by

the dashed lines on the left. The solid lines are linear fits with slopes of 0.98±0.02 (thin device) and 1.09±0.03

(thick device) revealing the single photon character of the detected events. A maximum detection efficiency of

21± 2% is reached for the 4± 0.5 nm detector at 0.98IC , whereas the 22± 0.5 nm SSPD shows 0.004± 0.001%

detectivity for a current of 0.99IC . The inset shows the measured beam profile used for illumination in a

contour plot. The red line superimposed on the contour plot represents a horizontal cross-section of the beam

profile.

The recorded number of events per second (open symbols in figure 2.24) is then corrected for

the respective dark count rate (dashed line in figure 2.24). In order to calibrate the incident

photon arrival rate on the detector, the beam profile was mapped by scanning the beam across

a 500 ± 100 μm diameter pinhole and measuring the transmitted power profile, as shown in

the inset of figure 2.24b. A horizontal cross-section of the beam profile at Y = 5 mm is shown

in red. Now the number of incident photons on the detector can be calculated using

Nγ =
P

�ω
× ASSPD

πd2beam/4
× ξloss × ξbeam (2.19)

with the average power of the beam P , the photon energy �ω, the active area of the detector

ASSPD, the measured losses at cryostat windows ξloss and the correction factor arising from

the detector position within the beam profile ξbeam. For both the 4±0.5 nm thin (figure 2.24a)

and the 22± 0.5 nm thick (figure 2.24b) detector we observe a clear linear increase of photon

detection events as a function of the incident photon number in this double logarithmic plot

for all shown bias current ratios, proving that the detectors operate in the single photon

regime [Mai10, Div08]. The solid lines are fits with an exponent of 0.98 ± 0.02 for the thin

SSPD and 1.09± 0.03 for the thick one, respectively. The fact that the observed behavior is

slightly super-linear for the thick device suggests that a small percentage of detected events
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arises from double photon events, in agreement with expectations for larger detector areas

[Mai10]. For both the thin and thick SSPDs the dark count rate as well as photon counts at

a fixed photon flux scale exponentially with I/IC , which is in good agreement with previous

publications [Div08, Dor11].

To estimate the maximum device detection efficiency, the number of detected events is divided

by the number of incident photons at 0.98I/IC for the thin, 4 ± 0.5 nm detector and for

0.99I/IC for the thick, 22 ± 0.5 nm one, respectively. This was done for the maximum

possible photon flux that did not push the detector permanently into a normal conducting

state caused by a reduction of the critical current due to device heating [Yan07b]. In this

way the detection efficiency η for top-illumination using light at 950 nm was determined

to be η = 21 ± 2% for the thin detector at a dark count rate of 52000 per second. This

compares very well to the current state-of-the-art NbN SSPD detectors on GaAs that have

been reported to have a normal incidence detection efficiency of 18.3% at 1300 nm [Gag10b],

as well as to findings reported for other substrates [Kor05, Gol05, Gol01b]. Also the high dark

count rate compares well with the other values reported in literature [Spr11]. In contrast,

the thick SSPD exhibits a much lower detection efficiency η = 0.004± 0.001% with an almost

negligible dark count rate of only 3 per second. This observation is fully expected from the

hotspot analysis presented in figure 2.22 and is in very good accord with the findings reported

in [Hof10b].
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Figure 2.25.: Maximum SSPD efficiency for top-illumination η as a function of film thickness dNbN , measured

for T = 4.2 K. The data for the thinnest and thickest film corresponds to the measurements presented earlier in

figure 2.24, whereas the data obtained for 10± 2 nm corresponds to the average values of a total of 4 analyzed

samples of different thicknesses.
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2.4 Optical properties of SSPDs

We continue by comparing the performance metrics obtained for thick and thin devices with

data of SSPDs exhibiting an intermediate film thickness. Figure 2.25 compares the maximum

efficiency η of different film thicknesses with 4 ≤ dNbN ≤ 22 nm. Here, the data for the

thinnest and thickest film corresponds to the measurements presented earlier in figure 2.24,

whereas the data obtained for 10 ± 2 nm corresponds to the average values of a total of

4 analyzed samples of different thicknesses. We observe a pronounced decrease of η with

increasing film thickness being fully consistent with the expectations of the hotspot model

[Kor05, Gol05, Yan07b] and previous experimental findings [Hof10b]. Here, a significant

decrease of η is expected when the film thickness becomes comparable to the hotspot size

[Mai10]. Therefore, thin films with thicknesses dNbN = 4± 0.5 nm are favorable for reaching

high efficiencies.

However, considering the data presented earlier in figure 2.24, we note that η varies more

slowly than the dark count rates with the bias current. For example, when comparing the

blue and red data sets in figure 2.24a, we observe a decrease of the dark counts by more

than one order of magnitude from ∼ 52000 to ∼ 2000. In contrast, η, as extracted from the

maximum top-illumination single photon events, only varies by a factor of ∼ 2 for reducing

the current from 0.98 IC to 0.90 IC .Thus, when operating a 10 ± 0.5 nm thick SSPD at

0.95 IC , the device exhibits a moderate detection efficiency of ∼ 0.1% but negligible dark

counts of ≤ 1 cps. In addition, dNbN = 10 ± 0.5 nm thick SSPDs proved themselves to be

very robust against fabrication imperfections showing average device yields exceeding ∼ 90%

of working devices per chip even for active, QD loaded substrates, as used later in chapters

3 and 4. Therefore, we chose to fabricate the devices for the on-chip detection samples using

10±0.5 nm thick NbN films representing the ideal compromise of a moderately high detection

efficiencies, negligible dark count rates and very high fabrication yields.

2.4.3. Timing performance

We move on by studying the temporal response of our SSPDs. As described in section 1.2 the

typical temporal resolution of avalanche single photon detectors (SPADs) fabricated from Si

is 300−400 ps [Ste06a]. Although next generation SPADs can exhibit timing jitters as low as

35 ps [Had09], they are still significantly slower than typical SSPDs [Kor04, Gol05], as shown

below.

In order to extract the timing performance of our detectors, we operated SSPDs according to

section 2.4.1 and measured their corresponding instrument response function (IRF). Single

devices were electrically contacted in the low-temperature electrical probe-station, described

in appendix A.1 and illuminated with a ps-pulsed laser diode emitting ∼ 60 ps pulses at 1.302

eV at a repetition rate of 80 MHz. The instrument response function of individual SSPDs

was recorded with a 20 GHz band-width sampling oscilloscope. Hereby, the trigger input of

the oscilloscope was connected to the laser trigger signal, whereas the signal was connected
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to the amplified SSPD signal (see section 2.4.1). Using this setup, the timing jitter of the

temporal detector-response could be measured.
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Figure 2.26.: Instrument response function of a typical SSPD plotted as blue squares. The 10± 0.5 nm thick

device was operated at 4.2 K and 0.95 IC . The red solid line represents a Gaussian fit, resulting in a FWHM

of 72± 2 ps.

The results of a typical IRF measurement are presented in 2.26 showing the actual data-points

as blue squares and a Gaussian fit in red. By extracting the FWHM of the fitting function,

the timing resolution of the SSPDs can be determined to 72± 2 ps. Due to the ∼ 60 ps pulse

duration of the diode-laser pulses used, the value for the IRF most likely is limited by the

laser pulse width. Furthermore, SSPDs of similar geometries were reported to exhibit values

as low as 18 ps [Gol05, Per12a]. However, for all experiments on quantum dots with typical

lifetimes of ∼ 1 ns, as presented throughout chapters 3 and 4, the value obtained in figure

2.26 is more than sufficient.

Throughout chapter 2 we presented the optimization of the NbN thin film deposition process

using reactive magnetron sputtering. Thereby, we obtained atomically thin, superconducting

δ-phase NbN films being suitable for single photon detection. Furthermore, the optimiza-

tion of the fabrication process of SSPDs including electron beam lithography and reactive

ion etching was presented. Finally, the complete electro-optical characterization of SSPDs

was demonstrated, thereby showing that the devices are suitable for on-chip integration with

waveguides and quantum dots, due to their high efficiencies, low dark count rates and pi-

cosecond timing resolution.
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CHAPTER 3

Integration of sources, waveguides and detectors

Throughout this chapter, we build up on the technology described in chapter 2 in order to

develop waveguide coupled SSPDs for in-situ detection of quantum dot (QD) luminescence.

Therefore, we start by optimizing both the emitter-waveguide and the waveguide-detector

coupling. We systematically simulate the mode profiles, propagation and absorption losses

and the dipole emission fraction intro the waveguide. Having optimized the basic device

characteristics, the fabrication technology for low-loss active and passive GaAs/Al0.8Ga0.2As

ridge waveguides will be presented. By characterizing the different types of devices featuring

spatially and temporally resolved low-temperature opto-electrical measurements, we prove

that the on-chip detected light stems almost exclusively from the emission of the embedded

emitters. Employing the QDs as calibrated light sources, we determine the on-chip detection

efficiency to by ∼ 1%, thereby significantly exceeding the efficiency for top-illumination. We

continue by utilizing the fast response of the integrated SSPDs to probe ultra-slow exciton

capture and relaxation dynamics. Time-resolved luminescence measurements performed with

on- and off-chip detection reveal a continuous decrease in the carrier relaxation time from

τr = 1.22 ± 0.07 ns to 0.10 ± 0.07 ns upon increasing the number of non-resonantly injected

carriers. By comparing off-chip time-resolved spectroscopy with spectrally integrated on-chip

measurements we identify the observed dynamics in the rise time as arising from a relaxation

bottleneck at low excitation levels. A characteristic τr ∝ P 2/3 power law dependence is ob-

served suggesting Auger-type scattering between carriers trapped in the quantum dot and the

two-dimensional wetting layer continuum circumventing the phonon relaxation bottleneck at

higher excitation power levels. The data presented throughout this chapter will introduce the

fundamental concepts for the demonstration of a prototype quantum optical circuit, described

in chapter 4.
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3.1. Device design and optimization

In order to detect single photons on a chip with an integrated SSPD, we focused on a very

simple prototype system, consisting of quantum dots coupled to the SSPD via a waveguide.

Therefore, we chose to lithographically define GaAs/AlGaAs ridge waveguides with a sin-

gle layer of InGaAs quantum dots embedded in its midpoint for the active samples and no

quantum dot layer for the passive test structure. After the epitaxial growth of the semicon-

ductor material, NbN-SSPDs were defined using the techniques described in section 2.1 and

2.2. Subsequently, waveguides were formed in a way, that the detectors cover the endpoints

of the waveguides. In total, four different types of waveguide-coupled detector samples were

investigated throughout this thesis:

• Passive waveguides featuring a bend

• Active waveguides featuring a bend

• Straight, active waveguides with a pair of opposite SSPDs

• Ultra-long active waveguides with absorbing sample-backside and double-SSPDs

From this list the first three ones are presented in chapter 3, whereas the last one is studied

in chapter 4.

3.1.1. Waveguide - detector coupling

We start by focusing on the coupling between the SSPD and the waveguide. Therefore,

the most intuitive approach is to place the SSPD on top of the waveguide and consider the

evanescent field at the resulting GaAs-NbN interface. Due to this exponentially decaying

field, outside the waveguide and inside the NbN detector, a constant fraction of the light

intensity per length unit gets absorbed inside the SSPD. As demonstrated for NbN-SSPDs on

passive GaAs [Spr11] and Silicon [Per12a] waveguides, the highly efficient evanescent coupling

for detectors with 40 μm length results in single photon detection efficiencies being as high as

91% for waveguide coupled SSPDs. Building up on this work we will optimize the sample ge-

ometry to minimize waveguide propagation losses and maximize waveguide-detector coupling

by studying simulations of the mode profile and effective refractive index of guided modes.

The software that was employed for all simulations presented throughout section 3.1.1 is the

commercial grade finite difference eigenmode (FDE) solver Lumerical. Thereby, this solver

calculates the spatial profile and frequency dependence of modes solving Maxwell’s equations

on a cross-sectional mesh of the waveguide [Sol14]. In detail the mode field profiles, effective

index, and loss for each mode supported by a specific waveguide geometry are calculated. All

simulations were performed for light with an energy of 1.305±0.073 eV, representative for the

QD emission energy typical for our samples, as presented in the PL spectra in figure 3.14a,
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3.1 Device design and optimization

3.16a, 4.8a and 4.8c. The refractive indices for the waveguide and the cladding n(GaAs) = 3.4

[Bla82] and n(Al0.8Ga0.2As) = 3.1 [Pik80] are assumed to be constant in the energy interval

considered here. Furthermore, following the measurements presented in section 2.1.5, we used

a refractive index for the NbN-SSPD of n(NbN) = (3.5± 0.1) + i · (3.8± 0.2).

Simulation and optimization of passive waveguides

To achieve low-loss guiding of light of a certain wavelength within the optical modes of a ridge

waveguide, we optimized the geometrical parameters of the waveguide structure. Therefore,

we simulated the mode profiles, effective refractive indices and corresponding losses while

varying one parameter. We start by considering a hWG = 250 nm thick and wWG = 5 μm

wide GaAs waveguide grown on a Al0.8Ga0.2As cladding layer, as depicted schematically in

the inset of figure 3.1a. The whole layer sequence is considered as being grown on a GaAs

substrate. The waveguide thickness determines the concentration of the mode inside the

waveguide and, thereby its evanescent parts outside the waveguide. Therefore, this parameter

directly influences the effective refractive index and the corresponding losses of the mode. It

was found that a waveguide thickness of hWG = 160 nm leads to very high propagation losses

of 90 dB/cm, whereas hWG = 250 nm results in negligible losses, as presented in figure 3.1a.

In a second optimization step, we kept hWG = 250 nm fixed and varied the thickness of the

underlying cladding dclad to obtain optimal light confinement.

Figure 3.1.: (a) Propagation losses of the fundamental waveguide mode TEM00 as a function of Al0.8Ga0.2As

thickness. The waveguide geometry is schematically depicted in the inset. (b) Intensity profiles of the first

four simulated optical modes of the dielectric waveguide.

Figure 3.1a shows the propagation losses of the fundamental transverse electro-magnetic mode

TEM00 as a function of Al0.8Ga0.2As thickness, whereas figure 3.1b depicts the intensity

profiles of the simulated modes. A strong decrease of the losses from 0.002 dB/μm for dclad =
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0.5 μm to 1.9 · 10−9 dB/μm for a cladding-thickness dclad ≥ 1.5 μm is observed. The rather

large optical losses for dclad < 1.5 μm suggests that the evanescent field at the waveguide-

cladding interface penetrates through the whole Al0.8Ga0.2As barrier and reaches into the

substrate. This suggestion is further supported by the large decrease of the optical losses over

more than six orders of magnitude for an increasing cladding thickness and the according

increasing waveguide-substrate separation.

The characteristic behavior of the simulated losses of the TEM00 mode for an increasing

waveguide-substrate separation is representative for all the higher modes guided in this waveg-

uide geometry. When considering the simulated intensity profiles of the first two even modes

TEM00,20 and the first two odd modes TEM10,30 in figure 3.1b, it is apparent that the evanes-

cent field reaches similarly far into the cladding for all four modes considered here. Therefore,

we conclude that a cladding thickness of dclad ≥ 1.5 μm is sufficient for highly efficient guiding

of light with negligible simulated propagation losses < 2× 10−6 dB/mm. In the following all

simulations are performed for hWG = 250 nm with dclad = 2.0 μm. Furthermore, all samples

considered here are grown with this cladding thickness. However, we expect the losses of an

actual waveguide of this geometry to exceed the simulated value, as the simulation does not

include growth and fabrication imperfections that break the translation symmetry along the

waveguide axis.

Optimization of WG-SSPD coupling - waveguide width

Having determined the optimum cladding thickness resulting in negligible losses, we continue

by placing a detector on top of the waveguide and then simulate the in-coupling efficiency of

light from the waveguide into the detector. Here, the evanescent field at the GaAs-air interface

reaches into the SSPD and gets partially absorbed. The simulated structure including the

detector and the mode profile of the TEM00 and TEM10 modes are presented in the insets

of figure 3.2. Since the simulated propagation losses within the passive waveguide are as low

as 1.9 · 10−9 dB/μm, we can introduce the losses of the active, NbN covered structure as a

measure for light in-coupling into the SSPD.

Figure 3.2 summarizes our studies of the simulated in-coupling efficiency of light into the

SSPD as a function of waveguide width wWG for the first 10 TEM modes guided in the

waveguide. The results were obtained for a detector consisting of 6 NbN nanowires of 100 nm

width placed on top of the waveguide, as depicted in the inset of figure 3.2. Upon increasing

wWG from 0.75 μm to 5.0 μm, the number of guided modes increases, starting from just

the first even mode TEM00 and increasing to a total of 10 modes for the widest waveguide

simulated. At the same time the light in-coupling gradually decreases from ∼ 0.26 dB/μm

for TEM00 in a 0.75 μm wide waveguide by ∼ 5× for wWG = 5 μm, being representative for

the even modes in the waveguide width range studied here. This can be understood by the

fact that for wider waveguides more light intensity is guided off-center, away from the active

NbN region, an effect that dominates especially for odd modes that have an anti-node at the

center.
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Figure 3.2.: Efficiency of light incoupling from the waveguide into the detector for the first five even modes

TEM00,20,40,60,80 and the first five odd modes TEM10,30,50,70,90 as a function of waveguide width wWG. All

simulations were performed for 6 NbN nanowires of 100 nm width placed on top of the waveguide. The two

insets depict the intensity distribution inside the waveguide for TEM00 in the top panel and TEM10 in the

bottom panel, respectively.

In contrast to the even modes, the odd modes show a ∼ 3.2× lower light in-coupling, when

comparing TEM00 and TEM10 for wWG = 1.25 μm in figure 3.2. Furthermore, this deviation

between the first even and the first odd mode increases drastically to a factor of ∼ 67, as

the waveguide width reaches 5.0 μm. However, when considering the next higher odd modes

TEM30, TEM50, etc it becomes apparent that the deviation between light in-coupling of

even and odd modes lessens towards an only ∼ 1.6× higher in-coupling for TEM80 compared

to TEM90. The fact that odd modes exhibit a generally lower coupling to the SSPD can

be easily understood, when considering the intensity profile of the corresponding mode, as

depicted in the inset of figure 3.2. Here, TEM00 has an anti-node at the waveguide center

where the detector is placed, whereas TEM10 exhibits a node at the center. Therefore, the

evanescent field of the even mode will penetrate much stronger into the SSPD compared to

the odd mode. However, since more and more nodes appear near the center region, this effect

becomes weakened for higher odd modes like TEM30, as depicted in figure 3.1b.

In order to reach optimum coupling between the waveguide mode and the detector, the data

in figure 3.2 suggests single-mode waveguides with wWG ≤ 1.0 μm. However, as shown

later in figure 3.5, wide multi-modal waveguides exhibit a higher collection efficiency of the

light emitted by a dipole source being integrated in the waveguide. Therefore, we continue

by investigating the influence of increasing the areal coverage of the waveguide with active

medium.
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Optimization of WG-SSPD coupling - filling factor

Having investigated the waveguide-detector light in-coupling as a function of waveguide width,

we found a strong/weak decrease in evanescent coupling efficiency for odd/even modes. We

now continue by varying the filling factor

η =
wNbN

wWG
(3.1)

of the SSPD having a width wNbN with respect to the wWG wide waveguide. For the following

simulations wWG was kept constant to 5 μm.

Figure 3.3.: Simulated light in-coupling efficiency as a function of the NbN filling factor η. The data is

presented for the first three even modes TEM00,20,40 and the first two odd modes TEM10,30. The inset shows

the intensity distribution of the first even and first odd mode, respectively.

Figure 3.3 summarizes the simulated in-coupling efficiency of the first three even modes

TEM00,20,40 and the first two odd modes TEM10,30. The filling factor was varied over a

range of 0.08 ≤ η ≤ 0.64. Over the whole range of η we observe an increase of light in-

coupling over three orders of magnitude from 7.1 · 10−4 dB/μm to 0.23 dB/μm for TEM10,

whereas TEM00 only shows a slight increase and clear saturation from 0.048 dB/μm to 0.28

dB/μm. The large difference of in-coupling between even and odd modes was previously ob-

served in figure 3.2 and attributed to a larger overlap of the evanescent field and the detector

area for even modes.

For the data presented in figure 3.3 the strong increase and saturation of light in-coupling

for odd modes can be understood when considering the intensity distribution of TEM00 and

TEM10, as depicted in the insets. Especially for the odd mode an increase of η leads to a

58



3.1 Device design and optimization

larger overlap of the evanescent field component of the waveguide mode with the two intensity

maxima located in the side-channels of the waveguide.

In conclusion, we note that a fill-factor of η > 0.6 fully compensates for the drastically lower

in-coupling efficiency in waveguides with wWG > 1.0 μm for odd modes, as observed in

figure 3.2. In the following we fabricated and investigated samples with η ≥ 0.6 leading to a

saturated light in-coupling of 0.23± 0.06 dB/μm for even as well as odd modes.

Influence of detector-shift from center

Having determined the optimum detector filling factor to fully compensate the lower light

in-coupling of odd TEM modes, we continue to investigate the influence of a shift of the

SSPD with respect to the waveguide center. In an actual sample this can be the case due

to alignment imperfections during the lithography process. Furthermore, as briefly described

in chapter 5 and [Sah13], by introducing a second, independently contacted and off-center

positioned detector next to the first one, one can implement an integrated auto-correlator to

probe the quantum statistics of the optical field.

Figure 3.4.: Simulated light in-coupling efficiency as a function of the detector shift ΔD from the waveguide

center. The insets depict the intensity distribution of the fundamental TEM00 mode for ΔD = ±0.8 μm.

Figure 3.4 summarizes our studies of the light in-coupling efficiency as a function of detector

shift ΔD for a 5 μm wide waveguide covered with an NbN-SSPD of fill-factor η = 0.2. The

simulated data is presented for first three even modes TEM00,20,40 and the first two odd

modes TEM10,30. As the SSPD shift is varied over −0.8 μm ≤ ΔD ≤ 0.8 μm, the in-coupling

shows almost no change for modes TEM00,30,40 with a deviation of only 7.8%. However, for

TEM10,20 the light in-coupling exhibits an oscillatory behaviour with a maximum change of
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light in-coupling of 28.8%. Considering the intensity distribution of the fundamental mode

TEM00, as depicted in the insets for ΔD = ±0.8 μm, a dragging of the mode towards the

detector is observed. This ”mode-drag” can be understood by the higher effective refractive

index the mode experiences at the detector position. As determined in section 2.1.5, NbN

has a considerably higher real part of the refractive index 
 (n(NbN)) = 3.5± 0.1 compared

to vacuum.

Therefore, we conclude that small detector-shifts of 0.8 μm/5.0 μm = 16% from the waveguide

center do not seriously harm the device functionality. For this particular shift an over-all light

in-coupling reduction of only ∼ 16.2% is expected, when assuming a similar probability that

a photon is emitted into one of the first five modes and assuming that the next higher modes

show a similar behavior.

3.1.2. Waveguide - emitter coupling

Having simulated and optimized the coupling between a multi-modal GaAs ridge waveguide

and a NbN-SSPD placed on top, we move on to investigate the coupling between QDs acting as

integrated single photon sources and and the waveguide. In detail, we simulated the photon

emission of a dipole source being embedded within the waveguide. For small waveguide

mode volumes, as present in photonic crystal waveguide structures, an increase of the photon

emission probability due to Purcell enhancement [MR07, Pat09] is expected. In contrast, this

Purcell effect is expected to be weak in a broad ridge waveguide with Purcell factors ∼ 1.

Therefore, our main goal of the optimization is to minimize propagation losses of the light

emitted by the embedded QD.

Finite difference time-domain simulation

In order to simulate the light emission of a dipole source embedded in a waveguide, we

operate the commerical grade finite difference time-domain (FDTD) solver Lumerical. Here,

the partial derivatives in Maxwell’s equations are formulated as finite differences in both space

and time. After having set the geometry, the initial and boundary conditions of the simulation

to match the parameters used in section 3.1.1, the electro-magnetic field components are solved

on a three-dimensional grid for each time-step. During the simulation the dipole source is not

switched off, so that it acts like a QD producing a constant stream of photons. To further

represent the QD of a real sample, the dipole position was chosen at the waveguide midpoint

z = 0 nm (compare figure 3.7b) and its orientation was chosen such that the axis of the dipole

is orientated along the z-direction.

Dipole emission into waveguide modes

Having run the simulation for times exceeding the waveguide propagation time, we can extract

the light intensity distribution for a cross-section at the location of the dipole source at the

waveguide mid-point z = 0 nm in growth direction to obtain a steady-state solution.

60



3.1 Device design and optimization

10 20 30 40 50 60 70 80
10-4

10-3

10-2

10-1

100

101

1.0

(a)

no waveguide

15.0
8.8
4.0
2.5

Waveguide width (μm)

Tr
an

sm
itt

ed
in

te
ns

ity
(a

rb
.u

.)

Distance from dipole d (μm)

Figure 3.5.: (a) Transmitted light intensity emitted by a dipole as a function of distance d from the source.

The data is plotted for several waveguide widths increasing from 1.0 μm (purple squares) to 15.0 μm (black

squares). Similarly strong propagation losses of 157 ± 24 dB/mm are observed for all simulated waveguide

widths, whilst the reference data for no waveguide shown in blue exhibits the characteristic ∝ d−3 dependence.

(b) Steady-state light intensity distribution of a dipole source embedded in a waveguide. The data shows a

cross-section at z = 0 nm a is presented for a 15.0 μm/1.0 μm wide waveguide at the top/bottom.

Figure 3.5a depicts the transmitted light intensity of the dipole source embedded in the

waveguide as a function of distance d from the source on a semi-logarithmic scale, whilst

figure 3.5b shows the intensity distribution for a waveguide cross-section at the dipole location

z = 0 nm. The values in 3.5a are presented for waveguide widths increasing from w = 1.0 μm

to 15.0 μm and were obtained by integrating over vertical (x = const. = d) intensity-cuts

through the waveguide, as schematically depicted in figure 3.5b - lower panel. The reference

simulation without a waveguide is presented in blue and exhibits the characteristic ∝ d−3

dependence expected for dipole radiation, therefore indicating that the method employed

here works as intended.

By fitting exponential decays to the the simulated transmission in figure 3.5a, we can extract

the propagation length, as shown by the solid lines. Here, we obtain similar values of 28±4 μm

for all data, corresponding to losses of 157± 24 dB/mm. This indicates that the propagation

losses are not affected by the waveguide width. The rather high value of the losses compared

to the values that will be experimentally determined in section 3.2.5 originate from the only

50 nm thin Al0.8Ga0.2As barrier underneath the waveguide. As previously demonstrated by

the data depicted in figure 3.1a, a very thin waveguide cladding leads to a drastic increase of

the propagation losses. The thin cladding had to be chosen to keep the time required for the

simulation within reasonable bounds. Therefore, the simulated losses should not be compared

to the real, experimentally observed values of section 3.2.5. However, the qualitative trend

of the data still gives useful advice for sample design by suggesting the use of broad, multi-
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modal waveguides, as we observe a drastic increase of the overall transmitted intensity for

wider waveguides. In order to explain this observation, we first consider the angle of total

internal reflection αcrit

αcrit = sin−1

(
1

nGaAs

)
≈ sin−1

(
1

3.4

)
≈ 17.1◦ (3.2)

at the GaAs waveguide/vacuum boundary. The intensity loss for k-vector components which

correspond to angles steeper than αcrit can clearly be observed in figure 3.5b-upper panel

at the GaAs/vacuum boundaries. When additionally considering the intensity decay of the

dipole source with d−3, it becomes apparent that for thinner waveguides significantly more

intensity radiated by the dipole gets lost at the waveguide edges over the first few μm of

propagation inside the waveguide.

We conclude that the FDE simulations presented in section 3.1.1 and the FDTD simula-

tions shown in section 3.1.2 represent powerful techniques to optimize the sample design with

respect to both emitter-waveguide and waveguide-detector coupling. The geometry of the

waveguide, the cladding thickness and the detector filling factor were optimized to allow for

a near-unity absorption probability of waveguide photons inside the SSPD. It was found that

this absorption can be reached for even and odd modes guided inside the waveguide. Addi-

tionally, the detector-waveguide coupling was found to be mostly insensitive to small shifts

of the detector with respect to the center of the waveguide. Finally, FDTD simulations of a

dipole source embedded inside the waveguide resulted in propagation losses being independent

from the waveguide width. However, the totally guided intensity emitted from the dipole is

significantly increased when using 15.0 μm broad, multi- modal waveguides as compared to

1.0 μm wide single-mode waveguides.

3.1.3. Fabrication of optimized GaAs ridge waveguides

In addition to the findings obtained from the simulations presented in the previous section,

the dependence of losses on the width of a non-ideal, actually fabricated waveguide is quasi-

exponential [Vla04]. This can be explained due to the strong enhancement of mode-interaction

with the etched sidewall surface for decreasing waveguide cross-sections. Therefore, we chose

to fabricate nominally 250 nm thick, 20 μm broad, multi-modal GaAs ridge waveguides on

an Al0.8Ga0.2As cladding layer of 2 μm thickness. This parameter set was chosen based on

the simulations presented in section 3.1.1 and 3.1.2. A safety margin in the waveguide width

of 5 μm with respect to the simulated 15 μm was included to prevent damaging of the SSPD

on top of the waveguide due to lateral etching.

For the fabrication of high-quality ridge waveguides we introduced new steps into our standard

protocol for lithographically defined NbN-SSPDs on GaAs substrate. In detail, the following

steps were inserted between (f) and (g), as depicted in figure 2.14:
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3.1 Device design and optimization

1. Spin coating 1.8 μm positive optical resist onto the sample.

2. Exposure and development of waveguide mask ⇒ SSPD, contact pads and waveguide

region are now protected by resist.

3. Wet-chemical etching of 250 nm GaAs in a highly diluted citric acid solution to produce

smooth waveguide sidewalls and subsequent resist removal in acetone.

The complete set of fabrication parameters can be found in appendix B, whereas a schematic

sketch/SEM image of the resulting structure is presented in figure 3.7a/3.8b - inset. In order

to obtain the desired etching depth and to produce the smooth sidewalls needed for low loss

guiding [Vla04], we optimized the etching recipe with respect to the hard-bake time, hard-

bake temperature, the citric acid dilution, the etching duration and etching temperature.

For this optimization nominally 12 μm wide test-waveguides were defined on the nominally

250 nm thick MBE grown GaAs layer.

Figure 3.6.: Height profile of a test-waveguide structure as obtained by AFM. The data points represent

a vertical cross-section through the waveguide, whereas the inset represents the actual 2d-map of the height

profile of the etched GaAs waveguide on top of the Al0.8Ga0.2As cladding.

After resist removal the test-structure was analyzed using atomic force microscopy (AFM) to

obtain a 2d-map of the height profile of the etched GaAs waveguide on top of the Al0.8Ga0.2As

cladding. A typical example of such a scan is presented in the inset of 3.6. Here, the data

points represent the height profile of a vertical cross-section showing a 8.8 ± 0.2 μm wide

and 214 ± 2 nm thick waveguide. Therefore, we conclude that the actual waveguide width

is ∼ 3 μm smaller than the nominal value due to resist-development during the lithography

and due to lateral etching of the waveguide sidewalls. Furthermore, the measured thickness
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of the waveguide is ∼ 14% less than its nominal value. However, from FDE simulations of

waveguide losses we know the structure to be insensitive to this thickness variation and did

not grow a new wafer with adjusted MBE parameters. Apart from these small deviations from

the nominal geometry, the waveguide surface appears smooth with a 2 nm height fluctuation

and only a few spikes stemming from residual resist. Additionally, the sidewalls appear steep

and smooth, thus motivating to go one step further and to combine such an etched waveguide

with the SSPDs, as described in chapter 2. First experiments on such a waveguide-coupled

SSPD sample with embedded QDs acting as integrated single photon sources will be presented

throughout the following sections.

3.2. On-chip photo-luminescence detection

Throughout this section, we present the on-chip generation of light originating from optically

pumped micro-ensembles of ∼ 100 self-assembled InGaAs QDs, low loss guiding over ∼ 0.5

mm along an optimized GaAs-AlGaAs ridge waveguide and high efficiency detection via

evanescent coupling to an integrated SSPD. By comparing measurements performed with

optical excitation above and below the GaAs bandgap, and exploring the temporal response

of the system, we show that the detector signal overwhelmingly stems from QD luminescence

with a negligible background from the laser. Power dependent measurements confirm the

single photon sensitivity of the detectors and show that the SSPD is about three orders of

magnitude more sensitive to waveguide photons than when illuminated in normal incidence.

In-situ time resolved measurements performed using the integrated detector show an average

QD spontaneous emission lifetime of 0.95 ± 0.03 ns, with a detector timing jitter of only

72± 2 ps, as presented in section 2.4.3.

3.2.1. Sample structure for on-chip PL

The samples investigated were grown using solid source molecular beam epitaxy and consisted

of a 350 μm thick GaAs buffer onto which a 2 μm thick Al0.8Ga0.2As waveguide cladding layer

was deposited. Following this, a 250 nm thick GaAs waveguide core was grown into which

a layer of self-assembled InGaAs quantum dots was embedded at its midpoint. The growth

conditions used resulted in dots with a typical lateral (vertical) size of 25± 5 nm (5± 1 nm)

as shown in the inset of figure 3.7a, an areal density of 6 ± 1 μm−2 and PL emission in the

range of ∼ 1.358 eV at 4 K with a FWHM of 83 meV. After growth, the native oxide was

removed from the sample surface using an HCl dip and a high quality 10± 0.5 nm thick NbN

superconducting film was deposited using DC reactive magnetron sputtering, as described in

section 2.1. By carefully optimizing the deposition temperature, rate and the Nb:N ratio,

high quality superconducting films were obtained on the GaAs substrate (TC = 10.2±0.2 K),

despite the 26% lattice mismatch [Rei13b, Mar09c, Gag10b]. The complete layer sequence
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3.2 On-chip photo-luminescence detection

and refractive index profile of waveguide cladding, core and superconducting NbN nanowires

is shown in figure 3.7b.

Figure 3.7.: (a) Self assembled InGaAs QDs, as shown in the AFM image, embedded in a GaAs ridge

waveguide are excited using a helium neon laser. The light emitted by the QDs is detected either in a confocal

geometry or guided along the waveguide and evanescently coupled into a NbN superconducting nanowire single

photon detector (SEM image in the inset). (b) Layer structure of the sample as prepared by molecular beam

epitaxy and reactive magnetron sputtering. Refractive indices of the materials are schematically depicted on

the rightmost side. The single layer of self-assembled InGaAs quantum dots is indicated by the dashed red

line, overlapping with the maximum of the simulated intensity of the fundamental waveguide mode, shown in

the contour plot.

The nanowire detector was then defined using electron beam lithography with a negative tone

resist and reactive ion etching using a SF6 / C4F8 plasma to form an NbN nanowire meander

consisting of 34×, 80±5 nm wide nanowires separated by 170±5 nm to form a detector with a

width of 8.5 μm and a total length of 23 μm along the waveguide axis. The optimization of the

nano-lithographic process for SSPDs on GaAs is described in section 2.2, whereas the process

parameter set itself can be found in appendix B. A scanning electron microscope image of the

resulting NbN nanowires on GaAs is presented in figure 3.7a - inset. Subsequently, ∼ 500 μm

long, 17 μm wide multimodal ridge waveguides were defined using photolithography and wet

etching in a citric acid + H2O2 solution, as described in section 3.1.3. The waveguides feature

a 90◦ gradual bend at their midpoint having a radius of curvature of 150 μm as depicted

schematically in figure 3.7a. The waveguides were defined such that the nanowire detector

is centered on one end, penetrating ∼ 30 μm into the waveguide end to ensure optimum

evanescent coupling [Per12a].

Figure 3.7b shows the sequence of the epitaxial layers and a vertical refractive index profile

through the waveguide cladding, core and superconducting NbN nanowires. In order to

estimate the maximum detection efficiency of such waveguide coupled SSPDs we simulated

the optical field distribution of the fundamental waveguide mode, as described in detail in

section 3.1.1. The results obtained clearly show the maximum optical intensity close to the

QD layer, as depicted in the contour plot in figure 3.7b. Using the measured dielectric function
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of the NbN film (section 2.1.5) we calculated that 97.8% of incident waveguide photons are

absorbed by the detector, in good agreement with recent findings [Per12a, Spr11] for passive

waveguide integrated SSPDs that revealed similarly high absorption. This near-unity value

for the absorption probability should not be mistaken for the device detection efficiency, since

the probability that an absorbed photon actually leads to a measurable voltage pulse has to

be taken into account as well, as discussed in detail in section 2.4.2.

For the measurements presented throughout the following sections the SSPD was operated at

liquid helium temperatures inside a cryogenic microwave probe station. A bias-tee was used

to drive a fixed bias current of Ib = 0.95 IC = 6.0 μA through the nanowires, as described

in detail in section 2.4.1. A low noise voltage source in series with a 100 kΩ resistor was

operated as a constant current source. Voltage pulses arising from single photon detection

events were then amplified using two 30 dB high-bandwidth amplifiers and detected with a

350 MHz frequency counter. The time-resolved measurements presented in section 3.2.4 were

performed using a 20 GHz sampling oscilloscope to record histograms of the time intervals

between the trigger signal provided by the ps-pulsed laser source and the voltage pulse arising

upon photon detection.

3.2.2. Excitation laser scan with on-chip detection

Spatially resolved photoluminescence (PL) measurements were performed whilst the sample

was held at a nominal temperature of 4.2 K inside a cryogenic microwave probe station with

optical access. This system, as described in detail in appendix A, provides a diffraction

limited laser spot with a diameter of ∼ 5 μm and allows the SSPD to be contacted using GHz

voltage probes, thus, facilitating in-situ detection of PL routed along the waveguide. Data

recorded using this measurement system is termed on-chip PL in the discussion below. For

the operation conditions of the SSPD, as described in appendix A.1, the integrated detector

shows a negligible dark count rate ≤ 10 cps and a top-illumination detection efficiency of

0.001% for light at 1.319 eV, as expected for the relatively thick 10 nm NbN film [Hof10b].

This efficiency was estimated according to the method described in section 2.4.2 and reference

[Rei13a]. The active area of the particular device analyzed here is given by the fractional areal

coverage of NbN - 80 nm wide nanowires with a separation of 170 nm corresponding to a fill-

factor of 0.32. As discussed below, the detection efficiency for waveguide photons is about

two orders of magnitude larger due to significantly longer interaction length. Additional PL-

spectroscopy measurements were performed on the same sample with excitation and detection

normal to the waveguide axis using low temperature confocal microscope with a much higher

spatial resolution (∼ 1 μm). PL-spectra are obtained by dispersing the emitted light using a

0.5 m imaging monochromator and detected using a silicon CCD detector. In the following,

such measurements are termed confocal-PL.
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3.2 On-chip photo-luminescence detection

Figure 3.8.: (a) Detected single photon events as a function of the laser position along the waveguide for

Eexc = 1.959 eV, as shown in red color code. The two insets given with blue color code each correspond

to a (100 μm)2 area illuminated with Eexc = 1.319 eV. For illumination at the end of the waveguide only

background light is detected, whereas a strong peak is observed at the position of the SSPD. (b) Recorded

single photon events for line scans along the A-B marked line with different excitation wavelengths. The

waveguide can clearly be identified for 1.959 eV and 1.494 eV, whereas only a small background is detected for

1.319 eV. The inset shows an SEM image of the analyzed structure with the scan area of figure 3.8a marked

by a dotted line.

Active substrate

At first, on-chip PL recorded by raster scanning the excitation laser spot across the entire

active waveguide structure is discussed. Typical results are presented in figure 3.8a that

compares false color images of the SSPD count rate recorded using an excitation wavelength

above the GaAs bandgap (Eexc = 1.959 eV - red color coding) and selected regions of the

device mapped with much longer wavelength excitation, far below the GaAs bandgap (Eexc =

1.319 eV - blue color coding). All waveguide scans in figure 3.8a were recorded using the same

excitation power density of 25 W/cm2. At 1.959 eV, the excitation efficiency of the QDs is

expected to be 104× lower [Fry00] whilst, as shown below in the discussions related to figure

3.10, the reduction of the SSPD sensitivity is negligible (∼ 2.5×) [Hof10b]. Using above gap

excitation the form of the waveguide can clearly be identified in the on-chip PL map in figure

3.8a, the count rate increasing significantly as the laser spot moves closer to the detector. In

strong contrast, using 1.319 eV excitation only a background of ∼ 1000 cps is observed with no

visible signal enhancement as the laser spot is scanned onto the waveguide. To systematically

probe the wavelength selectivity we performed line scans across the remote waveguide end,
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farthest from the SSPD, along the line A-B marked in figure 3.8b. Line scans were made using

non-resonant excitation above the GaAs bandgap (1.959 eV), below the GaAs bandgap into

the wetting layer continuum (1.494 eV) and resonantly into the s-shell transitions of the QDs

using far below bandgap excitation (1.319 eV). For above gap and wetting layer excitation, the

waveguide can clearly be distinguished in the line scans. In contrast, with 1.319 eV excitation

the waveguide topology could not be imaged (see figure 3.8b and figure 3.8a-inset) despite the

detector remaining highly sensitive to such IR-illumination. This expectation is confirmed by

the data presented in the inset of figure 3.8a that shows the direct normal incidence response

of the detector at 1.319 eV when raster scanning the laser spot with a low power density of

0.4 W/cm2. A clear maximum is observed when the laser spot is incident on the detector and,

by measuring the normal incidence count rate and carefully calibrating the incident photon

flux onto the detector, we estimated the top-illumination quantum efficiency to be ∼ 0.001%

at 1.319 eV, in good accord with previous measurements [Rei13a, Hof10b] and expectations

for a 10 nm thick NbN film. These observations clearly indicate that the signal detected

when exciting on the waveguide arises from QD PL emitted into the waveguide mode and

guided to the SSPD whereupon it is evanescently absorbed by the SSPD. This conclusion is

unequivocally validated by the time-resolved measurements presented below.

For excitation at 1.959 eV close to the waveguide bend (figure 3.8a) and using a power density

of 25 W/cm2, the typical maximum count rate on the detector ranged from 300 − 100 kcps

when scanning the laser along the C - D marked line. A background count rate of < 10 kcps

was recorded at position F, originating from scattered light on the sample surface, as discussed

in detail in section 4.1. By exponentially fitting the intensity as a function of distance from

the detector for the trajectories marked C - D and D - E, the waveguide losses are determined

to be 54± 10 dB/mm (propagation length 80± 12 μm) within the bend and 11± 2 dB/mm

(propagation length 413 ± 54 μm) in the straight segments, respectively, as shown below in

detail in figure 3.12. Due to the low quantum dot density of ∼ 6 μm−2, re-absorption by

quantum dots along the waveguide can be neglected [Her00]. As shown later in the discussion

related to figure 3.14, a lower limit for the SSPD detection efficiency for evanescently coupled

quantum dot emission is estimated using these losses.

Passive substrate

After having shown the on-chip detection of quantum dot luminescence in a QD-loaded active

waveguide, a second passive sample is studied under identical conditions. This control sample

is fabricated in exactly the same way as the active one, but on a passive GaAs substrate

containing no InGaAs dots. This gives us the direct comparison between illumination of

the waveguide with and without embedded emitters and, therefore, proves directly, if the

detected light stems from QD luminescence. Using the measurement technique described

above in the discussion related to figure 3.8, the passive waveguide sample was cooled down

in a cryostat with optical and electrical access (see appendix A) and the SSPD was contacted

using microwave probes.
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Figure 3.9.: Detected single photon events as a function of excitation laser spot position for excitation at 1.959

eV with a power density of 4.2± 0.4 W/cm2. The data is shown for an active, QD-loaded waveguide depicted

in (a) and a passive waveguide in (b), respectively. While the waveguide structure can clearly be identified

in (a) by the luminescence from the QDs, only a small feature stemming from direct detector illumination

slightly above the SSPD position can be observed in the passive structure in (b).

Figure 3.9 shows the detected single photon events for raster scanning the excitation laser

spot across area marked by the grey-dashed box on the active (a) and passive (b) waveguide

sample, respectively. For both measurements an excitation energy of 1.959 eV at a power

density of 4.2±0.4 W/cm2 was used. In case of the active substrate, the waveguide structure

can clearly be identified with counts varying between 0.2 Mcps at the SSPD position and 10

kcps along the bend at the waveguide facet. The broadening of the waveguide for positions

very close to the detector, marked with ”SSPD” in figure 3.9a, arises from direct detector

illumination with the ∼ 5 μm broad spot of the on-chip PL setup (see appendix A). In

contrast, the data shown in figure 3.9b, only exhibits a small feature above the SSPD, also

stemming from directly incident light. The clear absence of signal in the whole waveguide

area, as observed in the data of the passive structure in (b), unambiguously proves the on-chip

detection of QD-PL using an integrated detector. These conclusions are further confirmed by

the time-resolved measurements presented below in section 3.2.4.

Having compared active and passive substrates with respect to the origin of single photon

events, we move on by studying the excitation energy dependency of the on-chip signal and

compare it to confocal PL. By additionally taking into account the SSPD detection efficiency,

we further support the QD origin of the detected light in the on-chip experiment.
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3.2.3. Energy dependency of PL and SSPD-DE

Using confocal PL excitation spectroscopy, we measured the excitation energy dependency of

the QD emission of the active sample, already studied in section 3.2.2. Furthermore, the on-

chip PL signal is studied over the same energy range. In addition, in a separate measurement,

the detection efficiency of the integrated SSPD is measured using the technique described in

section 2.4.2.
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Figure 3.10.: Comparison of the integrated on-chip PL shown in red and confocal PL emission intensities

depicted in red as a function of excitation energy. Furthermore, the measured SSPD detection efficiency is

plotted in green.

A summary of these studies is presented in figure 3.10. Here, a comparison of the integrated

on-chip PL in red and confocal PL emission intensities in blue is depicted on a semi-logarithmic

scale. Furthermore, the measured SSPD detection efficiency is shown in green. For the

confocal PL data spectra were recorded at 16 different positions along the axis of the waveguide

for each excitation energy. The recorded PL intensity was then integrated over an energy

interval of 1.278± 0.020 eV, being representative of the PL yield from the optically pumped

QDs within the laser focal volume. For the on-chip PL data the peak amplitude for the

waveguide scans, as presented in figure 3.8b, was taken. In addition to the data presented

in 3.8b an additional datapoint at 1.442 eV was recorded. The top-illumination detection

efficiency of the integrated SSPD plotted in green was determined using the method described

in section 2.4.2.

When comparing the PL data in figure 3.10, a ∼ 3− 4 orders of magnitude reduction of the

integrated PL intensity is observed for both confocal (blue curve) and on-chip (red curve)

detection geometries as the excitation energy is tuned below ∼ 1.5 eV, i.e. below the GaAs

bandgap. The trend observed here reflects the abrupt change in the QD absorption strength
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3.2 On-chip photo-luminescence detection

when the excitation energy is tuned from above the GaAs bandgap to below the wetting layer

continuum states at ∼ 1.4 eV and into the s-shell of the QDs at ∼ 1.3 eV (compare spectra

3.14a, 3.16a, 4.8a and 4.8c). In contrast, the SSPD detection efficiency reduces only weakly

(∼ 2.5×) for an illumination energy as low as∼ 1.3 eV, as shown by the green data points. The

weak reduction of the detector efficiency stems from the illumination energy dependency of

the size of the photon induced hotspot [Mai10]. Larger hotspots lead to a larger probability

for complete switching of the nanowire, a trend that was reproduced previously in energy

dependent efficiency measurements [Mar12]. Since the propagation losses of the multi-modal

waveguide are very insensitive to wavelength, these observations unambiguously prove that

the on-chip detected events arise from quantum dot emission, a conclusion that is further

supported by the comparison to the passive sample shown at the end of section 3.2.2 and the

time-resolved measurements that will be presented in the next section.

3.2.4. Time-resolved on-chip measurements

To unambiguously prove that the detected signal in in-situ PL measurements does indeed

stem from QD emission, with a negligible laser background, we used the SSPD to perform

time-resolved measurements. Here, the sample was excited using a 1.899 eV pulsed laser diode

focused close to the remote waveguide end ∼ 0.5 mm from the SSPD. This source provided sub

60 ps duration pulses at a repetition rate of 20 MHz with low timing jitter < 3 ps. The SSPD

response was then read-out using a 20 GHz sampling oscilloscope to record a histogram of the

time intervals between the trigger signal provided by the laser diode and the photon detection

voltage pulse registered by the detector. The inset of figure 3.11 schematically depicts the

measurement scheme of such an on-chip PL experiment and will be used throughout this

thesis to mark this particular technique.

Figure 3.11 shows typical time resolved data in blue on a semi-logarithmic scale including

exponential fits to the rising and falling edge of the spontaneous emission dynamics. For

comparison the instrument response function (IRF) of the detector and associated electronics

was recorded using an IR pulsed laser source (1.302 eV, < 60 ps pulse duration) focused

directly onto the detector to avoid excitation of QD PL. Figure 3.11 shows the temporally

sharp IRF in green from which a low timing jitter of 72 ± 2 ps was obtained, as described

in detail in section 2.4.3. As jitters < 20 ps have been reported [Gol05] for similar SSPDs,

in this case the jitter is limited by the pulse duration of the laser. We fitted the rise (t0)

and fall (t1) times of the observed on-chip PL time transient obtaining values of t0 = 136 ±
21 ps and t1 = 0.95 ± 0.03 ns, respectively. While t1 compares very well to the known

spontaneous emission lifetimes of InGaAs QDs [VS05, Rao07], the surprisingly slow rise-time

reflects the timescale for carrier thermalization and capture into the dots from the surrounding

GaAs, demonstrating the clear presence of a phonon bottleneck [Ura01]. Evidently, the peak

excitation power density provided by the pulsed excitation source (∼ 25 W/cm2) is sufficiently

low such as to keep the excitation regime firmly in the single exciton limit. In this case,

significant free carrier populations are not present in the wetting layer and GaAs matrix that
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Figure 3.11.: SSPD detected single photon events for ps-pulsed quantum dot excitation with 1.899 eV as a

function of the photon arrival time (blue squares). An exponential rise (decay) function plotted in red reveals

an average photon relaxation time (exciton lifetime) of t0 = 136± 21 ps (t1 = 0.95± 0.03 ns). The instrument

response function showing a temporal resolution of 72 ps is depicted in green. The inset schematically depicts

the QD excitation, guiding along the waveguide and the on-chip detection via the integrated SSPD.

typically result in faster carrier capture and intra-dot carrier relaxation dynamics [Ura01].

This expectation is supported by CW power dependent measurements presented in section

3.2.6 and will be investigated in great detail in section 3.3. Importantly, we note that a

fast transient with the temporal profile of the excitation laser pulse is not observed close to

t = 0 ns in our time resolved measurements illustrating that the detected signal is dominated

by QD-PL and the SSPD signal does not contain scattered laser light for this particular

excitation energy of 1.899 eV.

3.2.5. Determination of waveguide losses

Having unambiguously proven that QD light can be created, guided and detected on-chip

using active SSPD-coupled waveguides, we move on by characterizing the waveguide with

respect to the propagation length of light, i.e. the optical losses. Thereby, we employed

the embedded QDs as integrated light sources being excited at positions along the waveguide.

When analyzing on-chip PL along the waveguide, an exponential decrease of detected intensity

is expected from our simulations presented in section 3.1.1 and from previous work [Che05],

as ridge waveguides exhibit a constant loss rate Γ per length unit due to scattering.
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3.2 On-chip photo-luminescence detection

Figure 3.12.: (a) On-chip detected PL along the C-D marked line in figure 3.8a. The data points correspond

to line-scans across the waveguide along the bend, whereas the lines show Gaussian fits. (b) On-chip PL

line-scans for the straight waveguide segment along the D-E marked line in figure 3.8.

Figure 3.12a shows line scans across the waveguide along the bend for the C-D marked line in

figure 3.8a. Furthermore, figure 3.12b depicts similar data, however extracted for the straight

WG segment (D-E marked line). The data points represent the actual data as a function of

position x across the waveguide for an excitation energy of 1.959 eV and a power density of

25 W/cm2, whereas the lines show fits to the intensity data I(x) using a Gaussian function

I(x) = A · e−
(x−x0)

2

2 ·w2 (3.3)

with the peak amplitude A, the waveguide position x0 and the FWHM of the recorded curve

given by ≈ 2.35 ·w. Here, the width of the observed peak corresponds to a convolution of the

5 μm laser spot, the 10 μm step size and the waveguide width of 17 μm. Averaging over all

observed curves results in a FWHM of 27± 3 μm. For the determination of waveguide losses,

we take the peak amplitudes A of the waveguide line scans from the data shown in figure 3.12

and plotting them as a function of distance d covered by the photons, i.e. between excitation

and detection.

The corresponding data is summarized on a semi-logarithmic scale in figure 3.13 for the

amplitudes A determined along the bend (trajectory C-D) in red and for the straight segment

from D-E in blue. A mono-exponential decay for the on-chip PL amplitude A(d) with

A(d) = A0 · e−
d
d0 + y0 (3.4)

is found to represent the amplitude variation with the background count rate y0 for very log

excitation-detection distances, the waveguide propagation length d0 and the maximum on-

chip PL amplitude A0. Using equation 3.4 we measure the losses along the waveguide bend to

73



Integration of sources, waveguides and detectors

0 20 40 60 80 100
104

105

106

straight waveguide-segment
Γ(D → E) = 11 � 2 dB/mm

Distance d along waveguide (μm)

O
n-

ch
ip

P
L

am
pl

itu
de

A
(c

ps
)

bend waveguide-segment
Γ(C → D) = 54 � 10 dB/mm

Figure 3.13.: Amplitude A of the on-chip PL signal as a function of the distance d from the detector. The

data is shown on a semi-logarithmic scale in red for the bend segment and in blue for the straight waveguide

parts, respectively. The losses were extracted using exponential fit functions represented by the solid lines.

be 54± 10 dB/mm and along the straight segment to be 11± 2 dB/mm, respectively. These

two values correspond to propagation lengths of 80±12 μm and 413±54 μm, respectively. The

significantly larger losses in the bend region are in nice agreement to experimental findings

obtained for Silicon waveguides [Vla04]. As the bend was only included to distinguish between

direct incident laser light and waveguide-guided light for in-coupling of light via the cleaved

waveguide facet and, furthermore, the losses are ∼ 5× larger within the bend regions, we

focus on the fabrication of samples containing exclusively straight waveguides for low-loss

guiding of QD light. Studies of these samples will be presented in sections 3.3 and 4.2.

3.2.6. Efficiency of on-chip detection

Finally, we estimate a lower limit for the efficiency of our SSPD for evanescently coupled light

by comparing the excitation power dependence of the QD-luminescence signal detected using

on-chip PL, from ∼ 120 dots within the 5 μm diameter laser focal volume1 and confocal-

PL from individual dots. A typical spectrum obtained using the confocal-PL geometry with

excitation at 1.959 eV and a power density of P = 6.4 W/cm2 is presented in figure 3.14a.

Typically ∼ 6− 20 sharp lines are observed arising from different individual dots within the

∼ 1 μm2 laser focal area of the confacal PL setup. The inset in figure 3.14a shows the spatial

1A careful analysis of the number of detected emission centers recorded by imaging the dot emission directly

onto a silicon CCD reveals a dot density of 6± 1 μm−2
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3.2 On-chip photo-luminescence detection

Figure 3.14.: (a) Typical quantum dot luminescence spectrum for the position marked QD-1 in the inset.

Inset: Spatially resolved quantum dot luminescence detected in confocal geometry for E = 1328.70.1 meV

(highlighted in grey in the spectrum). (b) Detection events as a function of power density P for direct SSPD

illumination, as shown in black, and for quantum dot excitation, marked as On-Chip PL for two different

excitation energies shown in red and green. For comparison the confocal PL of the exciton highlighted in

figure 3.14a is shown in blue.

distribution of the emission intensity within a 0.1 eV wide energy window centered on one such

prominent single exciton transition, labeled QD-1 at 1328.7 meV. The image clearly shows

several localized emission centers arising from individual dots. Figure 3.14b (blue circles)

shows the power dependent intensity of QD-1 recorded using confocal-PL in blue. A perfectly

linear increase of the intensity is observed for excitation power densities P < 10 W/cm2

confirming that the peak QD-1 arises from a single exciton transition from an individual

dot [Fin01a]. As the excitation power increases to P0 = 55 W/cm2 the intensity of the single

exciton saturates, and is then expected to decrease at higher power as the dot occupation shifts

further into the multi-exciton regime. The maximum PL-intensity arising from the neutral

exciton transition corresponds to a time averaged exciton occupation probability in the dot

of NX ∼ 1 [Fin01a]. The majority of the emission lines observed in figure 3.14a exhibit

a similar power dependence indicating that, for the low excitation power densities used in

figure 3.14a, they all stem from single exciton transitions from different dots addressed by the

laser. Assuming that the number of randomly generated electron hole pairs inside a dot at

any instant obeys Poisson statistics (an assumption that is likely to hold for excitation power

densities P << P0) the probability that any dot is occupied with a single exciton is

PX(P ) = α · e−α, (3.5)
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where α = P/P0. Furthermore, the probability of n-excitons populating the dot is given by

PnX(P ) = αn · e−
α
n! . (3.6)

For P << P0 the photon emission rate into the waveguide mode by a single pumped dot will,

to a good approximation, be dominated by single excitons and, hence, is given by

Φ ∼ PX(P )

t1
=

α · e−α

t1
, (3.7)

where t1 = 0.95 ns is the spontaneous emission lifetime determined in section 3.2.4. Thus, for

an excitation power density of ∼ 10 W/cm2 (α ∼ 0.2, exp−α = 0.82), the maximum photon

flux generated in the waveguide mode by dots within the laser focal volume is

Φmax =
α · e−α ·NQD ·Alaser · ξ · η

t1
, (3.8)

where NQD ∼ 6 μm−1 is the areal density of QDs, Alaser is the area of the laser spot,

ξ = −16.3 ± 3.0 dB = 0.023 ± 0.011 accounts for the total waveguide losses, as calculated

using the values obtained from the data presented in figure 3.13, and η = 6% is the radiation

fraction of the spontaneous emission into the waveguide mode, calculated from the simulated

data presented in section 3.1.2 by assuming each quantum dot is an ideal point dipole emitter.

Using this information we are now in a position to estimate a lower limit for the SSPD

detection probability. For on-chip PL we have Alaser = 20 μm−2 from which we estimate that

the maximum possible photon flux in the waveguide mode close to the SSPD to be

Φmax ∼ 0.2 · 0.82 · 120 · 0.023 · 0.06
0.95

ns−1 ∼ 30 · 106 s−1 (3.9)

from which we would estimate a count rate of 30 MHz for the on-chip PL measurement with

excitation at 1.959 eV with a power density of ∼ 10 W/cm2 (red squares - figure 3.14b).

The on-chip PL dataset as well as the SSPD counts for direct illumination (black squares)

clearly show a linear power dependence with an exponent of 1.06± 0.03 reflecting single pho-

ton sensitivity of the detector [Thy10]. Taking the measured count rates in on-chip PL into

account and considering the experimentally determined waveguide losses and the simulated

absorption of the detector, we estimate the detection efficiency of the 10 nm thick SSPD for

evanescently coupled light to be ∼ 1.0%. The discrepancy between the simulated photon ab-

sorption of ∼ 97.8 % and the measured device efficiency stems from the rather low probability

that an absorbed photon leads to a detection event, as expected for a 10 nm thick detector

(see section 2.4.2 and [Rei13b]). Hence, this value could be improved significantly by using

thinner NbN layers [Rei13b, Hof10b] for which near-unity quantum efficiency can be achieved

in waveguide coupled detectors [Per12a]. However, we note that the estimated detectivity of

1.0 % is ∼ 1000× larger than that for normal incidence detection.
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3.3 On-chip investigation of charge carrier relaxation

In this section, we presented the creation, routing and detection of single quanta of light

on a single chip. Using a waveguide coupled SSPD detector we showed that on-chip PL

provides a detection efficiency of ∼ 1.0% for evanescently coupled light which gives a signal

enhancement of two orders of magnitude when compared to top-illumination of the device.

Moreover, it was shown that the integrated detector can be employed to perform in-situ

time-resolved measurements at a temporal resolution of 72 ps, thereby revealing an average

exciton lifetime of 0.95 ± 0.03 ns and a rise time of 136 ± 21 ps. The great potential of this

highly integrated nano-system will be fully explored by studying relaxation processes and by

performing resonant excitation experiments with single QDs, as described in sections 3.3 and

4.2.

3.3. On-chip investigation of charge carrier relaxation

Having demonstrated the monolithic integration of InGaAs QDs as single photon emitters

together with waveguides and detectors on a single chip in chapter 3.2 and having established

”on-chip PL” as a technique to study the properties of QDs in-situ, we move on by focusing

on a single integrated quantum emitter. Over recent years QDs embedded in semiconductor

systems have been shown to be excellent sources of quantum light [Fla09b, Gao12, He13]

and have shown their suitability for use as a gain medium in QD lasers [Ell11, Led98, Ell07].

However, for short response times and fast operation of such devices, injected charge carri-

ers must relax rapidly from continuum wetting layer electronic states into the lasing state.

For a fully discrete electronic structure, efficient relaxation is expected to be hindered by

phonon bottleneck phenomena [Ura01], caused by the large energetic spacing of QD energy

levels that inhibits single-phonon mediated scattering processes [Ben91]. To directly observe

such relaxation bottleneck effects, SSPDs are suitable due to their high quantum efficiency

(see section 2.4.2) and picosecond timing resolution (see section 2.4.3 and [Gol05, Naj12]).

Building up on the work presented in chapter 3.2 and on the recent progress in this field

[Per12a, Spr11, Sah13], we fabricated highly efficient [Mar08a, Ker07b, Rei13b] NbN-SSPDs

on active QD GaAs waveguides [Rei13a], as described in chapters 2.2 and 3.1.3. However,

for the study of a single emitter, the samples were grown with a lower QD areal density of

2− 3 μm−2. Moreover, we used straight waveguides exhibiting lower losses compared to the

bend ones described in section 3.2.5.

Throughout this chapter, we compare PL dynamics recorded from a single dot with confo-

cal off-chip detectors with on-chip PL. By probing the carrier capture and energy relaxation

dynamics of photogenerated charge carriers, we demonstrate that the rise time of the lumines-

cence signal (τr) is strongly dependent on the excitation power level. The ultrafast response

and high detection efficiency of the integrated SSPDs enables us to probe the PL dynamics

at low excitation levels. In such a scenario carrier capture and energy relaxation is inefficient

due to the discrete electronic structure of the dots and the absence of Coulomb mediated

scattering involving carriers occupying energetically higher discrete states [Ura01]. In par-
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ticular, an excitation power dependent change in inter-sublevel relaxation times is observed

for a single, spatially isolated QD. Auger-like scattering involving carriers occupying excited

QD energy states and proximal continuum states is shown to be the dominant mechanism

for the vanishing of this relaxation bottleneck [Ura01] at elevated excitation powers. The

simultaneous off-chip PL measurement of the spectrally filtered neutral exciton (X0) transi-

tion exhibits a plateau in the temporal response of the system, consistent with the change in

carrier relaxation as well as the saturation behaviour of the neutral exciton emission. Finally,

measurements of the carrier capture and relaxation time as a function of the single exciton

population probability reveal that the observed effect is universal for all excitation energies

studied.

3.3.1. Sample structure

The sample studied consists of a single layer of epitaxially grown, self-assembled InGaAs QDs

with an areal density of 2−3 μm−2 embedded in a 15 μm wide GaAs-Al0.8Ga0.2As multimodal

ridge waveguide. As presented in detail in section 3.2, the QDs are embedded at the midpoint

of the 250 nm thick GaAs waveguide core and photolithography and wet chemical etching are

applied to define the linear waveguide structures investigated.

Figure 3.15.: (a) Sample design showing the GaAs waveguide grown on a Al0.8Ga0.2As cladding with the two

SSPDs and Ti/Au contact pads. Inset: SEM image of lithographically defined NbN nanowires. (b) On-chip

PL scan across the red-marked region of the waveguide. (c) On-chip PL of SSPD I (black squares) and SSPD

II (blue circles) as a function of position along the waveguide, shown on a semi-logarithmic scale.

Light emitted by the QDs is guided along the 275 μm long waveguide and evanescently

coupled [Sah13, Rei13a, Per12a, Spr11] into superconducting NbN detectors at the remote

ends. Each end of the waveguide is equipped with a separate detector, labeled SSPD I and
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SSPD II in figure 3.15a. Measurements of the optical function of the NbN film combined

with FDTD simulations indicates that ∼ 97.8% of the light is absorbed by the array of 80±5

nm wide NbN nanowires [Rei13a] over the total light - detector interaction length of 23 μm.

When operated at cryogenic temperatures (T = 4.2 K) the NbN SSPDs were found to be

single photon sensitive in the near infrared with an average dark count rate ≤ 1 cps. When

scanning a laser across the midpoint of the waveguide, with an energy resonant with the

wetting layer continuum (Eexc = 1.485 eV) and a sufficiently high power density to create

multiple excitons per dot (P = 172± 7 W/cm2), we observe 50± 15 kcps of on-chip PL with

SSPD II at an average background count rate of only 10± 1 kcps arising from scattered laser

light, as presented in figure 3.15b. The resulting PL map shows well defined bright spots

corresponding to single dots that can be excited most effectively when they are located close

to the edfige of the waveguide. This is attributed to an enhanced incoupling of light via the

sloping waveguide edges at the air-GaAs interface, arising from the isotropic wet-chemical

etching process. Recording the on-chip PL for similar excitation conditions as a function of

the laser spot position along the +x direction on the waveguide, we observe an exponential

decrease/increase of the signal for SSPD I/II in the semi-logarithmic plot in figure 3.15c, from

which we determine the waveguide losses to be 10.3±1.9 dB/mm, in excellent agreement with

the values reported for the straight waveguide segment in section 3.2.5.

3.3.2. Characterization of QD1 using off-chip PL

For the following measurements we focused the excitation laser onto one individual dot,

positioned at a distance x0 = 150 μm (x′0 = 200 μm) from SSPD I (SSPD II) and labelled

QD1 in figure 3.15b. To study the emission spectrum of QD1, we performed power dependent

PL spectroscopy recorded in a confocal geometry.

Figure 3.16.: (a) Low power PL spectra of QD1 for an excitation energy of Eexc = 1.459 eV. (b) Power

dependent PL of X0 for three different excitation energies.
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Upon varying the excitation power density from 1.32 W/cm2 up to 26.5 W/cm2 a single,

dominant emission line is observed in the emission spectra shown in figure 3.16a, attributed

to a single exciton transition X0 by its clear linear power dependence. The weak emission lines

in the vicinity stem from the emission of either nearby quantum dots or charged excitonic

transitions [Fin01a] of QD1. The evolution of the peak amplitude of the X0 emission for three

different excitation energies is presented in figure 3.16b. In this double logarithmic plot, a

linear increase of the quantum dot emission with an exponent of 0.95 ± 0.02 is observed

for all excitation energies, supporting our identification of the single excitonic character of

the studied emission line [Fin01a]. Depending on the excitation energy, the emission of X0

saturates at 4.91 W/cm2, 453 W/cm2 and 564 W/cm2 for Eexc = 1.899 eV, 1.531 eV and 1.459

eV, respectively, as marked in figure 3.16b. Here, the saturation power density is extracted

at the maximum of the PL emission. The lower maximum PL intensity for excitation at

1.899 eV is attributed to an increased charged exciton population of the dot, arising from

the higher absorptionn stength and the increased carrier diffusion length at this excitation

energy. The trend of an increased saturation power density with decreasing excitation energy

reflects the stronger absorption at higher photon energies and the accompanying larger density

of photo-generated charge carriers for a specific excitation level [Vas02]. Similar effects are

found to result in faster carrier capture dynamics for higher laser excitation energies in our

time resolved studies presented below.

3.3.3. Observation of the phonon bottleneck

Employing on-chip PL detection (see section 3.2 and [Rei13a]) enables us to study the charge

carrier capture and relaxation dynamics of QD1 as a function of the excitation power density,

schematically indicated by the icon in the top right of figure 3.17a. Typical results from such

experiments are presented in a semi-logarithmic plot in figure 3.17a. Here, a tunable Titanium

Sapphire laser with a pulse width < 1 ps was focussed onto QD1, highlighted in figure 3.15b,

and time resolved decay transients were recorded using SSPD I. Due to the fast intrinsic timing

resolution of the SSPDs (< 70 ps2), this measurement technique allows us to directly probe

carrier capture, relaxation and recombination dynamics of QD1. The data presented in figure

3.17a is shown for different excitation levels, excited into the WL continuum at Eexc = 1.485

eV. For the lowest power density used of P = 0.48 W/cm2 (dark red circles in figure 3.17a)

we observe an exponential increase followed by an almost perfect mono-exponential decay

at longer timescales [VS05, Rao07]. For higher excitation powers, exceeding 26.5 W/cm2 in

figure 3.17a (orange triangles), the decay becomes multi-exponential, as light emitted by the

faster decays [San02, Ray96] of multi-excitonic transitions is detected by the SSPD as well

as that from X0, since the SSPD does not spectrally resolve the emission. More remarkably,

while increasing P up to 265 W/cm2, the rising edge gradually becomes steeper and the

relaxation time τr reduces from its initial value of 1.22 ± 0.07 ns to 0.10 ± 0.07 ns, shown

2The overall temporal resolution of the on-chip experiment is limited to < 70 ps, whereas the APD mea-

surements exhibit a total uncertainty of ∼ 100 ps. This is reached by deconvolution of the signal being

recorded using a Picoquant Timeharp 200 that exhibits a timing uncertainty of < 150 ps.
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Figure 3.17.: (a) Time-resolved on-chip PL with the laser excitation positioned on QD1 presented for exci-

tation power densities P ranging from 0.48 to 265 W/cm2. Fitting the rising edge of the decay transient, we

extract a charge carrier relaxation time of τr = 1.22±0.07 ns for the lowest power density and 0.10±0.07 ns for

the highest one, respectively. (b) Spectrally filtered time-resolved confocal PL studies of X0, recorded for power

densities increasing from P = 1.32 to 927 W/cm2. The exciton lifetime is determined to be τX = 0.69 ± 0.1

ns. A plateau region ΔT0 = 0.25 ± 0.10 ns forms at P = 13.2 W/cm2 and increases to ΔT1 = 0.95 ± 0.10

ns for the highest excitation power density. (c) Carrier relaxation time τr (blue squares), plateau length ΔT

(orange circles) and exciton lifetime τX (red triangles) as a function of the excitation power density P .

by the dark blue squares in figure 3.17a. This behaviour suggests a power-dependent change

of the carrier capture and inter-sublevel relaxation times which are typically governed by

Auger-like processes or LO-phonon emission in QDs [Ray96] and will be discussed in relation

to figures 3.17c and 3.18 below. The ultraslow carrier relaxation time for P = 0.48 W/cm2

indicates the presence of an intrinsic phonon bottleneck [Ura01] that, for stronger excitation

levels, is masked by much faster carrier capture and relaxation via Auger-like processes with

other charge carriers in the near vicinity of the quantum dot [M’g99]. In similar off-chip

detected time-resolved PL experiments, τr typically is ≤ 100 ps [Ray96] and does not show

any indications of a bottleneck. In our case, the highly selective excitation of QD1, the ultra-

low excitation power densities ≤ 1 W/cm2 in combination with the excellent timing resolution

of the SSPD, enables us to observe and systematically investigate the phonon-bottleneck via

the variation of the luminescence timescale.
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In order to show that faster inter-sublevel relaxation is indeed mediated by scattering with

charge carriers occupying higher states in QD1, spectrally and time-resolved PL measurements

were performed in a confocal geometry by spectral filtering of the X0 emission. The results

obtained from the off-chip experiment (inset) are presented in figure 3.17b. Here, the spec-

trally resolved PL time-transients are shown on a semi-logarithmic plot for excitation power

densities increasing from 1.32 W/cm2 up to 927 W/cm2 and a fixed excitation energy in the

WL continuum at 1.485 eV. Again, we observe an exponential increase followed by a mono-

exponential decay. In contrast to the on-chip measurements presented in figure 3.17a, the

exclusive detection of the X0 transition gives rise to a power-independent mono-exponential

decay with τX = 0.69± 0.10 ns (indicated by the red arrow on figure 3.17b) even up to power

densities as high as P = 927 W/cm2. However, for elevated power densities the decay starts

at a later point in time, such as 0.8± 0.1 (1.4± 0.1) ns in case of 13.2 (927) W/cm2 shown by

the grey triangles (blue squares) in figure 3.17b. This delay of ΔT0 (1) = 0.25±0.1 (0.95±0.1)

ns, indicated by the grey/blue double arrow on figure 3.17b, is related to the cascaded recom-

bination of multi-excitonic states prior to the X0 recombination. Strikingly, the appearance

of the plateau at P ∼ 13.2 W/cm2 coincides with the saturation of τr, as shown by the curves

for P ≥ 13.2 W/cm2 in figure 3.17a.

For a quantitative analysis of this process the plateau length ΔT , the X0 lifetime τX and the

carrier relaxation time τr are presented in figure 3.17c as a function of P . For increasing power

densities a clear decrease of τr from 1.22±0.07 ns down to 0.10±0.07 ns is observed, being in

good qualitative agreement with recent findings obtained in differential transmission [Ste13].

This trend is followed by a saturation of τr just above the temporal resolution limit of the

SSPD for power densities larger than ∼ 10 W/cm2, while the plateau starts to form with ΔT

gradually increasing from 0.25±0.1 ns up to 0.95±0.1 ns. The exciton lifetime τX = 0.69±0.1

ns remains constant within the error over the whole range of power densities studied here.

The decrease in relaxation time and the simultaneous formation of the Pauli-plateau strongly

suggests an interplay between faster carrier relaxation and occupation of multiexcitonic states

[Ray96]. For τr it is found that the data points follow a P−0.67±0.02 dependency strongly

indicating that Auger processes mediate intersublevel relaxation [M’g99]. This observation

constitutes strong evidence that the occupation of the dot with multiple carriers mediates

faster carrier capture and energy relaxation. As presented in figure 3.18, this power law and

saturation behaviour is found to be universal within the experimental error for all excitation

energies studied.

3.3.4. Excitation energy dependent studies

To gain a deeper insight into the origin of the charge carriers responsible for masking the

capture and relaxation bottleneck at elevated power densities, excitation energy dependent PL

studies were performed. Here, the excitation power dependent rise time of the luminescence

signal τr was extracted for a range of excitation laser energies; starting from the 2D wetting

layer continuum at Eexc = 1.459 eV and increasing up to 1.899 eV, far above the GaAs
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Figure 3.18.: Relaxation time τr as a function of the single exciton population probability PX , as determined

using Poisson statistics. The lines represent power-law fits with an exponent of −0.67 ± 0.02. The data is

shown for different excitation energies, indicated by the colored arrows in the inset. Here, the density of states

of a single QD, grown on a wetting layer and surrounded by GaAs is depicted schematically.

bandgap. To correct for the energy dependent absorption stength, the power density P used

for this experiment was converted into an energy independent population probability PX for

a single exciton occupying the QD. Hereby, Poisson statistics [Rei13a, Bac99] was used with

PX = α · exp(−α), where α = P/P0 and P0 being the saturation power density, as extracted

from the measurements presented in figure 3.16b. The results of these studies are presented

in figure 3.18. Here, the different excitation energies are indicated by the colored double-

arrows on figure 3.18 (inset), that schematically depicts the density of states for valence (VB)

and conduction band (CB) of a single dot. τr is indicated by the black arrow showing the

relaxation of an electron-hole pair created at 1.570 eV. Similar to the data recorded for a

fixed Eexc = 1.485 eV (figure 3.17c and orange circles on figure 3.18), τr is 1.22± 0.07 ns for

a very low exciton population probability of PX = 0.0011 ± 0.0002 and then quickly drops

towards the resolution limit as PX increases and is fully saturated at PX ∼ 0.1. A similar

trend is observed for all laser energies studied, further supporting the identification of two

distinct regimes, marked in figure 3.18. In the phonon-regime carrier relaxation is mediated

by the emission of acoustic phonons and is inefficient due to the weak matrix element for

exciton-phonon coupling [Ike04, Hei01]. In this regime the temperature dependence of the

charge carrier relaxation was previously investigated by another group [Ike04]. Here, the

involvement of phonons was proven by employing a theoretical model using a Bose-Einstein

distribution. In our case, the temperature dependence could not be analysed, as the dark

counts of the integrated SSPD would exceed the PL signal for temperatures larger than ∼ 5
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K [Kit07]. For exciton population probabilities ≥ 0.02, the Auger-regime, carriers rapidly

lose excess energy by few-carrier interactions where an e-h pair transfers excess energy non-

radiatively to a nearby charge carrier [M’g99].

In summary, by comparing on- and off-chip time-resolved luminescence, we directly probed

ultra-slow charge carrier capture and relaxation in a single QD. A continuous decrease in the

exciton capture and relaxation times by one order of magnitude was observed upon increasing

the number of injected charge carriers. At the same time, a plateau in the QD luminescence

with a duration of 0.95±0.10 ns is formed, as detected in time-resolved off-chip measurements.

This was attributed to the masking of the relaxation bottleneck by the presence of charges in

the bulk material and the 2D wetting layer continuum. The universal P−0.67±0.02 power law

dependence of the relaxation time with the number of injected charge carriers for all excitation

energies studied was attributed to Auger-type scattering, being the dominant effect inhibiting

phonon bottleneck phenomena in such systems.

Having successfully employed this optimized photonic circuit to study charge carrier relaxation

dynamics in a single QD, we move one step further by resonantly addressing QD energy states

throughout the following chapter. Thereby we will demonstrate the first prototype quantum

optical circuit with sources, waveguides and detectors fully integrated on a single chip that

is capable of detecting resonance fluorescence emitted by a single QD. Furthermore, we will

prove the quantum nature of the detected light and will present first indications of on-chip

detected coherent light-matter interaction.
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CHAPTER 4

On-chip detection of quantum light

Having established the technology for the monolithic integration of sources, waveguides and

detectors on a hybrid semiconductor-superconductor chip throughout chapter 3, we now de-

velop a first prototype for an integrated quantum optical circuit. Building up on the sample

structure developed in section 3.1 and applying the time-resolved on-chip PL technique intro-

duced in section 3.2.4 for both readout and signal filtering, we demonstrate the generation,

routing and detection of quantum light on-chip. Therefore, as presented in section 4.2, single

quanta of light created by resonance fluorescence (RF) are guided in the modes of GaAs ridge

waveguides and detected via an integrated SSPD. We finish by utilizing highly efficient on-chip

PL detection(see section 3.2.6) to show first indications of Rabi oscillations, demonstrating

the coherent interaction between the excitation laser and a single quantum emitter.

4.1. Laser stray light: origin and suppression

As previously observed in the spatially resolved on-chip PL scan in figure 3.15b, an illu-

mination energy lying within the wetting layer, i.e. below the GaAs bandgap, leads to a

pronounced background signal of 10 ± 1 kcps for a power density of only 172 ± 7 W/cm2.

This background originates from scattered laser light, since it is observed for an illumination

next to the waveguide and completely vanishes to levels < 1 cps, if the laser beam is blocked.

Considering our goal to measure the RF signal of single QDs embedded within the waveguide,

it becomes apparent that this laser background has to be eliminated, as it is comparable to

the expected on-chip signal. Here, the count rate of a single, resonantly excited QD will be

∼ 13 kcps (see equation (3.8)) when driven in saturation and assuming an on-chip detection
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efficiency of 1%, as determined in section 3.2.6. Therefore, throughout the following section,

we will analyze the different contributions to the background signal and, furthermore, develop

an efficient strategy to suppress laser stray light by modifying both the sample design and

the measurement technique.

4.1.1. Possible origins of laser stray light

In the following we analyze possible origins of laser stray light being detected by the SSPD.

Therefore, we consider a cross-section through a typical sample, as studied in chapter 3.2.

We assume that the waveguide is under laser illumination using the microscope objective, as

described in appendix A.2.

Figure 4.1.: Schematical sample cross-section for a typical on-chip PL sample, as discussed in chapter 3. The

incident laser beam (red cone, opening angle α) gets refracted at the vacuum/GaAs interface leading to the

opening angle β. Afterwards, the light inside the substrate experiences reflection (green) as well as diffuse

scattering (blue) at the sample backside. The light rays from the backside then get reflected at the lower

GaAs/Al0.8Ga0.2As interface and are guided to the SSPD.

As depicted schematically in figure 4.1, the objective with its numerical aperture ofNA = 0.62

leads to an opening angle α ≈ 38.3◦ for the incident light cone. Using Snell’s law
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nGaAs sinβ = sinα (4.1)

with the refractive index of GaAs nGaAs = 3.5 for light of 1.3 eV [Bla82], we obtain the

opening angle β ≈ 10.2◦ for the light cone inside the substrate. Since we consider laser light

with an energy of ∼ 1.3 eV, being below the GaAs bandgap and within in s-shell of QD

transitions (compare e.g. figure 4.8c), most of the light is transmitted through the substrate.

As schematically illustrated in figure 4.1, the laser hits the unpolished and rough substrate

backside and experiences both reflection (green arrow) and diffuse scattering (blue arrows).

Here, the small beam displacement introduced by the Al0.8Ga0.2As cladding was neglected.

Exemplary for all light rays within the red light cone, reflection and scattering is depicted

for the light-ray with angle β. At the lower substrate/cladding interface a small part of the

light will be reflected back into the substrate. The rest of the light intensity passes through

the cladding and does not experience reflection at the waveguide/vacuum boundary, since the

angle of total internal reflection αcrit ≈ 17.1◦, as obtained following equation (3.2), exceeds

β ≈ 10.2◦. Therefore, in order to suppress the detection of directly reflected laser light by

the NbN-SSPD(orange block), the detector has to be placed at least

d1 = 2 · dGaAs · tanβ ≈ 126 μm (4.2)

away from the excitation position demanding for waveguide lengths exceeding 126 μm. Here,

the angle of the reflected laser light being scattered out of the substrate is labeled γ. In this

case, γ = α for the green arrow. Later on, in section 4.1.2, detection angle γ - dependent

measurements will be carried out to test these hypotheses. Furthermore, diffuse scattering

also plays an important role, as the sample backside is not polished and exhibits a rough

surface, as indicated in figure 4.1. Here, the diffusely scattered light rays(blue arrows) can

indeed exceed αcrit at the waveguide/vacuum interface at distance d = d1 + d2. Therefore,

these light rays can experience effective waveguiding towards the SSPD, as indicated by the

multiple grey arrows.

Despite the analysis presented above, we cannot rule out other contributions to the detected

stray light yet. For example, scattering at the lower waveguide/cladding interface would

also result in guiding of stray light towards the SSPD. However, in order to suppress the

background contributions discussed in relation to figure 4.1, the wafer backside will be pol-

ished and coated with an absorber. Furthermore, ultra-long waveguides will be employed to

suppress any directly reflected or scattered laser beams.

4.1.2. Substrate treatment for stray light suppression

In order to find the most efficient method to suppress the background originating from scat-

tered laser light, we investigated different substrate treatments. Here we directly measured
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On-chip detection of quantum light

the stray light using a simple room temperature test setup, as depicted in figure 4.2b. In this

experiment a laser beam of power PIn, as depicted in red, is sent through a beam-splitter onto

the sample in normal incidence. The input power PIn can be measured at the beam-splitter,

whereas the power of the diffusely scattered laser light PStr is measured under the angle γ,

as depicted in green in figure 4.2b.

As shown in figure 4.1, we suspect that the stray light detected in our on-chip experiments

originates from laser light that is scattered at the back side of the sample. In order to

ensure that we only detect light that is diffusely scattered at the backside in the test setup

shown in figure 4.2b, the stray light for an illumination at Elaser = 1.959 eV, i.e. above

the GaAs band gap, was measured. Due to the high absorption inside the substrate in this

illumination scenario, no contribution from the sample backside is expected. In this case

PStr was negligibly low, as expected for the MBE grown sample surface exhibiting a surface

roughness < 1nm. Therefore, using the setup depicted in figure 4.2b, the laser stray light

that is diffusely scattered at the rough sample backside can be determined.
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Figure 4.2.: (a) Measured stray light power PStr relative to the input power PIn. The data is presented as

a function of detection angle γ and for different substrate treatments. (b) Experimental setup for stray light

characterization: An incident laser beam of power PIn is sent through a beamsplitter onto the sample. The

light which gets diffusely scattered at the sample backside is detected under the angle γ with a calibrated

photo diode (PStr).

Figure 4.2a shows PStr/PIn as a function of detection angle γ for different substrate treat-

ments. To obtain similar conditions compared to an on-chip detection experiment with reso-

nant QD excitation, the data was recorded for Elaser = 1.305 eV. Over the range of detection

angles that could be analyzed using the setup depicted in figure 4.2b, a pronounced decrease

of stray light for an increasing detection angle is observed for all four data-sets. Additionally,

the differently prepared substrate backsides exhibit a stepwise improvement for each fabri-

cation step that was employed. When comparing the blue and the red data-set, it becomes
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4.1 Laser stray light: origin and suppression

apparent that by just leaving away the chip-carrier, the diffusely scattered light is decreased

to 30%, as schematically depicted by the grey arrow in figure 4.2a. In practice we cannot

leave away the chip-carrier, as it contains the bond pads for contacting the SSPDs. However,

as drilling a hole into the ceramic chip-carrier turned out to be impossible without break-

ing it, we found that painting the gold covered chip carrier black using a text marker has a

similar effect like leaving it away entirely. When additionally polishing the sample backside

using the chemical/mechanical procedure as described in appendix B.1, the stray light again

drastically decreases to 21%. Adding a 1 μm thick absorbing amorphous Silicon coating to

the substrate backside results in another decrease to 19%, when comparing the green and

orange data points in figure 4.2a. For the polished and Si-coated sample the stray light drops

to the resolution limit of the power-meter with PStr/PIn = 10−6 for |γ| ≥ 40◦. Therefore,

considering all improvements applied to sample backside and assuming a detection angle of

|γ| ≥ 40◦, the expected stray light suppression for normally incident laser light is at least by

a factor of 500×.

As depicted in figure 4.1, varying the detection angle γ represents a different excitation-

detection distance d:

d = dGaAs · tan
(
arcsin

(
sin(γ)

nGaAs

))
(4.3)

with the substrate thickness dGaAs = 350 μm, the scattering angle α and the refractive index

of GaAs nGaAs = 3.4 for light with an energy of ∼ 1.3 eV [Bla82]. Using equation 4.3, we find

that the analysed range of |γ| ≤ 60◦ corresponds to |d| ≤ 92 μm. However, as described in the

discussions related to figure 4.1, the length of fabricated waveguides should exceed 126 μm

anyway in order to suppress light that gets non-diffusely reflected at the sample backside.

Therefore, by taking all findings from this section into account, we conclude that efficient

stray light suppression can be achieved by introducing the following additional fabrication

steps:

1. Polishing of the sample backside to reduce diffusely scattered light.

2. Coating the polished sample backside with a ∼ 1 μm thick layer of Si to absorb light

with energies ≥ 1.1 eV.

3. Painting the chip-carrier black to suppress light scattering at the chip-carrier surface.

4. Fabrication of waveguides longer than 126 μm to suppress non-diffusely reflected light.

Taking these four steps into account, we fabricated new waveguide coupled SSPDs on polished,

Si coated substrates. In the following we will show the low-temperature characterization of

the stray light, the waveguide losses and the signal to background ratio.
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4.1.3. Characterization of low stray light samples

Having tested the influence of a polished, Si coated sample backside on the diffusely scattered

light, we move on to fabricate and investigate a new and optimized sample for single dot

measurements.

SSPDs on ultra-long waveguides with absorbing backside

Including the new steps into our standard fabrication scheme for on-chip detection samples, as

described in section 3.1.3, we obtained samples that are optimized for stray light suppression.

The detailed fabrication techniques involved in the polishing, Si coating and the ultra-long

waveguide lithography can be found in appendix B. One additional step in particular was

added to absolutely exclude background signal originating from SSPD top-illumination. Here,

a layer structure consisting of 50± 15 μm Teflon, 12± 0.5μm Aluminium foil, 50 μm Teflon

foil was carefully placed over the detector and fixed at its sides to the chip carrier using drops

of vacuum grease. This process results in a capping of the SSPD that does not damage or

short-circuit the device, but efficiently blocks any direct illumination from the top.

Figure 4.3.: (a) Optical microscope image of fabricated on-chip detection sample with > 1mm long waveguides

and implemented stray light suppression. A double-SSPD, as shown in the SEM image in the top-inset, is

defined on top of the waveguide and covered by a teflon-aluminum-teflon sandwich structure to suppress directly

incident stray light. (b) Complete layer sequence of the sample structure on the left and the corresponding

refractive index profile on the right.

Figure 4.3a shows an optical microscope image of a typical low-stray light sample after fab-

rication, bonding and capping. Furthermore, figure 4.3b shows a cross-section through the

whole layer sequence on the left and the refractive index profile on the right. Starting from

the bottom, the sample consists of a 1 μm thick Si absorber layer grown on the 350 μm thick

GaAs substrate, followed by the 2 μm thick Al0.8Ga0.2As cladding which the 250 nm high

waveguide is fabricated on. The waveguide is covered with 10 nm of NbN, patterned into
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4.1 Laser stray light: origin and suppression

a nanowire-SSPD, as depicted in the SEM image in the top-inset of figure 4.3a. Embedded

within the waveguide is a mono-layer of optically active self-assembled InGaAs QDs. Consid-

ering the refractive index profile, it is apparent that light emitted inside the waveguide will

experience total internal reflection on both the air-GaAs interface and the GaAs-Al0.8Ga0.2As

interface. Furthermore, light propagating in the active, SSPD covered parts will evanescently

couple to the NbN and be absorbed in the detector. The teflon-aluminium-teflon capping

can be observed in figure 4.3a as the black vertical structure covering the SSPD and in 4.3b

as the top layer sequence shown in blue-grey-blue. The waveguides, as fabricated, exhibit a

total length of 2.6 mm from which only 1.5 mm can be used in this particular sample. The

points A and B at the distance d from the SSPD, that are marked in red in figure 4.3a, refer

to the illumination positions on and off the waveguide that will be analyzed in detail in the

following.

Influence of Si-absorber and SSPD-capping

Having fabricated low stray light samples with a polished and Si-coated backside, we per-

formed low-temperature electro-optical measurements to characterize the actual effect of our

modifications. Therefore, we compared on-chip PL measurements, as introduced in section

3.2, for illumination on and off the waveguide at different excitation wavelengths.

The laser stray light, measured by the integrated SSPD for illumination next to the waveguide

at point B, as marked in figure 4.3a, is plotted in figure 4.4a on a semi-logarithmic scale. The

data was recorded as a function of distance d from the SSPD operated at 4.2 K in the cryogenic

dip stick described in appendix A. Keeping the excitation power density constant at 1.3± 0.1

kW/cm2, we varied d and performed the measurements for the three different illumination

energies Elaser = 1.348 eV, 1.494 eV and 1.543 eV. The data presented in figure 4.4a was

measured before the detector-capping procedure described above.

As shown by the green data points, an illumination at Elaser = 1.348 eV, i.e. far below

the GaAs band gap, gives rise to a pronounced stray light signal of 0.31 ± 0.06 Mcps for a

distance from the SSPD of d = 0.125mm. As d increases up to 0.4 mm, we first observe

a steep exponential decrease of stray light with a propagation length of only 70 ± 4 μm

corresponding to losses of ΓSi = 62 ± 3 dB/mm. Afterwards, starting at d ∼ 0.4 mm, a

second exponential decrease is observed with a much longer propagation length of 796±96 μm

corresponding to losses of ΓStray = 5.5± 0.7 dB/mm. For illumination at Elaser = 1.494 eV,

i.e. just below the GaAs bandgap, a very similar behaviour is observed compared to the

green data points. However, in this case the detected stray light is ∼ 4× lower compared to

an illumination at 1.348 eV. In strong contrast, in case of an illumination above the GaAs

bandgap at Elaser = 1.543 eV, only one exponential decay can be observed. Additionally, the

intensity at d = 0.125 mm is again reduced by ∼ 4.1× when comparing blue and red data

points. Most strikingly, the slow part of the exponential decay of the stray light are equal

within the error for all three illumination energies.
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Figure 4.4.: (a) Stray light measured by the uncapped SSPD for an illumination next to the waveguide. The

data is shown as a function of distance d from the detector for three different illumination energies. For illumi-

nation at an energy below the GaAs badgap (green and red data points) a fast and a slow exponential decay

are observed, whereas for 1.543 eV the data shows only the slow component. The corresponding propagation

lengths are 70 ± 4 μm for ΓSi and 796 ± 96 μm for ΓStray, respectively. (b) Measured stray light data as a

function of distance d comparing an uncapped detector (open symbols) with a teflon-alu-teflon capped SSPD

(full symbols). In both cases the same propagation length of 752± 55 μm can be extracted.

The data measured for illumination above the GaAs bandgap (blue data points) observed

in figure 4.4a can be interpreted as follows. Only one exponential decay is observed, since

the light penetrating the substrate is sufficiently highly energetic to be fully absorbed in the

GaAs. The still remaining stray light must either originate from light incident on the SSPD

from the top or from light that is scattered into the waveguide and, thus, guided to the

SSPD. Here, the direct coupling of stray light into the waveguide is supported by the fact

that the losses of the stray light ΓStray = 5.5± 0.7 dB/mm are identical within the accuracy

to the losses observed for on-chip PL in figure 4.5. However, throughout this section, we will

investigate these two possibilities in detail.

In order to understand the data measured for an illumination below the GaAs band gap in

figure 4.4a (red and green data points), we must consider that the substrate is fully transparent

for light below the GaAs band gap. However, all light with an energy ≥ 1.1 eV gets absorbed

in the Si coating at the sample backside, as seen by the strong decrease with ΓSi = 62 ± 3

dB/mm. Here, the decrease originates from an absoprtion for the multiple reflections of

the light between the sample backside and the Al0.8Ga0.2As cladding and sample surface, as

depicted in figure 4.1. Since the decay observed in the green and red data points intersects

the decay of stray light for an illumination above the GaAs band gap (blue data), we can

safely assume that all stray light originating from scattered light at the sample backside is
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4.1 Laser stray light: origin and suppression

fully suppressed for excitation-detection distances d ≥ 0.5 mm. At this point we can conclude

that the polishing and Silicon coating of the sample backside works as intended and reduces

the stray light for an excitation at 1.348 eV by a factor of ∼ 21× for d ≥ 0.5 mm.

For the investigation of the still remaining background light, we took the sample out of the dip

stick and covered the SSPD with the teflon-aluminum-teflon sandwich structure, as shown in

figure 4.3a. After cooling it down again, we measured the stray light for illumination at point

B, as shown in figure 4.3a, again for the exact same parameters used for the data shown in

figure 4.4a. As the optical alignment of the setup and the electrical SSPD characteristics did

not change, we can directly compare the detector count rates from these two measurement

runs. Figure 4.4b compares the measured laser stray light as a function of d for an uncapped

detector (open symbols) with the data obtained for a capped detector (full symbols). For

both cases we observe an exponential decrease with an identical loss rate of ΓStray = 5.8±0.4

dB/mm. However, the measured stray light extracted for the capped detector scenario is

∼ 2× lower. The data shown here for an illumination energy of Elaser = 1.494 eV was

repeated for the other two illumination energies 1.348 eV and 1.543 eV showing the same

qualitative outcome.

We conclude that capping the detector reduced the background light by a factor of 2×, result-

ing in a total stray light suppression by a factor of 44×. However, the loss rates for capped and

un-capped detectors are the same. Therefore, the remaining background light must originate

from stray laser light that is directly coupled into the waveguide and guided to the SSPD. This

assumption will be further verified by time-resolved on-chip PL data for an excitation with a

ΔE = 1.0 ± 0.1 meV broad excitation laser, as presented in section 4.2.3. The introduction

of a new fabrication step, for example the selective removal of underlying Al0.8Ga0.2As by

wet chemical etching might suppress the remaining stray light. However, as described later

in section 4.2.1, we circumvented this problem for the time being by introducing a temporal

filtering method to fully suppress any scattered laser light.

Waveguide losses

Having shown that a polished and Si-coated sample backside and a teflon-capped detector

suppresses stray laser light by a factor of 44×, we move on to investigate waveguide losses for

the new sample, as depicted in figure 4.3a.

Figure 4.5 summarizes the recorded SSPD signal as a function of excitation-detection dis-

tance d for illumination on the waveguide at point A, as shown in figure 4.3a. The data

was recorded for an excitation power density of 1.3 ± 0.1 kW/cm2 and is plotted on a

semi-logarithmic scale in green, red and blue, corresponding to the three excitation ener-

gies Elaser = 1.348 eV, 1.494 eV and 1.543 eV. Open data points show data recorded for

an uncapped detector, whereas the full data points represent the measurements performed

after the teflon-aluminium-teflon capping was placed on the SSPD. Both for capped and

uncapped detectors we clearly observe an exponential decay with a propagation length of

0.664 ± 0.064 mm which corresponds to losses of ΓWG = 6.6 ± 0.5 dB/mm for all three
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Figure 4.5.: On-chip PL signal recorded by the integrated SSPD for an illumination on the QD-loaded

waveguide at point A, as shown in figure 4.3a. The data is shown as a function of distance d between excitation

and detection and was measured for three different excitation energies. Each time an exponential decay with

a propagation length of 0.664± 0.064 mm is observed for both teflon-capped and uncapped detectors.

energies. Compared to the data previously shown in section 3.2.5 and 3.3.1, we notice an en-

hancement of the propagation length by ∼ 60% which is attributed to the fact that a freshly

grown wafer was used for the fabrication of the low stray light sample. Possibly this wafer

exhibits a slightly different Aluminum concentration in Al0.8Ga0.2As cladding or a slightly

different waveguide thickness.

For illumination at 1.348 eV, i.e. far below the GaAs bandgap, the recorded signal starts at a

very high value of ∼ 1 Mcps and then quickly reduces to ∼ 1 kcps when moving the excitation

spot 0.5 mm away from the SSPD. Taking our findings from the stray light analysis presented

in figure 4.4a into account, we attribute the fast decaying signal for 0 ≤ d ≤ 0.5 mm mostly to

scattered laser light. However, for d ≥ 0.5 mm, the multiply scattered laser light (see section

4.1.1) is fully absorbed by the Si coating on the backside of the sample.

Furthermore, the detected on-chip PL signal exhibits a decrease over one order of magnitude,

when comparing QD excitation at 1.543 eV (blue squares) with 1.494 eV (red circles). Another

decrease by a factor of ∼ 40× is observed when exciting the QDs at 1.348 eV, as shown by

the green triangles. This trend reflects the abruptly changing absorption strength of the

embedded QDs for energies lower than ∼ 1.5 eV and was already discussed in the excitation

energy dependent on-chip PL studies, as presented in section 3.2.3.
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4.1 Laser stray light: origin and suppression

Signal to background for on-chip PL

The final and most important point that needs to be investigated is the signal to background

ratio η that we can expect for an on-chip PL experiment with (quasi-)resonant QD excitation.

This figure of merit is defined as the on-chip PL signal divided by the scattered laser back-

ground and is a function of the distance d from the excitation spot to the detector. Assuming

that the laser background light is equally strong on the waveguide and next to the waveguide,

η is obtained by

η(d) =
PLA(d)− PLB(d)

PLB(d)
(4.4)

with the on-chip PL signal PLA(d) obtained on the WG at point A, as marked in figure 4.3a,

and the signal measured for illumination next to the waveguide PLB(d) at point B.
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Figure 4.6.: On-chip signal to laser background ratio η obtained for a power density of 1.3±0.1 kW/cm2. The

data is plotted as a function of distance d from the SSPD and shown for the illumination energies 1.543 eV

(above band gap, blue squares), 1.494 eV (just below bandgap, red circles) and 1.348 eV (wetting layer

continuum states, green triangles).

Taking the data presented in figures 4.4a and 4.5 into account, η can be obtained as a function

of d. The results of this study are summarized in figure 4.6 for the three excitation energies

used before. Again, the data is recorded for a constant power density of 1.3 ± 0.1 kW/cm2

and for capped and uncapped illumination scenarios, as represented by open and full symbols,

respectively. In contrast to the blue data recorded for above bandgap excitation, η increases

over one/two orders of magnitude for 1.494 eV and 1.348 eV, respectively. The increase and

saturation of η for the red and green data points represents the absorption of laser stray
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light at the sample backside over the first ∼ 0.4 mm. Especially for an excitation within

the wetting layer quasi-continuum at 1.348 eV, the data presented in figure 4.6 proves the

importance of the sample backside treatment, as η increases from 0.03 to 3 ± 2. However,

compared to an excitation tuned above band gap where η stays constant at 370 ± 40, the

value of only 3±2, as obtained for the lowest excitation energy, is absolutely insufficient to do

PL-excitation spectroscopy. Particularly for resonance fluorescence experiments, where the

excitation energy is again decreased to < 1.3 eV, η is expected to fall below 1. Therefore,

a temporal filtering method was introduced to suppress remaining laser background light.

Throughout the following section, it will be shown how this technique can be employed to do

PL excitation spectroscopy with both on- and off-chip detection and, furthermore perform

resonance fluorescence with on-chip detection.

4.2. On-chip generation, routing and detection of resonance

fluorescence

Within the last section we built the foundations for the successful implementation of a reso-

nance fluorescence experiment with on-chip detection by showing the integration of optimized

NbN-SSPDs with active GaAs waveguides. We introduced on-chip PL as a new measurement

technique allowing for the efficient time-resolved detection of QD-emission being guided in the

modes of the waveguide by integrated SSPDs. Furthermore, by modifying the layer sequence

of our samples, we could suppress stray light originating from the excitation laser by a factor

of ∼ 40×.

Throughout the following section, we present the on-chip generation of quantum light from

individual, resonantly excited self-assembled InGaAs quantum dots, efficient routing over

length scales ≥ 1 mm via GaAs ridge waveguides and in-situ detection using evanescently

coupled integrated NbN superconducting single photon detectors fabricated on the same

chip. By temporally filtering the time-resolved luminescence signal stemming from single,

resonantly excited quantum dots we use the prototypical quantum optical circuit to perform

time-resolved excitation spectroscopy on single dots and demonstrate resonance fluorescence

(RF) with a spectral linewidth of 10±1 μeV; key elements needed for the use of single photons

in prototypical quantum photonic circuits. By measuring the autocorrelation function of one

particular QD emission line in off-chip geometry, whilst simultaneously measuring RF of the

dot in on-chip geometry, we show the quantum nature of the on-chip detected light. Finally,

first indications for on-chip detected Rabi-oscillations are presented, representing the next

step towards coherent control of a quantum dot with integrated detection.
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4.2.1. Sample structure and temporal filtering

As depicted schematically in figure 4.7a, the samples investigated consist of a linear GaAs

(core) AlGaAs/air (cladding) multimodal ridge waveguide into which a single layer of opti-

cally active self-assembled InGaAs QDs is embedded at its midpoint, 125 ± 5 nm below the

surface. A single-frequency tuneable diode laser (line-width < 1 MHz, modulated at ∼ 3 GHz

to produce 290±70 ps pulses at a 3% duty cycle) is focused onto the waveguide surface produc-

ing a diffraction limited spot with ∼ 3− 5 self-assembled QDs within the focal volume (figure

4.7a). The light generated and scattered by the excited QDs is then guided along the ridge

waveguide over a distance Δx = 1040 ± 1 μm and evanescently coupled into the nanowires

of the integrated SSPD as described in detail in section 3.2. Furthermore, as described in

section 4.1.3, we determined the propagation losses to be 6.6 ± 0.5 dB/mm by varying Δx

whilst recording the dot PL using the integrated SSPD. The simulated photonic mode profile

for a wWG = 20 μm wide waveguide (see section 3.1.1) is shown as an inset of figure 4.7a,

demonstrating the strong confinement of light in the waveguide. This gives rise to near-unity

absorption of waveguide-photons in the active detection-region(see section 3.2.6 and [Rei13a]

for details). This sample geometry allows the detection of confocal QD luminescence emitted

via the top waveguide surface and the simultaneous investigation of the temporally resolved

QD response guided along the waveguide using the integrated SSPD. Therefore, this proto-

typical quantum optical circuit provides a test bed for all-optical generation, distribution and

detection of non-classical light on the photonic chip.

Figure 4.7.: (a) Sample structure combining a 2 mm long GaAs ridge waveguide (FDTD simulation of the

fundamental mode profile as an inset) containing a single layer of InGaAs QDs, as shown in the AFM image on

the top right, that are evanescently coupled to an NbN-SSPD. (b) PL intensity detected in confocal geometry

for excitation in the wetting layer at 1347.7 meV (blue curve) and at X∗∗
2 (red curve). In sections 4.2.2 and

4.2.3 we focus on the two quantum dot transitions labelled X1 and X2. The corresponding excited state

transitions that we study are labelled X∗
1/2, X

∗∗
1,2 and X∗∗∗

1 respectively.
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Pre-characterization of quantum dots using off-chip PL

Firstly, we performed off-chip detected confocal PL measurements for various positions along

the waveguide in order to identify regions with only a few sharp emission lines originating

from individual dots. Typical results of such off-chip detected confocal PL measurements

are presented in figure 4.7b that compares emission spectra recorded from one such position

with the laser frequency tuned into the wetting layer at EWL = 1347.7 meV (blue curve)

and quasi-resonant excitation via an excited QD resonance, labelled X∗∗
2 in figure 4.7b, at

E(X∗∗
2 ) = 1302.8 meV (red curve). For this excitation position and both excitation energies

we observe pronounced emission from the same line labelled X1 in figure 4.7b at E(X1) =

1263.5 meV and weaker emission from the line labelled X2 at E(X2) = 1268.2 meV. As shown

later in figure 4.8, the intensity of both emission lines increases linearly with the excitation

power P according to I ∝ Pm with exponents of m = 0.96±0.02 and 0.99±0.04, respectively,

identifying both features as arising from single exciton transitions [Fin01a]. We will continue

to probe the absorption properties of X1 and X2 using PL excitation (PLE) spectroscopy

later in figures 4.10a and 4.10b with both on-chip detection via the integrated SSPD and off-

chip detection via an imaging monochromator (see appendix A.2). The bottom axis of figure

4.7b shows the energy difference ΔEdet = Edet −EX1 between the detection energy Edet and

the X1 ground state emission energy. Whereas the emission lines X1 and X2 are attributed

to ground state transitions of two different QDs, the lines X∗
1/2, X

∗∗
1/2 and X∗∗∗

1 marked in

figure 4.7b are identified as arising from excited QD states, an attribution supported by the

PLE measurements discussed below.

Before conducting PL excitation spectroscopy in on- and off-chip detection, we study the

power dependency of the QD emission lines marked X1 and X2 in figure 4.7b. QD emission

from these two lines will be subject to on- and off-chip PLE and RF studies in sections 4.2.2

and 4.2.3. Furthermore, we show a PL spectrum and the power dependency of a different,

much brighter dot labelledX3 that will be investigated in sections 4.2.4 to 4.3.2 with respect to

the statistics of the emitted photons and for first indications of Rabi oscillations. The power-

dependent PL experiments were performed in confocal off-chip detection under wetting layer

excitation at Eexc = 1347.7 nm.

Figure 4.8a shows the off-chip detected PL intensity of emission lines X1 and X2, whereas

figure 4.8c shows a spectrum of X3. The data was recorded for an excitation power density

of 2.55± 0.13 kW/cm2 for X1/X2 and 4.08± 0.20 kW/cm2 for X3, respectively. All data was

measured for wetting layer excitation at Eexc = 1347.7 meV. When comparing the spectrum

recorded for X1/X2 (EX1 = 1263.6 meV and EX2 = 1268.1 meV) with the spectrum recorded

for X3 with EX3 = 1296.6 meV it is apparent that X3 shows a much cleaner PL emission that

clearly dominates over a weak background generated by other dots nearby. This pronounced

dot signal is crucial for measuring the auto-correlation function g(2)(τ) of the QD line, as

shown in section 4.3.1. In contrast, X1/X2 were chosen, as they exhibit a richer emission line

structure compared to X3. This structure is ideal for a comparison of PL excitation studies

conducted in on- and off-chip geometry that will be shown in section 4.2.2. Furthermore, our
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4.2 On-chip generation, routing and detection of resonance fluorescence

Figure 4.8.: (a) PL signal for an excitation energy of 1347.7 meV and an excitation power density of 2.55±
0.13 kW/cm2. The features marked X1 and X2 refer to the QD emission lines discussed in the main text. (b)

PL intensity as a function of excitation power density for X1 and X2 in double-logarithmic plot. (c) PL signal

of X3 for an excitation energy of 1347.7 meV and an excitation power density of 4.08± 0.20 kW/cm2. (d) PL

intensity as a function of the excitation power density for X3 in double-logarithmic plot.

studies of the power dependency of the QD emission is presented in a double-logarithmic scale

in figures 4.8b and 4.8d for X1/X2 and for X3, respectively. Assuming that the number of

randomly generated charge carriers inside the dots obeys Poisson statistics for power densities

P much lower than saturation power density, equation 3.6 was fitted to the data. Here, all

observed features show linear power dependencies on the double-logarithmic scale with the

exponent being very close to 1.0 as depicted in the plots. This indicates that those features

originate from single excitonic transitions [Fin01a].

Temporal signal filtering

Performing on-chip PLE spectroscopy using the integrated SSPD is complicated by the fact

that it is sensitive to all light propagating within the waveguide mode (i.e. no spectral

filtering). Moreover, as investigated in section 4.1, the SSPD detects any background signal
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On-chip detection of quantum light

originating from laser stray light scattered at the back surface of the sample as well as laser

light that is directly coupled into the waveguide. In an effort to reduce the impact of scattered

laser light we polished the back surface of the sample and sputtered an amorphous silicon

absorber layer to reduce the index contrast and, thereby, the impact of scattering. Details

concerning the fabrication of the backside coating can be found in appendix B.1, whereas a

characterization of the coated samples is presented in section 4.1.3. In addition to the sample

backside treatment, we utilized pulsed laser excitation in combination with temporal filtering

of the SSPD signal to separate the directly scattered laser light from the QD luminescence.

Figure 4.9.: (a) Instrument response function (IRF) of the electrically modulated excitation laser, detected

on-chip using the SSPD. The signal is plotted in units of counts per detected laser photon (cts/l). (b) Typical

time transient of multiple quantum dots excited in the wetting layer and detected on-chip using the integrated

SSPD. The IRF is shown in red, whereas the integration window used to extract the intensity originating solely

from the QD emission is indicated by the yellow shaded region.

Figure 4.9a shows a typical example of the time-resolved SSPD signal following excitation

next to the waveguide where all QDs have been completely removed by etching. In this

case, only scattered laser light reaches the SSPD and the time-resolved SSPD signal reveals

a Gaussian instrument response function (IRF). The measured IRF FWHM of 290 ± 70 ps

reflects the temporal resolution of the high-frequency detection electronics, since the SSPD

response is much faster (∼ 70 ps, see section 2.4.3 and [Rei13a]). In strong contrast, upon

exciting the waveguide region containing QDs via the underlying wetting layer we observe an

exponentially decaying SSPD signal that can clearly be seen in figure 4.9b. The deconvolution

of the observed SSPD signal with the IRF reveals a clear mono-exponential decay with a

lifetime of τQDs = 0.80 ± 0.07 ns, typical for the InGaAs QDs in this sample [Fin01a]. In

order to completely separate the QD signal from the laser stray light, the detected time-

resolved SSPD signal was temporally integrated for times ≥ 0.5 ns onwards as illustrated by

the yellow shaded region in figure 4.9b.
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4.2 On-chip generation, routing and detection of resonance fluorescence

4.2.2. Excited state spectroscopy in on- and off-chip geometry

This technique to distinguish the on-chip QD-PL signal from scattered laser light reaching

the SSPD, as discussed in the last section, facilitates the investigation of the PLE response of

the X1 - transition. Thereby, the excess laser energy ΔEexc = Eexc − EX1 was tuned over a

range of 17.0 ≤ ΔE ≤ 52.5 meV in steps of 0.1 meV. The corresponding time-resolved tran-

sients for on-chip detection and the ΔE-dependent off-chip multi-channel PLE data showing

the X1 and X2 peaks are presented in figures 4.10a and 4.10b, respectively. For large ex-

cess excitation energies ΔEexc = 47.5..52.5 meV a strong on-chip signal is observed with

closely spaced sharp lines in PLE which we attribute to WL 0D-2D bound-continuum tran-

sitions [Vas02] (see figures 4.10a and 4.10b). Moving to more resonant excitation energies

(ΔEexc = 46.0± 1.0 meV), we simultaneously observe a suppression of luminescence in both

on- and off-chip measurements. This observation reflects the absence of continuum transitions

[Vas02] for more resonant excitation. For excess laser energies in the range ΔEexc ≤ 44.0 meV

the PLE spectrum exhibits several discrete absorption resonances on a weak background (see

figure 4.10a and 4.10b). The three resonances labelled X∗∗
1 , X∗∗

2 and X∗∗∗
1 in figure 4.10a will

be focussed on later in the discussion related to figure 4.10c. Most interestingly, we observe

a group of long time-transients labelled X∗
1/2 for ΔEexc < 25.0 meV in figure 4.10a and cor-

responding weak QD emission features as shown in figure 4.10b. These states are tentatively

attributed to p-shell transitions of the QD emission lines X1 and X2, consistent with the

expected orbital quantization energy ΔEs−p ∼ 20 meV for such InGaAs QDs [Fin01b]. This

identification is further supported by the fact that no additional PLE resonances are observed

in the on-chip data for ΔEexc < 17.5 meV down to the s-shell transition. We note that the

increasing background observed in the off-chip measurement for ΔEexc < 17.5 meV (figures

4.10b and 4.10c-bottom panels) arises from scattered laser light at the sample.

We continue by focusing on the energy range between 20.0 < ΔEexc < 45.0 meV, where

several pronounced and clearly separated excited state resonances for both on- and off-chip

detection geometries are observed. The lower two panels of figure 4.10c show the off-chip

PLE spectra detecting at the energies of X1 and X2, respectively, whereas the upper panel

shows the time integrated on-chip SSPD signal for t ≥ 0.5 ns to exclude the scattered laser

light. When comparing the on- and off-chip PLE measurements presented in figure 4.10c,

several common features can be identified as highlighted by the grey-shaded regions. For

example, at ΔEexc = 20.0 meV a clear resonance is observed in the on-chip signal shown

in the upper panel of fig 4.10c, whilst simultaneously a clear resonance is observed in the

PLE spectrum detecting on X2 (fig 4.10c - middle panel). In total we focus on two distinct

PLE resonances (X∗
2 , X

∗∗
2 ) for X2 and on the three resonances X∗

1 , X
∗∗
1 and X∗∗∗

1 for X1 and

marked them in figure 4.10c. A high-resolution scan with on-chip detection of X∗
1 is presented

in figure 4.10d showing a Lorentzian shaped resonance at ΔEexc = 22.24 meV. In addition

to the highlighted resonances, a number of weaker features were detected in the confocal PL

data between 23.0 < ΔEexc < 30.0 meV and found to be correlated with resonances observed

in the on-chip PLE in the same energy interval. In summary, common QD resonances are
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On-chip detection of quantum light

Figure 4.10.: (a) Time-resolved on-chip PL intensity as a function of energy difference ΔEexc between the

laser Eexc and the X1 transition EX1. The lines that we focus on are marked X∗
1/2, X∗∗

1/2 and X∗∗∗
1 . (b)

Spectrally filtered, off-chip detected PL intensity for the same range of excitation energy as probed in the

on-chip measurement. The two highlighted lines X1 and X2 correspond to the QD transitions presented in

figure 4.8b. (c) Top panel: Integrated on-chip PL intensity for times > 0.5 ns plotted as a function of ΔEexc .

The on-chip signal is plotted in units of integrated counts per detected laser photon (i-cts/l). Middle/bottom

panel: PL intensity detected in off-chip geometry along the two lines marked in figure 4.10b. The 5 common

resonances that we focus on are highlighted by the grey-shaded regions and labeled with respect to the spectrum

shown in figure 4.8b. (d) High-resolution scan with on-chip detection of resonance X∗
1 .

observed both in off- and on-chip PLE measurements, indicating that the integrated SSPD

has sufficient sensitivity to discriminate emission from an individual quantum emitter.

4.2.3. On-chip detection of resonance fluorescence

After demonstrating that our on-chip integrated SSPDs are capable of measuring on-chip PLE,

whilst simultaneously collecting off-chip PLE of QD excited state resonances, we continue to

demonstrate resonance fluorescence from the s-shell transition X1. Hereby, we fine-tuned

the excitation laser in steps of δE = 1 μeV across X1 and simultaneously recorded on-

chip time-resolved transients for each laser excitation energy. As discussed in section 4.2.4,

resonance fluorescence in such patterned photonic systems typically requires use of a second,

weak non-resonant laser tuned above the bandgap of the GaAs waveguide (E = 1.534 eV,

P = 0.06± 0.02 W/cm2) to continuously create free carriers in the vicinity of the QD under

study and, thereby, stabilize the fluctuating electrostatic environment [Ngu12, Mak14].

In figure 4.11a, we present time-resolved transients recorded as a function of detuning ΔEexc =

Eexc − EX1 whilst scanning the laser across the s-shell resonance X1. We clearly observe

resonantly excited QD time transients over an energy range ΔEexc = ±20μeV with respect
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4.2 On-chip generation, routing and detection of resonance fluorescence

Figure 4.11.: (a) Time-resolved resonance fluorescence signal obtained from X1, as detected in on-chip

geometry using the integrated SSPD. The data is color coded in counts per detected laser photon (cts/l). (b)

Integrated RF signal of X1 for a time-window from 0.5 to 5.0 ns (blue squares) showing a Gaussian line-shape

(red solid line) with a FWHM of 10.9± 1.1 μeV. Inset: Linear power dependence of the RF signal for 0 μeV

laser detuning.

to the QD exciton ground state energy EX1. The observed signal exponentially decays with

a lifetime of 0.70 ± 0.07 ns, clearly showing that it arises from QD emission. The on-chip

recorded RF signal, integrated over a temporal range of 0.5 − 5 ns, is presented in figure

4.11b as a function of excitation energy ΔEexc = ±60 μeV exhibiting a pronounced peak at

ΔEexc = 0 μeV. Fitting the data with a Gaussian [Mak14] line shape

RF (ΔEexc) = A · e−
ΔE2

exc
2 ·w2 + y0 (4.5)

with the peak height A and the background-offset y0, we extracted a line width of ΔFWHM ≈
2.35 ·w = 10.9 ± 1.1μeV, in excellent agreement with values recently reported for off-chip

detected RF from QDs embedded in a free standing single-mode ridge waveguide [Mak14].

The inset of figure 4.11b shows the linear power dependence of the temporally integrated RF

signal detected at ΔEexc = 0 μeV as a function of the excitation laser power. The observed

linear dependence is expected for the 290 ± 70 ps pulses used, since the excitation pulse

duration exceeds the QD coherence time [Fox06] of

T2 =
�

ΔFWHM
= 65± 8 ps (4.6)

and thereby coherent Rabi dynamics are expected to be weak, as described in detail in section

4.3.2. To observe Rabi oscillations a much shorter pulse duration of just a few ps is necessary

[Fox06]. Therefore, a fs-pulsed laser was sent through a pulse-shaper (see appendix A.2)
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On-chip detection of quantum light

to obtain laser pulses with a temporal duration of ΔTexc ∼ 1 ps and an energy being on

resonance with a QD transition.

Figure 4.12.: (a) Time-resolved on-chip PL obtained from X4, as detected using the integrated SSPD for

an excitation with a pulse duration of ΔTexc ∼ 1 ps. The data is color coded in counts per detected laser

photon (cts/l). In contrast to the data presented in figure 4.11, multiple QDs are excited along the waveguide

due to the broad spectral line width of ∼ 0.6 meV and no RF signal can be observed. (b) Integrated RF of

X4 for a time-window from 0.5 to 5.0 ns (blue squares) showing a Gaussian line-shape (red solid line) with a

FWHM of 35.3± 3.6 μeV. This experiment was performed with a much narrower line width of only ∼ 2 μeV

(ΔTexc = 300 ps).

Figure 4.12a shows time-resolved on-chip PL for exciting the single quantum dot transition

X4 with ∼ 1 ps pulses. However, in contrast to the data presented earlier in figure 4.11a, no

resonance can be observed for both the coarse tuning over ΔE = ±6 meV shown here, as well

as for fine-tuning over a range of ΔE = ±50 μeV. Instead, we record similarly pronounced

PL time-transients for the whole excitation energy range. In strong contrast, when using

the excitation technique applied for the data shown in figure 4.11, a clear RF peak can be

observed, as presented in figure 4.12b. Here, ΔTexc = 300 ps long pulses were employed and

the recorded PL time-transients were integrated for a time-window from 0.5 to 5.0 ns (blue

squares) showing a Gaussian line-shape (red solid line) with a FWHM of 35.3± 3.6 μeV. The

absence of a RF resonance in figure 4.12a and the pronounced PL time-transients observed for

all excitation energies applied can be explained by the different spectral line widths of the two

different excitation scenarios. Namely, the short pulses employed for figure 4.12a exhibit a line

width of ∼ 0.6 meV, whereas the 300× longer pulses in figure 4.12b represent an excitation

with a ∼ 2 μeV sharp excitation laser. Therefore, ∼ 1 ps pulses can excite significantly

more QD transitions both at the position of X4 and along the waveguide via laser light being

directly coupled into the waveguide. In order to overcome this problem and to observe RF

with ultra-short laser pulses and to measure Rabi oscillations nevertheless, the fraction of

laser light coupled into the waveguide has to be suppressed or the QD density has to be

minimized to ∼ 0.01/μm2. However, both these solutions would require a new sample design.
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4.2 On-chip generation, routing and detection of resonance fluorescence

We therefore applied a different approach to record first indications of coherent light-matter

interactions in this system, as presented in section 4.3.2.

Similar resonance fluorescence measurements were performed on several different dots within

the waveguide with similar results to those presented in figures 4.11 and 4.12b. Here, most

of the RF data from the emitters exhibited a FWHM being in the range of ∼ 10− 20 μeV, as

shown later on in figure 4.14. Throughout the following sections we will focus on RF measured

for QD emission line X3, as marked in figure 4.8c. Thereby we will study the influence of the

gating laser power, analyze the photon statistics of this emission and finally we will show first

indications of Rabi oscillations measured in on-chip geometry.

4.2.4. Controlling the electrostatic environment

In order to observe a clearly pronounced resonance fluorescence signal in samples without a

built-in potential, a weak non-resonant laser can be mixed into the excitation to stabilize the

electrostatic environment [Ngu12]. Especially for waveguides where etched surfaces [Mak14]

or material boundaries [Hou12] like the GaAs-Al0.8Ga0.2As waveguide-cladding interface are

closely located near the QDs, fluctuating charges associated with surface states are expected

to lead to a broadening of the QD line width and, therefore, a suppression of the RF signal.

Throughout the following section the effect of an above-bandgap gating laser on the detected

RF signal in a sample with an intrinsically fluctuating environment is presented.

Figure 4.11 shows the integrated RF peak amplitude for the X1 feature as a function of the

gating laser power Pgate. The power of the excitation laser being in resonance with the X1

transition was kept constant. Without applying the gating laser, only very little (0.62 integr.

cts/l) RF signal was observed which was strongly increased by sending the above-bandgap

laser with an energy of 1534.5 meV through the confocal detection path. However, this gating

laser causes additional, non-resonantly excited PL background adding up to the cw-part of the

diode laser stray light. Both the PL background and the cw-part contribute to background

signal at the detector, thus with higher gating laser powers the signal to background ratio

decreases. Therefore, Pgate = 0.06 W/cm2 was chosen for the measurements presented in

figure 4.11. This gating laser power is slightly below the maximum of the integrated RF

signal and is marked by the red circle in figure 4.13.

At higher powers of Pgate ∼ 0.17 W/cm2, the RF signal drastically reduces until it completely

vanishes. The steep decrease arises from the non-resonantly created PL background signal

exceeding the detected RF signal. Furthermore, with increasing non-resonant excitation the

X1 transition becomes populated by charge carriers which leads to a quenching of the RF

signal. The different dots that were investigated showed a similar behavior compared to figure

4.13, yet the gating laser powers required for optimum signal varied by a factor of up to ∼ 4.

Thus, an ideal operating point has to be found for each individual QD being studied in on-chip

RF for the undoped sample used.
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On-chip detection of quantum light

Figure 4.13.: RF signal of X1, as measured for ΔEexc = 0 μeV detuning. The data is plotted as a function of

the gating laser power denisty Pgate. The bottom left inset depicts a CCD image of the excitation laser spot as

marked by the small red circle and the defocussed gating laser as marked by the larger red circle, respectively.

The data point marked in red refers to the value of Pgate that was used in the RF studies presented in figure

4.11.

The gating laser operated during the experiment is strongly defocused with a spot size of

21± 6 μm, as it was mixed via the confocal detection path in the on-chip experiments. This

path was focussed for light of 1305 meV and, thus, the light of the gating laser with an energy

of 1534.5 meV results in a broadly illuminated area due to chromatic abberation. This is

depicted in the CCD image in the inset of figure 4.13. Here, the small red circle marks the

excitation laser spot sitting right on the edge of the waveguide, giving rise to the asymmetric

form observed in the image. The larger red circle represents an approximation of the spot size

of the gating laser. By mixing the laser through a second optical path with an individually

tunable focal plane, RF experiments with a focused gating laser spot were performed on X3,

resulting in a lower RF signal, though. Therefore, we conclude that a large area illumination

with a weak non-resonant laser ∼ 0.06 W/cm2 produces the best stabilizing effect and does

not create significant background signal for on-chip experiments.

We continue by investigating the influence of Pgate on the line width of the RF signal. For

Pgate = 0 W/cm2, i.e. a fluctuating electrostatic environment, an inhomogeneously broadened

Gaussian line shape is expected [Mak14]. However, for a stable environment, we expect

a homogeneously broadened emission exhibiting a Lorentzian line shape with a narrower

ΔFWHM . In the following, we focus on the RF signal obtained for emission line X3, as

presented in the PL spectrum in figure 4.8c. In figure 4.14 the RF signal of X3 is plotted for

two different gating laser power densities, namely Pgate,0 = 0.06 ± 0.02 W/cm2 in the upper
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4.2 On-chip generation, routing and detection of resonance fluorescence

Figure 4.14.: Integrated RF signal of X3 for a time-window from 0.5 to 5.0 ns (blue squares) plotted as

a function of excitation laser detuning ΔEexc. The data is shown for two gating laser powers Pgate,0 =

0.06 ± 0.02 W/cm2 and Pgate,1 = 0.1 ·Pgate,0. An increase in the line width ΔFWHM from ∼ 14 μeV for

Pgate,0 to ∼ 25 μeV is observed for both Lorentzian (green solid line) and Gaussian (red solid line) line shapes.

panel and Pgate,1 = 0.1 ·Pgate,0 in the lower one, respectively. Using a Lorentzian fit (green

solid line)

RF (ΔEexc) =
2 ·A
π

·
ΔFWHM

4 ·ΔE2
exc +Δ2

FWHM

(4.7)

with the peak area A, we extracted a line width of ΔFWHM = 13.0± 4.3μeV, identical to the

RF signal obtained from X1 (see section 4.2.3) within experimental accuracy. However, when

we employ a different gating condition with Pgate,1 being one order of magnitude smaller, we

observe a ∼ 1.9× line width broadening to ΔFWHM = 24.5 ± 3.2 μeV, as extracted again

from a Lorentzian fit shown in green in the lower panel of figure 4.14.

In order to study if we can observe a change in the line shape, Gaussian functions (equation

4.5) were fitted to the experimental data, as shown in red on figure 4.14. Here, the same

ΔFWHM was obtained within the error. When comparing the qualitative quality of the fit

not much difference can be observed comparing the upper and lower panel of figure 4.14.

Furthermore, the residual sum of squares of the Gaussian and Lorentzian fit shows only a

difference of < 5% for both Pgate,0 and Pgate,1, supporting the conclusion that there is no

change of line shape visible for the two different gating powers used. Therefore, no change

from inhomogeneous to lifetime broadening is apparent [Fox06]. Additionally, by taking
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into account that the observed minimum line width of ∼ 14 μeV fits perfectly to the value

reported recently [Mak14] for inhomogeneously broadened data, we can safely assume that

the RF measured in our sample is still inhomogeneously broadened despite the gating laser.

Therefore, the RF-data shown in figure 4.11b was fitted with a Gaussian fit function.

In conclusion, the stabilizing technique for the electrostatic environment has to be improved

furthermore to reach a purely lifetime broadened line width [Mak14]. However, taking into

account the clear change of ΔFWHM observed in figure 4.14 and the increase of RF signal with

Pgate presented in figure 4.13, we know that the gating laser indeed controls the electrostatic

environment experienced by the dot.

4.3. Coherence and photon statistics of detected light

After having shown on-chip RF detection of X1 and X3 and having investigated the influence

of the gating laser on the RF intensity and line width, we move on by studying the statistics of

the photons emitted. By performing photon correlation experiments with off-chip detection,

we will show that the light emitted by X3 is indeed quantized. Furthermore, by employing

a pulsed laser directly on resonance with X3, we will show first indications of a coherent

interaction between the QD and the laser field.

4.3.1. Quantum nature of QD emission

In order to demonstrate the quantum nature of the on-chip detected light we performed off-

chip measurements of the photon statistics of X3. Since emission is predominantly into the

waveguide mode, the signal recorded in off-chip detection is weak. However, this particular

QD emission line exhibits a very clean ground state emission signal S with little background

B, as observed in the non-resonantly excited PL spectra presented in figure 4.8c. An analysis

of the peak amplitude of X3 and PL background results in an emission coefficient [Bro00] of

δ =
S

S +B
= 0.92± 0.05. (4.8)

The photon statistics of the emitter can be measured by determining the auto-correlation

function being defined as

g(2)(τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉 〈I(t+ τ)〉 (4.9)

where I(t) is the intensity of the light at time t. The 〈. . .〉 indicate the time average computed

by integrating over a long time period [Fox06]. It can be measured by sending the light from

an emitter onto a beam splitter and then measuring the average time delay τ between two
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events employing two single photon counters at each output port of the beam splitter. Such

an experiment is referred to as a Hanbury-Brown and Twiss (HBT) measurement [Bro56].

Thereby, a non-classical emitter can be identified, if the measured g(2) for zero time delay

τ = 0 is zero, as it is not possible that two photons are emitted at the same time. As shown

below, g(2)(τ = 0) does not reach zero in reality but is limited due to uncorrelated background

events stemming from the excitation laser or nearby quantum dots.

Figure 4.15.: Autocorrelation function g(2)(τ) measured for QD transition X3 with an emission energy

of E(X3) = 1296 meV under quasi-resonant continuous wave excitation at 1362 meV shown in blue. The

deconvoluted fit to the data is shown in red, resulting in g(2)(0) = 0.36± 0.07.

By filtering X3 using a monochromator and sending the light into a HBT setup, we measured

the autocorrelation function g(2)(τ), as presented in figure 4.15. Here, the background cor-

rected [Bro00] coincidence counts detected from the QD emission are plotted as a function of

time delay. The red solid line represents a fit for g(2)(τ) of a quantum emitter [Fla09a] to the

deconvoluted data using

g(2)(τ) = 1− (1− g0) · e−
|τ |
τ0 (4.10)

with g0 = g(2)(0) = 0.36 ± 0.07 proving the quantum nature of the emission from this dot.

τ0 = 0.49 ± 0.30 ns in equation 4.10 refers to the lifetime of X3. The observation of an-

tibunched emission from X3 exhibiting a clear RF signature in our on-chip measurements,

provides strong evidence that the on-chip RF signal observed in our experiments represents

non-classical light in the prototype quantum optical circuit shown in figure 4.7a.
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4.3.2. Indications of coherent light-matter interaction

Having shown the quantum nature of the detected RF signal by measuring g(2)(τ) in an

off-chip HBT experiment, we move on to present first on-chip measurements indicating a

coherent interaction between the excitation laser and the QD. Therefore, we performed a

Rabi oscillation [Zre02, Kam01, Beh03] experiment with on-chip detection. Here, we excite

a QD transition on resonance with ΔEexc = 0 μeV using a pulsed laser exhibiting a pulse

duration which is ideally shorter than or at least comparable to the QD coherence time, as

given by equation (4.6). In our case we are experimentally limited (see appendix A.2) to

100 ps pulses, so we expect coherent laser-QD interactions to be weak [Fox06].

Strong light-matter interaction

Before showing our experimental results, a brief introduction into the physics behind the

strong-field limit of light-matter interaction will be given. Considering the QD ground state

X3 as a two-level atom in presence of a linearly polarized laser field �ε(t) = (ε0,0,0) cosωt with

angular frequency ω = Eexc/�, we obtain the wavefunction ψ(�r,t) of the coupled system by

solving the time-dependent Schrödinger equation [Fox06]

(
Ĥ0(�r) + V̂(t)

)
ψ(�r,t) = i� ·

∂ψ(�r,t)

∂t
(4.11)

where Ĥ0(�r) is the time-independent Hamiltonian describing the QD in the dark and V̂(t)
is the pertubation term accounting for the light-atom interaction. Considering the eigenen-

ergies (eigenstates) of our two-level system E1 = Ecgs = 0 meV (ψ1(�r,t)) and E2 = EX3 =

1296.6 meV (ψ2(�r,t)), the solution to equation (4.11) results to

ψ(�r,t) = c1(t)ψ1(�r)e
−iE1t/� + c2(t)ψ2(�r)e

−iE2t/� (4.12)

Here, Ecgs refers to the energy of the crystal ground state and EX3 is the emission energy of

X3, as determined in the measurement presented in figure 4.8c. c1(t) and c2(t) in equation

(4.12) account for the wavefunction coefficients describing the temporal evolution of the states

in presence of the laser field. Furthermore, we introduce the dipole matrix element [Fox06]

μij = −e

∫
ψ∗
i xψjd

3�r (4.13)

describing the electric dipole moment associated with the transition between ψi and ψj . Here,

e refers to the elementary charge and the polarization has been chosen along the x axis. Using

equation (4.13), we define the Rabi frequency

ΩR =
∣∣∣μ12ε0

�

∣∣∣ (4.14)
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4.3 Coherence and photon statistics of detected light

With the abbreviations defined in (4.13) and (4.14), we obtain the following coupled differ-

ential equations for c1(t) and c2(t):

ċ1(t) =
i

2
ΩRc2(t) (4.15)

ċ2(t) =
i

2
ΩRc1(t) (4.16)

These two equations were derived by inserting equation (4.12) into (4.11) using the orthonor-

mality of the eigenstates and the rotating wave approximation. Furthermore, equations (4.15)

and (4.16) represent the case of the laser being exactly on resonance with the QD transition,

i.e. Eexc = EX1. When solving the differential equations, we find that the probabilities

of the QD being in ψ1 (crystal ground state) or in ψ2 (i.e. being occupied by exactly one

electron-hole pair in the ground state) are given by:

|c1(t)|2 = cos2
(
ΩR · t
2

)
(4.17)

|c2(t)|2 = sin2
(
ΩR · t
2

)
(4.18)

For all experiments involving a pulsed laser, it is useful to consider the pulse area Θ with

Θ =

∣∣∣∣
∫ +∞

−∞
ε0(t)dt

∣∣∣∣ (4.19)

replacing the term ΩR · t in equations (4.17) and (4.18). For a constant laser pulse duration,

equation (4.19) tells us that Θ is proportional to the laser field ε0 and, therefore, to the

square root of the light intensity I. Consequently, we can assume that Θ ∝ √
Pexc with the

excitation power density Pexc. Thus, when probing the occupation |c2(t)|2 of the QD state X3,

by measuring the time-resolved PL signal (compare data in figure 4.11), we expect to observe

so called Rabi oscillations of the signal as a function of
√
Pexc. However, as described later,

this can only be observed if the laser pulse is sufficiently short compared to the coherence

time (compare equation (4.6)) of the state X3 [Fox06]. As previously presented in the inset

of figure 4.11b, a pulse duration of 300 ps does not leads to oscillatory behaviour but to a

linear increase of RF signal.

Before we continue to show the data, we have to consider the role of dephasing for Rabi

oscillations. In the two-level system we considered so far, there are two relevant terms to

dephasing [Fox06]: population decay (T1-damping) and dephasing processes (T2-damping).

This can easily be understood, as the coherence between the laser and the exciton is broken

either by the spontaneous decay of the system to the ground state (T1-decay) or by interaction
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with phonons or the fluctuating electrostatic environment (T2-decay). As presented in figure

4.9b the T1-value for a typical QD is 0.8 ± 0.1 ns whereas T2 is significantly shorter with

T2 = 65±8 ps (equation (4.6)). Therefore, we expect dephasing processes to be the dominant

effects suppressing Rabi oscillations in our system. When introducing these processes into

the analysis performed above, the occupation of Ψ2 results in a damped oscillation [Fox06]

with

|c2(t)|2 = 1

2(1 + 2ξ2)
·
[
1−

(
cosΩ′t+

3ξ

(4− ξ2)1/2
sinΩ′t

)
e−

3γt
2

]
(4.20)

where ξ = γ/ΩR, Ω
′ = ΩR

√
1− ξ2/4 and γ represents the damping rate.

The oscillations of the occupation described by equations (4.18) and (4.20) have successfully

been demonstrated in atomic [Gib72] and solid state systems [Zre02]. Performing Rabi os-

cillations in a new system is the first step towards coherent control [Mül13], as applying a

π-pulse, i.e. a pulse with an area of Θ = π, coherently initializes the system in the state ψ2.

Up to now Rabi oscillations in semiconductor systems have only been observed using off-chip

optical detectors [Fla09b] or photo current readout [Zre02, Mül13]. Throughout the following

we will show our first indications of Rabi oscillations for measuring RF excited with a laser

pulse duration of 100 ps and detected on the same chip using our integrated SSPDs.

Indications for Rabi oscillations with on-chip detection

After successfully performing an RF excitation scan of X3, as presented in figure 4.14a, ΔEexc

was fixed to 0 μeV and the RF signal strength was recorded as a function of the excitation

power density Pexc. In order to get a quantitative measure for Pexc, the peak count rate of the

laser pulse was taken, as given by the red curve in the data presented in figure 4.9b. Despite

the changing operation point of the EOM and the varying cw to pulsed ratio of the excitation

laser (see appendix A.2 for details), this method enables us to obtain a stable measure for

the laser power for each data point. Furthermore, since the pulse duration of 100 ps of the

laser exceeds the QD coherence time of 65± 8 ps, the coherent part of the signal is expected

to be adding up with incoherently pumped background signal originating from X3.

When plotting the temporally integrated RF of X3 as a function of
√
Pexc, we observe an

increase from 2.0±3.4 cts/l for
√
Pexc = 26.8±1.8 up to 12.5±11.9 cts/l for

√
Pexc = 141±5.

Afterwards,the RF signal decreases again to ∼ 0 cts/l for
√
Pexc = 274 ± 4, however at an

extremely pronounced fluctuation of ±17 cts/l. The data points and error bars in figure 4.16

were obtained by taking the average and standard deviation of 5 independent measurements

performed under identical conditions. Furthermore, the linear background originating from

both laser light being directly coupled into the waveguide (compare section 4.2.3) and from the

incoherently pumped PL signal of X3 was substracted. The raw data of all 5 measurements

is presented in the inset of figure 4.16 along with a linear fit (dashed red line).
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4.3 Coherence and photon statistics of detected light

Figure 4.16.: Temporally integrated RF signal of X3 shown as blue squares. The data was recorded for

ΔEexc = 0 μeV as a function of the square root of the excitation power
√
Pexc. The units of the x-axis are

given in the peak count rate of the laser pulse (compare figure 4.9), whereas the y-axis is given in integrated

counts per detected laser photon. The red solid line represents a fit to the data using equation (4.20). Inset:

Raw data showing the Rabi oscillations on top of the in-coherently pumped background. A linear fit to the

background is shown as a dashed red line.

The increase, saturation and decrease of RF, as observed in figure 4.16, nicely describes

the Rabi oscillations, as expected for X3 from the analysis following equation (4.11) above.

The red solid line represents a fit to the data using equation (4.20) for the occupation of Ψ2

including dephasing. The fit perfectly describes the first period of Rabi oscillations of X3 with

the π-pulse being located at
√
Pexc ∼ 140. However, the strong deviation of the data points

observed in figure 4.16 limits our results to constitute first indication for on-chip detected

Rabi oscillations instead of representing direct evidence.

Origin of the error bars in the Rabi experiment

When considering the raw data presented in the inset of figure 4.16, it becomes apparent that

the rather small spreading of the data points leads to huge deviations after the subtraction

of a straight line. In order to suppress the resulting large error bars, several steps were

performed including power stabilization and averaging routines. However, no measures that

were employed showed an improvement. Taking into account the measurements presented

earlier in figure 4.12a that were done using an ∼ 0.6 meV broad excitation laser, we know

that a significant fraction of Pexc is coupled directly into the waveguide. Therefore, the large

error bars of the RF data points in figure 4.16 partly originate from multiple QDs that get

excited along the waveguide. As these emitters do not experience any stabilization of their

electrostatic environment, they jump in and out of resonance with Eexc on a minute timescale
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[Ngu12]. In contrast, the RF data in figure 4.11 does not exhibit the high spreading of data

points, as the excitation laser is 3× sharper than in the Rabi experiment with 100 ps and

ΔE ∼ 6.6 μeV. Due to this narrower line width of ΔE ∼ 2.2 μeV for 300 ps pulse duration,

the excitation of dots along the waveguides with a comparable transition energy is suppressed

by 3×. Therefore, we observe large fluctuation of the on-chip detected RF signal in the Rabi

experiment presented in figure 4.16. Possibilities for avoiding this effect are employing a

significantly lower dot density of ∼ 0.01/μm2 and exciting the system with a laser exhibiting

a pulse duration of only a few picoseconds.

Throughout this chapter, we presented the creation, routing and detection of quantum light

on a single chip. Therefore, we identified and suppressed the main source of laser stray light

in on-chip experiments. Furthermore, by temporally filtering the on-chip detected, time-

resolved luminescence signal, we fully suppress the remaining background generated by the

excitation laser, demonstrating that specific QD excited state resonances can be observed

in both on- and off-chip detection geometries. Applying this time-filtering technique, we

demonstrated resonance fluorescence from a single QD with a line-width of 10.9 ± 1.1 μeV,

guided in the optical modes of a GaAs ridge waveguide and efficiently detected via evanes-

cent coupling to an integrated NbN-SSPD on the same chip. For measuring RF in a sample

with a fluctuation electrostatic environment it was found that a second, non-resonant gating

laser leads to a significant improvement of RF amplitude by a factor of ∼ 3×. At the same

time the more stabilized environment experienced by the dot results in a line width reduction

to ∼ ΔFWHM/2. By measuring the autocorrelation function of similar QDs using off-chip

detection and simultaneously showing on-chip detected resonance fluorescence, we prove the

non-classical character of the detected light. Finally, by resonantly exciting a QD with 100 ps

laser pulses, we showed first indications of Rabi oscillations in on-chip detection. The re-

sults of this prototype quantum optical circuit provide a test bed for all-optical generation,

distribution and detection of non-classical light on a common photonic chip.
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CHAPTER 5

Towards complex integrated quantum optical circuits

Throughout this thesis we have successfully demonstrated the on-chip generation, distribution

and detection of non-classical light within a prototypical quantum optical circuit fabricated

from a semiconductor-superconductor hybrid nanosystem. Thereby, we have paved the way

for further progress to move beyond a bare prototype and towards more complex integrated

solid-state quantum optics in this system.

Obviously, the next steps include the unambiguous prove of Rabi oscillations with on-chip de-

tection, thereby enabling the coherent optical control [Mül13] of the embedded QDs. Further-

more, an in-situ operated auto-correlator [Sah13] being able to measure the photon statistics

of QDs on-chip can be implemented. First steps towards this goal have already been con-

ducted by implementing two SSPDs on one end of the waveguide, as presented in the SEM

image in figure 4.3a, or by employing two detectors at either ends of the waveguide, as al-

ready fabricated and depicted in figure 3.15a. Furthermore, there are a couple of integration

prospects that are more difficult to reach including an integration with plasmonic structures

[Hee10] or the implementation of an electrical tuning mechanism for QDs in ridge waveguides

employing lateral fields [Kan11]. The ultimate step towards on-chip linear optical quantum

information processing would represent the operation of QDs as sources of entangled pho-

ton pairs [Ste06b] and their integration together with waveguide beam-splitters exhibiting a

phase-tuning mechanism [Sil13] together with SSPDs on the same chip. However, in the fol-

lowing, we will address the immediate steps that might help to overcome the major challenges

faced when implementing the ideas that are within reach in the near future.
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• Fabrication of free-standing waveguides:

As described in detail in section 4.3.2, the still remaining background signal originating

from laser light being directly coupled into the waveguide prevents the unambiguous

proof of Rabi oscillations in our system. To solve this problem, a first step would be

to consider underetched waveguides similar to the design employed in [Mak14]. The

under-etching would lead to total internal reflection at the Al0.8Ga0.2As/air interface

for the laser light being scattered at the sample backside.

• Growth of substrates with an extremely low QD density:

When considering the raw data of our temporally filtered Rabi oscillations experiment

presented in figure 4.16, it is apparent that a large part of the background signal is

caused by QD luminescence stemming both from emitters that are excited further down

the waveguide and from nearby QDs. This observation is especially strengthened when

additionally taking into the account the significantly higher on-chip PL signal observed

in figure 4.12a for a broad-band excitation with ΔE ∼ 1 meV. Therefore, a sample

exhibiting a significantly lower QD density of ∼ 0.01/μm2 should be considered.

• Fabrication of single-modal waveguides:

Although our first simulations of the emission fraction of QDs into waveguides of differ-

ent widths showed a pronounced increase of guided light for broader waveguides, this

behavior should be experimentally investigated by fabricating on-chip detection sam-

ples exhibiting different waveguide widths increasing from 1 μm to 15 μm. It might be,

that our simplified FDTD simulation of a dipole source does not represent the emis-

sion characteristics of actual QDs sufficiently enough to make quantitative predictions.

Furthermore, it has very recently been shown that single-mode ridge waveguides show

low-loss propagation of QD light and enable efficient laser light suppression via cross-

polarization [Mak14].
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APPENDIX A

Experimental setups

Throughout the following section we describe the experimental setups that were employed for

the opto-electrical characterization of SSPDs and low-temperature transport measurements.

All measurements performed on detectors and single nanowires, as presented in chapter 2, and

the first on-chip luminescence measurements (section 3.2) were carried out using a modified

cryogenic probe-station with optical access, as described in section A.1. The time-resolved on-

chip detection experiments presented in section 3.3 and all on-chip experiments with resonant

excitation (4) were performed using a cryogenic dip-stick with electrical and optical access,

as described in section A.2.

A.1. Cryogenic probe-station with optical access

Throughout the course of this thesis, we developed a low temperature confocal microscope

for the electro-optical characterization of NbN-SSPDs at temperatures of ∼ 4.2 K, well below

the transition temperature TC (compare section 2.1). A schematic of the experimental setup

is presented in figure A.1 while figure A.2 provides an image of the actual setup. As indicated

by the dashed box labeled LHe temperature probing in figure A.1, the core of that setup is

understood to consist of a continuous flow cryostat. It is first evacuated to 1 · 10−5 mbar

and, subsequently, cooled by liquid helium in order to electrically probe the sample below

TC . The cryostat provides a window for top-illumination of the sample. The box labelled

optics illustrates the optical paths of both the near infrared light (red path) generated by a

near-infrared (NIR) laser source to expose the sample and the white light (green path) being
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necessary to image the sample surface and microwave probe tip when electrically addressing

the contact pads of a device.

Power controlBS 50:50

Pair of aspheric
lenses

Power meter

Mirror

Imaging 
CCD

BS 50:50

Cryostat

Sample

White light

xyz stage with
stepper motors

bias tee

mw-probe arm

DCV 
Source

Trigger

Lens

NIR Laser 
80MHz

N
IR

 5
0x

350 Mhz Oscilloscope

20 Ghz Oscilloscope

350 Mhz Counter / 
TCSP Module

Amp
2x30db

Kinematic objective
mount

100 kΩ

LHe temperature probing

optics

room temperature bias and read-out circuit

Lens

Mirror

Fiber

Parallel beam

Lens

Vacuum

LHe

Figure A.1.: Schematic representation of the low temperature setup employed to probe SSPDs. It consists

of three main parts: LHe temperature probing, optics and room temperature bias and read-out circiut. The

continuous flow cryostat provides an optical window to give the possibility of top-illumination and electrical

contacting at the same time whilst the sample is held at LHe temperatures.

The NIR laser source (E = 1.305 eV) is connected to an in-coupler via a single mode fiber.

Subsequently, a parallel laser beam is created by a lens. The laser power output can be

controlled and monitored at one output port of a 50 : 50 beam splitter. The light going

downwards onto the sample is focused using an arrangement of a Mitutoyu NIR 50× objective

and two aspheric lenses. Due to the large distance of ∼ 8 cm between the cryostat window

and the sample, the aspheric lens pair acts as a telescope, thus providing a diffraction limited

laser spot exhibiting a FWHM of ∼ 5 μm. For imaging the sample we employ a CCD camera

next to the second 50 : 50 beam splitter. As the beam splitter is slightly tilted to avoid

direct reflections getting recorded, the objective and the fixed lens pair, can be aligned by a

kinematic mount in a way, that the downwards going laser beam hits the objective vertically.

Furthermore, as the sample is mounted in the cryostat and, therefore, not moveable itself,

the complete optical tower is mounted on a xyz-stage. Here, the motion of the tower in

each direction is controlled by stepper motors. The motion in-plane directions is important

to connect the probe tip to a certain device and to spatially resolve a detector when it is
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(10) (9) (8)

(7)

(6)

(3)

(4) (5)

(1)(2)

Figure A.2.: Image of the actual setup. The major components are highlighted as follows: (1) cryostat, (2)

mw-probe arm, (3) LHe dewar connected via a feeding to (1), (4) bias tee, (5) two 30 dB amplifiers wired in

series, (6) 350 MHz oscilloscope, (7) power meter, (8) DC voltage source, (9) counter and (10) temperature

control unit.

illuminated, as employed in sections 2.4 and 3.2.2. The motion in z-direction is necessary

since both the white and laser light require a different focal plane. On the other hand, the

cryostat is equipped with two microwave-probe arms to electrically contact the sample. The

probe arms are connected to the room temperature bias and read-out circuit, as shown by

its dashed box in figure A.1. We then are able to send a constant bias current through the

detector. To process the voltage pulses emitted by the detector, a bias tee is employed to route

these high frequency signals to an attached read-out device. We run a constant voltage (DCV)

source, since the operation as constant current source would cause unwanted resonances with

the LC circuit of the bias tee. That in turn deals with the problem that, in case of the detector

being superconducting, the total ohmic resistance arises only from connections and cables.

Hence, it is of the order of a few Ohms. This would require the DCV source to provide a

voltage precision better than a few μV, far below the smallest programmable voltage step.

Thus, we employ a 100 kΩ load resistance in between the DCV source and the bias tee. This

arrangement is considered to act as a constant current source ensuring stable and reliable

measurements. In addition, two low-noise high frequency amplifiers are switchable to the
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read-out circuit, as otherwise the observed signals in case of a 4 ± 0.5 nm thin detector are

indistinguishable from electronic noise.

In order to illustrate the schematic presented in figure A.1, figure A.2 gives an impression

on how the setup looks like within the laboratory: centered in the bottom half we notice the

cryostat (1) being connected via a feeding to the LHe dewar (3). Thereby, a temperature

control unit (10) displays the temperature at two different positions inside the cryostat, that

is directly at the bottom and underneath the sample region of the chuck, respectively. In order

to electrically probe the sample, a spatially moveable mw-probe arm (2) connects the detector

to the bias tee (4). The DC-port of the bias tee connects to the DCV source (8), whereas

the RF-port, being in series wired with successive amplifiers (5), is connected to an attached

read-out device, that is either an oscilloscope (6) or a counter (9). Furthermore, as employed

in the time-resolved on-chip measurements presented in section 3.2.4, a time-correlated single

photon counting module can also be attached to (5). In figure A.1, the optical paths of both

the white light and the laser are shown in green and red, respectively. The power of the laser

beam is measured using a power meter (7).

Temperature of the sample inside the cryostat

As in detail in sections 1.4 and 2.4.1, a working NbN-SSPD requires to be held at LHe tem-

peratures during its operation, as dark counts rise exponentially with increasing temperature

[Kit07, Nat12]. Moreover, the detectors temperature directly affects its critical current. The

lower the temperature, the higher the critical current, as discussed in section 2.3.3. To measure

the temperature inside the cryostat, it is designed to provide two temperature measurements

independent of each other, both displayed by the control unit (10), as depicted in figure A.2.

A first measurement TA is done next to the He supply, whereas the second measurement TB

accounts for the temperature below the chuck. Figure A.3a shows the inside of the cryostat

and marks both the position where TB is measured (i) and, in addition, the enclosure of the

inner radiation shield (ii). This shield reflects thermal radiation and, therefore, provides the

sample with a colder environment.

By determining the temperature on the chuck Tch by a third temperature diode being directly

mounted next to the sample, we observed that Tch ≥ 5.4 K for TB = 4.2 K. Thus, we designed

a second radiation shield which being depicted in figure A.3c. It consists of a circular copper

sheet with a thickness of 1 mm. The centered hole is designed to account for both top-

illumination and contacting the sample with the mw-probe arm which is labeled (iii) in figure

A.3a. The radiation shield’s polished top side was coated with gold to exhibit maximum

reflectivity, whereas the other side facing the sample was sandblasted and baked to provide a

rough surface to efficiently absorb thermal radiation reflected from the sample. Figure A.3b

displays the radiation shield placed inside the cryostat. It is mounted on the bottom part of

the chuck via copper posts (iv) (figure A.3a). When now measuring Tch again, we obtain the

result of Tch = TB = 4.2 K.

120



A.1 Cryogenic probe-station with optical access

(a) (b)

(c) (d) (e)
(i)

(ii)

(iv)

(v)
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Figure A.3.: (a) image taken inside the cryostat where (i) accounts for the position below the chuck where

TB is measured by (10) in figure A.2. (ii) indicates the housing on which the inner radiation shield is placed.

(c) shows an additional, custom-made radiation shield to ensure LHe temperatures on the chuck. The hole in

its middle allows both for probing the sample with the mw-probe arm (iii) and top-illumination. (b) displays

the radiation shield being built into the cryostat. It is mounted on copper posts (iv) to efficiently conduct

absorbed heat to the LHe region. To guarantee the sample getting as cold as 4.2 K, we glue it on a sample

holder made from copper (d) which is tightly mounted onto the chuck by screws, according to (a). (e) pictures

a fabricated sample inside the cryostat. We notice, that the contact pads are designed with respect to the

shape of the probe tip (v). The white circle indicates the position where the detectors are arranged in our chip

design.

However, we still need to make sure that the mounted sample itself also exhibits Tch. Since

the probe tip requires physical contact to the sample, it needs to be placed onto the chuck.

In case that the sample does not get cold enough, as T ≥ TC/2 and the SSPDs suffer from

high dark counts or do not work at all. In section 2.3 we study the temperature dependence

of SSPD characteristics in detail. We employed several approaches to mount a sample on

the chuck. Figure A.3d shows a sample holder of the type which was found to provide the

most reliable mounting technique. It consists of a copper sheet with a thickness of 2 mm and

is double-sided polished. The sample itself is fixed onto the holder using IMI-7031 Varnish,

a low temperature glue. Figure A.3a displays the sample holder being tightly screwed onto

the chuck to ensure a sufficiently good thermal contact. Finally, figure A.3e depicts a sample

containing an array of SSPDs inside the cryostat. The white circle indicates the position of

a detector, connected to its contact pads. Furthermore, in figure A.3e we notice the probe

tip (v) of the mw-probe arm. The contact pads are designed with respect to the geometry of
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the probe tip. Thereby, the outer pins are grounded while the middle one is connected to the

signal.

Throughout this section, we built up a completely new low temperature confocal microscope

setup. It is equipped with various laser sources, such as a HeNe-laser E = 1.959 eV, an NIR-

laser (E = 1.305 eV, 80 MHz repitition rate) and a tunable diode laser source (1.252 ≤ E ≤
1.362 eV). Moreover, various read-out devices such as a 350 MHz counter and both a 350 MHz

and a 20 GHz sampling oscilloscope are available. Additionally, for the time-resolved on-chip

luminescence measurements presented in section 3.2.4, the detector signal can be recorded

by a TCSP module. We identified the major requirements needed for the characterization of

SSPDs, that is a stable LHe temperature environment on the chuck and a well defined laser

beam, either focused or in parallel arrangement and optimized the measurement system.

The calibrated and well defined parallel laser beam allows to precisely calculate the number

of incident photons on a detector. The detailed optimization of the beam profile for both

focused and parallel light is presented elsewhere [Sen12]. Thus, the setup is ready for electro-

optical probing of superconducting nanowire single-photon detectors, as described in section

2.4 and, furthermore, could be employed for our first on-chip detection measurements, as

presented in section 3.2.

A.2. Cryogenic dip-stick for on-chip detection

In the following, we present a custom built setup combining a micro-photoluminescence (μ-

PL)-microscope with an operation environment for SSPDs. This setup is based on a low

temperature dip stick. As depicted schematically in figure A.4, the stick is evacuated to pres-

sures ≤ 1 · 10−5 mbar and filled with helium acting as an exchange gas. Subsequently, it is

cooled down in a liquid helium dewar. The sample is mounted on top of an Attocube x,y,z-

positioner exhibiting a nanometer precision and a x,y scanner unit with a sub-nanometer

precision, sketched on the bottom left of figure A.4. The optical head, mounted atop the

low temperature stick, consists of three layers, as depicted in the blue box. The lower layer

contains a white-light in-coupling and an imaging CCD, for confocal microscopy of the sam-

ple surface and SSPDs. The middle one is the excitation layer, consisting of a fiber-coupler

for the excitation laser. The upper layer couples the collected light from the sample into a

single-modal detection fiber. In the orange box in figure A.4, the fiber-coupled optics are

illustrated, consisting of the different excitation lasers, as well as a single/double monochro-

mator, coupled to a liquid nitrogen cooled CCD. The room-temperature electronic-circuit

for detector operation and read-out is sketched in the green box in figure A.4. Here, two

independent bias circuits are sketched to allow for an operation of two SSPDs at the same

time. For read-out, a two channel 350 MHz frequency counter, as well as a TCSP module for

time-resolved measurements can be employed.

The setup described above was employed in order to directly compare off-chip detected

spectrally resolved quantum dot PL with spectrally integrated, time-resolved on-chip PL.
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Figure A.4.: Schematic of the low-temperature micro-photoluminescence setup with SSPD operation capa-

bilites: a cryogenic dip-stick is cooled in liquid helium. Optical head for imaging, detection and excitation

shown in the blue box. The orange box depicts the fiber-coupled optical components, whereas the green box

depicts the bias and read-out electronics

Throughout the following, we describe the modifications to the setup for the detection of

resonantly excited QD emission and the operation of all components involved in the on-chip

experiments, as presented in chapter 4. Details concerning detector operation and read-out

can be found in sections A.1 and 2.4.1.

Modifications for on-chip detection of resonance fluorescence

Figure A.5 provides a more simplified version of the sample stick depicted in figure A.4.

However, the modifications allowing for the on-chip time-resolved detection of resonance flu-

orescence are highlighted in detail.

The sample is held at liquid helium temperatures inside the cryogenic dip stick, depicted

in figure A.4. The bias-tee is used to drive a fixed bias current of I = 0.95 · IC through

the nanowires. A low noise voltage source in series with a 100 kΩ resistor is operated as

a constant current source. Voltage pulses arising from single photon detection events are

then amplified using a 50 dB high-bandwidth amplifier and detected with a PicoQuant time

correlated counting module recording histograms of the time intervals between the trigger
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Experimental setups

XYZ

Toptica EOM Pulse -Shaper

Wavemeter

TRIAX

FES 975

FEL 975

FB 980

Powermeter

Keithley

3.3 GHz Source

Keithley motorized grating

+50dBTimeHarp200 SSPD

XYZ piezo stage

T = 4.2K

CCD

Waveguide

Figure A.5.: Optical components to prepare laser pulses. Toptica: cw-tuneable diode laser, EOM: electro-

optical modulator (Mach-Zehnder interferometer), Wavemeter: Wavelength meter with 600MHz accuracy,

Pulse-shaper: Pulse-shaper in near-Littrow configuration with 1200/mm blaze grating, FES 975 (FEL975):

975nm OD4 shortpass (longpass) filter, FB980: 980nm OD4 bandpass filter, TRIAX: Spectrometer, SSPD:

On-chip superconducting single photon detector. Superscript numbers identify communicating devices

signal provided by a microwave source and the voltage pulse arising upon photon detection.

As schematically depicted in figure A.5, a continuous wave diode laser source labelled ’Toptica’

is sent through a Mach - Zehnder electro-optical modulator (EOM) driven by a 3.3 GHz

microwave source. In this way, the laser output is temporally gated into 290 ± 70 ps long

Gaussian pulses, as shown in figure 4.9b, at a repetition rate of 100 MHz and a duty-cycle of

3%. Using this technique, we can temporally filter the on-chip detected SSPD signal enabling

us to separate the scattered laser light from the incoherent part of the QD luminescence

signal detected by the SSPD. For all off-chip detected confocal photoluminescence excitation

(PLE) measurements the laser was guided through a pulse-shaper (orange box in figure A.5)

with a bandwidth of 1 nm suppressing laser sidebands. The light emitted by the QDs was

collected with a single mode optical fiber and guided to a 0.5 m focal length spectrometer

(TRIAX). Additionally, a 975 nm short/long pass filter was used in the excitation/detection

path. Furthermore, for the broad PLE sweep presented in figure 4.10, a 980 nm band-pass

filter was employed.

124



APPENDIX B

Fabrication technology

Throughout the following we present a detailed description of all steps necessary to fabricate

efficient SSPDs on bare GaAs wafers. Furthermore, we will describe the fabrication of waveg-

uide coupled detectors on passive and active substrates that are suitable for on-chip detection

experiments with low-loss waveguiding and efficient on-chip detection. Finally, we describe

the substrate treatment for stray light suppression enabling the resonance fluorescence exper-

iments presented in section 4.2.

B.1. Basic recipe for waveguide-coupled SSPD fabrication

For the fabrication of SSPD on bare GaAs for probe station characterization as described in

sections 2.2, 2.3 and 2.4, please employ fabrication steps 3,4,6 − 8,12 − 14. If you want to

fabricate SSPDs on passive/active waveguides, as investigated in sections 3.2 and 3.3, please

follow fabrication steps 1/2,3,4,6 − 15. For the fabrication of active waveguides coupled to

SSPDs on stray light suppressing substrates, as investigated in sections 4.1 and 4.2 please

follow steps 2− 15.

1. MBE growth of passive waveuide substrates

350 μm thick GaAs (100) wafer

MBE growth of 2 μm Al0.8Ga0.2As cladding layer

MBE growth of 250 nm GaAs waveguide layer

2. MBE growth of active waveguide substrates

Analogue to passive waveguide substrate
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Fabrication technology

One layer of self-assembled InGaAs quantum dots embedded at waveguide midpoint

Typical lateral (vertical) size of 25± 5 nm (5± 1 nm)

Areal density of 6± 1 μm−2

PL emission ∼ 1348 meV at 4 K with an inhomogenously broadened ensemble linewidth

of 83 meV

A detailed description of the growth mechanisms & parameters are reported in [Mue13]

3. Substrate cleaving and pre-conditioning

Cleaving wafer into 5× 5 mm pieces

3 min US Cleaning in Ac, Is rinse, N2 blow dry

30 s HCl 36% dip, 15 s DI-Water, N2 blow dry

4. NbN Sputtering

Chamber conditioning with empty chamber and PN2 = 13%

fix Ar flow so that P (Ar) = 0.0039 mbar, N2 flow so that P (N2) = 0.0005 mbar

adjust baratron to a sputter-pressure of 0.050 mbar

10− 20 min chamber conditioning

3-5 h pumping, while sample baking at 200◦C
base pressure < 2 · 10−6 mbar

pre-sputtering 212 V, 0.050 mbar pure Ar, 5 min

during pre-sputtering: sample to 350◦C, in last minute to 475◦C
20 s Sputtering at dts = 53 mm, baratron open (0.0044 mbar total pressure)

200 mA (∼ 440 V), PN2 = 13%, Tgrowth = 475◦C
details concerning the sputter machine usage are reported in section B.2

5. Sample backside conditioning

Chemically/mechanically polish backside with 5% Br2 : CH3OH solution

Deposit ∼ 1 μm thick poly-crystalline Si on backside with electron beam evaporation

6. Electron beam lithographie

Spin cleaning Ac + Is + N2, Spin on AR-N 740 @ 4000 rpm, 40 s, 2000 ramp

5 min Softbake 85◦C, Hotplate

20 kV, 7 μm aperture, ≈ 12 pA beam current, dose: 100 μC/cm2

(dose factor: 1.0 for markers, 0.4-0.6 for SSPDs and pads, then proximity correction 20

kV 100 nm PMMA/GaAs)

110 s develop 4:1, 15 s stopper DI-water, N2

no Hardbake

7. Reactive ion etching (RIE)

25 mTorr, 50◦C, 30 sccm SF6, 10 sccm C4F8, 5 sccm Ar, 20 W RF

resist etching rate ≈ 8.6 nm/min (for 130 nm resist max 14 min etching)

NbN etching rate for clean substrates 4.5± 1 nm/min

8. Lift-Off AR-N

10 min in 40◦C Ac (carefully brush off resist), Is + N2

9. Optical Lithography (ridge waveguides)

Spin cleaning Ac + Is + N2

Spin coating S1818 @ 5000 rpm, 5000 ramp, 40 s
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B.2 Sputter machine usage

5 min softbake 90◦C, hotplate
Corners & edges: 16 s, 350 W, Dev (AZ351B, 1:5) 25 s, DI-water 15 s, N2

Structure: 6 s, 350 W, Dev (AZ351B, 1:5) 30 s, DI-water 15 s, N2

Hardbake 140◦C, 5 min

10. GaAs wet etching

36% HCl & Di-water (3:1) 30s, 15 s Di-Water, N2

1 : 1 : 1 = citric acid : Di-water: H2O2, 2 x 14 min for 25 nm GaAs, 35◦C
(put directly into warm etching solution)

11. Lift-Off S1818

15 min in 40◦C Ac, brush off resist, Is + N2

12. Optical lithography (contact pads)

Spin cleaning Ac + Is + N2

Spin coating S1818 @ 5000 rpm, 5000 ramp, 40s

5 min softbake 90◦C, hotplate
Corners & edges: 16 s, 350 W, develop (AZ351B, 1:5) 25 s, DI-water 15 s, N2

Structure: 16 s, 350 W, Dev (AZ351B, 1:5) 25s, DI-water 15 s, N2

13. Ti/Au Evaporation

HCl dip 37% 30 s

50 Å Ti, 1500 Å Au (start at 0.3, slowly ramp up rate)

14. Lift-Off S1818

15 min in 40◦C Ac, brush off resist, Is + N2

15. Sample mounting and bonding

Paint chip-carrier center pad black using text-marker (for stray-light suppression)

Glue sample to chip-carrier using one drop of Varnish

Solder small copper wires to chip-carrier

Bond Sample using ultra-sonic Bonder with silver wire

Fix onto Attocube slider mount using one drop of Fixogum (only for sample-stick)

B.2. Sputter machine usage

Starting parameters of machine:

1. baratron switched on, main valve closed

2. sample stick turned to NbN

3. target - sample distance set to NbN (53 mm)

4. chamber pressure < 20% ambient pressure

5. needle valves for chamber flooding are closed

Chamber conditioning (sample stick without substrate inside chamber)

1. open cooling water for turbo pump (behind the machine on the righten side)

2. switch on pre-pump and open bypass
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Fabrication technology

3. 10−2 mbar ⇒ close bypass, open V1 & V3 & butterfly

4. switch on turbo pump, wait till < 10−5 mbar

5. open baratron valve, switch on massflow controller

6. open target-cooling water (big valves on the backside & small valves on the front)

7. open gas bottles, set gas flows P (N2)[%] = P (N2)/(P (N2) + P (Ar))

8. switch gas flow to ON

9. ignite plasma with ∼ 400− 500 V DC voltage

10. open shutter, sputter chamber for 15 min, close shutter

11. switch off voltage, flows and close gas bottles

12. close baratron valve and valves V1 & V3

13. leave butterfly open and turbo pump running

14. vent chamber with Ar (chamber pressure < 20% ambient pressure)

Sample cleaning & mounting procedure:

1. 3 min ultra-sonic bath in Aceton, rinse with Isopropanol & blow dry with nitrogen

2. 30 s HCl dip, rinse with Isopropanol & blow dry with nitrogen

3. mount samples on NbN sample rod with copper piece (no adhesive, just gentle pressure)

Main sputtering procedure:

1. insert NbN sample rod into the chamber up to the load-lock valve, carefully fix cartridge

seal and open load-lock valve

2. if load-lock pressure ≤ chamber pressure, open valve for sample stick and carefully insert

stick

3. fix cartridge seal and close load-lock valve

4. wait until ion gauge pressure ≤ 2 · 10−6 mbar

5. adjust gas flows for open butterfly

6. use P (N2)[%] = P (N2)/(P (N2) + P (Ar)) to gain desired nitrogen content

7. switch Ar gas flow to On and N2 to Off

8. tune butterfly from Open to Auto

9. ignite plasma by applying ∼ 350 V, 200 mA at a total pressure of 0.160 mbar

10. 15 min pre-sputtering in pure Ar (current-control mode: 100 mA, 0.047 mbar)

11. tune current to desired value and slowly reduce pressure

12. switch N2 gas flow to On and readjust pressure (in ≤ 1 min)

13. open shutter, measure time during sputtering, close shutter

14. switch off voltage, sample heating and gas flows and close gas bottles

15. close baratron valve, V1, V3 and butterfly (turn-knob and switch)

16. switch off turbo pump and carefully vent camber with N2 (chamber pressure ≤ 20%

ambient pressure)

17. open cartridge seal for sample stick and extract sample stick via load-lock

18. switch off complete machine except for baratron, witch off cooling water
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B.3 Growth parameters for δ-phase NbN on GaAs

B.3. Growth parameters for δ-phase NbN on GaAs

label value effect on film

Base pressure Pbase ≤ 5 · 10−6 mbar defect concentration

Substrate temperature Tgrowth 475◦C growth regime

Nitrogen partial pressure PN2 0.13 ·Ptot crystal phase and structure

Sputtering pressure Ptot 0.0044 mbar rate, energy and

angle of sputtered atoms

Target sample distance dts 53 mm rate, energy and

angle of sputtered atoms

Sputtering time tsp 20 s for ∼ 10 nm film thickness

Sputtering current Isp 200 mA sputtering rate and

growth mechanism

Acceleration voltage Vsp ∼ 440 V energy of sputtered atoms
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