Band 020

llya Charaev

Improving the Spectral Bandwidth
of Superconducting Nanowire
Single-Photon Detectors (SNSPDs)

ST ibisnin






llya Charaev

Improving the Spectral Bandwidth of Superconducting
Nanowire Single-Photon Detectors (SNSPDs)



Karlsruher Schriftenreihe zur Supraleitung Band 020

HERAUSGEBER

Prof. Dr.-Ing. M. Noe
Prof. Dr. rer. nat. M. Siegel

Eine Ubersicht aller bisher in dieser Schriftenreihe erschienenen
Bande finden Sie am Ende des Buches.



Improving the Spectral Bandwidth
of Superconducting Nanowire
Single-Photon Detectors (SNSPDs)

by
llya Charaev

ST #ishing



Karlsruher Institut fir Technologie
Institut fur Mikro- und Nanoelektronische Systeme

Improving the Spectral Bandwidth of Superconducting
Nanowire Single-Photon Detectors (SNSPDs)

Zur Erlangung des akademischen Grades eines Doktor-Ingenieurs
von der KIT-Fakultat fir Elektrotechnik und Informationstechnik des
Karlsruher Instituts fur Technologie (KIT) genehmigte Dissertation

von llya Charaev, geboren in Russland

Tag der mUndlichen Prifung: 14. Dezember 2017
Erster Gutachter: Prof. Dr. rer. nat. Michael Siegel
Zweiter Gutachter: Prof. Dr. rer. nat. Heinz-Wilhelm Hibers

Impressum
ﬂ(l Scientific
Publishing
Karlsruher Institut fur Technologie (KIT)
KIT Scientific Publishing

StraBe am Forum 2
D-76131 Karlsruhe

KIT Scientific Publishing is a registered trademark
of Karlsruhe Institute of Technology.
Reprint using the book cover is not allowed.

www.ksp.kit.edu

This document — excluding the cover, pictures and graphs — is licensed

under a Creative Commons Attribution-Share Alike 4.0 International License
(CC BY-SA 4.0): https:/Icreativecommons.org/licenses/by-sa/4.0/deed.en

The cover page is licensed under a Creative Commons
BY ND

Attribution-No Derivatives 4.0 International License (CC BY-ND 4.0):
https://creativecommons.orgl/licenses/by-nd/4.0/deed.en

Print on Demand 2018 — Gedruckt auf FSC-zertifiziertem Papier

ISSN 1869-1765
ISBN 978-3-7315-0745-1
DOl 10.5445/KSP/1000077944









Kurzfassung

Diese Arbeit stellt eine umfassende Untersuchung des Einflusses von geometrieabhéngi-
gen Faktoren auf die Leistungsmerkmale von supraleitenden Einzelphotonen-detektoren
(Superconducting Nanowire Single-Photon Detectors, SNSPD) dar. SNSPDs basieren auf
einem supraleitenden Film, welcher zu einer mdanderférmigen Struktur im Nanometer Be-
reich gefertigt wurde. Wird diese Struktur von einem Strom (Biasstrom) knapp unterhalb
des kritischen Stroms durchflossen, so reicht die Absorption eines einzelnen Photons um
die Supraleitung lokal zu zerstéren, wodurch ein messbarer Spannungspuls entsteht. Die
Eigenschaft Licht im Einzelphotonenbereich zu detektieren ist fiir viele Anwendungen in-
teressant, insbesondere wenn es sich um &uflerst schwache Lichtsignale handelt. SNSPDs
entwickelten sich daher schnell als vielversprechende Photonen- zéhltechnologie fiir opti-
sche und infrarote Wellenldngen. Sie besitzen eine hohe Detektion- seffizienz, eine geringe
Dunkelzdhlrate und eine ausgezeichnete zeitliche Auflosung. Die Detektionseffizienz
nimmt jedoch exponentiell nach Uberschreiten eines bestimmten Schwellenwerts ab, der
hauptséchlich durch den begrenzten experimentellen kritischen Strom bestimmt ist. Spezi-
ell im infraroten Bereich ist die Effizienz daher stark beeintriachtigt. Das Ziel dieser Arbeit
ist somit die spektrale Bandbreite der SNSPDs in den infraroten Bereich zu erweitern und
die theoretisch vorhergesagte Abhingigkeit des Schwellwerts experimentell zu bestitigen.

Um die supraleitenden Eigenschaften der Detektoren, im speziellen des kritischen Stroms,
zu verbessern wurde der Strukturierungsprozess optimiert. Dies erfolgte durch die Ent-
wicklung eines Negativ-Elektronenstrahl-Lithographie-Prozesses unter Verwendung von
positivem Photolack, welcher viele Vorteile fiir die Herstellung von SNSPDs bietet. Zu-
sdtzlich wurde ein zweischichtiges AIN / NbN-System verwendet, um den Proximity-Ef-
fekt in den Nanodréhten zu unterdriicken. Um den sog. current crowding Effekt zu verhin-
dern und die gleichmiBige Stromverteilung zu verbessern, wurde ein knickfreies SNSPD
Design in Form einer Spirale verwendet. Die dafiir notwendige Mehrschicht- technologie
fiir die Herstellung der Spiral-SNSPDs wurde ebenso im Rahmen dieser Arbeit entwickelt.

Um den 3D-Proximity-Effekt in Nanodréhten zu beschreiben, wurde ein laterales NSN-
Proximitdtsmodell entwickelt. Die experimentellen Ergebnisse, welche durch Messung
von NbN-Streifen einer Breite zwischen 50 nm und 20 pm gewonnen wurden, werden
dabei allgemein von diesem NSN Modell beschrieben. Weiterhin wird ein Ansatz vorge-
schlagen um die Breite des supraleitenden Bands abhéingig vom magnetischen Feld zu be-
stimmen.



Kurzfassung

Um den Einfluss des experimentellen kritischen Stroms auf den Schwellenwert zu unter-
suchen, wurden die fiir supraleitende Einzelphotonendetektoren relevante Leistungs- para-
meter experimentell an drei verschiedenen SNSPD-Geometrien (Méaander, Doppel- spirale
und Einzelspirale) untersucht. Die Spektren der Detektoreffizienz wurde dabei im Wellen-
langenbereich von 400 nm bis 1600 nm gemessen und jeweils ihr Schwellwert bestimmt,
hinter dem die Effizienz der Detektoren abfillt. Die grofite und die kleinste Schwelle wurde
dabei fiir das Einzelspiral-Layout (943 nm) bzw. fiir den Mdander (605 nm) gefunden. Fiir
alle drei Layouts fillt die Beziehung zwischen dem Schwellwert und dem relativen
Biasstrom auf eine universelle Kurve, die im Rahmen des modifizierten Hot-Spot-Modells
vorhergesagt wurde. Die Tatsache, dass alle experimentellen Punkte auf die gleiche theo-
retische Kurve fallen, zeigt die Schliisselrolle des experimentellen kritischen Stroms in Be-
zug auf das abknicken der Detektionseffizienz bei hoheren Wellenldngen. Die Tatsache
bestitigt ebenso die Annahme, dass die Schwelle durch die positionsabhingige Wahr-
scheinlichkeit von Photonen verursacht wird, in einer geraden Linie detektiert zu werden,
und die Schwelle nahezu unbeeinflusst ist von den Biegungen im Layout. Bei der Messung
des Einzelspiral-Designs zeigte sich die erwartete hochste Detektionseffizienz fiir Wellen-
langen unterhalb des Schwellwerts und der Zeit-jitter pro Langeneinheit des Nanodrahts
zeigte den kleinsten Wert. Im Gegensatz dazu sind sowohl die Dunkelzéhlrate als auch der
Timing-Jitter durch die Qualitit und Anzahl der Biegungen im Layout beschriankt. Es
zeigte sich, dass der Wert des Timing-Jitters direkt von der Lénge des Nanodrahts, seiner
kinetischen Induktivitit und den Biegungen abhingt.

Durch die Verwendung spezieller Strukturen in Form einer quadratischen Spirale, bei der
alle Biegungen die gleiche Symmetrie in Bezug auf die Richtungen des Biasstrom und des
externen Magnetfeldes aufweisen, wurde gezeigt, dass die Bereiche um die Biegungen bei
geringen Photonenenergien wesentlich zur Dunkelzédhlrate, sowie zur Photonenzihlrate
beitragen.

il



Abstract

This work presents a comprehensive investigation of the influence of geometry-dependent
factors on performance metrics of superconducting single-photon detectors (Superconduct-
ing Nanowire Single-Photon Detector, SNSPD). SNSPDs are based on a superconducting
film nanofabricated into a meandering wire geometry. They are biased at a current just
below the critical level. The absorption of a photon in the superconductor causes a local
collapse of superconductivity, whereby a measurable voltage signal is detected. The ability
to detect light on a single-photon level is attractive for many applications especially where
the detection of low light intensity is required. SNSPDs rapidly emerged as a highly prom-
ising photon-counting technology for optical and infrared wavelengths. They have high
efficiency, low dark counts and excellent timing resolution. However, the detection effi-
ciency exponentially decreases above a certain threshold which is limited mainly by the
restricted experimental critical current. This greatly impairs the performance in the infrared
range. The aim of this thesis is to extend the spectral bandwidth of SNSPD towards infrared
range. At the same time, the theoretical predicted dependence of threshold has to be con-
firmed experimentally.

In order to enhance the superconductivity in nanowires, in particular the critical current,
the quality of patterning process has been improved. This is done by developing a negative
electron-beam lithography process on positive resist. A whole range of advantages which
is offered by negative lithography with positive PMMA resist ensures its high potential for
improving performance metrics of superconducting nanowire singe-photon detectors. Ad-
ditionally, a bi-layer AIN/NbN system was used to suppress the proximity effect in nan-
owires. To avoid current crowding and improve the uniformity of the current distribution
in a detector, a bend-free layout was used as a geometry of SNSPD. A multi-layer technol-
ogy for single-spiral bend-free SNSPD has been developed.

To describe the 3D proximity effect in nanowires, a lateral NSN proximity model has been
developed. The experimental results which were obtained on thick NbN strips with widths
in the interval from 50 nm to 20 pum, are universally described by the NSN model. Further-
more, an approach for the determination of the width of the superconducting band from the
value of magnetic field has been proposed.

To investigate the role of the experimental critical current in position of the threshold, the
performance parameters, relevant for nanowire single-photon detectors, have been
experimentally evaluated for three different layouts of bended nanowires (meander, double
spiral, single spiral). The spectra of the single-photon response have been measured in the
wavelength range from 400 nm to 1600 nm and defined the threshold beyond which the
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Abstract

response rolls off. The largest and the smallest threshold were found for the single-spiral
layout (943 nm) and for the meander (605 nm), respectively. For all three layouts the rela-
tionship between threshold and the relative bias current falls onto a universal curve which
has been predicted in the framework of the modified hot spot model. The fact that all ex-
perimental points fall on the same theoretical curve evidences the key role of the experi-
mental critical current in the position of the spectral cut-off. This fact also confirms the
supposition that the threshold is caused by the position dependent probability of photons
to be detected in a straight line and that it is almost unaffected by the bends in the layout.
For the single-spiral layout, the efficiency of photon detection at wavelengths smaller than
threshold reaches the expected absorbance of the spiral structure and the timing jitter per
unit length of the nanowire has the smallest value. Contrary, the rate of dark counts as well
as the timing jitter are mostly restricted by the quality and number of bends in the layout.
The value of timing jitter is directly related to the length of the nanowire, its kinetic induct-
ance and the bends.

Using special structures in the form of a square spiral, where all bends have the same sym-
metry with respect to the directions of the bias current and external magnetic field, it was
shown that the areas around the bends largely contribute to the rate of dark counts and to
the rate of photon counts at small photon energies. Invoking handedness of the observed
asymmetries and mapping the computed local absorption probability for photons and the
local detection threshold current, areas in the bends where, at low photon energies, photon
counts occur is identified. The microscopic scenario of the photon count event explains the
faint effect of the inverted asymmetry in the count rate for low-energy photons at small
fields and currents. At large magnetic fields and currents, the asymmetry in the rate of
photon counts disappears as it is predicted by the theoretical model. Asymmetry in count
rates is absent in circular spirals without bends. Furthermore, the absorption of spiral de-
tectors is independent on polarization. This allows to integrate the detector easier in optical
system.
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1 Introduction: scientific motivation
and aim of this work

Das Lichtquant (light quantum) was the first name of a photon given by Albert Einstein in
1905. The elementary excitation of a single mode of the quantized electromagnetic field
have been intensively investigated over last century. The quantum nature of the light pro-
vides an unprecedented capability in areas that range from the traditional applications.
However, it implies that intensity of incoming radiation will be at quantum limit. The
demonstration of possibility of detection of individual photons is of great importance for a
variety of scientific and technical applications. In modern times, many research projects
require ultra-fast and high sensitive detectors of single photons. These include photonic-
and quantum-integrated circuits, spectroscopic applications, astronomy, quantum key dis-
tribution, medical diagnostics, remote sensing, deep space communication links for data
transmission on interplanetary missions, optical quantum computing and many others [1].

The detectors of single photon are classified by material systems used for their fabrication:
photomultipliers, families of semiconductors and superconductors with nearly innumerable
variations. The photomultiplier tube is the first single-photon detector which was invented
in the thirties of last century. Nowadays, these detectors have a pretty low detection effi-
ciency DE in infrared range with huge rate of dark counts (DCR).

A single-photon avalanche photodiodes (SPADs) is the strongest candidate for detection
of single-photon in near- and mid-infrared spectrum. These detectors demonstrate a high
performance in near-infrared range [2] at temperature about 200 K. The shortest timing
jitter (FWHM) shown by SPADs is 52 ps [3]. This makes avalanche photodiodes attractive
for scientific and industrial applications. However, the spectrum of Geiger-mode avalanche
photodiodes is limited by a cut-off wavelength of around 1670 nm. Another issue is the
device homogeneity, including the reproducibility and uniformity of device performance
[4]. Some semiconductor single-photon detectors can operate at the temperature of liquid
helium 4.2 K. 80% detection efficiency has been achieved with InGaAs charge integration
photon detectors (CIPD) at 1310 wavelength. The drawback of CIPDs is their strongly
limited maximum count rate. Detailed description of recent emerging techniques and future
perspectives for SPADs can be found in [5], [6].

As an alternative, the concept of a superconducting nanowire single-photon detector
(SNSPD) was demonstrated in 2001. The SNSPD is a promising technology which is of-
fering high sensitivity of single photons combined with low dark count rate, short jitter and
recovery time. The detectors operate at a temperature below a critical value, 7¢, and are
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applicable for the use of a He* transport Dewar in many cases. First SNSPDs were made
from thin polycrystalline NbN [7] and NbTiN [8] films. These materials can be reliably
elaborated and patterned; they have a hard superconducting gap and critical temperatures
well above the temperature of liquid helium that facilitates their use. SNSPDs show a de-
tection efficiency around 80% at telecommunication wavelength. The DE can be further
improved by radiation coupling techniques to enhance the absorbance in thin films. As
compared to nitrides uniform thin films of amorphous superconductors like WSi [9], NbSi
[10], MoGe [11] and MoSi [12] were shown to be more promising for an effective detection
of near infrared photons with larger wavelengths. These detectors are sensitive to low-
energy photon in range up to 5 pm [13] and have 93% detection efficiency at 1550 nm [9].
The drawback is a noticeably lower critical temperature and correspondingly smaller en-
ergy gaps, which unavoidably results in lower critical current densities. Moreover, it was
found [11], [12] that SNSPDs from these low-temperature materials exhibit larger timing
jitter than those from nitrides [14]. That is why high-quality ultrathin nitride films remain
a reference in the highly competitive field of SNSPDs.

In recent years, new concepts of single-photon detection have been proposed. Some of
promising single-photon detection technologies are graphene-based detectors [15], carbon
nanotubes-based radiation detectors [FKG+13] and modified multi-pixel radio-frequency
SNSPD arrays [DKW+17], [ DKW++17].

In spite of the wide distribution of SNSPDs, fundamental questions of physical processes
of photon detection mechanism are still under discussions. It was accepted that to induce a
voltage response from nanowire, sufficient amount of quasiparticles has to be generated
after photon absorption. Depending on the energy of the incident photon, the number of
quasiparticles changes along with the detection efficiency of the SNSPD. The detection
efficiency reaches the highest value when the energy of photon is enough to create suffi-
cient number of quasiparticles. At a certain threshold, the DE starts to decrease exponen-
tially towards the infrared range. The restricted spectral bandwidth of SNSPDs limits per-
formance at near-infrared and infrared ranges. The DE threshold of SNSPD (so-called cut-
off wavelength) was described in frame of analytical and numerical models for SNSPD.
The crucial parameter in these models is the critical current /c. The critical current is usu-
ally smaller or even much smaller than the depairing current. The spectral bandwidth of
SNSPD could be extended to larger wavelengths via pushing /c towards the depairing cur-
rent limit /c = Ic®. Once the current ratio Ic/Ic¢ is enhanced, it would enable operation of
detectors (made of materials with high 7¢) at relatively high temperatures and high bias
currents. The main aim of this work is broadening the spectral bandwidth towards infrared
range by increasing the intrinsic threshold wavelength. At the same time, the experimental
threshold dependence predicted differently by theoretical models has to be demonstrated.
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Commonly used detection models will be introduced and analyzed according to their pre-
dictions in view of the cut-off wavelength in chapter 2. The state of the art and theoretical
background are reported in the following section. The main limiting factor of the critical
current and approaches to extend the spectral bandwidth of SNSPDs are presented in the
last section of this chapter.

The ratio of Ic/Ic® is affected by the following influences: stoichiometry of films, 3D prox-
imity effect and current crowding in the nanowire. The influence of the stoichiometry on
performance metrics of detector was systematically studied in [16]. The 3D proximity ef-
fect is reduced by improving the quality of patterning and deposition techniques.

The first task is to develop the technology for enhancement of superconductivity in pat-
terned nanowires. The NbN is widely by used as a material for SNSPDs devices by many
research groups. The superconducting properties of films can be improved by using a bi-
layer system with insulating layer. To reduce the roughness of edges in patterned nanowire,
the negative electron-beam lithography process is developed with positive resist (chapter 3).

The current crowding effect is negligible when the layout of the structure doesn’t have any
bends. To avoid current crowding in SNSPD, the multi-layer technology of bend-free
SNSPD is developed with a new single-spiral layout. Additionally, the one symmetry
bended spiral is specially designed to investigate the detection mechanisms of the single-
photon regime in the magnetic field (chapter 3).

The 3D proximity effect in nanowires is described as the lateral NSN proximity system in
which the superconducting central band is sandwiched between damaged edge-bands with
suppressed superconductivity. The width of the superconducting band is experimentally
determined from the value of magnetic field at which the band transits from the Meissner
state to the static vortex state. A systematic experimental study of 5 nm thick NbN strips
with widths in the interval from 50 nm to 20 pum are presented in chapter 4.

The detection probability is studied for low energy photons to be detected on SNSPDs with
different layouts. For samples with each layout the spectra of the single-photon response
are measured in the wavelength range from 400 nm to 1600 nm and defined the cut-off
wavelength beyond which the response rolls off. An extended spectral bandwidth will be
demonstrated on improved SNSPDs (chapter 5).

Using structures in the form of a square spiral, where all bends have the same symmetry
with respect to the directions of the bias current and external magnetic field, areas around
the bends are studied in terms of the contribution to the rate of photon and dark counts at
small photon energies. Comparison of the computed local absorption probabilities for pho-
tons and the simulated local threshold detection current is performed to explain asymme-
tries of performance metrics in magnetic field (chapter 6).






2 Superconducting nanowire
single-photon detector

This chapter describes theoretical concepts of single-photon detection by superconducting
nanowires. With an overview of the state-of-the-art in SNSPD research the comprehensive
report of existing theoretical models is presented. After a brief historical overview, the
principle of single-photon detection will be described in details. Achievements over the
last decade will be discussed in terms of identification of fundamental problems which are
still remaining in understanding of the detection process of single photons. In section 2.2.1,
the theoretical models of detection are introduced in particular to describe energy-current
relation which is predicted differently in the framework of existing models. Understanding
of theoretical basis helps to formulate tasks for experimental work which should prove the
key role of the experimental critical current in the position of the spectral cut-off and ap-
propriate dependence of current-energy relation in framework of existed theoretical mod-
els. The main mechanisms of limitation of the critical current will be discussed in the next
section. Finally, requirements for detectors and approaches for improving the spectral
bandwidth of SNSPD are formulated in the last section of this chapter.

2.1 Operation principle and metrics

One of the first experimental observation of detection of individual particles by supercon-
ducting strip was reported in 1949 by Andrews et al [17]. The theoretical explanations have
appeared much latter in [18] and [19]. It had been realized that particles create a normal
spot in a current-carrying superconducting strip and that this spot diverts the current into
the still superconducting part of the strip cross-section. The dynamics of the normal spot
[18] and the propagation of the normal zone in the strip [20] were described via combina-
tion of heat diffusion in the strip and heat transfer to the surrounding. It was soon realized,
that the reduction of cross-section of the strip to produce measurable change in the re-
sistance under illumination with optical photon.

In 2001, Goltsman et al [21] demonstrated a new superconducting detector concept based
on superconducting nanostrips. This type of device, known as the superconducting nan-
owire single-photon detector (SNSPD), has a single-photon sensitivity in a range from
visible to infrared wavelengths. The new concept was based on formation of a hot spot in
NbN superconducting film nanofabricated into narrow strip in form of meander (Fig. 2.1).
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Figure 2.1:  The initial layout of superconducting nanowire single-photon detector.

Due to diffraction blur (so-called Airy disk) which is proportional to the wavelength,
the diameter of the central disk of light spot is limited by diffraction effect as 2.44\ >> W
(A — wavelength, W — width of nanowire) [22]. The meander layout allows to reduce sig-
nificant-ly optical losses. The meander detector is biased close to the critical current /¢ at
ambient temperature 7<<T¢, Tc - critical temperature.

The initial theoretical explanation was based on the normal hot spot created by an absorbed
photon (Fig. 2.2) [7]. After hot spot formation the supercurrent is expelled from the normal
region and flow along the periphery of the hot spot. This leads to an increase of density of
the supercurrent at sidewalks higher than the critical current density, jc, and whole area
transits to the resistive state. The measured voltage pulse is associated with detection of a
single photon and is called pulse-count event. The theoretical basis of the first hot spot
theory will be presented in details in section 2.2.1.

Figure 2.2:  The first theoretical model of SNSPD detection. The absorbed photon creates a hot spot in the
superconducting nanowire biased at current close to the critical value. The supercurrent is expelled
from the hot spot region into the sidewalks. The current is then exceeded in the whole cross-sec-
tional area of the nanowire and a measurable voltage pulse can be read out along the nanowire.



2.1 Operation principle and metrics

Further intensive investigations over last sixteen years revealed that the mechanism of sin-
gle-photon detection in a superconducting nanowire is more complicated and vortices are
essential for the formation of the initial normal domain that triggers a detection event (see
section 2.2.1).

On the phenomenological level, the process of single-photon detection can be split into
several stages (Fig. 2.3). In the beginning, the photon should be absorbed by superconduct-
ing nanowire. The photon energy in optical and near-infrared ranges is about three orders
of magnitudes larger than the superconducting energy gap, A, of NbN. Depending on com-
position of polycrystalline NbN films, their thickness and corresponding square resistance,
the absorbance is variated in absolute value and in the spectral range of visible and near-
infrared light. The dependence of absorbance on wavelength becomes rather weak in in-
frared range. Nanofabrication of the film into meander nanowires produces the effect of
polarization dependence of absorbance. The absorption probability of photons is much
larger when the electric field in the wave is collinear to the nanowire [23]. Furthermore,
the local probability of detection strongly variates in a nanowire superconducting single-
photon detector [24].

After photon absorption by a Cooper pair, electrons which received energy from the photon
become non-equilibrium and they diffuse out of the formed hot spot. If absorbed energy is
enough to destroy superconductivity than the core of hot spot is normal. Otherwise, the hot
spot remains in superconducting state with partially suppressed superconductivity. Never-
theless, the current flows around the hot spot region. The increased density of the current
in sidewalks may be enough for appearance of the resistive state.

Hot-spot Appearance of Dynamics of the
formation the resistive state resistive state

Photon absorption

Figure 2.3:  The process of single-photon detection including several stages.
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The electro-thermal dynamics approach for describing the boundary of the normal domain
incorporates several dynamic processes such as heating due to transport current, heat trans-
ferring at normal and superconducting sides of boundary. The steady-state and time de-
pendent of the normal domain were described in [25], [26], [27]. The voltage pulse is gen-
erated when the normal domain in the cross-section of nanowire grows due to dissipation
energy of the current. When the absorbed energy dissipates from the normal region, grow-
ing of this zone stops and then it disappears.

Other details of process of emergence and disappearance of the hot spot which are de-
scribed differently in frame of existing models will be considered in in section 2.2.1.

Metrics

The most crucial performance metric of SNSPD is probability of the count event after in-
cidence of a photon on detector. This metric, which is called detection efficiency DE de-
pends on optical properties of the film, detector geometry and energy of incident photons.
Together with the quality of the optical coupling in experimental setup, the detection effi-
ciency defines the general characteristic of any setup named a system detection efficiency,
SDE. Basically, the SDE is a ratio of the number of events, detected by the measurement
system to the total number of photons delivered to the system during fixed time period.
Thus, the system detection efficiency can be presented as a product of three general effi-
ciencies:

SDE = ABS x IDE x OCE @.1)

where ABS is absorption efficiency which determines the probability of absorption of the
incident photons into detector area by nanowires. The absorption depends on the cross-
section of nanowire with gap in between two nanowires, absorption coefficient of super-
conductor and optical path length of the photon; the IDE is the intrinsic detection efficiency
of the detector itself. The /DE can be presented as a ratio of number of output pulses from
SNSPD divided by the total number of photons which absorbed by detector. The combina-
tion of absorption efficiency and intrinsic detection efficiency is the detection efficiency
(DE =ABS*IDE) which was introduced above; the OCE is the optical coupling efficiency
which describes coupling losses in the optical path to the detector.

The detection efficiency variates with energy of incident photons (Fig. 2.4). It was also
found that DE changes with changing of the transport current through the detector. For
each particular current, there is a cut-off wavelength, Ac, in the detection efficiency. For
wavelengths smaller than Ac, DE is almost constant (filled area in Fig. 2.4) while beyond
the cut-off, L > A, it drops rapidly with increasing wavelength. The pulse from SNSPD
can be recorded even without incident photons into the area of the detector.
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Figure 2.4:  The spectral detection efficiency of SNSPD measured in the spectral range between 400
and 1600 nm wavelength at the fixed bias current.

This equivalent of the noise is called the dark count rate, DCR, and it appears at the bias
current, close to the critical value. The dark count rate is independent of noise level of the
readout circuits and could be partially associated with interruption of uniformity of the
current in bends of meander SNSPD. The minimum detectable photon flux is limited by
rate of the dark count.

Low timing jitter is one of the SNSPDs metrics which is important for many applications
and may a have great potential for extension of the application field of SNSPD. The random
time delay causes timing jitter in the appearance of a voltage transient, which a photon
detector generates. The measure of the timing jitter is the width of the statistical distribution
in the arrival times of voltage transients with respect to the corresponding photon absorp-
tion times. In SNSPD applications, timing jitter limits the accuracy of measurements of
photon arrival times.

2.2 State of the art

During the last 15 years the technology of superconducting nanowire single-photon detec-
tors was under intensive development, continuously improving performance of the
SNSPD. Many efforts in the fields of optics, solid state physics and thin-film technology
have been attempted in order to find the way to increase detection efficiency (DE) at longer
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wavelengths and to decrease timing jitter and dark count rate (DCR) of detectors. The de-
velopment of SNSPDs follows several main directions. The search for optimal materials
and the improvement of the quality of superconducting nanowires are among the most
straightforward ones.

Spectral detection efficiency

Several experiments in investigations of spectral detection efficiency have shown a current
dependent threshold in the detection efficiency [28]. The cut-off wavelength increases with
the increase of the current. The photon count rate (PCR) saturates when the current ap-
proaches the critical current but decreases rapidly when the current decreases below the
threshold value, /4., which is called detection current [29]. The detection efficiency is lim-
ited by absorbance of the given film. A great improvement in absorbance was achieved by
patterning a double-cavity and a mirror at 1550-nm wavelength [30]. This makes the fab-
rication process more complicated.

The decrease of the cross-section of nanowire (width and thickness) results in shift of the
cut-off wavelength towards infrared range [31], [32]. Beside the geometry, the cut-off
wavelength depends on the operation temperature [33]. For temperatures well below the
transition temperature, Ac increases with the decrease of the operation temperature.

The shape of transition from the hot spot response spectrum with almost constant of DE,
to the range of quickly dropping the efficiency, depends on operation temperature, proper-
ties of superconducting materials and quality of fabricated nanowires. The broadening of
transition region between constant and fast decreasing dark count rate is associated with
the presence of bends in a layout and constrictions in nanowires. Furthermore, multiphoton
events may dominate photon count rate and broaden the transition. The absorption of sev-
eral photons is required to the multiphoton event within the life-time of the hot-spot at a
distance from each other less than the diameter of the hot-spot. The contribution of
multiphoton events to photon counts cannot be excluded absolutely. However, it was
proved that multiphoton events don’t play crucial role in the position of the cut-off wave-
length [34].

All hot-spot models of the detection mechanism predict larger cut-off wavelength for the
superconductors with smaller energy gap A. Indeed, recent experiments with TaN [35] and
WSi [9] meanders have demonstrated larger Ac, than it was found for meanders from widely
used NDN films.

Although it has been commonly agreed that Ac increases with the bias current /,, the exact
relationship between I, and Ac remains controversial [28]. Since the relative current I,//c¢
cannot be larger that Ic/Ic%, where Ic is the experimentally achievable critical current, the
way to push Ac further towards larger values is to increase /c. Despite of the advanced
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technology, in practical devices Ic remains smaller than Ic¢ (~50%) [28]. In NbN meanders,
the ratio Ic/Ic¢ can be increased to some extent by variation of the film stoichiometry [16].

Recently, a double-spiral layout was suggested as a promising alternative for design of
single-photon detectors [36]. The absorption of spiral detectors is independent of polariza-
tion [37]. In comparison to meanders, detectors with the double-spiral layout demonstrated
larger Ic, Ac and detection efficiency. However, the cut-off wavelength was found only
slightly higher than Ac of meander detectors (~600 nm) measured at 4.2 K.

Different materials

Beside widely used crystalline NbN, many other superconducting materials were chosen
as alternative material for SNSPDs. A particular interest exists in materials with a smaller
superconducting energy gap, A, than in NbN. Naturally, the first material of the initial su-
perconductor for SNSPDs was pure Nb with bulk 7c = 9.25 K, which has the additional
benefit that nanowire detectors made from Nb have shown improved dead times compared
to NbN [38]. However, the cut-off wavelength of Nb SNSPD is limited by the large diffu-
sion coefficient. In this case, the size of hot spot is pretty large when electrons are thermal-
ized which leads to locally smaller heating and weaker influence on superconducting prop-
erties.

The observed increase of detection efficiency of SNSPDs based on TaN film with
Tc ~ 10 K at longer wavelength was reported in [35]. However, significant improvement
in the detection efficiency was obtained on SNSPDs made of amorphous WSi film. As
compared to nitrides, uniform thin films of amorphous superconductors like WSi, NbSi,
MoGe and MoSi were shown to be more promising for an effective detection of near
infrared photons with larger wavelengths. Because the coupling energy of Cooper pairs
decreases with the transition temperature, the same number of non-equilibrium electrons is
excited by photons with lower energy. The drawback is a noticeably lower critical temper-
ature and correspondently smaller energy gap, which unavoidably results in lower critical
current densities. Furthermore, the maximum of the count rate and minimum timing jitter
are limited by rather long relaxation time. It was found that the life time of the hot spot in
amorphous WSi film is more than one order of magnitude longer (1~500 ps) [ZEW+16]
than in polycrystalline NbN film (15 ps) [39]. This difference was observed in absolute
value of the life time as well as its current dependences in NbN and WSi materials. The
life time grows, significantly, in WSi with applied current, while it’s almost independent
of the current in NbN. The difference in current dependence is associated with the size of
the hot spot which is formed in the nanowire after absorption of the photon. The size of the
hot spot in WSi nanowire was found to be larger than the width, while the hot spot in NbN
occupies only a fraction of the nanowire [ZEW+16].

11
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Beside amorphous materials, superconductors with similar superconducting energy gap
than in NbN have been tested as candidates for SNSPDs. NbTiN nanowire devices have
been shown to possess low kinetic inductance due to their low resistivity above the super-
conducting transition temperature. The single-photon sensitivity of nanowires made of
MgB, with the critical temperature 35 K was demonstrated at visible and infrared ranges
[40]. However, the quality of the films has to be optimized in order to fabricate structures
with less than 100nm feature size. The perspective of high-temperature superconductors as
a material for detector of infrared photons is still under discussion. Due to the low ratio
between specific heat capacities of electrons and phonons in HTS nanowires, the detection
of near-infrared photon is possible only at currents close to depairing current, Ic¢ [41].

Dark Count Rate

Statistical fluctuations in the form of dark counts restrict the minimum detectable photon
flux. At the inner edges of bends and turns, where the supercurrent flow around a sharp
corner, the local current density increases, which causes a local reduction of the energy
barrier for nucleation of magnetic vortices. Among different topological fluctuations, hop-
ping of vortices across the strip is commonly considered as a mechanism of dark counts.
Hence, bends and turns with sharp corners are places from which dark counts most proba-
bly originate. Only a few indirect experimental verifications of this suggestion have been
reported. Engel et al. [42] found in their meanders a slight asymmetry in the rate of dark
counts with respect to the magnetic field direction and assigned it to differences in shapes
of right and left turns. Akhlaghi ez al. [43] showed that, in a nanowire with a single bend,
rounding the sharp inner corner of the bend results in an increase of the critical current and
in a reduction of the dark count rate (DCR) of the whole structure. Lusche et al. [44] found
differences in current dependencies of the vortex energy barrier in the case of photon and
dark counts and associated them with different locations of these events. This can be either
a single vortex near the strip edge or a vortex-antivortex pair (VAP) close to the midline
of the strip. Vortices are then swept by the Lorentz force across the strip. The energy dis-
sipated along the trajectory of the vortex in the strip causes the formation of a normal belt.
In the fluctuation-assisted scenario, a vortex crosses the nanowire with certain thermody-
namic probability through the segment, where the energy barrier is reduced due to photon
absorption.

Timing jitter

During last decade many groups have reported a small timing jitter in SNSPDs. However,
measurements were done with different detector layouts and electronics that hamper direct
comparison. A system jitter with full width at half maximum (FWHM) as low as 18 ps has
been demonstrated for SNSPD based on NbN [45]. It has been realized that electronic noise

severely enhances system jitter and introduces the current dependence of the jitter. Sub-
tracting the noise contribution, one obtains jitter inherent to the detector itself which is

12
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called intrinsic jitter. It was found that intrinsic jitter increases in nanowires with smaller
thickness and larger kinetic inductance per unit length [46]. Furthermore, jitter increases
with the size of the detector [45] and is less for the central part of the detector area as
compared to peripherals [47]. Although low jitter itself is a challenge, it becomes attractive
only in conjunction with the practical values of the detection efficiency and maximum
count rate. Since the size of the detector affects differently these two metrics, the size stays
necessarily in the list of trade-off parameters. Jitter increases in nanowires from supercon-
ducting films with low transition temperatures. For nanowires from WSi [9] and MoSi [12],
jitter is almost one order of magnitude larger than in nanowires from NbN.

While instrumental aspects of the system timing jitter have been thoroughly discussed,
physical mechanisms of the intrinsic jitter remain largely unclear. Revealing those mecha-
nisms should give the answer how to decrease jitter value and what is the limit. For WSi,
Fano fluctuations were shown to broaden the decay of the photon detection efficiency with
the decrease of the current trough the nanowire [48]. They should also affect the time delay
between photon absorption and the emergence of the resistive state. Whether this mecha-
nism may affect jitter in NbN nanowires is not clear. The delay of the resistive stay in NbN
was found to exceed 65 ps [49]. It has been shown that this delay may depend on the film
thickness via the escape of non-thermal phonons to the substrate [50]. Recently, spread in
the traveling time of a magnetic vortex across the nanowire was analyzed [51]. For NbN,
it can contribute a few picoseconds to the intrinsic timing jitter.

2.2.1 Phenomenological theories and
detection models of SNSPD

In this section, commonly used detection models will be introduced and compared in terms
of their predictions and limits.

Normal core hot-spot model

As was mentioned in section 2.1, the energy of incident photons is much larger than the
superconducting energy gap of low-temperature superconductor. An absorbed photon in
the nanowire excites an electron with high energy. Due to subsequent thermalization of
exited electron, quasiparticles are generated in a cascading process. After thermalization
time, the number of quasiparticles, nq, can be approximately estimated as:

v
Yo 2.2)

n

where h is the Planck constant and v is a frequency of the photon.
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The quasiparticles diffuse in a cloud of growing diameter. The normal core can be formed
in the center of a cloud if superconductivity is locally suppressed. In order to redistribute
the transport current in nanowire, diameter of formed normal-conducting core should be
not smaller than coherent length, &. Then the transport current flows around core with sup-
pressed superconductivity (Fig. 2.5). This should provide an increase of current density
into sidewalks. When the diameter of the hot-spot is big enough, the superconductivity is
suppressed through the cross-section of the nanowire by reaching the critical value of the
current density in the sidewalks.

The normal-core hot-spot model predicts a square-root dependence of current-energy rela-
tion for 2D system as:

]det :IC(1_7‘/E)

. (2.3)

where v is the material and device dependent proportionality factor; E is the energy of the
absorbed photon. It has to be noted that vy is different for each model.

The normal-core model predicts a dependence of the cut-off wavelength on bias current:
5 -2

P 32¢" RgDhcg 1_17;,
L AP aA? i

, (2.4)

where c is the speed of the light; ¢ is conversion efficiency of the photon energy from initial
excitation in the film to quasiparticles at the superconducting gap (fit parameter); ¥ is the
width of nanowires; D is the quasiparticle diffusion coefficient; Rs is a square resistance.

Figure 2.5: A sketch of the normal-core hot-spot model to describe the detection mechanism of SNSPDs.
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The numerical normal-core hot-spot model predicts a nonlinear behavior outside the ex-
perimentally measured range. Moreover, the position dependence of the detection thresh-
old cannot be presented in framework of this model.

Diffusion hot-spot model

The refined hot-spot model appeared several years later after publishing the first theoretical
approach for detection of single-photons by current carrying superconducting nanowires.
Instead of the normal core of the hot spot, the number of Cooper pairs within a section with
dimensions about coherent length was considered. Although the number of such Cooper
pairs is reduced due to photon absorption, they still carry the current with acceleration.
Once the critical velocity of Cooper pairs is achieved, they break up with following transi-
tion of nanowire into the resistive state (Fig. 2.6). Since the current carrying capacity is
correlated with total number of remaining Cooper pairs, the expression of current-energy
relation presented as:

loa =1c(1-7E) 2.5)

The diffusion hot-spot model describes analytically the cut-off of hot spot response spec-
trum. The energy of the photon which is needed to detect uniquely absorbed photon de-
pends on geometrical parameters and material properties of superconducting nanowires as
well as the ratio of the critical current to depairing critical current:

1
Act = jf A*WdN, \/DT( ——jJ
“ fe), 2.6)
where d is the thickness of the superconducting film; N is the density of electron states; t

is the relaxation time for a given superconductor.

Although the expected linear dependence of the threshold on width and thickness as well
as corresponding dependences on material properties were experimentally confirmed, the
expected temperature down-shift of the threshold is not in agreement with experimental
results obtained at relative temperature 7/7¢ > 0.5. Moreover, the explanation of the posi-
tion dependence of the threshold is impossible in the framework of the diffusion hot-spot
model.

The weakness of both normal-core and diffusion hot-spot model is the prediction of only
deterministic, threshold-like responses. The exponentially decrease of count rate with re-
duction of the bias current is associated with some thermal or quantum fluctuations which
are not taken into account in the described above models.
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Figure 2.6: A sketch of the diffusion-based hot spot model to describe the detection mechanism of SNSPDs.

Photon-triggered vortex-entry model

The vortex-antivortex pair (VAP) is one sort of fluctuations which was taken into account
in the following vortex-assisted models. It was assumed that VAP is responsible for the
slow drop of the detection efficiency and lower current than /4. Soon, single-vortex hop-
ping was suggested as a mechanism of single-photon detection for the range beyond the
threshold (so-called probabilistic regime) (non-filled area in Fig. 2.4) [32] and later for
whole response spectral range (non-filled and peach areas in Fig. 2.4) [52]. In the frame-
work of the model, the vortex penetrates at the place with a reduced barrier for vortices due
to photon absorption (Fig. 2.7). Based on the London model and theoretical investigations,
the analytical expressions of the dependence for the detection efficiency on temperature,
current and magnetic field, as well as dark count rate are given in the photon-triggered
vortex-entry model.

The current-energy relation is predicted in the framework of this model as:

~
~

Lo
cw v—(E+1D) @.7)

’

where /¢, is the critical current that reduces the energy barrier for vortex penetration to
zero; C is a constant; v is the vortex energy scale in the initial state. Obviously, the behavior
of the current-energy relation is highly non-linear.
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Figure 2.7: A sketch of the photon-triggered vortex-entry model to describe the detection mechanism
of SNSPDs.

Normal-core vortex model

The concept of the normal-core vortex model is based on the assumption, that photon ab-
sorption results in a local increase of the effective temperature in the area with fixed radius
(similar “normal core” detection model). The reduction of superconductivity in the nan-
owire after photon absorption and subsequent formation of the resistive state are described
by the time-dependent Ginzburg-Landau equation, heat-diffusion and Poisson’s equations.
However, the time-dependent Ginzburg-Landau (GL) equation is appropriate for cases
when the temperature is close to the critical value. Before this issue was resolved, several
experimental results were not successfully described by the scenario of vortex penetration
to the normal core.

For calculations, a fixed radius was used for the area of increased effective temperature. In
order to describe the generation of quasiparticles, the nonequilibrium distribution function
was used with variated parameter inside and outside of hot spot. The relaxation method
was used to find stationary solutions of the GL equation.

Based on the obtained results, two situations can be considered as detection event depend-
ing on the position of photon absorption. In the first case, the photon is absorbed near the
edge of nanowire (Fig. 2.8). The local increase of the current at the edge of the (so-called
current crowding; it will be considered in the next section) favours the penetration of a
vortex in the nanowire. The single vortex entries to the nanowire at some minimum current
which is required for penetration of the vortex from the edge to the hot spot.
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4

Figure 2.8: A setch of the normal-core vortex model to describe the detection mechanism of SNSPDs. On the
left image, the vortex-antivortex pair is generated inside the area in the center with fixed radius.
On the right image, a single vortex penetrates into the superconducting nanowire at the edge close
the place of the absorbed photon.

A slightly higher current is needed that the vortex overcomes the pinning force and move
further across the nanowire. Thus, the motion of a vortex across nanowire results in a volt-
age pulse. In another case, the photon is absorbed far away from the edge of nanowire. A
certain current is required for formation of a vortex-antivortex pair inside the hot spot.
Similar to the previous situation, a slightly higher current is needed to overcome the bind-
ing energy of the VAP.

In the framework of this model, the threshold current can be calculated as a function of the
photon energy. The model predicts a non-linear energy-current relation for low energies of
photons. The nonlinear behavior is associated with realistic description of the vortex core
in GL model. Unfortunately, the current-energy relation has so far not been observed for
low energies (about 0.5 eV).

The normal-core vortex model allows to describe the qualitative position dependence of the
detection current, detection efficiency and dark count rate obtained in the magnetic field.

Quantum detector tomography

The method of quantum detector tomography (QDT) is not considered as comprehensive
theoretical model of single-photon detection. The current-energy relation /y(E) cannot be
estimated as in the described detection models above. This method characterizes the re-
sponse of the detector to different numbers of photons at low probability (1% in [53]) of
detection event. Other details regarding the quantum detector tomography can be found in
[54]. It has to be noted, that all measurements have been done on, so-called, nanodetectors
with equal length and width in the range ~150 nm, while widely used meander layout has
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a length about three orders of magnitude longer. The QDT predicts the almost constant
value of the linear efficiency in probabilistic regime which is incompatible with Eq. 2.7.
Furthermore, the measured response published in [55] for NbN detector is in contradiction
to all data obtained with QDT. In the same publication, the energy—current relation deter-
mined for WSi obtained from data published in [29] contains errors and can also not be
seen as an indication for a nonlinear energy—current relation.

Generally, the current-energy relation for conditions described above can be written from
QDT as:

I=1,~yE 2.8)

where Iy~ 0.751c.

Comparison of current-energy relations from various detection models

The presented, commonly used, detection models predict different current-energy relation
for detection of single photons (Fig. 2.9). According to the normal-core hot-spot model
1-Iy/Ic%c Ac™2, while the diffusion hot-spot model predicts a linear relationship 1-fy/Ic%oc
L', where Ic? is the depairing critical current. The numerical model invoking Ginsburg-
Landau approach to the evolution of the order parameter results in a 1-Iy/Ic? oc £(A,)

dependence which falls between the two analytical relations above.
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Figure 2.9:  Inverted relative current 1-1/Ic" versus energy of photons at the cut-off wavelength. Lines show
the current-energy relation obtained with different theoretical models. The models are specified
in the legend.
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Since the relative current Iy/Ic¢ cannot be larger that Io/Ic¢, where I¢ is the experimentally
achievable critical current, the way to push Ac further towards larger values is to increase
Ic. Despite of the advanced technology, in practical devices Ic remains smaller than /c¢.

2.2.2 Restriction mechanism of the critical
current in nanowires

As shown in the previous section, the useful spectral bandwidth of SNSPDs can be ex-
tended to longer wavelengths via pushing Ic towards the depairing current limit Ic = Ic¢.
Once the current ratio Ic/Ic¢ is enhanced, it would enable operation of detectors (made of
materials with higher 7¢) at relatively large temperatures and high bias currents. Despite
extensive efforts, the experimental values of the critical current in submicrometer lines are
usually about 50% of the deparing critical current or even less. As a result, the reduced
critical current restricts the performance of superconducting devices.

Since it has become clear that the measurable critical current remains noticeably smaller
than the depairing critical current Ic¢[56], [57], [58] many observations have been reported
on attempts to understand the physics of the reduction. First, the depairing critical current
was almost achieved in relatively thin and narrow strips where the current density is dis-
tributed evenly across the width and the thickness [59]. Second, a local perturbation in the
strip, which provides local decrease of the superconducting order parameter A, restricts the
measurable critical current in the current-carrying state. Third, it was predicted theoreti-
cally [60] and confirmed experimentally [61], [62], [63] that current crowding near bends
of the current path in mesoscopic structures reduces the experimental critical current.

The increased local current density in turns reduces locally the barrier height for vortex
penetration and defines the critical current of the whole nanowire (Fig. 2.10). According
to theory [60], the reduction factor of the critical current due to a bend in the nanowire
depends on the angle of the bend, the wire width 7, and the radius of the bend 7. The
effect is present in thin nanowires when W << A= 2A%/d, where A is the Pearl length and A
is the magnetic penetration depth. For strips with the same nominal width and different
bending angles, the largest /c was measured in the straight strip (absence of bends). Current
crowding could be eliminated completely in spiral structures.

Beside artificial increase of the current density due to bends, geometrical and structural
constrictions in nanowires limit the current carrying capability of nanowire. Constrictions
together with bends have a twofold impact on detectors. Moreover, the effective cross-
section available for current flow is limited by constrictions. The amount and art of con-
strictions depend on the nanowire material and fabrication technology.
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Figure 2.10:  Simplified sketch of distribution of the current in a 180° bended nanowire. The local increase of
the critical current density at the vicinity of inner corner in bend disrupts the homogeneous flow
of the transport current.

Reduction of the film dimension leads to superconducting-insulator transition [64]. In su-
perconducting strips, transition temperature decreases with the decrease in thickness and
nominal, geometric width 1 due to the proximity effect between the normal bands and the
superconducting core (Fig. 2.12).

Although the reduction of critical temperature in submicrometer stripes was explained the-
oretically, the experimental results of 7c(#) dependence have been presented poorly. It
was found that, contrary to 7¢, the evolution of the density of the critical current as function
of the nominal stripe width jc() was non-monotonic. Moreover, the calculated values of
Jc are always smaller than the density of the depairing critical current. Only a few studies
reported on the stripe-width dependences of 7c and jc and they are often done on different
samples.

Although the reduction of critical temperature in submicrometer stripes was explained the-
oretically, the experimental results of 7c() dependence have been presented poorly. It
was found that, contrary to 7¢, the evolution of the density of the critical current as function
of the nominal stripe width jc(#) was non-monotonic. Moreover, the calculated values of
Jc are always smaller than the density of the depairing critical current. Only a few studies
reported on the stripe-width dependences of 7c and jc and they are often done on different
samples.
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Figure 2.11:  The enhancement of current carrying capability of bended nanowires by applying an external mag-
netic field. The external magnetic field generates a screen current in nanowire which leads to a
variation of the current direction depending on field-direction. When the direction of current is
different (as shown on the sketch), the maximum applicable current to the nanowire increases due
to reduction of current crowding at the inner corner. In opposite situation, the critical current is
further suppressed due to locally increased current density in the bend.

Besides that, the influence of the edge quality on superconducting properties of stripes
remains unclear. Intuitively, one expects rough edges to cause larger number of defects and
correspondingly a reduction in the experimental critical current. The superconducting cur-
rent circumvents defects. This phenomenon leads to a non-uniform distribution of the cur-
rent density which peaks at locations adjacent to the defects. Additionally, superconduc-
tivity deteriorates at the edges due to mechanical damaging via etching and subsequent
oxidation when exposed to air.

There have been already several reports on possible approaches towards enhancement of
the Ic/Ic¢ ratio. It has been suggested in Ref. [65] and has also been confirmed experimen-
tally [66], [62] that an external magnetic field with the proper orientation diminishes the
effect of current crowding (Fig. 2.11). This approach is not suitable for meanders due to
alternating turns with opposite symmetry. A special layout with one symmetry of turns has
to be designed for experiment in the magnetic field. The practical disadvantage of layouts
with alternating straight wires and bends is their strong sensitivity to light polarization. The
extinction factor increases with the increase in the wavelength [23].

Recently, a double-spiral layout was proposed as an alternative design for single-photon
detectors [36]. Although the performance of photon detectors with the double-spiral geom-
etry becomes better, the sharp S-bend in the current path through the center of the double-
spiral layout still limits the experimental critical current of the specimen.
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NDbN

Substrate

Figure 2.12:  The proximity effect in superconducting film. The deposited film of a given thickness  on a sub-
strate has a superconducting core (blue color) and normal-conducting layers dy (dark blue color).
The critical temperature of the whole film is reduced due to proximity effect of the normal layers.
The suppression of 7¢ becomes significant with decrease of nominal thickness. Similar effect was
reported for very narrow nanowires made from thin superconducting film [67].

In general, the detection efficiency is higher for SNSPDs with local values of the Ic/Ic¢
ratio uniformly distributed over nanowires and bends. As was mentioned, this ratio is af-
fected by different types of defects such as cross-section variations due to the non-uni-
formity of the thickness or width of the film, nanowire edge defects or internal structural
defects weakening the superconducting order. All those effects reduce the current ratio and
make characteristics of detectors worse. Therefore, the development and optimization of
approaches, which target to a growth of highly uniform thin films and pattering them in
defect-free superconducting nanowires, are in permanent focus of numerous research
groups. It has been shown that the adjustment of stoichiometry of NbN films towards
higher Nb-content results in an increased Ic/Ic® ratio and thereby in a broadening of the
spectral bandwidth of SNSPDs [16]. A large growing rate of thin NbN films increases the
granularity of the film while an enrichment with nitrogen increases the amount of amor-
phous phase but reduces the achievable critical current density.

Another perspective is an improvement of the quality of patterned nanowires. It was found
that a straight nanowire made of high-quality films cannot carry the depairing current. The
effect arises from partial damage of the nanowire edges during etching. The geometrical
uniformity of edges affects the critical current as well.

2.3 Requirements for detectors
Previous achievements described in section 2.2 have shown, that the performance of

SNSPDs can be improved to a competitive level for radiation in the optical or near-infrared
range. In particular, the spectral bandwidth of SNSPD has been extended by optimization
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2 Superconducting nanowire single-photon detector

of stoichiometry of NbN film. The shifting of the deposition range towards Nb phase re-
sults in increase of the ratio of the experimental critical current to the theoretical limit for
given conditions.

As mention above, the experimental critical current is restricted by proximity effect and
non-uniformity distribution of the current through the nanowire due to locally increased
density of the current in the vicinity of turns and at edges with depleted superconductivity
larger than the coherent length &. To enhance the ratio of the experimental critical current
to depairing current, the proximity effect and current crowding have to be reduced. This
can be done by different approaches. First of all, the usage of a bend-free layout for SNSPD
such as a single spiral prevents the current crowding which appears in bended structures.
The development of a multi-layer technology for single-spiral SNSPDs is required. Sec-
ond, the proximity effect in superconducting films is reduced by in-situ deposition of an
AIN/NDN bi-layer. The parameters of sputtering process have to be adjusted. Third, to de-
crease the roughness of nanowire edges the resolution of electron-beam lithography has to
be improved.

The detection efficiency of an optical system based on SNSPDs is limited in particular by
the absorption of the nanowire. The overall detection efficiency can never exceed the ab-
sorbance unless the light is coupled into the film by other means. Since the material varia-
tion changes the electronic state, it is expected that the absorbance of the film will also
vary. Hence, the adjustment of stoichiometry is important for device characteristics.

To investigate the role of straight and bended parts of a SNSPD in the optical response,
measurements in magnetic fields have to be performed. The energy barrier of detector is
lower in the bends than in the straight parts due to the locally increased current density.
This also leads to an increase of the vortex-crossing rate in the bends. The vortices are
essential for the formation of the initial normal-conducting domain that triggers a detection
event. Screening currents imposed by the magnetic field compensate the increase of the
current density in the vicinity of the inner corner of a sharp bend in superconducting
mesoscopic structures. The standard meander-type SNSPDs demonstrated a fully symmet-
ric behaviour of the critical current in magnetic fields with its maximum at zero field [44].
Because of the opposite symmetry of adjacent turns in the meander design, for the same
direction of magnetic field the current crowding effect becomes weaker in one turn but
decreases the energy barrier for vortex penetration in the adjacent turn. Hence, a special
one-symmetry bended detector and an experimental setup with a superconducting coil are
required.
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3 Technology of thin NbN films
and nanowires for SNSPD

Among superconducting materials niobium nitride is one of the most intensively studied
superconductors. The mechanical and chemical stability and rather high critical tempera-
ture make NbN attractive for many applications. Great results were obtained on several
kinds of detectors based on NbN films, such as superconducting quantum interference de-
vices (SQUIDs) for measuring weak magnetic fields [68], sensitive hot-electron bolometer
mixers (HEB) for astrophysics at terahertz frequencies [69], arrays of Josephson junctions
for high frequency integrated receivers [70], [PAK+13]. In research area of the SNSPD,
NbN films are a widely used material with relatively low quasiparticle coefficient. This
allows the formation of the hot-spot in nanowires under near-infrared irradiation. However,
patterning of nanowires results in a decrease of the critical temperature. The 3D proximity
effect (described in section 2.2.2) in submicrometer structures, the roughness of edges and
defects in the films are reasons of a reduced critical temperature and maximum measured
critical current in nanowires. The 3D proximity effect can be partially suppressed by an in-
situ deposition of a protection layer of isolator as predicted in [71]. Nevertheless, the line-
edge roughness impacts on the performance of fabricated devices. Therefore, development
and optimization of approaches, which target the growth of highly uniform thin films and
pattering them in defect-free superconducting nanowires, are in permanent focus of numer-
ous research groups. Besides that, multilayer processing influences on the superconducting
properties of the final device. This may include a patterning of double-cavities and mirror
or an integration of SNSPDs into waveguides for improvement of optical absorption. The
multilayer technique for a new type of SNSPD in form of a single spiral has to be developed
taking into account all aspects of technology described above.

In recent investigations [72], the absorption coefficient itself and its dependence on film
thickness, material variation and wavelength of incident photons were studied in details
with ellipsometric measurements. It was shown that the absorbance probability decreases
with reduction of thickness of the film. Although dependences of absorbance for different
thicknesses have the similar trend of increase in spectral range, the absolute value of ab-
sorbance correlates with stoichiometric parameters of deposited films.

In the following section, reactive magnetron sputtering of NbN films is described with
focus on influence of stoichiometry on superconducting and optical properties of the de-
posited films. The properties of in-situ sputtered NbN/AIN double layers are compared
with films of the same thicknesses without protection.
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3 Technology of thin NbN films and nanowires for SNSPD

The optical properties of films deposited at different currents are investigated in terms of
applications for detectors. The detection efficiency is limited by the film absorbance unless
the light is coupled into the film by other means. Besides estimation of absorbance of films
which is important in absolute values, the absorbance of films on different substrates was
also obtained from optical measurements of NbN film illuminated from back side of the
substrate.

A high-resolution negative electron-beam lithography process based on positive resist
which was proposed as an alternative for standard positive lithography is described in de-
tails. A comparative analysis for negative- and positive-PMMA processes has been done
by edge roughness measurements and comparison of edge profiles. A detailed description
of the developed technology for single-spiral SNSPD is presented in the last part of this
chapter.

3.1 Reactive magnetron sputtering of thin NbN films

The properties of superconductive and resistive state of NbN almost always correspond to
films where the conditions of deposition were optimized to obtain films with maximum 7c.
However, the dependence of these properties on thickness and width of nanowires as well
as on variations of deposition conditions makes it difficult to compare structures made from
different films. Therefore, investigations of material properties of the NbN films is required
before patterning them into detectors and single nanowires.

The fabrication process of SNSPDs starts with the deposition of a niobium nitride thin film
on a R-plane cut, one-side polished sapphire substrate by reactive magnetron sputtering
from a pure Nb target in an atmosphere of argon and nitrogen at a partial pressure of argon
Par=1.9 x 103 mbar and nitrogen P2 = 4 x 10 mbar. The discharge characteristic of the
reactive sputtering process for given pressures is presented in Fig. 3.1a. The relevant work-
ing points are marked by the gray area in the graph. At low currents <100 mA, the sputter
process is slower than the chemical reaction and the deposited film has a higher nitrogen
content. At high currents >120 mA, Nb is sputtered from the surface faster than it can react
with the nitrogen, causing a discharge characteristic very similar to the one for pure Nb
sputtering in argon atmosphere. The detailed description of the deposition process of NbN
thin films can be found in [16].

During deposition, the substrate was placed without thermal glue on the surface of a holder
which in turn was placed on a heater which was kept at 850°C. Several films at different
discharge currents /g were deposited with a thickness of d = 5 nm, which was measured
by a stylus profilometer. In order to sputter films with the same thickness, the rate of dep-
osition has been estimated for the whole range of current.
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Figure 3.1:  a) The current-voltage characteristic (CVC) of reactive magnetron sputtering of NbN. b) The rate
of deposition for different currents. Deposition rates of NbN films were evaluated for deposition
conditions marked by the gray area in Fig. 3.1a. In the considered range the rate is to a good
approximation proportional to discharge current. The respective linear fit is displayed as the red
solid line.

The obtained result is plotted on Fig. 3.1b. The rate of deposition is proportional to the
discharge current. The voltage U decreases from 346 V down to 320 V at deposition cur-
rents covering the gray area in the graph.

3.1.1 Transport properties

The temperature dependence of the film resistance was measured immediately after depo-
sition in the temperature range from 4.2 up to 300 K using a standard four-probe technique.
The change in the stoichiometric composition of the films results in a change of Tc. In Fig.
3.2a, it’s clearly seen that the critical temperature increases with increasing discharge cur-
rent. However, the deposited film at the highest current in range of choice has lowest Tc.
The wider transition to the superconducting state of film deposited at highest current asso-
ciates with increased content of Nb which has T¢ (9.2 K for bulk material) lower than NbN.
The reduction of resistance in all range of Igis supports the assumption that with increasing
sputter currents, the Nb content of the film is higher.

The specific resistivity, p = Ry, % d is evaluated using the measured thickness and the square
resistance of the films. The specific resistivity of the film with highest 7¢ in the normal
state just above the transition (7= 25 K) is p25=126 pQxcm. The residual-resistivity ratio
RRR = p(300K)/p(25K) is found for the film with highest Tc slightly below one,

RRR =0.98.
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a) Dependence of sheet resistance on temperature for films deposited at currents indicated in the
legend. b) The temperature dependence of second critical magnetic field Bc, for four 5 nm thick
NbN films deposited at the sputter currents indicated in the legend. The solid lines are linear fits

Figure 3.2:
to the data with the exclusion of points very close to 7c. The derivative of the second critical

magnetic field is obtained from the linear part of the dependence.

Since the value of RRR and p variates for NbN depending on the amount of impurities and
other crystallographic defects, it serves as an index of the purity and overall quality of a

film.
The temperature dependence of the second critical magnetic field Bcx(7) was measured

near 7c in an external magnetic field applied perpendicularly to the film surface (shown in
Fig. 3.2b). The second critical magnetic field at 7= 0 K is calculated in the dirty limit to

Bc(0) for all films by the following formula from [73]:
dB
B, =0.69T. [—62 J
(3.1)

T T-T,
The derivative of the second critical magnetic field dB,/dT is taken from the linear part of

the dependence in vicinity of 7c. Calculated B, values are presented in Table 3.1.

With increase of discharge current, the square resistance of films decreases linearly. Con-
trary to Ry, the residual resistance ratio increases continuously with increase of Zg;s. A sim-

ilar dependence was found in the calculated specific resistance at 25 K. The critical tem-
perature as well as the second critical magnetic field and its derivative maximize at

Lsis = 160 mA and, then drop to lowest values.
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3.1 Reactive magnetron sputtering of thin NbN films

Table 3.1:  Parameters of 5 nm thick NbN films deposited with varying chemical compositions.

Lais, R, R pas, Tc, AT, Ba, dB/dT,
mA Q pQ X cm K K T T/K
120 470 0.85 235 11.9 1.31 12.3 1.5
140 301 0.94 151 12.9 1.09 17.3 1.94
160 251 0.98 126 13.55 0.65 22.6 2.42
180 195 1.05 98 10.6 1.41 8.1 1.28

The value of the coherence length at zero temperature is calculated according to:

£0)= 550
278, (0) 52

’

where @ is flux quantum.

Calculation of the electron diffusion coefficient D, has been done by taking the linear part
of the temperature dependence of B near 7¢ and the following expression:

e \ dT T, (3.3)

The magnetic field penetration depth at zero temperature is estimated as:

hp)s
1(0)= |—£2
R ET 2(0) (3.4)

’

where po is vacuum permeability constant, A(0) = 2.05 ksT¢ is the superconducting energy
gap found in [74] for NbN film of similar characteristics.

The density of electron states Ny is described by Einstein relation:

1
e’Dp

0 =

(3.5)

The calculated values using the material parameters determined above, are given in
Table 3.2.
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3 Technology of thin NbN films and nanowires for SNSPD

Table 3.2:  Extracted characteristics of 5 nm NbN films deposited at different discharge currents.

Lais, £(0), D, A (0), A, No

mA nm cm?/sec nm pm Clem?
120 5.1 0.73 432 74.7 2.3x10%
140 4.4 0.57 332 441 4.5x10%
160 3.8 0.45 295 34.8 6.9x10%
180 6.3 0.85 292 34.1 4.7x10%

3.1.2 Influence of chemical composition
on optical properties of films

The optical properties of NDN films are measured with a LAMBDA 1050 spectrophotom-

eter. The substrates with the films are illuminated from the front side. An absorption spec-
trum of the NbN films are shown in Fig. 3.3.
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Figure 3.3:  Spectral dependence of absorbance of NbN films deposited at different discharge currents Idis
indicated in the legend.
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3.1 Reactive magnetron sputtering of thin NbN films

The absorbance is obtained as 1- ¢ — r, where ¢ and r are transmittance and reflectance,
respectively. For all films except one deposited at 170 mA, the absorbance exhibits an
increase in the range of wavelength from 400 to 850 nm and remains almost constant in
the infrared range up to 1600 nm. The absorbance of film deposited at 170 mA is almost
constant in the whole spectral range of measurement. Nevertheless, the absolute value of
absorbance is about 39%, while absorption of other films increases up to 34-36%.

Fig. 3.4 represents results of measurements of reflection and transmission at 1500 nm
wavelength. Both characteristics are dropping with an increase of discharge current. The
growth of residual-resistance ratio with increase of /s indicates a transition of the temper-
ature dependence from semiconductor-like to metallic-like behaviour. At the same time,
the density of electron states grows in films deposited in the Nb phase. The growing num-
ber of electrons increases the probability of absorption and reflection of photons and thus,
the corresponding transmission coefficient decreases. The change of reflection of films can
be associated with an increase of grain size. It was shown [75] that grain size correlates
with specific resistivity of films. The higher variation of p in temperature range of deposi-
tion results in smaller size of the grain. Surface and grain boundary electron scattering
contribute significantly to the resistivity as the dimensions of polycrystalline metallic con-
ductors are reduced to, and below, the electron mean free path, /<<&. Grain boundary scat-
tering is found to provide the strongest contribution to the resistivity increase.
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Figure 3.4:  The measured reflection (black points) and transmission (red points) of 5 nm NbN films at
1550 nm wavelength. The points are plotted for films deposited at different discharge currents.
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3 Technology of thin NbN films and nanowires for SNSPD

As mentioned in the beginning of this section, the DE of a single-layer detector is limited
by the absorbance of film. In the standard optical setup for SNSPDs, the device is directly
illuminated form the surface of nanowires on the substrate. If photons are collected from
the backside of the detector area, the obstacle to the absorption could be overcome due to
different optical path length.

In order to prove this assumption, a 5 nm thick NbN film deposited on one-polished side
sapphire was optically characterized for both front and backside illuminations. For both
configurations, the absorbance exhibits an increase in the range of wavelength from
400 nm to 850 nm and remains almost constant in the infrared range up to 1600 nm (Fig.
3.5a). The absorbance of films remains almost constant for front side and rear side illumi-
nation at wavelengths >1000 nm. It begins to decrease around 1000 nm that corresponds
to the RMS roughness of the unpolished side of the substrate. The difference in the absorp-
tion is found to be 22% higher at visible light and 50% at mid-infrared light in case of
backside illumination. The explanation of better absorption of films illuminated at back
side is straightforward. For the frontside illumination, the light just passes vertically
through the NbN layer, so the optical path length is determined only by NbN layer thick-
ness. For backside illumination, light is first diffused by the roughened backside, so
that the light travels with different propagation angles (Fig. 3.5b).
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Figure 3.5:  a) Absorption spectra of a 5 nm thick NbN film on one-side polished sapphire substrate illuminated
from the rear side (red curve) and from the front side (black curve). b) The sketch of light distri-
bution in the NbN-sapphire (blue-grey) system for frontside (i) and backside (ii) illumination.
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3.1 Reactive magnetron sputtering of thin NbN films

The consequence is that the average optical path length inside the NbN layer is enhanced
compared to the frontside illumination case (optical path length > NbN layer thickness), so
the probability of absorption is higher. Furthermore, the total internal reflection of the NbN
film reduces the absorbance of the film at frontside illumination due to a limited value of
propagation angle in the film. When light travels from a medium with a higher refractive
index (NbN film) to one with a lower refractive index (sapphire), then light can be reflected
at some critical angle described in frame of Snell’s law. If the light is scattered and then
propagates inside the NbN film with an angle higher than 11.5 degrees for given film
at mid-infrared light, it will be completely reflected back to NbN film. The refractive index
of sapphire (1.8-1.73 for wavelengths 400-1600 nm) is lower than NbN (2-5 for
wavelengths 400-1600 nm), the backside reflection decreases compared to the front side
illumination.

Furthermore, it was assumed that the morphology of the substrate surface influences on
absorbance as well. With the same measurement, absorbance of two 5 nm NbN films on
substrates with polished and non-polished back side is estimated in a wavelength range
between 400 nm and 1600 nm. The difference of the absorption between the films is about
10% in the whole spectral range (Fig. 3.6). The scattering is dependent on the backside
roughness of the substrate.
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Figure 3.6:  Absorption spectra of 5 nm thick NbN film on free standing one- (black curve) and double-side
(red curve) polished sapphire substrate illuminated from the rear side.
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3 Technology of thin NbN films and nanowires for SNSPD

In conclusion, the absorbance of NbN film grows with the variation of material composi-
tion towards Nb phase. The material becomes more optically dense as the niobium content
is increased, leading to more favorable absorption conditions. The absorbance can be fur-
ther increased by changing the optical coupling to backside illumination and using one-
side polished sapphire as a substrate for deposition of NbN film. The absolute value of
absorbance was increased up to 50% in comparison to the value of NbN film mounted in
the standard optical coupling.

3.1.3 Thin NbN films with AIN protection layer

The proximity effect (described in section 2.2.2) in the NbN films is a limitation of the
maximum of superconducting properties. It’s theoretically explained in the frame of nor-
mal conductor-superconductor-normal conductor (NSN) layer systems, but it still didn’t
demonstrate experimentally. The normal conductors are results of two following processes:
1) the deposition of the first few atomic layers of the film which are most strongly influen-
ced by the lattice mismatch of the substrate and the film; 2) oxidation when the films are
exposed to air.

In the following section a NbN/AIN bi-layer system is considered as possible method for
preventing formation of upper normal conducting layer. In order to avoid oxidation of the
surface of NbN films, the NbN/AIN bi-layer should be sputtered in-situ. The conditions of
deposition of AIN have to be optimized. Contrary to NbN film deposition, the discharge
characteristic is qualitatively different for the sputtering process for AIN (Fig.3.8). When
nitrogen gas is introduced into the chamber, voltage on magnetron drops significantly due
to larger secondary electron emission coefficient for AIN than for Al. The nitride film be-
gins to form on the target with corresponding reduction of sputtering of Al. The transition
from a metallic to a fully nitrided target surface occurs in a short time. The optimum point
at 400 mA (indicated by arrow on Fig.3.8) for deposition of AIN was found early. However,
the optimal temperature range for deposition of AIN remains uncertain.

To identify the proper temperature for deposition of a protection layer of AIN, several
NbN/AIN bi-layers are deposited with variation of heating: room temperature, 170°C,
775°C. A thin 4 nm NbN film is deposited on one-side polished, R-plane cut sapphire sub-
strates by reactive magnetron sputtering of a pure Nb target in an argon and nitrogen gas
atmosphere. Partial pressures of argon and nitrogen were Pa, = 1.4 x 107 mbar and
Px2 = 0.4 x 1073 mbar, respectively. During deposition, the substrate was placed without
being thermally anchored on the surface of a copper holder, which in turn was placed on a
heater plate. The plate was kept at a temperature of 775°C during the deposition. The dep-
osition rate of NbN was 0.037 nm/s at a discharge current of 120 mA.
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NbN (d < 6 nm)

sapphire

Figure 3.7:  NbN/AIN bi-layer system for improving superconducting and electrical properties of deposited
NbN film.

Afterwards, the 10 nm thick AIN is deposited in-situ at the following pressures:
Par=3 x 1073 mbar and Pxz = 0.4 x 1073 mbar. The deposition rate is about 0.08 nm/s for
given conditions.

The measured R(7) dependences of all deposited bi-layers is compared with the tempera-
ture dependence of resistance of NbN without a AIN layer. The obtained results are pre-
sented in Fig. 3.9.
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Figure 3.8:  The discharge characteristic of reactive magnetron sputtering of AIN.
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Figure 3.9:  R(7)-dependence of NbN films with AIN protection layer deposited at different temperatures
indicated in legend.

Thin 4 nm NbN film without protection layer has a critical temperature 11.3 K (green
curve). The deposition of 10 nm AIN layer at room temperature provides higher 7c up to
12.3 K (blue curve). Although heating of the holder to 170°C leads to higher 7¢ (11.6 K)
(red curve) than without AIN, further increase of heating temperature results in film deg-

radation (black curve).

Beside the critical temperature, square resistance and width of transition vary with change
of deposition temperature. The experimental points are plotted in Fig. 3.10. The narrowest
transition is found to be 1.05 K for the film with room temperature deposited AIN layer.
With increase of heating temperature, the width of transition becomes larger. It provides
inhomogeneous areas within the film which can be associated with interdiffusion processes
of AIN and NbN films at high temperatures. A growing square resistance of films with
same nominal thickness in temperature range confirms this assumption.
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Figure 3.10:  The dependence of width of transition (black points, left axis) and square resistance (red points,
right axis) on different temperatures of deposition of AIN and without AIN layer.
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3.1 Reactive magnetron sputtering of thin NbN films

To investigate the influence of the protection AIN layer deposited at room temperature on
superconducting properties of NbN, films are deposited with variation of thickness from 2
up 6 nm with and without AIN. Sputtering of AIN is preferable without heating. As ex-
pected, the width of superconducting transition increases with reduction of thickness
(Fig.3.11). The assumption that 7c of NbN can be increased by in-situ deposition of AIN
layer is experimentally confirmed on films with different thicknesses. The difference in 7¢
between NbN single- and NbN/AIN double-layers is associated with the suppression of
oxidation process of the protected surface of NbN film. The increased (about 1 K higher)
critical temperature of NbN film broadens the opportunity for making detectors with small
dimension.

In conclusion, the electrical and superconducting properties of films with different stoichi-
ometry for fabrication of single-photon detectors was evaluated. The characteristics of
films were compared and perspectives for single-photon detector.

The superconducting and material properties of thin NbN films limit the performance of
fabricated single-photon detectors. The critical temperature of the final device should be at
least two times higher than a working temperature. The film deposited at 180 mA has rather
low Tc= 10.6 K. Taking into account suppression of 7¢ due to the technological process,
the critical temperature of the final detector will be further reduced down to operation tem-
perature at 4.2 K. Contrariwise, the minimal photon energy, which is required to generate
a hot-spot of sufficient size, depends on superconducting energy gap A. The optimum of
deposition lies in between two limitations.
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Figure 3.11:  Width of transition versus thickness for films with (red) and without AIN layer (black) on top.
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Figure 3.12:  Critical temperature of films with variation of thickness for NbN single layer (black points) and
NbN/AIN bi-layer (red points).

From another point of view, the hot-spot diffusion theory (described in section 2.2.1) pre-
dicts broadening of the hot-spot response spectrum in strips with low density of electronic
states, No. The density of electron state, which depends on out-diffusion of quasiparticles
and resistive properties of films, can be adjusted by variation of stoichiometry of the sput-
tered film. However, when the diffusion process is too fast, the collapse of the hot spot
occurs on a shorter time scale than the redistribution of the applied current and the for-
mation of a normal belt across the nanowire. It was also demonstrated that detectors which
are made from films deposited in Nb phase with a lower value of p has relatively higher
ratio of the critical current to the calculated limit. Thus, films deposited at a current of
120 mA with high specific resistivity and diffusion of quasi-particles, are not appropriate
for the fabrication of high-efficient infrared detectors.

Films with similar characteristics were deposited at /gis 140 and 160 mA. The slightly
higher 7¢ of films deposited at 160 mA allows making nanowires with a smaller cross-
section.

3.2 Nanowire patterning

Superconductivity and geometrical effects in low-dimensional structures close to
mesoscopic and quantum limits, i.e. in structures where the thickness, width and length
separately or together become comparable and smaller than the coherence length & and
magnetic field penetration depth A, are in focus of numerous theoretical and experimental
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3.2 Nanowire patterning

works. This interest is stimulated by the fundamental importance of the problem itself as
well as by the variety of applications of thin-film superconducting nanostructures.

In the following section, a method to improve the quality of nanowires is presented in
details. The experimental results obtained by specific lithography processes and theoretical
aspects will be analyzed and discussed thoroughly.

3.2.1 Positive- and negative-PMMA lithography

PMMA resist is a well-known positive-tone resist which is attractive for users due to easy
handling, high stability, reproducibility of lithographed structures, and high resolution.
PMMA resist is available with different sensitivities. The required thickness of the resist
layer can be easily achieved by varying the speed of spinning and/or the amount of solid
content in the resist. PMMA itself and the required developer and stopper are water-free
materials that are preferable for pattering films from water-sensitive compounds. A disad-
vantage of PMMA resist is the relatively high temperature (between 150 and 190°C), which
is required to bake the resist after spinning. Such high temperatures stimulate the diffusion
of oxygen that increases its penetration depth into the film where, for films from Nb com-
pounds, oxygen deteriorates or suppresses superconductivity. Furthermore, this resist is
moderately stable against plasma assisted etching processes that limits its applicability es-
pecially in the case of thin resist layers, which are required for writing ultimately small
features. Although PMMA electron-beam resist was originally introduced as a positive
tone resist, it also can be used for negative lithographic processes.

When a primary beam of electrons with energies ~10 keV (far below the threshold for the
displacement of carbon atom [76]) enters the PMMA resist and a substrate, it produces
low-energy secondary electrons (SE), which are mainly responsible for the scission process
of the PMMA polymer chain [77]. A reduced molecular weight of the PMMA resist, which
is exposed with a dose in the range of 100 uC/cm?, makes it soluble in solvents with a high
enough activation energy [78]. In this case PMMA acts as a positive-tone resist.

At high exposure doses (> 1 mC/cm?) PMMA chains decompose into very short low-mo-
lecular-weight fragments, which start to form a dense carbonized film. The structures made
of'this film are insoluble in a standard PMMA developer and even in acetone due to a cross-
linking and formation of the covalent bonds between fragments. In this case PMMA acts
as a high-resolution negative-tone electron-beam resist [79].

Two identical NbN films were patterned simultaneously one by the positive and another
by the negative process in order to eliminate different aging degrees of the films. The sub-
strates were spin coated with PMMA 950k resist to a layer thickness of 95 nm. In order to
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3 Technology of thin NbN films and nanowires for SNSPD

minimize degradation of the films, the resist was baked at the lowest recommended tem-
perature of 150°C for 5 minutes.

The layout was the same for all samples in both the positive- and negative-PMMA series
and represented a straight nanowire, which was embedded between small contact pads. In
order to avoid current crowding [60] at the steps from the pads with a width of a few tens
of micrometers to the nanowire, they were rounded off with a radius r =4 pm. In each
series, the width of nanowires was varied between 50 nm and 20 pm. The actual widths of
nanowires and strips were measured using scanning electron microscopy (SEM).

In case of “standard” positive-PMMA process, two separate islands were exposed by 10 kV
electron beam with the dose about 100 pC/cm?. The islands were separated by a slit which
in its middle had the width equal to the design width of the nanowire and grew at edges to
encompass rounded steps to contact pads. After development in the standard developer for
30 sec (30% MIBK in 2-propanol at 23 °C) and rinsing in the 2-propanol stopper, the ex-
posed areas were removed. Unexposed resist between islands remained on the surface of
film (Fig. 3.13a) and protected the film during the subsequent ion-milling process.

Figure 3.13:  SEM images of nanowires which were prepared by the positive-PMMA (a, ¢) and the negative-
PMMA (b, d) lithography: a) and b) — after development of the resist (dark areas — PMMA resist);
¢) and d) — central parts of nanowires prepared by two different lithography after ion milling and
stripping off the resist (dark areas — NbN film).
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3.2 Nanowire patterning

Large contact pads sized to a few millimeters for ultrasonic bonding were prepared by
photolithography with a mask which additionally protected the already patterned nanowire
and small pads during the second etching step and separated samples from each other mak-
ing them ready to measure.

In case of “standard” positive-PMMA process, two separate islands were exposed by 10 kV
electron beam with the dose about 100 uC/cm?. The islands were separated by a slit which
in its middle had the width equal to the design width of the nanowire and grew at edges to
encompass rounded steps to contact pads. After development in the standard developer for
30 sec (30% MIBK in 2-propanol at 23 °C) and rinsing in the 2-propanol stopper, the ex-
posed areas were removed. Unexposed resist between islands remained on the surface of
film (Fig. 3.13a) and protected the film during the subsequent ion-milling process. Large
contact pads sized to a few millimeters for ultrasonic bonding were prepared by photoli-
thography with a mask which additionally protected the already patterned nanowire and
small pads during the second etching step and separated samples from each other making
them ready to measure.

In the negative-PMMA process, the exposure dose of the resist was increased by two orders
of magnitude to reach 10 mC/cm? while the energy of electrons was kept unchanged. In
contrast to the positive-PMMA process described above, here the electron beam exposed
only nanowire and small pads (Fig. 3.13b) and after development these areas remained on
the film surface. The pattern was developed in acetone for 1.5 min and then rinsed in 2-pro-
panol. Right after that, large contact pads were prepared by standard photolithography with
a mask which left area with the nanowire and rounded steps under negative-PMMA open
but overlapped with the small pads.
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Figure 3.14:  Probing of PMMA resist after exposure of two techniques: positive-PMMA lithography and
negative-PMMA lithography. Measured peaks are indicated by arrows.
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3 Technology of thin NbN films and nanowires for SNSPD

After development of the photoresist, the complete image, which contains the central part
with negative PMMA and large contact pads, was transferred into the NbN film by ion-
milling process.

It has to be noted that the thickness of PMMA resist at the areas, which were exposed with
the large dose of 10 mC/cm?, shrunk from 95 nm to about 55 nm (this value is measured
right after exposure) and remained unchanged after the development in acetone (Fig. 3.14).
No measurable changes were observed in the thickness of PMMA resist exposed by the
low dose of 100 pC/cm?. The etching rate of the negative-PMMA resist was found to be
about 2.7 nm/min. This rate is comparable to the etching rate of NbN by Ar ions with an
energy 200 eV and current density ~ 1 mA/cm? at 10° incident angle. At the same etching
conditions, the etching rate of positive-PMMA resist was almost 2.5 times higher
(= 6.7 nm/min) (Fig. 3.15).

After etching the residual resist (both positive and negative) was removed from the surface
of NbN film using a combination of warm acetone, ultrasonic shaking and a gentle me-
chanical brushing.

In turn, the increase in writing time requires additional efforts to get long-term stability of
electron-beam parameters and long-term suppression of external acoustic, mechanic, and
electro-magnetic interferences disturbing the lithography apparatus.

Positive PMMA '

40 nm

Negative PMMA

Figure 3.15:  Schematically illustrated profile of ion-etched NbN film with positive- and negative-tone resists
on it after etching process. The total etching time is 6 min.
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3.2 Nanowire patterning

To estimate the quality of edges made by positive- and negative-PMMA lithography, a
statistical analysis is performed of the edge roughness of nanowires. In Fig. 3.13 there are
two SEM images of nominally 100-nm wide nanowires after ion milling. Nanowires were
prepared by positive (Fig. 3.13c) and negative (Fig. 3.13d) electron-beam lithography of
PMMAA resist. The rest of resist was stripped-off and samples were thoroughly cleaned. For
the analysis of the nanowire geometry, a high-resolution field-emission SEM equipped
with the highly-efficient in-lens detector of secondary electrons (SE) is used. This detector
is sensitive mainly to secondary electrons, which are generated in vicinity of the primary
beam at the very surface of a sample (“SE type-1”). Therefore, the in-lens detector ensures
spatial resolution of about 1-2 nm. The raster scan was aligned along the length of nan-
owires to minimize low-frequency- noise contribution to the image. A set of images with
different magnification were acquired with the nominal resolutions better than
0.5 nm/pixel.

The data from the SEM images is used to extract the mean value and the standard deviation
of the width of nanowires fabricated by the negative- and positive-PMMA lithography. In
order to do that, the recorded raster scan which is 2D-array with 255 gradations of the SE-
signal intensity per pixel is used. The lines, which correspond to the edges of the nanowire,
were defined using the Canny edge-detection algorithm [80]. The local width of the nan-
owire is defined as a distance between detected edges in the direction perpendicular to the
line of the raster scan. The standard deviation was obtained from a Gaussian fit of the
histogram of the local width-wire. The standard deviation for positive-PMMA nanowires
is = 5 nm, while for negative-PMMA nanowires it is smaller ~ 2-3 nm. An example of the
statistical analysis is presented on Fig. 3.16. There are several factors which may result in
increased roughness of the width of the positive-PMMA nanowires. The presence of the
solvent residues in the positive PMMA can lead to a non-uniform development process.
The etching rate of PMMA by accelerated Ar ions could be also different for areas with
trapped solvent residues. During ion milling, irradiation by low energy Ar ions could lead
to carbonization of the resist layer in that structures from the positive PMMA will contract
non-uniformly. The latter might also lead to the edge damage of the NbN nanowire.

In conclusion, negative-PMMA lithography offers the following advantages over positive-
PMMA lithography. The negative-PMMA resist is more stable which is seen in more than
two times smaller etching rate. The 50 nm thick layer of the negative-PMMA resist protects
the film during etching process as good as almost the twice thicker layer of the positive-
PMMA resist. In electron-beam lithography, smaller thickness of the resist layer, in gen-
eral, allows for writing smaller pixels in a reproducible manner.
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Figure 3.16:  Example of statistical analysis of the edge roughness of nanowires.

3.3 Patterning of SNSPDs

The common patterning process of SNSPDs from a NbN single-layer film includes only
two steps. The single-spiral technology implies fabrication of multilayer devices with ad-
ditional steps of technology. Because the single-spiral technology is not developed yet, the
technological route of multilayer single-spiral SNSPD is required.

In this section, the technology of SNSPD is described for different layouts. The develop-
ment of SNSPD technology in form of single spiral is presented in detail. Optimization of
technological processes for single spiral is explained as well.

3.3.1 Single-layer process

The meander shape is a widely used layout for SNSPD. Recently, the double-spiral geom-
etry was proposed as a detector layout for SNSPD [36]. The double spiral consists of two
nested spirals which are connected at the blind spot. In this case, the current flows from the
outer contact to the center of the circle and then back to another outer contact. The sharper
turn in the center of the double spiral is needed to connect the two spiral arms (Fig. 3.17).
Specimens with meander and double-spiral layouts are prepared in two steps. Firstly, the
film is patterned by means of e-beam lithography and ion-beam etching to form nanowires.
The width and a quality of nanowires are controlled by SEM inspection. Secondly, a co-
planar line is made around the wired area by photolithography and reactive-ion etching
(Fig. 3.17).
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Figure 3.17:  Coplanar layout with embedded detector either in form of meander or the double-spiral.

3.3.2 Multilayer single-spiral structures

Preparation of specimens with a single-spiral layout is more complicated. Aside from pat-
tering the film into a spiral, it includes fabrication of an isolating layer between the spiral
and the top contact and patterning the top contact itself.

The first step of fabrication is patterning of spirals from thin NbN films, using electron-
beam lithography and ion-beam etching techniques. The polymethyl methacrylate
(PMMA) resist is used with a thickness of about 65 nm. The NbN film was etched by
argon-ion milling (P, = 1.1x 10" mbar).

At the second step of patterning, the spiral needs to be isolated from the top except the
central pad for leading the current through the spiral. Aluminum nitride (AIN) was chosen
as a material for isolation. A circle with diameter larger than the outer diameter of the spiral
is exposed in PMMA resist. The 50 nm-thick aluminum nitride film is deposited by reac-
tive magnetron sputtering of pure Al target in a mixture of argon and nitrogen atmosphere
at a partial pressure of argon Pa; = 3 X 10~* mbar and of nitrogen Px» = 4.5 x 107> mbar at
room temperature. After deposition of aluminum nitride, the sample was put into warm
acetone for lift-off. The 50 nm-thick layer of AIN reliably isolates the spiral from contact-
ing with the electrode which is deposited on top at the third step of fabrication. The tech-
nological route of single-spiral SNSPD is presented on Fig 3.18.
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Figure 3.18:  Technological route of fabrication of single-spiral detectors: a) Deposition of NbN films on heated
sapphire substrate; b) Patterning of single spiral using standard positive e-beam lithography and
ion-milling etching; c) Isolating layer of 50 nm thick AIN is made by lift-off; d) Deposition of
thick Nb layer as a top electrical contact to the spiral.

Patterning of the top contact pad is the last step of technological route of spiral SNSPDs.
The top electrode has to be at least two times thicker than the isolator for proper electrical
contact to the spiral. The top electrode was fabricated from a 100 nm thick superconducting
Nb film by electron-beam lithography and magnetron sputtering of pure Nb at pressure
Par=5 % 107 mbar.
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At this step, PMMA resist with thickness about 120 nm was used for fabrication. Thick-
nesses of deposited layers are presented on the sketch in Fig. 3.19. The basic scheme is
presented on Fig. 3.20. Two designs of spirals were chosen for SNSPDs: circular spiral
(Archimedean or single spiral) and square spirals, sometimes also called Egyptian or Greek
spiral. Images of the final structure are displayed in Fig. 3.21 for single spiral (a) and square
spiral (b).

It was found that spirals with Nb top electrode deposited without pre-cleaning have an
offset resistance below the critical temperature due to a thin normal layer on top of spiral
made of NbN. A pre-cleaning process is required for a proper contact of top electrode. By
pre-cleaning the oxidized thin layer on top of spiral will be removed with rest organic par-
ticles remaining after development.

. Nb (120 nm)
- AIN (50 nm)
NN (5nm)
. Sapphire

Figure 3.19:  Cross-section of single-spiral SNSPD

Top electrode (Nb)

Isolation layer (AIN)

* Spiral structure (NbN)

* Substrate (ALO)

Figure 3.20:  Schematic of the multilayer structure of single-spiral SNSPD.
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Figure 3.21: SEM images of fabricated detectors of single spiral (a) and square spiral (b).

To investigate the influence of pre-cleaning process on superconducting properties of
films, the pre-cleaning time was varied in range from 0 to 20 minutes. During the etching
process at the room temperature the current of ion-gun was set to be 10 mA with corre-
sponding pressure of argon Pa, = 1 x 10~ mbar. The etching is 0.065 nm/min for given

conditions.

Results of R(7) measurements of films after pre-cleaning processes are presented on
Fig. 3.22. With increase of cleaning time, resistance of films with same nominal electrical
properties grows from 1400 up to 2200 Q. At the same time, the critical temperature stays
the same for films with cleaning time not longer than 5 minutes. Further increase of clean-
ing time results in etching of the NbN film and corresponding reduction of the critical

temperature.
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Figure 3.22:  R(7)-dependence of superconducting 3.5 nm thin NbN films with different time of ion-milling.

48



3.3 Patterning of SNSPDs

11

0.2
[ ] . L
8.0+ 1.0
= L
88 n
n
8.6 - oo
& 84+ 3
g =
" 82 Los <
]
8.0 L]
" 07
7.8 i
n
76 L
T T T T T 0.6
0 5 10 15 20

Pre-cleaning time [min]

Figure 3.23:  The dependence of the critical current (blue dots) and the width of transition (black dots)
on pre-cleaning time.

The width of transition increases with decrease of the critical temperature from 0.6 up to
1.05 K (Fig. 3.23). The critical temperature drops from 9.1 down to 7.6 K. Thus, the pre-
cleaning process which is required for proper electrical contact between spiral and top elec-
trode should be shorter than 5 minutes.

The spirals are designed using mathematical equations (Fig. 3.24). The Archimedean spiral
can be described with polar equation as:

r=ab , (3.6)

where r is the radial distance, a is parameter which determines how tightly the spiral is
"wrapped" (constant parameter for Archimedean spiral is 2wa), 6 is the polar angle.
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Figure 3.24:  General view of one arm of an Archimedean spiral (left image) (represented on a polar graph)
and square spiral (left image).
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Then, curvature k of Archimedean spiral is:

2+6°
k (0) = N
a(1+6%)
3.7)
The length L of single spiral can be estimated by:
L(6)= la[&h +07 (041467 )}
2 (3.8)
The square spiral is described by following equation:
L=N+N+N+N,+..+N, +N, (3.9)

N, =N+2W +a
N, =N, +2W +a

N,=N, +2W +a,

where L is a total length of square spiral, N — length of the first segment, ¥ is a width on
the line, a — is a gap between two lines. The N defines the size of inner central contact pad.

Figure 3.25: SEM images of (a) a circular spiral and (b) a square spiral. Dark color represents strips and sur-
rounding fields from NbN film.
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The SEM images of spirals are shown in Fig. 3.25 a, b. Spirals have an inner contact pad
in form of a circle (circular spirals) and square (square spirals) in the inner center with
diameter 1.8 pm and length of side 1.8 um, respectively. The outer diameter of the Archi-
medean spiral is 7 um. The size of the square spiral is 6.5 x 6.5 um?. The 100 nm width of
nanowires, W, and 50 nm gap between strips determine the value of the filling factor of the
spiral about 70%. A smooth turn is present in the center of single spirals. The geometry of
finally fabricated spirals is measured using a scanning-electron microscope (SEM). For
single spiral the current flows between the contact outside of the circle and the contact at
the blind spot.

The width of nanowires of meander and double-spiral was 100 nm with a 100 nm gap in
between, thus the geometric filling factor was 50%. The inner radius of bends in meander
is measured to be 35 nm. A meander line fills up a squared area 4 x 4 um? (Fig. 3.26a).
The spiral lines are both confined within the circle with a diameter of 7 um?. The area
covered by the spiral has a blind spot in the geometric center of the circle with a diameter
either 1.5 pm for the double spiral (Fig. 3.26b). The reference structure was additionally
fabricated in form of straight line for DC characterization of the films and, specifically, to
obtain the reference value of the critical current density. The dimensions of both geometries
are presented on Fig. 3.26.

Figure 3.26: SEM images of specimens with different layouts: double-spiral (a), meander (b). The width of
nanowires is the same for both layouts (# = 100 nm). Dark areas correspond to the surface of the
substrate (insulator); bright areas represent NbN lines.
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3.4 Summary

This chapter presented a detailed description of methods for improvement of optical and
superconducting properties of film and nanostructures. The absorbance can be enhanced
by variation of stoichiometry, optical coupling with backside illumination of NbN on one-
polished sapphire. Taking all suggestions into account, the absorbance of NbN film can
reach 50% in absolute value without using any additional cavity or mirror. The proximity
effect is weaker in bi-layer NbN/AIN in comparison to single-layer NbN. It was found that
in-situ deposited NbN/AIN layers have up to 1 K higher the critical temperature than sin-
gle-layer NbN with the same nominal thickness below 6 nm. It allows to reduce the cross-
section of nanowires for improvement of sensitivity to low-energy photons. The quality of
nanowires is improved by using negative-PMMA lithography on standard positive resist.
The edge roughness is smaller in nanowires made by negative-PMMA lithography. The
higher resolution of the negative-PMMA process allowed to obtain, in a reproducible man-
ner, nanowires with smaller width and smaller edge roughness. The negative-PMMA
lithography has a potential in fabrication of nanowires smaller than 100 nm.

The single-spiral technology was developed for two types of detectors: Archimedean spiral
and square spiral. All technological steps are optimized to minimum influence the process
of making of detectors on superconducting properties of the film.
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4 Lateral proximity system (N-S-N)
in superconducting nanowire

The current carrying ability of thin films in superconducting state is important for experi-
mental evaluation of their fundamental properties as well as from the application point of
view. Therefore, the issue of restricted current has been attracting attention for decades.
Reduction of the measurable critical current /¢ in superconducting structures with defects
belongs to one of fundamental problems of superconductivity (described on section 2.2.2).
The experimentally achievable critical current /c is usually smaller or even much smaller
than the depairing current. The critical current is affected by different types of defects such
as cross-section variations due to the non-uniformity of the thickness or width of the film,
edge defects of nanowires or internal structural defects weakening the superconducting
order. The detailed influence of the edge quality on superconducting properties of strips
remains unclear. No one theoretical model quantitatively describes the suppression of su-
perconductivity in strips depending on the width of damaged edges. Intuitively, one expects
rough edges to cause larger number of defects and correspondingly a reduction of the ex-
perimental critical current. The superconducting current circumvents defects. This phe-
nomenon leads to non-uniform current density which peaks at locations adjacent to the
defects. Additionally, superconductivity deteriorates at the edges due to mechanical dam-
aging via etching and subsequent oxidation when exposed to air. All those defects reduce
the experimental current and make strip characteristics worse.

In the following chapter, the lateral proximity system (N-S-N) [CSB++17] is considered
to describe dependencies of superconducting properties of NbN strips on their nominal
width Wsgm. The width of normal bands at the strip-edges is varied by using two tech-
nological approaches [CSB+17]. The effective width of the superconducting core,
Wsc < Wsem, has been extracted from the magnetic field that corresponds to the transition
from the Meissner to the vortex state. This occurs when the first magnetic vortex enters the
core. By plotting the effective superconducting width to experimental dependencies of
basic characteristics of superconducting structures, the behavior in a wide range of width
is described. The local density of the critical current in the superconducting core is com-
pared with the theoretical density of the depairing current.
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4.1 Superconducting and transport
properties of strips

Pattering techniques for variation of width of normal bands

The process begins with reactive magnetron sputtering of NbN on two identical 10 by
10 mm? sapphire substrates (the process is detailed described in the section 3.1). The films
on both substrates were patterned in parallel by the electron-beam lithography and Ar-ion
milling technique. The electron-beam lithography was made over PMMA 950k resist with
a thickness about 95 nm. The resist on one of the substrates was exposed with a dose about
100 uC/cm? and developed using standard developer MIBK diluted with 2-propanol
(P-chip (strip)). On the second chip the resist was exposed with a two orders of magnitude
higher dose about 10 mC/cm? (N-chip (strips)). The high difference in the exposure dose
resulted in a different profile and hardness of the resist which in turn led to different rough-
ness of edges of final NbN strips: 2-3 nm on the N-chip and about 5 nm for the P-chip.
This allows us to obtain two series of NbN strips with two different levels of damaging of
their edges and to perform systematic investigation of the influence of these edges on nor-
mal and superconducting state properties of NbN strips. More details on the negative- and
positive-PMMA technologies can be found in the section 3.2.1.

On each chip there were 20 samples each containing single straight strips of NbN embed-
ded between two contact pads made of the same NbN film. The width of the strips was
varied from 50 nm to 20 pm. The smallest width was limited by the smallest feature size
which can be reproducibly realized by technology. The value of the Pearl length,

A=247 /d =32.9 um, was found larger than width of the widest (20 um) strip. This exper-

iment from a theoretical point of view should ensure a uniform distribution of the super-
current across the whole width. The samples were designed with a smooth transition (radius
of rounding is 5-15 times larger than width of a strip) from strip to contact pads to avoid
the current crowding [60]. The nominal width, Wsgwm, of strips was measured by the scan-
ning electron microscopy.

Characterization of strips

The temperature dependence of resistance of all strips was measured by a four-probe tech-
nique. The bias current /y produces a certain portion of Joule heating determined by its
value and resistance of the strip in the normal conducting domain. The narrow strips have
small cross-sections with relatively high resistance. On order to prevent self-heating of
strips with evident influence of R(T) dependence, the range of permissible currents has to
be established. Fig. 4.1 presents results of R(7) measurements of narrowest strip 50 nm
with /c=31.2 pA at different bias current.
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Figure 4.1:  Influence of Joule heating on the R(7) shape of a 50 nm strip. The specification of current is indi-

cated in the legend. Joule heating grows with increase of the bias current. The applied current to
the strip higher than 1 pA impacts on superconducting transition and temperature.

The transport current is variated in range from 0.1 up to 4 pA. Once set up, the resistance
of the strip is measured as a function of temperature. The width of transition stretches at
bias currents above 1 pA with reduction of the critical temperature. A further increase of
I, provides strong degradation of measured 7c and overheating of the strip.

A bias current below 1 pA ensures negligible heating and unaffected measured supercon-
ducting properties. The lowest bias current value of 0.1 pA is restricted by noise of the
measurement system. By establishing of permitted bias currents, the influence of self-heat-
ing is excluded from transport measurements of narrow strips.

The temperature dependence of resistance has been measured at temperatures ranging from
4.2 up to 300 K for two series of strips made by positive- and negative-PMMA technolo-
gies. Examples of R(7)-curves for nano- and microstrips are presented on Fig.4.2. The re-
sistance of strips was varied in the range between 1.7 and 12.3 kQ by a changing strip
width. The transition of the nanostips shows a double step shape which is definitely not
related to self-heating. Because strips are embedded in the pair of contact pads with dimen-
sions much larger than width of strips, the sample should be considered as electrical series
circuit of resistors. The anticipated transition of contact pads to the superconducting state
is observed at non-zero resistance. For example, the reduction of the resistance of a 54 nm
narrow strip (red curve on Fig. 4.2) from 12.3 down to 5.8 kQ was measured.
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Figure 4.2:  Temperature dependence of the resistance of several nano- and microstrips made by negative-
PMMA lithography. The width of strips is indicated in legend. The R(7) curves of nanostrips have
pronounced double-transition which is associated with transition of the contact pads, 7¢F, at
higher temperature (fitted by solid line) and transition of the strips, 7c, at lower temperature. The
width of contact pads is much larger than nanostrip as shown schematically in the sketch.

The red line is described by 2D fluctuation conductivity theory of Aslamazov and Larkin
[81]. The fitting line follows the critical temperature which corresponds to 7" = 13.1 K
of contact pads and area of smooth transition from strip to contact pads as well. Below this
temperature, the resistance continuously drops till R starts to fluctuate around 0, as it’s
cooled far below thought 7c. The critical temperature of a strip was determined by 0.1%
of Rys criterion, i.e. as a temperature at which the resistance of measured strip drops below
10-3R(25 K). For a typical resistance value of strips (~ 10 kOhm) this criterion corre-
sponded to the measured voltages well above the noise level of the experimental setup. The
double-stage transition is not observed in R(7) dependence of microstrips since ¢ of the
strips is comparable with 7¢ of contact pads and the non-structured film.

The dependencies of the critical temperature on the nominal strip width, Wsgm, for P- and
N-chips are shown in Fig. 4.3. For strips wider than 1 um, the critical temperatures of
P- and N-strips are close to each other and to the Tc of the non-patterned NbN films and
weak dependent on the width. The critical temperature decreases monotonically with de-
creasing width for both series of strips in the sub-micrometer range. It is seen that at
Wsem < 200 nm the suppression of 7¢ is stronger for P-strips so that the critical temperature
of N-strips is about 0.5 K higher in the range of width from 50 to about 100 nm.
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Figure 4.3:  Dependence of the critical temperature on the nominal width, Wsgy, of positive-PMMA strips
(black squares) and negative-PMMA strips (red circles). Dashed lines are to guide the eyes.

The nominal residual resistivity of the strips at 7= 25 K, oy, was calculated from the re-
sistance with account for the number of squares in the design and the thickness of the film.
The dependencies of oy on the nominal width are shown in Fig. 4.4. The resistivity py of
both series of strips grows monotonically with decreasing width. The residual resistivity of
P- and N-strips with width larger 1 um are similar to each other and about 10% larger than
the resistivity p»s of non-patterned film. In the range of width below 100 nm, py of P-strips
is larger than py of N-strips. The maximal values of the nominal residual resistivity are 169
and 186 pQ cm for N- and P-strips, correspondingly.

The second critical magnetic field at 7= 0 K was estimated from Bc2(7) in the dirty limit
as Bca(0) = 18.8 T. The correspondent value of the coherence length at zero temperature
was estimated as (0) = 4.2 nm, which is about the thickness of the ﬁlm.‘The current-volt-
age characteristics of all strips were measured at 4.2 K in the current bias mode. The critical
current /c(4.2 K) of a strip is associated with a well-pronounced jump of voltage from zero
to a finite value corresponding to the resistive state of the strip. The dependencies of the

nominal density of critical current, j(4.2K)=1c(4.2K)/(Wsgpd) , on width for both series of

strips are shown in Fig. 4.5. In contrast to 7c, jc(Wsem) dependencies are non-monotonic.
The jc increases with increasing width from 50 up to 250 nm, reaches a maximum value at
about 250 nm and then decreases with width in micrometer range. Similar dependencies of
Jjcon width were reported for Nb [82] and TaN [83] strips with different thicknesses. The
Jjc values of N-strips (red circles) are only slightly higher than jc of P-strips (black squares)
for Wsem > 1 um. However, for widths smaller 1 um the critical current density of N-strips
is about 30% higher (15 + 17 MA/cm?) than jc of the P-strips (10 + 14 MA/cm?).
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Figure 4.4:  Dependence of residual resistivity on nominal width, Wsgy, of strips made by positive-PMMA
(black squares) and negative-PMMA technology.
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Figure 4.5: Dependence of the nominal density of critical current, j.= I./dWsgwm, at 4.2 K on nominal width,
Wsewm, of P-strips (black squares) and N-strips (red circles). Dashed lines are to guide the eyes.

The retrapping current, /(4.2 K), is determined as a current at which the strip returns from
dependence on width for the micrometer wide strips (Fig. 4.6, black squares) and increase
from 2.8 up to 3.1 MA/cm? in the range of width smaller than 100 nm. Contrary, j; of the
N-strips increases from 3 up to 3.8 MA/cm? with decreasing width (Fig. 4.6, red circles) in
all range of nominal width. While the density of the retrapping current of micrometer wide
strips is very similar for both N- and P-strips, in case of the strip narrower than 100 nm,
the difference in j; between the strips is about 20%.
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Figure 4.6:  Dependence of the nominal density of retrapping current, j, = It/ Wsgud, at 4.2 K on nominal width,
Wsem, of P-strips (black squares) and N-strips (red circles). The dashed lines are to
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dependence, where

To investigate the j(7) dependence on width of strips, jr is measured in the temperature
range from 7c down to 4.2 K for several nano- and microstrips made with both patterning
technics (Fig. 4.7). The j. grows with reduction of temperature for all measured strips. At
lower temperatures, a weak j(7)-dependence is observed independently of the width of
measured strips.

The experimental j(7) dependence is described by the equation presented in [84]:

= ()

where B is the thermal coupling coefficient between film and substrate and Ty is the bath
temperature. The experimental j(7) dependencies presented in graph in Fig. 4.7 are de-
scribed by (4.1) in the whole temperature range. An example of a well fitted 87 nm narrow
strip is shown by pink line in Fig. 4.7. The thermal coupling was estimated to be about
1650 W m2 K** which is slightly higher than reported in [84].

, (4.1)
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Figure 4.7:  Temperature dependence of retrapping current density for several N-strips with different widths
(indicated in the legend). The j,(7) dependence is similar for P- and N-strips in the whole range of
widths. The solid lines are the best fits of experimental results by (4.1).

In conclusion, transport measurements of strips made by positive- and negative-PMMA
lithography were done using standard probe technique. The measured and estimated super-
conducting and transport properties of the strips are required for a systematic study of pro-
ximity system (N-S-N) in superconducting thin strips which appears naturally during pat-
terning process due to destruction of superconductivity in bands at both edges of the strip.

4.2 Temperature dependence
of the critical current

The critical current of particular strip was measured in the temperature range from 4.2 K
up to Tc. The dependence of the critical current density on reduced temperature

3
t= [l—T / T C]A (the temperature dependence of the Ginzburg-Landau critical current)

of narrow nanostrips and wide microstrips are shown for P-strips (Fig. 4.8) and N-strips
(Fig. 4.9), respectively.

The shape of the temperature dependence of the critical current density is dependent on
strip width. The temperature dependencies of jc of P- and N- narrow strips with
W <200 nm are qualitatively similar to each other (Fig. 4.8a and Fig. 4.9a). With increas-
ing width in this range, the temperature deviation of jc(¢) (Fig. 4.10) from the linear behav-
ior shifts towards higher temperatures closer to 7c and at W > 500 nm this deviation is
hardly recognizable. The deviation occurs at lower relative temperatures, 7/7c, for
P-strips (Fig.4.10).
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Figure 4.8:  Dependencies of the nominal density of critical current on reduced temperature of nano- (a) and
microstrips (b) made by positive-PMMA lithography.
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Dependencies of the nominal density of critical current on reduced temperature of nano- (a) and
microstrips (b) made by negative-PMMA lithography.

The jc(7)-dependence of wide strips is smooth as it is seen in Fig. 4.8b and Fig. 4.9b. The
520 nm strip on Fig. 4.8a has a qualitative different jc(f)-dependence than narrower strips.
The specific jc(f)-curves of three strips with different width (54 nm, 207 nm, and 10 pum)
are plotted in Fig. 4.11. The curve corresponding to the narrowest strip (Wsem = 54 nm)
looks qualitatively similar to the curve of the 80 nm width strip presented in Fig. 4.9a. The
Jjc(#)-curve of the 207 nm-wide strip coincides with the jc(7) of the 54 nm wide strip at high
temperatures till the deviation from the linear growth of the latter at 7~ 0.04. At lower
temperatures, jc of the 207 nm-wide strip increases monotonically and at the lowest mea-
sured temperature (7 = 4.2 K) its value is more than 30% higher than jc of the 54 nm-wide
strip. The third curve in Fig. 4.11 corresponds to the 10 pm-wide NbN strip. The jc of this
strip increases monotonically with decreasing temperature. At temperatures in vicinity of
Tc the Ic(7)-dependence of the widest strip coincides with the curves of the narrower strips.
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Figure 4.10: Dependence of reduced temperature of the interleaving, 7o/7c, on nominal width of
P- (black squares) and N- (red circles) strips.
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Figure 4.11:  Dependencies of nominal density of critical current on reduced temperature of three
N-strips of different width indicated in the legend.

Then at temperatures higher 7, the jc of the 10 um wide strip exceeds the jc of the narrowest
strip and follows the curve of the 207 nm-wide NDbN strip till # which is slightly smaller
0.1. Then at lower temperatures (larger ¢ values) the curve of the 10 um-wide strip deviates
from the jc(7) of 207 nm-wide strip. The growth of jc becomes shallower and at 7 = 0.3 the
curve of the 10 um-wide strip crosses the curve of the 54 nm-wide strip so thatat 7=4.2 K
the jc of 10 pum-wide strip is about 20% smaller than jc of the narrowest strip.

The jc(f)-curve of the 207 nm-wide strip is the highest among all other strips on the chip.
The increase of width of the strips from about 200 nm leads to a lowering of the jc(7) curves.
The decrease of width below 200 nm results in the appearance of the transition region of
the jc(#)-curve from higher (at z < #) to lower (at ¢ > %) level and to a shift of the deviation
temperature, #, towards lower temperatures. The increase of width above 200 nm leads to
a deviation of jc(7)-curve from the highest curve (corresponding to the 207 nm-wide strip)
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4.3 N-S-N model

and to a shift of temperature of this deviation to higher absolute temperatures. Moreover,
the dependence of jc on temperature becomes shallower with increasing width above
200 nm.

In conclusion, two series of P- and N-strips were characterized by critical-current meas-
urement in the temperature range from 4.2 up to 300 K. It was found experimentally that
the shape of the jc(7)-curves depends on strip width. This dependence is observed in P-strip
and N-strip as well. In narrow strips, the larger damaged edge-bands result in a stronger
reduction of the critical temperature at small widths, smaller densities of the critical current
and the retrapping current, and larger residual resistivity. The effect is more pronounced in
ultra-narrow strips with widths less than 100 nm.

4.3 N-S-N model

To describe experimental results presented in the previous section, the N-S-N model which
is schematically represented in Fig. 4.12 is proposed. It assumes that the material properties
of NDN are not uniform across the width but edges at both sides of strip are damaged. The
properties of the damaged edges are not known. The damaging is caused by Ar-ion milling,
which can lead to a decrease of thickness of parts of strip which was not fully protected
during the etching process. The decrease of thickness of the superconducting film results
in suppression of superconductivity due to the proximity effect [71]. When this decrease is
performed by the milling process then the suppression of superconductivity can be even
stronger in comparison to the situation when the thickness is varied during deposition. Es-
pecially it is expected when the thickness is in the vicinity of superconductor to isolator
transition (d < 2 nm in case of NbN). Bombardment of the film by high energy ions during
etching process can stimulate this transition already at larger thicknesses. A further mech-
anism responsible for the suppression of superconductivity in the edges is their oxidation.

1
1 Ly 1
|
'

v

WSEM

Figure 4.12: A sketch of a lateral proximity system (N-S-N) in a narrow superconducting NbN strip.
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4 Lateral proximity system (N-S-N) in superconducting nanowire

After etching, a strip is taken out of the vacuum chamber and exposed to a normal air. Side
walls of edges of the strip are not protected by resist; ion milling leads to “activation” of
these areas by removing of nitrogen atoms and liberation of Nb bonds attractive to oxygen.
Oxides of Nb are either superconducting at temperatures well below 4.2 K or even isolat-
ing. The latter reduces the effective conducting thickness of the film further.

The model assumes a uniform suppression of superconductivity over the whole width of
edges. In reality, the strength of suppression is distributed from the strongest at the very
edge till the weakest at the virtual border between edge and the superconducting central
strip part (the superconducting core). The actual profile and the strength of suppression of
superconductivity in edges is unknown but could play a crucial role in different phenomena
like penetration of vortices, distribution of order parameter and supercurrent density across
the width in strip. In frame of the model, the strip is considered as a normal metal—super-
conductor—normal metal (NSN) structure where the superconducting width, Wsc, is smaller
than the nominal one, Wsgwm, by a value AW.

For all fabricated strips, especially those with a width smaller than 100 nm, the DC char-
acteristics of N-strips correspond to a “stronger” superconductivity: higher Tc, jc and j;
values. It assumes that the width of the damaged bands (AW) along strip edges is smaller
for these N-strips made by the negative-PMMA lithography. This is due to the difference
in both the profile and hardness of PMMA resist after exposure and development, which is
caused by significant difference in the exposure dose [85]. In other words, a non-damaged
width (the effective superconducting width), Wsc, is larger in case of strips made by nega-
tive-PMMA technology.

Lateral proximity effect in NSN model of NbN strip

The order parameter 1 oc A in superconducting part of the strip is:

Y, = tanh[f/%;;]

In the dirty limit ¢ << &s the coherence length in the superconductor at zero temperature is

(4.2)

1

: =(1.781~h~vs-ls]2

7 kg T (4.3)
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4.3 N-S-N model

and xo can be found from the equation

—sinh[ﬁx—OJ — \/E'D_Né:_N
s a-ps s (4.4)

where &y is the temperature dependent coherence length in normal metal layer in the dirty
limit

1

h-vy -1y )2
En = T—
6-7-ky-T

and pns, /ns, Vs are the resistivity, the electron mean free path, and the Fermi velocity in

(4.5)

normal metal and superconductor.

In the normal part of strip the order parameter depends on the distance x from the NS-
interface as

K

- SN

Wy =W¥oe ™ (4.6)

where W is the value of the order parameter at the interface on the normal side and can be,
in general case, lower than the order parameter on the superconducting side.

In case of experimental situation, the barrier between N and S parts could be assumed ideal
with equal values of the order parameter at both sides of the interface.
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Figure 4.13:  Distribution of the gap in two strips of nominal width 80 nm and different values of normal bands
20 nm A-strip (solid lines) and 10 nm B-strip (dashed lines) calculated for 7 =4 K and at corre-
spondent interleaving temperatures 7, (chosen for P- and N-strips of correspondent width.
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4 Lateral proximity system (N-S-N) in superconducting nanowire

The dirty limit approximation is valid for thin NbN films. The calculated values of the
electron mean free path are orders of magnitude smaller than the coherence length obtained
from the measurement of the second critical magnetic field, Eq. 4.1. The values of the
Fermi velocity and the electron mean free path in the normal part of strip are not known
but can be assumed to be not larger than in the superconducting core. Based on these as-
sumptions the distribution of the order parameter across the width of the strip of nominal
width 80 nm for two different values of width AW of normal edges 20 nm (sample A) and
10 nm (sample B) at both sides is calculated. The calculations were made at two different
temperatures: 71 = 4 K which is well below 7¢ and corresponds to the lowest temperature
of the measurements; 72 was chosen as 0.87¢ and 0.97¢ for wider (sample A) and narrow
(sample B) normal edges, correspondingly. The latter values (corresponding to the inter-
leaving temperature) were taken from Fig. 4.10 for about 80 nm-wide P- and N-strips. The
results of calculations are shown in Fig. 9.14. At low temperature, profiles of the order
parameter are quite similar for the both samples. The order parameter reaches a certain
saturation value in the middle of the strip.

The maximal values of V¥ are close to each other. However, the decay of the order param-
eter of sample A begins at smaller distance from the center and reaches the minimal value
at the very edge of the sample. The value of ¥ of sample B is larger than the order param-
eter of sample A over the whole nominal width of strip. Areas under W(x)-curve are pro-
portional to the nominally superconducting width.

w Wse 7/4

N

<+

A
v

T
40 30 20 <10 0 10 20 30 40
Coordinate [nm]

Figure 4.14:  Calculated distribution of the gap at 7= 4.2 K in two strips of the same superconducting width
(Wsc) and different normal bands Wx1 = 10 nm (left) and W\2 = 20 nm (right). The hatched area
in the left part of the graph is the difference in the gap distribution between strip with #\2
and Wyl1.
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4.4 Magnetic-field dependence of the critical current density

At the interleaving temperatures (72) the profile of the W(x)-curves is considerably differ-
ent. First, there is no saturation of the order parameter in the center of strips. The maximal
value of W of the sample A is more than 20% larger than that one of sample B. However,
at the very edges of the strip the ratio of order parameters is opposite: the ‘¥’ value of sample
B is an order of magnitude larger than ¥ of sample A. Nevertheless, the areas under the
Y(x)-curve corresponding to interleaving temperatures are almost equal to each other.

The suppression of the critical temperature is stronger for P-strips which are with a smaller
superconducting width at the same nominal width. However, if the superconducting width
is the same for strips with different width of damaged edges (Fig. 4.14) the W(x) distribu-
tion inside the superconducting core does not depend on width of normal edges. The dif-
ference in distribution of the order parameter is at the very edges only (marked in Fig. 4.14
by the hatched area) and its contribution to the total superconducting strength is negligible
and thus not measurable in ordinary experiments. A more precise and quantitative analysis
and comparison of experimental data with theoretical calculations requires exact data of
experimentally determined distributions of the order parameter across the width with a
spatial resolution of at least about the coherence length.

4.4 Magnetic-field dependence of
the critical current density

Measurements of the critical current in magnetic fields B have been done at 7= 6.2 K in
magnetic fields up to 1 T applied normally to the sample surface. The dependence of the
critical current density on magnetic field for nano- and microstrips is shown in Fig. 4.15.
At small fields, the dependence of jc on B has a sharp maximum and is fully symmetric
with respect to zero magnetic field which is expected for superconducting structures with-
out any defects [56]. The so-called Bsp is defined by the crossover between Meissner and
mixed states in the strip. At fields higher than Bsp, the dependence becomes weaker. The
mixed state is stable until the current becomes large enough for vortices to move and the
strip enters the dynamic mixed state. This current defines the critical current for the high
magnetic field range and follows a dependence of critical current in magnetic field ~1/B.

According to [66], Bsop, Which is magnetic field corresponding to the first vortex penetra-
tion into the superconducting strip of width 7, is estimated as:

@,

B 1
stop — o
2 (1) 7)

67



4 Lateral proximity system (N-S-N) in superconducting nanowire

where 7)) is the temperature dependent value of the coherence length

f(T)—é(O){l_%}; {HT_TJ:;

(4.8)
and &(0) is determined by Eq. 4.1.
The Meissner state in the strip is described as:
. . B
Jc (B) =Jc (O)(l_ 2B ]
stop
(4.9)

where jc(0) is the critical current at B = 0 T. The fit of the jo(B)-dependence of several NbN

strips by Eq. 4.9 is shown by solid lines in Fig. 4.15. By decreases with increasing strips
width.

The value of Bip, the transition of the strip from the Meissner to vortex state, which cor-

responds to deviation of jc(B)-curve from the linear decrease, is determined as the only fit
parameter in Eq. 4.9.

The extracted Bsop from fitting for the whole range of width is plotted as a function of the
Wsem on Fig. 4.16. For widths wider than 1 um, Bsop for P- and N-strips coincides with the
theoretical curve calculated in frame of Ginzburg-Landau model [86].
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Figure 4.15:  jc(B)- dependence of P-strips measured at 6.2 K. The width of strips is indicated in legend.
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4.4 Magnetic-field dependence of the critical current density

The deviation of the extracted Bsop from theoretical curve is found at Wspm < 1 pm. Phys-
ically, a higher By, means smaller superconducting width in the strip. The difference be-
tween experimentally measured and theoretically predicted values of Bsop is larger for
strips with expected larger width of normal bands made by positive-PMMA lithography.

It was also found that defects in strips provide asymmetry in the /c(B) dependence. During
measurements of /c in the magnetic field the asymmetrical behavior of /c(B) is observed.

The asymmetry is associated with current crowding near the defect at the edge of the strip.
The corresponding asymmetrical /c(B) dependence is presented in Fig. 4.17a. Due to sup-
pressed superconductivity at place with defect, the supercurrent flows along the periphery
of the intrinsic defect. The current is locally redistributed and the density of the current
increases in the vicinity of defects. By applying an external magnetic field, the local density
of the super-current further increases and a corresponding reduction of /c is observed. In
the opposite field direction, the density of critical current in vicinity of defect decreases.
This leads to an enhancement of supercurrent of the strip at small magnetic fields.

The maxima of /cat 0 T flattens in small range of field when the local defect in film is
inside the strip. Instead of symmetrical /c(B) dependence (shown by blue solid lines on
Fig. 4.18b), depleted Ic was measured at magnetic field 20 mT for a given sample.
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Figure 4.16: Dependence of magnetic field corresponding to the penetration of the first vortex, B, (symbols),

on Wgewm of strips made by positive- (black) and negative-PMMA (red) lithography. The theoretical
Bop(Wsem) dependence is calculated by Eq.4.7 and shown by solid line.
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Figure 4.17:  Ic(B)-dependences of strips with defects at the edge (a) and inside of strip (b).

4.4.1 Superconducting width in nanowires

While the nominal width Wsem can be measured by using SEM inspection, evaluation of
the effective superconducting width requires measured values of Bop. The Byp field is
obtained from the measurements of dependence of critical current density on magnetic field
(described in previous section). The effective superconducting widths of P- and N-strips,
which were calculated out of the experimentally determined Bgwop values using Eq. 4.7
(Bsiop), are shown in Fig. 4.18 in dependence on the nominal width Wsgwm. It is seen that
Wsc of almost all strips is smaller than the nominal width Wsgm in the whole range of
studied geometries and the used patterning technologies. In turn, the effective supercon-
ducting width of the NbN strip made by negative-PMMA technology is larger than Wsc of
the strips made by positive-PMMA technology.
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Figure 4.18:  Dependence of the effective superconducting width, Wsc, calculated by Eq. 4.7 on the nominal
width, Wsew, of the P- (black squares) and N-strips (red circles). The solid line corresponds to
Wsc= Wsem. The insert is a close up of the dependence for Wsgy < 100 nm. The dashed lines are
to guide the eyes.
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4.4 Magnetic-field dependence of the critical current density

The dependence of calculated residual resistivity on nominal width of strips made by both
technologies is shown in Fig. 4.4. Qualitatively both experimental curves look similar to
each other: the resistivity is almost independent of width in the range above = 1 um and
increases with decreasing width below this limit. These dependencies were analyzed in
frame of the lateral NSN model of NbN strip. The strip with damaged edges is considered
as a system of two resistors with different resistances connected in parallel. The resistance
of a central part of the strip of width Wgc =Wy, —AW (Wsewm is the nominal width of strip

and AW is the total width of two damaged edges) is Rsc = I,/?/i where psc is the resistivity
SC

NbN film in this part which is assumed to be lower than the resistivity of normal (damaged)
edges py =psc +Ap . The effective resistivity of the strip can be calculated as

Psc (Psc +Ap ) Wsem
PscWspm +Ap (WSEM - AW)

Peft (WSEM) =
(4.10)

At Wsem >> AW the effective resistivity of the strip, pesr, is independent of the nominal
width and equal to psc. According to the results presented in Fig. 4.18, the width of dam-
aged edges is not larger than 40 nm. Therefore, the saturated value of resistivity for
Wsem > 1 um can be assigned to psc, solely. The main influence on perr from the damaged
edges is expected when their width, AW, is comparable to Wsgm. Indeed, the strongest in-
crease of resistivity is observed for Wsgpm < 100 nm (Fig. 4.4). The AW value varies from 5
to 10 nm in case of N-strips and from 15 to 25 nm in case of P-strips. It’s assumed that the
strength of damage of NbN film at edges and the correspondent increase of resistivity (Ap)
are independent of the used technologies. Based on the above-mentioned assumptions both
po(Wsem) dependences are fitted by Eq. 4.10 (the solid lines in Fig. 4.4). The best fit was
obtained for Ap about 160 pQ cm. This means that the resistivity of damaged edges is
about twice larger than the resistivity of the superconducting core of the strip,
psc = 130 uQ cm. In spite of the variation of AW for the fitting, the values 30 and 16 nm
for P- and N-strips are used, which are very close to the correspondent average values of
AW: 25 and 10 nm (shown by the dashed lines in the inset in Fig. 4.18). In Fig. 4.4, it’s
seen that the fit describes the data of N-strips pretty good while the P-strips show steeper
increase of the residual resistivity. The discrepancy between the fit and the experimentally
obtained resistivity of the positive-PMMA strips can be explained by the simplicity of
model (Eq. 4.11) which does not account, for example, for contributions to the total re-
sistance of the wiring pads and of the rounded transitions from these pads to the strips as
well as possible dependence of Ap on Wsgm.
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4 Lateral proximity system (N-S-N) in superconducting nanowire

In Fig. 4.19, the critical temperature is plotted versus the experimentally determined Wsc.
The experimental 7c(Wsc)-dependencies of both series of NbN strips can be described now
by one universal curve in the whole range of the effective superconducting width. This is
in agreement with the predictions which are made in frame of the NSN model (Fig. 4.14):
the strength of suppression of 7¢ due to the lateral proximity effect is weakly dependent on
the width of damaged edges of highly disordered NbN strips. The solid line in Fig. 4.19 is
the dependence of critical temperature of NS proximity structure [87]

2
- [ PeaL
TC_TCO[I [Wsc j }

obtained in case of a normal layer resistivity is much lower than resistivity of the super-
conducting layer. The Tco = 13.48 K and &1 = 4.2 nm have been used for the fit.

4.11)

An increasing resistivity of the normal layer shifts the 7c decay to smaller values of Wsc.
The result of calculations made as in [88] for the ratio psc/pn = 2 is shown in Fig. 4.19 by
green triangles. Both theoretical calculations describe the experimental results qualitatively
well. However, the theory predicts a weaker suppression of 7¢ for strips in which the re-
sistivity of the edges is larger than the resistivity of the superconducting core.

In frame of the formalism presented in [88], it was obtained that the suppression of Tc
becomes independent of width of normal layer if AW is larger than about 1.6&gr. In case
of NbN films this limit corresponds to about 7 nm which is about or smaller than the width
of damaged edges in the strips. Therefore, the experimentally observed independence of
Tc(Wsc) (Fig. 4.19) on width of the normal edges agrees well with theoretical predictions.

The effective density of retrapping current (Fig. 4.20) is almost independent of width at
Wsc > 200 nm and increases with decreasing width below this values from 3.75 MA/cm?
up to about 4.75 MA/cm?, i.e. by a factor more than two. The increase of /T in the sub-
micrometer range of width can be explained by an improvement of the cooling efficiency
of the NbN strips with width which becomes comparable and smaller than the thermal
healing length [89]. Indeed, following [89], the healing length was estimated for structures
about 95 nm which is comparable to the starting width of ;" growth. For comparison, the
thermal healing length was found around 100 nm for 7 nm thick NbN nanowires deposited
on a MgO substrate [90]. Other possible mechanisms, which could be a reason of the in-
crease of j; with decreasing width, is an increase of the ratio of surface S, through which

the heat is transferred from strip to environment, to volume V, in which this heat is generated,

S 2d+2w
V wd (4.12)
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4.4 Magnetic-field dependence of the critical current density

This ratio is constant at W >> d and increases as ! when the width becomes comparable
to the thickness d of film.

The experimentally measured nominal density of the retrapping current of N-strips is about
20% larger than j; of P-strip for Wsem < 100 nm (Fig. 4.6). The density of the retrapping
current is dependent on specific resistivity po of the superconductor in the normal state and
on the difference between 7c and bias temperature, 7y, at which a current-voltage charac-

teristic is measured using Eq. 4.1.

Figure 4.19:

Figure 4.20:
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Critical temperature as a function of the effective superconducting width. The plotted data is fitted
by Eq. 4.11. Green dots represent result of calculations in frame of formalism presented in [88].
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4 Lateral proximity system (N-S-N) in superconducting nanowire

In Eq. 4.1, B is the coefficient characterizing the thermal conductivity of the interface be-
tween superconducting film and substrate independently of the geometry of a measured
strip. Taking larger 7c values into account (Fig. 4.3) and smaller py (Fig. 4.4) of N-strips
in sub-100 nm range of width the calculated by Eq. 4.14 the difference in the retrapping
current densities of N- and P-strips is about 9% only.

In frame of the NSN model this difference between the estimations and experimentally
determined nominal densities of j; can be explained qualitatively in a way which is similar
to the one used above to describe the correspondent difference in the nominal densities of
the critical current.

The strip is considered as parallel connected resistors with different resistances which are
characterized by different temperature dependencies in the range between 7y and 7¢ also.
In case of the damaged edges the resistivity is higher, superconductivity is suppressed and
thereby it is natural to assume that in this temperature range the resistivity of the edges can
be considered independent of temperature (the fully suppressed superconductivity) or at
least the resistivity of edges is higher than resistivity of the superconducting core at a given
temperature. This difference in resistivity results in a non-uniform distribution of applied
current even in the fully normal state of strip at 7 well above Tc. It can be shown that a part
of the applied current which flows through the superconducting core of strip /sc is

fse 1
]b pSCAW+1
P Wse (4.13)

A decrease of the applied current, in general, leads to a decrease of generated Joule heat
power that at permanent cooling conditions (assumed to be independent of /) subsequently
decreases the effective temperature of the strip and 7-dependent parameters psc and px as
well. Since psc decreases with temperature stronger than py then according to Eq. 4.13 the
part of bias current through the superconducting core increases. The correspondent de-
crease of current through the damaged edges results in even stronger decrease of contribu-
tion of the edges into generation of Joule heat. At low enough current, which is close to the
retrapping current, the largest part (if not all) of the applied bias current flows through the
superconducting core excluding the damaged edges almost completely. In this situation the
retrapping current density is determined by the thermal interface between the core and sub-
strate, Tc and psc solely, i.e. j: should be independent of a value of Wy =Wy —AW .

Thereby the nominal density of the retrapping current

qnom _ Jr 'VVSC
==

Wseu (4.14)
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4.4 Magnetic-field dependence of the critical current density

is proportional to the value of width of the superconducting core, i.e. j,"°" is larger for N-
strips in agreement with experimental observations. However, according to Eq. 4.14 the
nominal density of retrapping current should decrease with the decreasing nominal width
(the solid line in Fig. 4.6) if reasonable to assume that the width of the damaged edges,
AW, is independent of Wsem. However, the experimentally obtained nominal density of the
retrapping currents of P-strips increases with the decreasing Wsgwm in sub-100 nm range of
width and in case of N-strips the increase of j; is seen in the whole range of studied widths.

Similar to j,, the situation is seen in Fig. 4.21 where the effective densities of the critical

currents (jéff = Ic/ (Wscd )) are plotted in dependence on Wsc. The experimental data of jcof

of both series of the NbN strips can be now described by universal curves. The effective
density of the critical current increases in all range of width (Fig. 4.21) from 10 up to 25
MA/cm?. The dashed horizontal line in Fig. 4.21 corresponds to the value of the depairing
current density, which was computed in frame of Ginzburg-Landau formalism with cor-
rection for dirty limit, 7c and pp values for non-patterned film. The deparing current density
which was calculated for NbN film is plotted as black dashed line on Fig. 4.21. It is seen
that the experimental points approach the theoretical limit of the current carrying ability of
the NbN film remain below this limit.
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Figure 4.21:  Dependencies of jc = Ic/dWsc on effective superconducting width of strip, Wsc. Dashed blue line
is common curve which describes dependencies of superconducting parameters for both types of
strips. Dashed black line on graph corresponds the value of the depairing current density, which
was computed in the framework of the standard Ginzburg-Landau (GL) approach with the correc-
tion for the extreme dirty limit. The dependence of the depairing current density on the supercon-
ducting width calculated with corresponding superconducting properties of strips is plotted as
dash-dotted line on the graph.
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4 Lateral proximity system (N-S-N) in superconducting nanowire

The temperature dependence of jc is valid for all strips with width smaller 200 nm. The
Jjc(?) dependencies of wider strips are characterized by the flattening of experimental
curves. This flattening with a trend to saturation becomes stronger with increasing width
and is seen as deviation of the jc(7) of 10 um-wide strip from the curve corresponding to
the 207 nm-width strip (Fig. 4.11). With increasing width above 200 nm the temperature
of this deviation increases and the curves below this temperature become flatter so that the
difference between the highest reachable jc(4.2 K) of the 207 nm-wide strip and jc(4.2 K)
of strips in the micrometer range of widths increases (Fig. 4.21).

The mechanisms of this deviation and of the flattening of the temperature dependencies of
critical current can be associated with penetration of vortices in the strip [86]. The magnetic
field generated by transport current at the edge of the strip is calculated as [91]:

Ho -I~1n[2;VJ
B =

edge A
g 2 W (4.15)

Using this formula, the corresponding self-field is computed for whole range of strips and
compared with value of Bjp obtained from /c(B)-dependences. Fig.4. 22 represents results
of calculations for both series. The self-field Begee generated by the bias current is much
lower than Byp, especially for submicrometer strips. The Beage of P- (open black symbols)
and N- strips (open red symbols) smaller 1 um is three order magnitude lower than the
field required for penetration of vortex (solid black line). Although the value of magnetic
field required for penetration of vortex decreases with increase of the width of strip, Bedge
is lower than By, even for wide strips.
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Figure 4.22:  Comparison of extracted By, and calculated Begge for P- and N-strips (indicated in legend).
The black solid line represents By, calculated in frame of Ginzburg-Landau formalism.
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4.5 Depairing critical current

4.5 Depairing critical current

The width of all strips is smaller than the Pearl length. The supercurrent is expected to be
uniformly distributed over the cross-section of strip and determined by the de-paring mech-
anism. However, temperature dependencies of the critical current of the strips with
W <200 nm are non-monotonic in spite of the fact that in this range of width W <<A.
Therefore, it is not possible to describe the /c(7)-dependencies of these strips by the tem-
perature dependence of the de-paring current in the whole temperature range. The temper-
ature dependence of the Ginzburg-Landau critical current is valid at 7¢ - 7 << Tc only. In
the dirty limit, 1 << &, it can be extended over the whole temperature range with ac-

count for the temperature dependent correction, KL(7), found in Fig. 1 in Ref. [92].

The thin solid line in Fig. 4.23 is the linear fit of the critical current at 7> T¢, by

1c(f) = Ic™(0)t, where 1 =(1-T/T )3/2 is the temperature dependence of the Ginzburg-

Landau critical current. At temperatures below the interleaving temperature the experi-
mental points deviate from the /c**"(¢)-curve. The dashed line in Fig. 4.23 shows the tem-

perature dependence of critical current which was calculated as Ic1(1)=1 e KL(1)-1 |

However, even with account for the KL-corrections the measured critical current is below
the calculated curve at the reduced temperatures above interleaving temperature. This low-
T part of Ic(¢) can be described (the thick solid line) up to the maximal ¢ = 0.6 (7'= 4.2 K)
by assuming that in this temperature range, i.e. far from the critical temperature, the applied
supercurrent is concentrated in the central (superconducting) part of the strip while the
normal edges with suppressed superconductivity are excluded from the transport of current
completely. However, it is seen that at #> 0.1 the experimental points go parallel to the
Ic1(?)-curve. This low temperature part of the experimental curve can be described up to
the largest # = 0.6 (7= 4.2 K the lowest temperature of the measurements) in frame of NSN
model assuming that supercurrent in this t-range is carried by the effective superconducting
width of the strip while the damaged edges are excluded from the transport completely.
The thick solid curve in Fig. 4.23 is calculated on base of this assumption as
1c2(2) = Ic1(£)Wsc/ Wsem where the correspondent Wsc = 67 nm (see the inset in Fig. 4.18).

There are several features in the shown /Ic(#) dependence which is typical for strips
with width <200 nm (see also the black curve in Fig. 4.11). First of all, in vicinity of T¢
(t = 0) the critical current is linearly proportional to ¢ with a coefficient /°*'" (the thin solid
line in Fig. 4.23). Secondly, the experimental curve deviates from this linear growth at
to~ 0.04 (7/Tc = 0.9), which is marked by the up-arrow in the graph. (in the following this
reduced temperature #, and correspondent absolute, 7y, and relative temperatures, To/Tc, is
named the interleaving temperature.)
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Figure 4.23:  Dependence of the critical current (circles) of a 80 nm nanowire (nominal width, Wsgy) on reduced

extr—

temperature t=(1-7/Tc)*?, Ic(?). The thin solid line is the extracted current Ic*"=j-"* Wsp\*d (the
linear fit of the high temperature part 7-> Tc of Ic(¢) curve). The dashed line (/c1(?)) is the extracted
current multiplied by the temperature dependent correction of Kupriyanov and Lukichev,
1" *KL(7). The thick solid line (Ic2()) is the calculated critical current of the superconducting
part (Wsc) of the nanowire, jc**"*KL(¢)* Wsc*d. The arrow marks position of the interleaving tem-
perature 7.

Thirdly, there is a pretty narrow temperature range at ¢ > #, of transition of the experimental
Ic(f)-curve to the second, a low-temperature part of the temperature dependence of the crit-
ical current. The correspondent 7~ 0.08 (7/7c = 0.8) of the end of the transition region is
marked in Fig. 4.24 by the down arrow.

In order to compare the experimental jc and theoretical depairing current density in P- and
N-strips, the Ginzburg-Landau (GL) depairing current density is computed with the cor-
rection KL(7T) for the extreme dirty limit as:

3 3
aep (o _ 16mexp(2y) , (kpTc)2 [1—1J2KL ,
it (7) 21(3)V6 " epNDh | T (7) w6
KL(T)~187-— 120
1+[0.7T]
e (4.17)
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is the analytical approximation of the curve from Fig. 1 in Ref. [92] corresponding to the

limit EsL>>(¢. In Eq. (4.16) e, h, k, are the fundamental constants, y=0.577,

£(3) =1.202, Bo = A(0)/(ksTc) = 2.05 [74] and D = 0.56 cm?/s is the electron diffusivity in
NbN film (Eq. 3.3).

Accounting for almost all material parameters having an influence on jc (Fig. 4.5), i.e. Tc
(Fig. 4.3) and p (Fig. 4.4) and assuming that the diffusion coefficient, D, should not affect
the depairing current too much due to not to strong variation of D between the core and the
edges (expected) and its square root presence in Eq. 4.16. The calculated ratio of jc of

P- to N-strips in sub-100 nm range is j: / Jo | =0.89. In turn in the experiment
cacl

(Fig. 4.5), a smaller value of the ratio is found to be fg / fg ‘ ~0.7
exp

In frame of NSN model the supercurrent in vicinity of the measured critical current value
is concentrated in the superconducting part of the strip. This is true even in case when the
edges are not fully normal conductive. If it accounts for non-zero values of the order
parameter in the edges the following qualitative model can be considered. At low temper-
atures (7 << T¢) a small applied current / << /¢ (smaller than the critical current corre-
sponding to the gap value, A’, in the edges which is smaller than the gap A in the center of
strip, A’ < A) is distributed uniformly across the width. Once the density of applied current
increases over the critical value corresponding to the energy gap A’ the edges switch into
normal state and the current is redistributed into the central superconducting part of strip
with a larger gap value A. Then the current can be increased further till the density of cur-
rent, which is concentrated in the superconducting core, reaches the critical value which is
determined by the A value. Smaller Wsc results in lower measured critical current and thus
to a lower calculated nominal density of critical current in strips, jc"™ =jcWsc/ Wsem.
Because of smaller Wsc in P- strips, the nominal jc in these strips is lower than in N-strips,
especially in sub-micrometer range of width that is in the agreement with experimental
results shown in Fig. 4.5.

4.6 Summary

In this chapter, a detailed and systematic investigation of the proximity effect is presented
for NbN thin film strips with three order of magnitude range of width. The strips were
prepared by two technological techniques described in Chapter 3.
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4 Lateral proximity system (N-S-N) in superconducting nanowire

The usage of negative-PMMA lithography leads to an enhancement of both superconduc-
tivity in strips and their cooling efficiency to substrate. The two series of strips were char-
acterized in the temperature range from 4.2 up 300K. The critical temperature of narrow
N-strips is about 5% higher than 7c of P-strips. The improved cooling efficiency of the
N-strips resulted in 20% higher values of the retrapping current density. The critical current
density of N-strips is found to be up to 40% higher than jc of P-strips. The variation of
properties caused by the difference in technology of patterning is self-consistently ex-
plained in frame of the lateral proximity effect model: cross-section of strip is considered
as NSN structure consisting of the superconducting core embedded between two normal
conducting bands (the damaged edges). The magnetic-field measurements of the critical
current were done for all widths. A method for estimation of superconducting width in
nanowire from /c(B)-dependence is proposed. Using the obtained superconducting width,
the dependencies of 7, jc, and j; on Wsc are described universally independently of partic-
ular width of the damaged edges.

In the /c(T)-dependence, the local density of the critical current in the superconducting core
of narrow strips approaches the density of the Ginzburg-Landau depairing current. The
strips with /> 200 nm demonstrate flattening of Ic(7) at low temperatures. The flattening
is stronger and begins at higher temperatures (closer to 7¢) for wider strips. The critical
currents are too low to generate magnetic field above the penetration field, Bsiop. The mech-
anisms of this deviation and of the flattening of the temperature dependencies of critical
current are not fully understood yet.
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5 Single-spiral SNSPD

The single-spiral nanowire is considered as a promising alternative to initial meandered
nanowire form of detector for broadening spectral bandwidth of SNSPD. According to
considerations presented in section 2.2.1, the bend-free nanowires should have a critical
current higher than bended structures. Although it has been commonly agreed that the cut-
off wavelength, A., increases with the bias current /;, the exact relationship between 7, and
Ac remains controversial (section 2.2.2). According to the hard-core normal-spot model
1-Iy/Ic%c A2, while the hot-spot model predicts a linear relationship 1-I,/Ic%c Ac'. The
numerical model invoking Ginzburg-Landau approach to the evolution of the order param-

eter results in a 1-Iy/Ic¢ oc f (ﬂ«c) dependence which falls between the two analytical rela-

tions above (see Fig. 2.1 in section 2.2.1). The major fundamental limitation on /¢ in me-
anders is imposed by the current-crowding effect in the turns of the meander. The double-
spiral layout was proposed as alternative design for single-photon detectors. In comparison
to meanders, detectors with the double-spiral layout demonstrated larger the critical cur-
rent, Ic, cut-off wavelength, Ac, and detection efficiency. Although the performance of
photon detectors with the double-spiral geometry becomes better, the S- shape bend in the
current path through the center of the double-spiral layout still limits the experimental crit-
ical current of the specimen. The practical disadvantage of layouts with alternating straight
wires and bends is their strong sensitivity to light polarization. The extinction factor
increases with the increase in the wavelength [23]. The absorption of spiral detectors is
independent on polarization.

In this chapter, the experimental setup and the equipment used to perform the characteri-
zation measurements of superconducting nanowire single-photon detectors are introduced.
The detection ability for single photons of a bend-free layout [CSD+17] in the form of a
single spiral is studied in a wide range of wavelength. The performance of detectors in form
of meander, double spiral and single spiral are compared in terms of critical current, detec-
tion efficiency, cut-off wavelength and timing jitter. The technology of samples is
described in detail in Chapter 3. The experimental results are analyzed and compared with
predictions of the theoretical models.

5.1 Cryogenic setup for characterization of SNSPD

Measurements of optical response are performed in a dipstick cryostat which is immersed
in a standard “He-transport Dewar. The cryogenic setup is very similar to setup which was
described in [93]. The detectors are kept at an ambient temperature of 4.2 K. They are fixed
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5 Single-spiral SNSPD

on a sample holder together with temperature sensors and a bias tee and manually bonded
with indium wires to circuit board on the holder. The cooling power at the copper sample
holder inside the dipstick is varied continuously by introduction of a contact gas. The low-
temperature bias tee decouples the high frequency path from the DC bias path (Fig. 5.1).
The high-frequency signal is led out of the dipstick by stainless-steel rigid coaxial cables,
while DC bias is provided via a pair of twisted wires. The samples are biased by a battery-
powered low-noise DC source. The signal is amplified at room temperature by several am-
plifiers with the total gain of 70 dB and then send to a pulse counter with a 300 MHz
physical bandwidth.

The optical fiber feeds the light from the monochromator into the cryogenic part and is
mounted on a movable stage above the sample surface. The distance between the end of
the fiber and the surface of the detector is about 4 mm. This ensures that the size of the
light spot on the detector is much larger than the wired area (4-7 um). In this case, the
distribution of the light intensity is homogenous across the wired area.
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Figure 5.1:  Scheme of experimental setup for the measurement of detection efficiency of SNSPD in a spectral
range from 400 — 2200 nm and timing jitter of detector. The optical fiber (yellow) feeds the light
from the monochromator (or laser) into the cryogenic part and is mounted on a movable stage
above the sample surface. The RF and DC paths are de-coupled at the sample stage and led out
separately. The voltage pulses of the detector are amplified at room temperature before they are
recorded by a pulse counter. The power of incoming light from laser is controlled by powermeter
and could be adjusted via variable attenuator. The electrical synchronized signal from laser is de-
livered to real-time oscilloscope for triggering of voltage pulses from detector.
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Figure 5.2:  Optical assemblies which were used for measurements of the detection efficiency. The flip-chip
package technology is used to mount single-spiral SNSPD in the sample holder (left scheme). The
single-layer SNSPDs in form of meander and double spiral were placed in standard configuration
(right scheme).

For measurements of the optical response, detectors with the meander and the double-spiral
layouts are illuminated from the front side (right sketch in Fig. 5.2). Because the nanowire
in the single spiral layout is covered by an AIN isolating layer and a Nb-top electrode,
which reflects light, the detectors with this layout are illuminated from the rear side, i.c.,
through the non-polished sapphire substrate. To eliminate the difference in the film absorb-
ance for different illumination scenario and hence to avoid normalizing the measured de-
tection efficiency for the absorbance, the special flip-chip assembly (shown in the left
sketch in Fig. 5.2) is designed. Taking the absorbance of 5 nm NbN film on one-side pol-
ished sapphire illuminated from front and back sides (presented in section 3.1.1) into ac-
count, the absorbance of optical assemblies of SNSPD has been estimated. It is straightfor-
ward to show that for a thin film the film absorbance in two assemblies is the same with an
accuracy better than 15%.

5.2 Influence of geometry on
performance of SNSPD

5.2.1 Superconducting properties

In order to compare the superconducting properties of fabricated detectors with different
layouts, the measurement of temperature dependence of resistance of all specimens have
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5 Single-spiral SNSPD

been done from 4.2 up to 300 K by a quasi-four-probe technique. Fig. 5.3a represents ex-
amples of R(7)-curves of SNSPDs with different layouts and single strip. The single strip
which was patterned in one process with detectors is considered as a reference structure.

After patterning the film into a nanowire (technology of single- and multilayer SNSPDs is
described in section 3.3), the critical temperature of the nanowire becomes smaller than the
Tc = 13 K of the non-patterned film. The key parameters of detectors are compiled in Table
5.1. Among specimens with different layouts the single bridge has the highest critical tem-
perature 12.8 K (green curve in Fig. 5.3a). The slight variation of 7¢ was found for mean-
ders, double spirals and single spirals in the range between 12 and 12.4 K. The difference
in Tc of detectors and single strip can be associated with defects which are presented in the
film. Since the length of the strip (2 um) is more than one order magnitude shorter in the
comparison to the length of detectors (80 um and 200 pm for meander/double spiral and
single spiral respectively), the probability of defects in the strip is much lower. Indeed, it
was found that the critical temperature of strips with variation of the length and same nom-
inal width (100 nm) reduces in longer strips. In Fig. 5.4, the critical temperature of strips
decreases from 12.9 down to 11.8 K in the range of the width from 200 nm up to 40 um.

The current-voltage (CV) characteristics of detectors were measured in the current-bias
mode at 4.2 K (Fig. 5.3b). Despite of structures have nominally identical width of naowire,
a variation of /¢ values is observed. Similar to dependence of 7¢, the highest value of the
critical current (46.6 nA) was measured in single strip (green curve in Fig. 5.3b). Among
SNSPDs, single-spiral detectors have highest /c ~ 39 pA (black curve in Fig. 5.3b). Dou-
ble-spiral and meander detectors show lower critical current about 34 pA and 28 pA,

accordingly.
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Figure 5.3:  a) Temperature dependence of resistance of SNSPDs with different layouts (indicated in a legend).
The single strip is a bend-free reference structure. b) Current-voltage characteristics of several
types of SNSPDs and single strip (indicated in a legend) measured in current-bias mode at 4.2 K.
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Figure 5.4:  Critical temperature as a function of length of strip. The nominal width of strips is 100 nm.
The dashed red line guides the eyes.

To compare experimental critical currents with the theoretical limit, the de-pairing critical
current /c® was computed in the framework of the standard Ginzburg-Landau (GL) ap-
proach with the Ginzburg-Landau temperature dependence and the correction for the ex-
treme dirty limit (Eq. 4.17):

2 3 3
1E(T) = Wrle) i (kath)2 w 1—[1j ’ xK(lJ
21c(3)V3  eR,\/Dh T,

¢ (5.1)
where fo = 2.05 is the ratio of the energy gap at zero temperature to kg7c. The maximum
ratio of the measured Ic to the Ic¢ was 0.55, 0.48 and 0.4 for the single spiral, double spiral
and meander layouts, respectively.

I
The critical current density j- = —(; of samples with different layouts is displayed in
w

Fig. 5.5. The highest value of 8.4 MA/cm? was obtained with a single strip. The critical
current density of the meander was the lowest among these samples. The jc of meander is
38 % lower than the jc of the straight bridge with the same width. The decrease of the
critical current density in spiral and meander nanowires is caused by a lower 7¢c (Fig. 5.3a)
and by current crowding in bends.
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5 Single-spiral SNSPD

1 1 1 1
Bridge Single-spiral Double-spiral Meander

Figure 5.5:  Critical-current densities jc(4.2 K) of single bridge and nanowires with single- and double-spirals
and meander-type layouts. The opened pink dots show the values scaled to the same relative tem-
perature 7/T¢ = 0.33 for each layout.

To account for different critical temperatures, the critical current densities in Fig. 5.5 was
scaled to the same relative temperature 7/7¢ = 0.33 (smallest value corresponding single
bridge) by means of the Bardeen-temperature dependence of the critical current [94]
(opened pink points in Fig. 5.5). Thus, the decrease of the critical-current density in mean-
der due to its geometry is about half of the difference in the critical-current densities be-
tween the single strip and the meander at 4.2 K. The spirals demonstrate higher jc in com-
parison to the meander. Despite the absence of sharp bends in single spirals, their averaged
Jjc=17.2 MA/cm? is below the value which was measured for a straight bridge. At the same
time, jc of the double spiral is slightly lower than the value of the single spiral. It is com-
monly accepted [60], [62] that non-uniformities, constrictions and bends restrict the exper-
imental critical current in nanowires. For the layouts studied here, there are turns in the
meander and the sharp turn in the center of the double spiral where current crowding oc-
curs. The straight nanowire, which has no bends, demonstrates the highest density of the
critical current. Although the single-spiral layout is free from bends, jc remains smaller
than in the straight nanowire. One of possible reason can be the inhomogeneity of nan-
owires which was studied systematically on nanowires with different lengths [95]. The
observed trend of reduction of jc with increase of the length of nanowire has been condi-
tioned by inhomogeneous nanowires at a length scale shorter or equal to 100 nm. Further-
more, the winding radius of the nanowire in the center of the single spiral could be small
enough to cause weak current-crowding effects.

The equilibrium between power of dissipated Joule heating in nanowire and cooling effi-
ciency through nanowire-substrate interface determines the retrapping current, j;
(Table 5.1). The slight variation of j; is due to difference in width of nanowires and inac-
curacy of corresponding measurement of the width via SEM.
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5.2 Influence of geometry on performance of SNSPD

Table 5.1:  Parameters of detectors and reference structure made of superconducting 5 nm thick NbN film:
width of nanowire I critical temperature 7¢, critical current /c, retrapping current /¢, critical current
density jc, density of retrapping current j,.

Type Name W, Tc, Ic, I, Jjc(4.2 K), Jj(4.2 K),
nm K pA pA MA/cm? MA/cm?
111 12.4 39.5 12.7 7.1 2.3
Single spiral 108 12.2 39.1 12.6 7.2 2.3
0 105 12.2 38.5 11.4 7.3 2.1
gé 102 | 1215 | 342 | 107 6.7 2.1
8 Double spiral | 100 12.1 339 9.99 6.9 2
E 107 12.3 34 12.6 6.3 2.4
A 110 12.1 28.8 11.8 5.2 2.2
Meander 111 12.15 28.6 12.6 5.1 2.3
101 12 22.6 9.1 4.5 1.8
Reference structure 110 12.8 46.6 10.5 8.4 2

5.2.2 Spectral detection efficiency

The spectral detection efficiency, DE, for all types of detectors (see table 5.1) can be meas-
ured from 400 up to 2200 nm wavelength for different bias currents at the experimental
conditions described in section 5.1. For the particular wavelength, DE is defined as the
ratio of the rate of photon counts to the rate of photon arrival to the illuminated side of the
specimen.

The spectral dependences of the DE at different relative bias currents are shown in Fig. 5.6.

Each DE(L) curve demonstrates a clear roll off which begins around a particular wave-
length. The cut-off wavelength Ac is defined as the wavelength corresponding to the inter-
sect of two straight lines which extrapolate the plateau at small wavelengths and the de-
caying portion of the DE(A) curve (Fig. 5.6a). At the same relative bias current I, = 0.95/c
(Fig. 5.7), the single spiral demonstrates Ac in the range of 900 nm, while the double spiral
and the meander have smaller Ac (= 600 nm).

On the plateau, the detection efficiency of single spirals reaches 29.6%. Scaling this value
to the filling factor of 50% of other layouts, it arrives at numbers close to the plateau effi-
ciency 23.4 % of the double spiral. In contrast, the meander has the plateau efficiency of
only 15.7%.

When the bias current increases, DE grows much stronger at wavelengths beyond Ac than
at the plateau. Correspondingly, Ac increases with the current.
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Figure 5.6:  Spectral detection efficiencies of detectors with single-spiral (a), double-spiral (b) and meander
(c) layouts for different relative bias currents (shown in the legends). Solid green curves in panel
(c) show best fits which were made with Eq. (5.2).

The almost current-independent detection efficiency on plateaus for all three layouts
(Fig. 5.6) represents the maximum efficiency when the whole nanowire together with turns
contribute to the photon-count rate. The roll-off begins when the central portion of the
nanowire becomes inactive in detecting photons [24]. At even larger wavelengths, mostly
bends and turns contribute to the photon-count rate [SCL+15]. The transition from the plat-
eau to the decaying part of the DE spectrum is formally described by:

p
DE =|1+ i
[’ICJ

where Ac is the cut-off wavelength and the exponent p describes the power-law decrease
of the efficiency in the near infrared range. The green solid curve in Fig. 5.6a shows the
best fit of the spectral detection efficiency with the Eq. (5.2) which was obtained with
Ac= 749 nm. This value coincides with Ac which is obtained by approach shown on
Fig. 5.6a.

-1

. (5.2)
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Figure 5.7:  Spectral detection efficiencies of detectors with single-spiral, double-spiral and meander
(indicated in legend) layouts for 0.951 relative bias currents.

The spectral detection efficiency of the meander-type specimen shows a second pronounce
roll off for all relative bias currents (Fig. 5¢). Beyond the cut-off wavelength, DE decreases
monotonically until at some point the DE jumps up (intersection of two green solid curves
in Fig. 5.6¢). This roll-off is associated with detection of photons by turns while the straight
portions are less active than bends at wavelengths larger than at A = 760 nm. Two solid
curves depict fitting functions DE(L;) and DE(),) which were obtained with Eq. 5.2. They
represent the detection efficiency of straight and bended parts of meander, respectively.
The detection efficiency of the meander-type specimen can be presented as:

DE(A)=DE(4)+DE(4,) (5.3)

From the ratio of fitted detection efficiencies at plateaus of DE(L;) and DE(),), areal ratio
of'bends and straight parts of the meander was estimated. The equivalent number of squares
in bended area amounts to 11% of the number of bends. This is very close to the geometric
estimation of this ratio.

For all layouts the cut-off wavelength increases with bias current (Fig. 5.6). In the frame-
work of the model of diffusive hot-spot (section 2.2.1), the dependence is linear (Eq. 2.5),
while the steady-state hard-core model (Eq. 2.3) predicts a different dependence of the cut-
off wavelength on the bias current. For all three layouts, the relative bias current is plotted
in Fig. 5.8 as function of the photon energy corresponding to the cut-off wavelength meas-
ured at this particular current along with best fits by three different models.
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Figure 5.8:  Inverted relative current 1-/,/.¢ versus energy of photons at the cut-off wavelength measured at
this current. Symbols show experimental data for all three layouts. Lines show the best fits ob-
tained with different theoretical models. The models are specified in the legend.

For all fits the effectiveness C is used as the only fitting parameter and the same supercon-
ducting and material parameters. The burgundy straight solid line represents the fit from
the diffusion hot-spot model with £ = 0.6, the black dash dotted line — from the hard-core
model with £ =0.15 and the violet curved solid line is the best fit from the numerical model
invoking Ginsburg-Landau approach to the evolution of the order parameter [96] with
£ =10.09. The dimensionless wire width of nanowires w/€ =19 is appropriate for this fit.
For comparison, the straight dashed line shows the phenomenological linear approximation
from Ref. [53]. As it is clearly seen, the GL approach provides the best match with the
experimental data simultaneously for all specimens. The fact that all experimental points
fall on the same theoretical curve evidences the key role of the experimental critical current
in the position of the spectral cut-off. This fact also confirms the supposition that the cut-
off is caused by the position dependent probability of photons to be detected in a straight
line and that it is almost unaffected by the bends in the layout.

5.2.3 Dark count rate and timing jitter

Dark counts

The dark-count rate, DCR, is determined by blocking the optical path at the fiber input.
While DCR of the single-spiral SNSPD stayed below 10 cps for all relative currents, the
double spiral and meander showed an increasing DCR up to 103 cps at the relative bias
current 0.95/¢ (plotted as function of Iy/Ic¢ in Fig. 5.9). Dark counts weren’t observed at
relative bias current lower than 0.75/¢.
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Figure 5.9:  Dependence of the dark-count rate (DCR) on the relative bias current for three layouts which
are indicated in the legend. The solid lines are fits by formalism of Bulaevskii [52]

The different rates of dark counts in detectors support the envisaged role of turns
[SCL+15]. Indeed, the meander contains turns with the smallest radius and has, corre-
spondingly, the highest rate of dark counts. The smallest rate was observed in single spirals
where the winding of the nanowire has the largest bending radius. The intermediate rate of
dark counts in double spirals is easily attributed to sharp turn of the current in the center of
the layout where the nested spirals are connected to each other. The formalism of Bulaev-
skii et al. [52] is used to fit the dependences of DCR on bias current (Egs. 51, 52 in Ref.
[52]). The fits are shown with straight lines in Fig. 5.9.

Timing jitter

Timing jitter, which is the probability density of the random time delay between photon
absorption in current-carrying superconducting nanowire and appearance of the normal
domain, reveals two different underlying physical scenarios in the deterministic and prob-
abilistic regimes [SSH+17]. The measure of the timing jitter is the width of the statistical

distribution in the arrival times of voltage transients with respect to the corresponding pho-
ton absorption times.

To measure timing jitter, a 1560 nm femtosecond-pulsed laser (C-Fiber, Menlo Systems
[97]) was adopted as the single-photon source in the experimental setup (Fig. 5.1). The
32-GHz real-time oscilloscope builds a statistical distribution of the arrival times of photon
counting pulses. The distribution typically has a Gaussian profile as presented in Fig. 5.10
for double-spiral detector biased at different currents. The timing jitter is defined as the full
width at half maximum (FWHM) of the distribution. The jitter increases when the bias
current decreases. This is also illustrated in Fig. 5.11a. At relative bias current 0.95/c, the
system jitter (FWHM) is found as gsysiem 49 ps, 38.6 ps and 42.7 ps for single spiral, double
spiral and meander, respectively.
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Distribution of the signal arrival times for the specimen with the double-spiral layout biased at

currents indicated in legend. The minimum jitter (FWHM of the distribution) amounts at 38.6 ps
for relative bias current 0.95/c.

The jitter is normalized for the actual length of the nanowire in the particular design to
account for different length of detectors. The obtained ratio of jitter per unit length is plot-
ted as a function of relative current ratio fy//c in Fig. 5.11b. The single spiral has the small-
est jitter per unit length and the weakest dependence of the jitter on the bias current. The

jitter value and the steepness of this dependence increases for the double spiral and further

for the meander.

65

°
a
604 ) ® Single-spiral
® Double-spiral
g5} ® Meander
z °
g o
§ 50 o
) )
2]
45 ® e
» °
° L[]
40 .
°
35 - - T T
21 24 27 30 33
I, [nA]
Figure 5.11:

39

060
0554

050 AAQ

€ 045 ".

2 0401 %

£ 035 ~ O\ N\

oo
0.15]
0.10]
0.05]
000 : v

® Single spiral
@ Double spiral
A Meander

03 04 05

e

09

a) System jitter Gyyem Versus absolute bias current for single-spiral, double-spiral and meander

layouts. b) Timing jitters per unit length of different nanowires as function of the relative current
for layouts indicated in legend. The solid lines guide the eyes
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5.2 Influence of geometry on performance of SNSPD

The system jitter can be presented as the mid square of several components:

_[2 2
Osystem =\ PSNSPD + Pnoise (5.4)

)

where osnspp, Onoise are the jitters from the detector and readout circuit of measurement
setup, respectively.

The jitter produced by electrical circuit, onoise, can be estimated using single time-trace
(Fig. 5.12) as:

noise ~ ‘rise
0.84,
max , (55)

where Trisc 1S a pulse rise time taken between 10 and 90 % of pulse amplitude; o is a root
mean square noise amplitude; Amax is @ maximal pulse amplitude. Taking oneise into account,
the osnspp Was obtained using Eq. (5.4) as 32 ps for single spiral, 18.4 ps for double spiral
and 22.5 ps for meander at [y, = 0.95/c.

The observation of the different timing jitter per unit length in specimens with different
layouts supports the concept [98] that the nanowire can be thought of as a transmission line
with its specific impedance //v where / is the length of the nanowire and v is the group
velocity. Hence, the values shown in Fig. 5.11b are the reciprocal group velocity. Apart
from the dispersion, the group velocity equals the phase velocity and depends on induct-
ance of the line per unit length L. For the superconducting transmission line, the inductance
is primarily given by the kinetic inductance of the nanowire [DKG+17].

90%

10%

Figure 5.12:  The single-short time-trace of SNSPD. The trigger level is set in 50 % of maximum pulse ampli-
tude, Amax. The pulse rise is defined by time taken in range 10-90% of Aay.
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5.3 Summary

In this chapter, SNSPDs shaped as either meander or spirals are systematically character-
ized and compared. The spirals had different layouts, a double-spiral layout with an S-turn
in the middle and a single-spiral layout without such turn. Nanowires were prepared from
films of niobium nitride with a thickness of 5 nm as described in Chapter 3. For detectors
of each layout, the spectra of the single-photon response were measured in the wavelength
range from 400 nm to 1600 nm and defined the cut-off wavelength (Ac) beyond which the
response rolls off. The largest and the smallest Ac were found for the single-spiral layout
and for the meander, respectively. For all three layouts the relationship between Ac and the
relative bias current falls onto a universal curve which has been predicted in the framework
of the modified hot-spot model [96]. It was shown that avoiding bends in a current-carrying
superconducting nanowire enhances the probability for low energy photons to be detected
and that this enhancement is entirely due to the increase in the experimentally achievable
critical current. For single-spiral detectors, the efficiency of photon detection at wave-
lengths smaller than Ac reaches the expected absorbance of the spiral structure and the
timing jitter per unit length of the nanowire has the smallest value. In terms of the detection
efficiency and spectral cut-off the most important scaling factor is the critical current for
the particular layout while the bends play a minor role. Contrary, the rate of dark counts as
well as the timing jitter are mostly restricted by the quality and number of bends in the
layout. The value of timing jitter is directly related to the length of the nanowire, its kinetic
inductance and the amount of bends.
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SNSPD in the magnetic field

The vortex movement is of particular importance in current-biased thin-film superconduct-
ing nanowires. It was assumed that vortices can contribute to the formation of dark count
events [99]. Furthermore, the detection of near-infrared photons (A > A¢) in superconduct-
ing meander detectors can possibly be explained by penetration and movement of vortices
in nanowire [100]. In the previous chapter, it was shown that the spectral detection effi-
ciency decreases exponentially for photons with wavelengths A > Ac. If the photon energy
is not sufficient to cause a normal region over the entire strip width, single-photon detection
is related with the movement of vortices. The superconducting energy gap is locally re-
duced by the absorption of low-energy photon. This results in an increased probability of
overcoming the barrier through the vortex at this location and its subsequent crossing of
the strip. If the vortex crosses the strip, it releases sufficient energy to locally destroy the
superconducting state and to generate a measurable voltage pulse. The vortex-assisted
model predicts different magnetic field dependencies of PCR and DCR. Furthermore, the
magnetic field should not influence on the formation of the hotspot by photons, but initiates
a subsequent single-vortex crossing, which provides the rest of the energy needed to create
the normal-state belt. From another point of view, an applying of external magnetic field
to bended superconducting structures enhances the critical current and corresponding the
cut-off wavelength of the detector.

In order to investigate the influence of the magnetic field on the PCR and DCR in SNSPDs
and to investigate the role of vortices in the photon detection process and dark count events,
the experimental setup with a superconducting coil is realized and measurements of the
PCR and DCR in a magnetic field is performed on detectors appropriate for applying ex-
ternal magnetic field. In this experiment, SNSPDs in forms of square and circular spirals
with turns of a single symmetry are used. Additionally, the Ac(B)-dependence is studied by
measurement of spectral detection efficiency in the magnetic field.

6.1 Cryogenic setup with superconducting coil

This section provides a general description of the experimental setup with a superconduct-
ing coil. The experimental setup for measuring the PCRs and DCRs of SNSPDs as a func-
tion of the magnetic field is shown in Figure 6.1. The measurement setup includes a dip-
stick with a superconducting coil and several readout components for operation at room
temperature.
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Figure 6.1:  Simplified sketch of the experimental setup for measuring the PCR and DCR of SNSPDs as a
function of the magnetic field.

The principle of cryogenic measurement setup is similar to the setup described in previous
chapter. However, some parts of the dipstick with superconducting coil are more compli-
cated than it was used for spectral detection efficiency. The dipstick with magnet, which is
immersed in a Dewar with liquid helium consists of an insert with a superconducting coil
and a vacuum sample rod on which the SNSPDs are installed (Fig. 6.2a). The pressure in
the vacuum sample rod is adjusted by controller. In order to lead the current from the mag-
net power supply (4G) to the superconducting coil with minimum energy dissipation, the
electrical path is divided into two parts. The copper tapes integrated in the dipstick (Fig.
6.3b) lead the current from room down to stage of the coupling with HTC tapes covered
by thin copper stabilizer. The usage HTS tapes allows to reduce a total heating due to high
current though bias lines. The superconducting tape has a critical current of 84 A at 77 K
which is high enough for operation of the superconducting coil.

However, the ambient temperature should be lower than 7¢ of high-superconducting tape.

The temperature sensor is mounted on the stage of coupling for control of the ambient
temperature. The bias tee is embedded in a compact box for operation at low temperature
(Fig. 6.2¢). Taking the required frequency range of SNSPD signals (between several MHz
and several GHz) into account, the bias tee was designed using a capacitance of 12 nF and
a coil inductance of 840 nH.

The superconducting coil is specifically designed in accordance with requirements of
dimensions of components in experimental setup. First of all, the outer diameter of the coil
is limited by the diameter of the neck of the standard 60/100-liter He* transport Dewar.
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Figure 6.2:  a) Variable temperature insert with a superconducting coil and vacuum sample rod. The vacuum
sample rod is assembled in the dipstick with coil during operation. b) The stage of coupling of the
copper and high-superconducting tapes. ¢) Embedded bias-tee d) Superconducting NbTi coil with
central field up to 2 T at 4.2 K. e) Carrier board for electrical and optical components. f) Sample
holder with embedded temperature sensor on the back side, heater and SMA fiber connector for
back side illumination. g) View of top side of the holder with Hall effect sensor for control mag-
netic field.
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This restricts maximum central field of superconducting coil. The custom-designed coil is
designed for 2 T at 4.2 K operation. The operating current applied to the coil at the maxi-
mum of field is 49.3 A. In this case, field-to-current ratio is about 0.041T/A. In order to
control the magnetic field along the axis of the superconducting coil and measure the actual
field near the sample a calibrated Hall sensor with ultra-high sensitivity and wide measur-
ing range (1 mT - 2T) was mounted on the sample holder.

The sample holder was designed to fit the inner diameter of the superconducting coil which
is 31 mm. The PCB for the sample holder was done with a high-resolution photo-litho-
graphic mask and subsequent wet-etching process of printed circuit board (RogersTMM 101
substrate with 35 pm copper layer on both sides). The line impedance is matched to the
readout components and is therefore 50 Q. The heater is easily made by wiring of con-
stantan wires around the sample holder (Fig. 6.2f). The field-independent temperature sen-
sor (Lake Shore CX-1010-SD-HT-1.4L) is embedded in a sample holder. The electrical
signal from the sensor and other electrical components (heater, Hall sensor) is guided out
via twisted pairs (Fig. 6.2¢).

6.2 Magnetic-field dependence of
the performance of SNSPD

Current crowding in the bends of superconducting nanostructures not only restricts meas-
urable critical current in such structures, but also redistributes local probabilities for the
appearance of dark and photon counts. Statistical fluctuations in the form of dark counts
restrict the minimum detectable photon flux. At the inner edges of bends and turns, where
the supercurrent rounds a sharp corner, local current density increases, which causes a local
reduction of the free energy barrier for nucleation of magnetic vortices. Among different
topological fluctuations, hopping of vortices across the strip is commonly considered as a
mechanism of dark counts. Hence, bends and turns with sharp corners are places from
which dark counts most probably come. Photon counts in narrow strips are related to either
current- or fluctuation-assisted vortex crossing. In the first deterministic scenario, a photon
creates a hotspot in the strip, which forces the current density to redistribute around the
absorption site. A vortex nucleates at any point where, after current redistribution, the ve-
locity of the superconducting condensate locally achieves its critical value. Discovering
the local nature of count events has made it possible to bridge these two scenarios in the
framework of the deterministic model. However, strips in the common meander form pre-
vent one from figuring out where count events occur. Differentiating contributions from
straight portions and bends by applying a magnetic field runs into the problem that the
meander has bends with a different symmetry with respect to the directions of the current
flow and magnetic field. Chirality, i.e. the dual symmetry of turns in the meander, masks
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the expected asymmetry in magnetic fields for count events that occur in bends. Using
single bends and bridges helps to solve the problem but has its own complications, such as
resonance effects in the absorption probability for particular wavelengths and current
crowding imposed by closely spaced contacts. Furthermore, optical coupling to small struc-
tures is deteriorated.

In this section, the optical response of specially designed square-shaped spirals is studied.
They contain bends with the only one symmetry with respect to current and magnetic field
directions and have an optical coupling efficiency comparable to the meandering strips. As
a reference, circular spirals without bends are used. The manufacturing process of spiral
structures and their characterization are described in previous chapters.

6.2.1 C(Critical current

The depairing current is the critical parameter of the superconducting state, which provide
scales for measured critical currents and applied fields. The depairing current in straight
portions of the square spiral was computed in the framework of the standard Ginzburg-
Landau (GL) approach with the Bardeen temperature dependence and correction for the
extreme dirty limit (Eq. 5.1) with parameter of given film Ry, = 300 Q at 20 K,
D= 0.5 cm?/sec is the typical diffusivity of normal electrons in NbN films [16]. The width
of nanowire was measured via SEM inspection.

For the square spiral with W = 110 nm and 7¢ = 11.8 K, the depairing critical current of
129 uA was estimated at 7= 4.2 K. The experimental critical current of the square spiral
is measured in the range of 36 uA.

It is expected that, in a square spiral, current crowding at the inner corners of bends will
reduce the measured critical current of the whole spiral with respect to the critical current
of its straight parts. An external magnetic field induces screening current in bends. De-
pending on the field direction, the screening current may decrease or increase the local
current density at the inner corners of bends [65]. Figure 6.3 shows a combination of field
and current directions, which results in an increase of the local current density at the inner
corner of a bend.
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Figure 6.3:  Bend schematics and positive directions of the external magnetic field (B) and bias current (/).
These directions obey left field-current symmetry for which an increase in the magnetic field
causes the increase in the superconducting current density at the inner corner of the bend. Picto-
grams in the left box denote two possible configurations that produce this effect. Pictograms in the
right box denote configurations having right symmetry and, consequently, opposite effect on the
current density at the inner corner. The pictogram in the bend corresponds to the positive directions
of the field and current shown in the figure. The inner corner has coordinates (0; 0; 0) in the system
shown here.

The sign of the effect remains unchanged when both field and current directions are
changed to the opposite. The direction combinations, which have such an effect on the
current density, is called the combination with the left field-current symmetry. Two picto-
grams in the left box depict two combinations with the left symmetry. The crosses or points
in the circles denote two opposite directions of the magnetic field and the arrows denote
the directions of the bias current in the bend. The other two combinations will be called
combinations with the right field-current symmetry. The corresponding two pictograms are
shown in the right box. Pictograms will be using through the chapter to relate experimental
data on plots to specific combinations of field and current directions. In order to visualize
the expected effect of the magnetic field on the current density, the local density of super-
conducting current in a bend was computed in the framework of the GL formalism [101]
without a magnetic field and at a field of B = £0.005B., = 66 mT [102]. The results are
shown in Fig. 6.4 as two-dimensional contour plots. The critical current is achieved when
either the vortex barrier at the inner corner disappears [52] or the local current density at
the inner corner equals the depairing current density [103]. In both cases, one expects the
critical current to decrease with an increasing field for the left field-current symmetry and
to increase for the right field-current symmetry. The critical current was measured for all
possible combinations of field and current directions as a function of the magnetic field.
The results are shown in Fig. 6.5 for (a) the square spiral and (b) the circular spiral. The
square spiral demonstrates dependences expected for a single bend.
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Density of the superconducting current in the bend and in the adjacent straight parts of a strip (b)
without magnetic field and for the field 0.005B., with (c) the positive and (a) negative directions.
The current density is normalized to its density far from the bend at B = 0. The current distribution
was computed for the strip width of 20§ where & = 5 nm is the coherence length for NbN film. A
gray circle labeled with the letter A in the common bisector of the bend corners (panel (b)) marks
the position where the local current density does not change with the magnetic field.

1.1 T T T T T
Ly 1 (b)
1.0} am 4
1.0 . o ® ‘Q
~ = 0 £
S e @D s
) 009 @ o = e 1
= 09 1 = = a
o m ) ‘ a
- :6 L]
08k i 081 .
o o
1 1 1 L 1 1 1 1 1 0'7 1 1 1 1 1
-200 -150 -100 -50 0 50 100 150 200 -400 -200 0 200 400
magnetic field (mT) magnetic field (mT)
Figure 6.5:  a) Relative critical current of the square spiral in magnetic field for positive (open symbols) and

negative (closed symbols) current directions. Pictograms depict combination of the field and cur-
rent directions for each section of the plot. Solid straight line extrapolates to zero field the linear
decrease of the critical current with the magnetic field in the right symmetry. Vertical dashed lines
show zero field and positions of the maxima on the field axis. b) Relative critical current of the
circular spiral for different current directions. The same convention is used to mark symmetries
and current directions.

For combinations with the right symmetry, the critical current increases with the field,
reaches a maximum at Bmax = 44 mT, and further decreases. For combinations with the left
symmetry, the critical current linearly decreases with the magnetic field. This effect was
already reported for separate bends [66]. Simultaneous change of current and field direc-
tions mirrors the /c(B) curves with respect to the B = 0 line.
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6 Optical response of single-spiral SNSPD in the magnetic field

Circular spirals do not show any asymmetry of the critical current in a magnetic field. As-
suming that all bends in square spirals are identical, the analysis of Ref. [16] was applied
to find, via linear extrapolation of the field dependence for the right symmetry, the critical
current in the straight parts /co = 42uA and the reduction factor R = Ic,/Ico = 0.86 due to
current crowding. Here, /¢, is the maximum experimental critical current in magnetic
fields. The critical current in straight parts of the spiral is less than the computed depairing
current. The difference is within the range found for nanowires with similar stoichiometry
[16]. The self-field that is produced by the critical current in the middle part of spirals is
less than 0.1 mT, which is from two to three times larger than the local earth magnetic field
and almost two orders of magnitude less than typical Bmax values.

The critical current in square spirals, i.e. the current at which the superconducting state
becomes nonstable, was found from the numerical solution of the GL equations [101] in
the geometry shown in the inset in Fig. 6.6. The bends (B) where rounding is neglected,
and straight segments of the strip with edge defects (A) are separately considered. The
results are presented in Fig. 6.6 separately for the bend and for the straight segment. It was
found that the maximum of the critical current in the bend (closed symbols in Fig. 6.6)
should occur for the right symmetry at B~ 0.02B, ~ 260 mT. This is almost twice as large
as the value obtained with the London model (Eq. (17) in Ref. [65] for a sharp 90° bend.
Taking into account nominal rounding of inner corners in bends of structures /I = 0.65
and assuming that all bends are identical, it expects in the framework of the London model
that a reduction factor of R = 0.75 (Fig. 14 in Ref. [60] for the critical current in bends and
the maximum in the experimental critical current at Bmax = 65 mT (Eq. (17) in Ref. [65]).
The experimental values R = 0.86 and Bmax = 44 mT (Fig. 6.5) are reasonably close to the
predictions of the London model. Moreover, for the experimental reduction factor R = 0.86,
the London model predicts Bmax = 38 mT, which even better corresponds to the obtained
experimental value Buax = 44 mT. The remaining difference between the experimental re-
duction factor and the predicted factor, which is expected for a nominal rounding in struc-
tures, attributes to geometrical nonuniformities of the strip edges. Such nonuniformities
typically appear as a result of ion etching [104]. They slightly decrease the effective width
of strips in straight segments and increase the effective rounding radius of inner corners in
bends. To describe within the GL approach, the reduction of the critical current in straight
segments of the spiral, two identical defects were introduced at the opposite edges of model
strip (Part A of the inset in Fig. 6.6). Both defects represent a local suppression of the order
parameter in an area ¢ x ¢ adjacent to the strip edge. They reduce the critical current in the
straight strip to 80% of the depairing critical current in the strip of the same width without
defects. The dependence of the critical current in the strip with defects on the magnetic
field is shown in Fig. 6.6 with open symbols. The critical current of the spiral, which is
composed of bends and straight strips, will be limited to the smallest value of the critical
currents of these two components.
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Figure 6.6:  Relative critical current at different magnetic fields for a sharp bend in the strip with the width
W =20¢ (closed symbols) and for the straight part of such a strip with defects (open symbols). The
inset shows the geometry used for modeling: A, fragment of a straight strip with defects (not in
scale); B, sharp bend. Solid line underlines currents that appear as critical currents of a spiral con-
sisting from bends and straight strips. Vertical lines guide eyes to zero field and to the expected
maximum in the critical current of the whole spiral.

The black solid line in Fig. 6.6 shows the path that the critical current of the model spiral
should follow with a varying magnetic field. In accordance with experimental data, the
maximum in the critical current occurs at =50 mT. It corresponds to the intersection of
curves for the bend and for the straight strip. The experimental dependence of the critical
current on the magnetic field can be modelled by a different set of rounding radii in the
bend and the size of defects in the straight parts, e.g. smaller defects and a larger rounding
radius. Since it’s complicated to visualize defects, the set that was used to obtain the model
currents is rather arbitrary. However, it does not anticipate any effects of this choice on the
asymmetry in the rates of photon and dark counts in magnetic fields.

6.2.2 Dark and photon counts

The rate of dark counts in the square spiral is not symmetric with respect to the direction
of either magnetic field or current. The minimum in the magnetic field dependence of the
DCR appears for the same right field-current symmetry as the maximum in the magnetic
field dependence of the critical current. This is illustrated in Fig. 6.7a, where the DCR is
plotted as function of magnetic field for two opposite directions of bias current. Like the
critical current, the DCR is invariant for changing simultaneously both field and current
directions.
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Figure 6.7:  a) Rate of dark counts in magnetic field for two directions of the bias current with the magnitude
35 uA. The DCR for the positive current direction is shown with open symbols and for the negative
direction with closed symbols. Pictograms depict combination of the field and current directions
for each section of the plot. Dashed vertical lines are to guide the eyes; they show field positions
of the minima in the DCR and zero field. b) Magnetic field dependencies of the DCR for different
positive bias currents. Values of the bias current are specified in the legend. Vertical dashed line
shows the location of the minimum on the field axis.

Noticeably, the minimum in DCR occurs at a field of approximately 25 mT, which is
smaller than field corresponding to the maximum in the critical current. An increasing the
bias current does not affect the position of the minimum in the DCR but makes it more
pronounced and sharp (Fig. 6.7b). In circular spirals, the PCR and DCR were found to be
symmetric with respect to magnetic field and current directions for any fields and currents
(Fig. 6.8).
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Figure 6.8:  The dependence of PCR at 600 nm (green dots), 1500 nm (bro wn dots) (left graph) and DCR
(right graph) on magnetic field of the circular spiral SNSPD biased at the current indicated in the
legend.
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6.2 Magnetic-field dependence of the performance of SNSPD

Although, similar to the DCR, the rate of photon counts exhibits an asymmetry separately
with respect to field and current directions, the effect of field and current appears more
complicated [CSL+15]. First, the strength of asymmetry in the photon count rate (PCR)
depends on the photon energy.

Figure 6.9 shows the rate of photon counts in magnetic fields for three wavelengths: 1400,
800, and 500 nm, and different bias currents. As reported earlier [44], the change in the
PCR, which is produced by the same magnetic field, decreases with the decrease of the
wavelength and varies from two orders of magnitude for the wavelength 4 = 1400 nm to
tens of a percent for 4 = 500 nm. For each wavelength, an increase in bias current reduces
the amount of PCR variation in the magnetic field. Although, like the DCR, PCR is also
invariant for simultaneously changing the directions of both field and current, the asym-
metry in the PCR qualitatively differs from the asymmetry in the DCR. Remarkably, the
minimum in the PCR appears for the left field-current symmetry Fig. 6.10a and not for the
right symmetry, as it is found for the DCR. In other words, for the same current direction,
the minimum in the PCR is shifted in the opposite direction on the field axis as compared
to the minimum in the DCR.
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Figure 6.9:  The dependences of rate of photon counts on magnetic field for square spiral SNSPD at different
wavelengths: 500 (green dots), 800 (red dots) and 1400 nm (black dots).
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Figure 6.10: a) Rate of photon counts (red dots) measured at L = 1400 nm and dark counts (black dots) in

magnetic field of the square spiral SNSPD. Vertical dotted line marks the locations of the mini-
mum PCR. b) Rate of photon counts of square spiral biased at different current indicated in legend

in magnetic field for 800 nm wavelength.

For the wavelength 1400 nm at the field which corresponds to the minimum dark count
rate (B =-25 mT), PCR becomes three times larger than PCR at B =0 T. This leads to a
five times enhancement of the single to noise ratio SNR(B) = PCR(B)/DCR(B) of the de-

tector in a magnetic field (Fig. 6.11).

The SNR is a crucial parameter of the detector which determines the minimum detectable
photon flux. The absolute values of the field at the PCR minima for 4 = 1400 nm are ap-
proximately 17 mT, which is less than the absolute field values at the DCR minima.
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Figure 6.11:
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6.2 Magnetic-field dependence of the performance of SNSPD

The asymmetry in the PCR is more pronounced for large wavelengths and small currents
and disappears completely for wavelengths smaller than approximately 600 nm. For the
wavelength 800 nm, the asymmetry is still distinguishable (Fig. 6.9). Within experimental
accuracy, any asymmetry wasn’t found for the wavelength of 500 nm (Fig. 6.9) as well as
in the PCR dependences on the magnetic field for the circular spirals. The effect of an
external magnetic field on the critical current and rates of dark and photon counts, which
is described above, makes it possible to come to certain conclusions without invoking the
qualitative microscopic analysis. Excluding a large single defect somewhere at the strip
edge in the square spiral, it has to accept that any dark or photon count event, whose rate
is asymmetric with respect to the direction of either field or current alone, comes from the
bends in the spiral. For the critical current, the field effect was already demonstrated in
experiments on single-bended strips [66]. The maximum of the experimental critical cur-
rent in magnetic fields is achieved when critical current in the bend equals critical current
in the straight parts of the strip. For count events in a straight strip, any microscopic model
would predict symmetric field or current dependencies of corresponding rates because the
strip itself and the absorption probability for photons are both symmetric over the midline
of the strip, and the distributions of the current density and the magnetic field in the strip
have even and odd symmetry, respectively, with respect to the midline. Hence, when the
field or current direction changes, this will not affect the critical current and count rates,
which should remain unchanged. The square spiral consists of straight strips and bends.
Therefore, any asymmetry may come only from bends. Indeed, in circular spirals where no
sharp corners are present, and the rounding radius of the spiral is much larger than the strip
width, no asymmetry was observed. Furthermore, a weak asymmetry in the DCR with re-
spect to the field direction has been observed in meanders [42] that contain turns with a
different symmetry in small but non-equal numbers. Here, the net asymmetry may arise
from a slight difference between geometrical shapes of individual turns. The phenomeno-
logical explanation of the asymmetry in the DCR is straightforward. For the left symmetry
of the field current directions, the field increases the current density at the inner corner of
each bend in the square spiral. This reduces the potential barrier for vortices entering the
bend from the inner corner and, correspondingly, increases the rate of dark counts. The
field applied in the right symmetry decreases the current density at the inner corner and
decreases the count rate. When the field in the right symmetry further grows, the current
density at the outer edges of straight strips increases and reduces the barrier for antivortices.
At some field, they begin to dominate the net count rate, and the DCR starts to increase.
Somewhere at an intermediate magnetic field, the DCR drops to a minimum. Since the rate
of events from straight segments is symmetric with respect to the field direction and has a
different field dependence as compared to the rate of events from bends, the net rate may
have the minimum at a field smaller than the field that maximizes the critical current. In-
tuitively, one would expect the same kind of asymmetry for the rate of photon counts.
However, this expectation silently postulates that photon and dark counts undergo the same
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microscopic scenario. This is not necessarily the case. Recently, it has been found that the
microscopic scenario of photon detection as well as the detection efficiency may differ
locally [24], [105], [106]. Let’s consider the point on the common bisector of both corners
in the bend close to its midline, e.g. point A in Fig. 6.4b. In the absence of an external field,
the current density at the selected point is less than at the inner corner. The photon that is
absorbed at this point creates a hotspot. The hollow in the order parameter forces the su-
percurrent to flow around and increases velocity of the condensate at the edges of the
hotspot [105]. An external field in the left symmetry will decrease the current density lo-
cally around the hotspot. The photon is counted as a photon event if either the velocity
locally reaches the critical value and a vortex-antivortex pair (VAP) appears or a vortex
enters the hotspot from any side and then moves to the opposite one. Hence, an increasing
field either disables VAP appearance or increases the barrier for the vortex around the
hotspot. The local PCR decreases either way. Obviously, the field applied in the opposite
direction causes an increase in the local PCR. The net effect crucially depends on the dis-
tribution of the photon absorption probability in the bend and on the bias current.

Model

Although dark counts are generated everywhere in the spiral, the rates per unit length (local
DCR) depend crucially on the ratio between the local critical current and the bias current.
The local DCR is proportional to exp(—oF/(ksT)) where JF is the local height of the barrier
for vortex entry. In the framework of the London model for bias currents /,<<Ic, the barrier
scales with the difference between the local critical current and the bias current
OF « oI = Ic(B) — I [100]. Therefore, for fields B > 0.005B, the local DCR in bends will
be much higher than the local DCR in straight strips. The total DCR in the spiral will de-
pend on the relative weight of bends and straight strips. However, since the local DCR in
strips is symmetric with respect to the direction of the magnetic field, the presence of any
asymmetry in the magnetic field dependence of the total DCR ensures the nonvanishing
contribution of bends to the generation of dark counts. To quantitatively compare experi-
mental results with the model calculations, the depairing current in the GL model is iden-
tified with the critical current in the straight strips in a zero magnetic field. Taking a 20%
reduction of the model critical current in straight strips due to defects into account, it arrives
at Iy/Ic9P = 0.68 for the bias current, which is used for the DCR measurements. This relative
bias current is marked with the straight dashed line in Fig. 6.6. If bends noticeably contrib-
ute to the total DCR, one would expect a minimum in the total DCR at a field close to
experimental value of Bumax. Plots in Fig. 6.7b confirm this expectation. There is a minimum
in the DCR around —30 mT. Slopes of the DCR versus magnetic field are different for fields
with right symmetry at B < =50 mT (fewer dark counts from bends) and for fields with left
symmetry at B > —10 mT (more dark counts from bends). Different slopes correspond to
different weights of bends and straight segments in the total DCR. Since the bends do not
dominate in the total DCR at all magnetic fields, the minimum in the field dependence of
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the DCR does not coincide with the maximum in the /c(B) dependence. Accepting the ther-
mally activated vortex crossing as the dominant photon-detection mechanism, one would
expect for the PCR the same type of asymmetry as for the DCR. Indeed, the vortex should
enter the superconductor and hotspot via the weakest place, i.e. the place where the current
density/supervelocity is maximal. This can be the inner corner of the bend, especially when
the hotspot is located close to it and the field of the left symmetry favors the entrance of a
vortex with the same polarity as in the case of dark counts. However, contrary to dark count
events, in the photon count scenario, the vortex should also exit the hotspot. The local value
of the order parameter inside the hotspot A is less than the equilibrium value A.q outside
of the hotspot. If the relative local decrease of the order parameter is small
0 = (Acg— A)/ Aeg<<1, the hotspot cannot pin the vortex, and it freely crosses the strip.
When the relative decrease is large, the hotspot pins the vortex and prevents the photon
count. Whichever of these two occurrences holds for a particular order parameter in the
hotspot depends on the bias current.

In Fig. 6.12, the current at which the vortex leaves the hotspot is plotted as a function of
the location of the hotspot in the bend. This current is called the detection current /4 Since
it ensures the photon count. Calculations are made in the framework of the modified
hotspot model with the radius of the hotspot R = 5¢ and the relative reduction of the order
parameter 0 = 0.4. One can see that, close to the inner corner, there is an area in the bend
where the small field of the left symmetry increases /4 while the field of the right sym-
metry decreases /4. This area is marked schematically in gray in the inset of Fig. 6.12.
Positions on the cut through this area at y = W/4 are circled in Fig. 6.12. Here, they span
over the interval of bias currents 0.42/4c, < I < 0.49/4cp. For any relative bias current within
this interval, only the part of the circled area where /4ot < I provides photon counts. This
active part decreases if a small positive (left symmetry) magnetic field is applied and in-
creases if a magnetic field is negative (right symmetry). Because of the uniform and con-
stant photon flux, the photon count rate increases with the increase in the area that is col-
lecting photons. Hence, the active part will deliver the PCR with the asymmetry, which is
observed experimentally. This asymmetry is inverted with respect to the “normal” asym-
metry of the DCR. Note that, in the active part, the negative magnetic field favors exiting
from the hotspot of the vortices that have entered the hotspot from the side of the inner
corner. At the outer edge of the hotspot, far from the inner corner, the negative magnetic
field increases the current density (and supervelocity) locally and decreases the energy bar-
rier for vortex exit. The inverted asymmetry exists only in small magnetic fields. This cor-
responds to experimental observation. The PCR at 4 = 1400 nm becomes symmetric for
fields larger than 100 mT (Fig. 6.9). The inverted asymmetry disappears for 0 = (Aeqg — A)/
Aeg> 0.5, which corresponds to photons with higher energy. In this case, /4 in the bend
and in the straight strip are practically equal. The inverted asymmetry also disappears when
the hotspot loses its ability to pin vortices, e.g. when ¢ < 0.3. At bias currents larger than
Lyt in straight strips, photon counts come mostly from straight strips, and the PCR becomes
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symmetric. Under the same conventions as for dark counts, it was found that the current
27 pA, which is used to measure the PCR at A = 1400 nm, corresponds to the model-relevant
relative bias current Iy = 0.5/4ep. This current is at the upper boundary of the current interval
where the inverted effect exists. However, since choice of the rounding radius and the size
of defects for the model dependence of the critical current on the field is not unique, the
relative bias current may have a different value. In other words, it’s complicated, within
the present model, to estimate numerically the relative weight of bends in the total rate of
photon counts. The analysis [107] based on the solution of the time-dependent GL equa-
tions has shown that photon counts generated by bends differ from those originating from
straight strips. More specifically, the overall duration of a PCR voltage pulse is smaller
when the count comes from the bend and, at small bias currents, the amplitude of a PCR
pulse from the bend is also smaller than the amplitude of the pulse from the straight strip.
A paper based on the same theoretical approach [108] predicts a similar difference between
the amplitudes of PCR voltage pulses originating from bends and straight strips with con-
strictions. With spirals, it was observed that PCR and DCR pulses with equal mean ampli-
tudes and an amplitude spread, which is much narrower than both models predict. The time
resolution of the present experiment (approximately 100 ps) does not allow to resolve the
passage of kinematic vortices. Early experiments on meander structures, which include
180° turnarounds, had demonstrated a difference between mean amplitudes of PCR and
DCR pulses as well as a decrease in the mean amplitude of PCR pulses with an increase of
the photon energy [109]. These early observations contradict the results of both models.
The reason for this discrepancy is not clear at this time. As in the case of dark counts, the
asymmetry in the PCR itself ensures a noticeable contribution of the bends to the total rate
of photon counts. It could be that the time-dependent GL equation alone cannot provide
correct (quantitative) description of this problem.

Without solving coupled GL and kinetic equations, it is not possible to state unambiguously
whether the passage of a single Abrikosov vortex or a series of kinematic vortices leaves
enough heat to create a normal resistive domain. Instead of the kinetic equation, authors of
the both models [107] solved the heat conductance equation. This approach is only quali-
tatively valid because the time for vortex nucleation is smaller than the electron-electron
inelastic relaxation time, and the usage of the effective temperature is not justified. Fur-
thermore, the local heating by a photon was reduced in the model of Ref. [107] by the
choice of the coefficient, which describes heat transfer from electrons to phonons. Its value
was larger than the typical value in NbN films. With a more realistic value for this coeffi-
cient [108], one finds that the photon absorbed near the bend creates a normal domain at a
smaller current than that required for generating photon count in the straight strip.
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Figure 6.12:  Detection current as a function of the positions (x) of the hotspot distances y = #/4 from the inner
corner of the bend without magnetic field and for the magnetic field B = 0.005B., with opposite
directions. Positive magnetic field corresponds to the left symmetry. Coordinate system is shown
in the inset in the panel. The inset in panel sketches the bend and the area (gray spot) where /g is
increased/decreased by small magnetic field of the left/right symmetry. The cut through this area
at y = /4 is marked with a blue dashed circle in the panel. Horizontal straight lines on graph show
boundaries for bias currents within which the effect exists.
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Figure 6.13:  Detection current as a function of the positions (x) of the hotspot distances y = 0 from the inner
corner of the bend without magnetic field and for the magnetic field B = 0.005B., with opposite
directions. Positive magnetic field corresponds to the left symmetry. Horizontal lines 7, = 0.5/4c
show the nominal value of the bias current used to measure the PCR for the wavelength 1400 nm.

111



6 Optical response of single-spiral SNSPD in the magnetic field

The theoretical considerations presented above are based on a relatively simple micro-
scopic model of the hotspot [55]. The actual profile of the order parameter in the hotspot
may differ from the assumption of this model that will quantitatively influence the pinning
ability of a hotspot and the detection current. Furthermore, it’s complicated precisely relate
the bias current in the experiment to the particular relative bias current in the GL model.
Therefore, the contribution to the net PCR from different parts of the bend remains largely
undefined. For the bias current /y = 0.5/4p, the hotspot positions around the geometric bor-
der between the bend and the straight strip (y = 0, Fig. 6.13), which contribute to the net
PCR, occupy an even larger area than the active positions in the central part of the bend.
The positions at 0 < x/& < 5 contribute with inverted asymmetry, whereas positions at
5 < x/£ < 10 contribute with normal asymmetry. The straight strips contribute symmetri-
cally to the PCR at any bias current. Therefore, they smear out the shift of the minimum in
the PCR to either side. The net PCR from all these areas may well be symmetric or show
slight asymmetry. This interplay of photon counts from different parts of the spiral is fur-
ther modified by the probability of photon absorption. This probability was computed for
plane waves with three different polarizations. The probability of the photon absorption at
a particular location is identified with the relative density of the high-frequency current,
which is induced in the structure by the plane wave at normal incidence. Simulations were
carried out with the software COMSOL [110], which uses the finite-element method. To
verify that the simulation results were not affected by numerical instabilities or similar
problems, the results obtained with COMSOL was compared to similar simulations done
with the software Lumerical [111]. The latter is based on the finite-difference time-domain
method. The results provided by these two techniques almost coincide. The COMSOL
software solves numerically Maxwell’s equations in the frequency domain. The spiral is
modeled by its specific geometry and is represented by its frequency dependent dielectric
function. The calculations lead to an accurate theoretical treatment of the problem, and the
results automatically include surface plasmons if they are excited. Therefore, no further
separate analysis of surface plasmons is necessary. In all simulations, a maximum mesh
size of 7 nm and a complex dielectric function for NbN films in the normal state [23] were
used. By comparing simulation results for a separate strip with a bend with the results for
the whole spiral, it was confirmed that there was no crosstalk between adjacent strips via
evanescent fields. The results are shown in Fig. 6.14 as grayscale plots.

They present relative current density in the equatorial surface of the bend at the frequency
of the incident wave. For polarizations along the x or y axis (Fig. 6.14c), approximately
half the bend is active in absorbing photons. The absorption probability is evenly distrib-
uted between hotspot positions, providing photon count rates with different asymmetries.
The polarization at 45° is seen differently by adjacent bends. The two possibilities are
shown in Figs. 6.14a and 6.14b.
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Figure 6.14: Relative probability of photon absorption in the bend and adjacent portions of the straight strips
for the wavelength 1400 nm and different polarizations. Red (dark) color corresponds to the largest
local probability. Blue curved lines circle the area that delivers the PCR with the inverted asym-
metry. Black arrows show directions of currents that are excited in the bends by continuous elec-
tromagnetic waves. Polarization directions of the incident waves are shown with the empty arrows

The polarization along the bisector (Fig. Figs. 6.14a) delivers more photons to positions,
providing normal asymmetry; whereas photons with perpendicular polarization (Fig.
6.14b) are more strongly absorbed at positions, providing inverted asymmetry. The net
effect of the absorption probability on the asymmetry in the PCR seems to be very weak.
In structures that include bends with single symmetry, the rates of photon and dark count
events are asymmetric with respect to the direction of the external magnetic field and, sep-
arately, to the direction of the current. This asymmetry is associated with the asymmetry
of the current crowding in the bends. Applying a simplified microscopic GL model, it has
shown that count events, which provide asymmetry, come from bends while the rate of
events coming from straight strips remains symmetric with respect to field and current
directions. The microscopic scenario of the photon count event with intermediate pinning
of the magnetic vortex in the hotspot explains the faint effect of the inverted asymmetry in
the count rate for low-energy photons at small fields and currents. It has also shown that,
at large magnetic fields and currents, the asymmetry in the rate of photon counts disappears
as it is predicted by theoretical model.

6.2.3 Spectral detection efficiency

Although all models of single-photon detection of SNSPD (considered in chapter 2) pre-
dicts broadening of hot-spot spectrum with increase of the ratio Ic/Ic%P, the effect of exter-
nal magnetic field on detection of single photons is poor theoretically presented. No exper-
imental verifications of this prediction have been reported. Obviously, the critical current
of SNSPD deteriorate when external magnetic field is applied. It was experimentally
demonstrated on SNSPD in form of meander [44] and nanodetector [112]. Due to the dual
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6 Optical response of single-spiral SNSPD in the magnetic field

symmetry of meander layout and absence of symmetrical and asymmetrical turns in the
nanodetector, the supercurrent cannot be enhanced by reduction of current crowding in
bends. The specially designed square spiral layout with only one symmetrical turns is ap-
propriate for applying of external magnetic field.

For an investigation of the magnetic-field dependence of critical currents, Ic(B), magnetic
fields up to 2 T were applied perpendicular to the spiral plane Fig. 6.15a. The measured
critical current of detector made by negative-PMMA lithography with width of the nan-
owire W =90 nm at B=0 T is Ic =48.2 pA. The critical current was also measured for
both field and current directions as function of the magnetic field at 7= 4.2 K. The square
spirals revealed a dependence expected for single bends [66].

The measured critical current of the structure is reduced by current crowding [60] at the
inner corners of bends with respect to the critical current of the straight parts. An external
magnetic field induces screening current in bends. If screening current and bias current
have opposite directions the field leads to a decrease of the local current density at the inner
corners. This situation is demonstrated in Fig. 6.15b. The positive critical current (black
dots) increases for negative magnetic fields, reaches a maximum at Bmax = -56 mT and fur-
ther decreases. The same effect was achieved when the directions of both field and current
are changed to the opposite (Fig. 15b, red dots). The maximum of the critical current in
magnetic field is found to be 12% higher than /c(0).
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Figure 6.15:  The dependence of the critical current on magnetic field of a square spiral SNSPD for positive
(black symbols) and negative (red symbols) current directions.
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In order to investigate the Ac(B) — dependence, the measurement of spectral detection effi-
ciency from 400 up to 1100 nm wavelength has been done in magnetic fields. The detector
was illuminated from the back side. In all measurements, the relative bias current was con-
stant 0.95/c(B). The detector has a cut-off wavelength of only 540 nm at 0 T with corre-
sponds detection efficiency in the range of 12% (Fig. 6.16a). In the maximum /c which
corresponds to Bmax = 56 mT, the detection efficiency grew up to 20 %. The hot-spot spec-
trum was broadened to 721 nm wavelength which corresponds 34% increase of cut-off
wavelength. Although the critical current of detector is the same at B = 28 mT and
B =115 mT (Fig. 6.16b), the spectral cut-off wavelengths were found as 636 and 574 nm
for smaller and higher magnetic field, respectively. The detection efficiency at these field
is similar in the hot-spot region while the difference in DE is about 2 times at 1100 nm

wavelength.
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Figure 6.16:  a) The dependence of the critical current on magnetic field of a square spiral SNSPD. The yellow
points indicate the field chosen for measurement the spectral detection efficiency. b) The spectral
detection efficiency of the square spiral SNSPD in the magnetic field indicated in the legend. The
detector biased at the current 0.95/c(B).
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Figure 6.17:  The dark count rate versus relative bias current presented for different magnetic fields indicated
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6 Optical response of single-spiral SNSPD in the magnetic field

The event of dark counts was investigated in magnetic fields by measuring at bias current
from 0.9 up to 0.99/c(B). The minimum of dark counts was found at 56 mT, which corre-
sponds the maximum /c(B). This result again confirms the assumption that, bends and turns
with sharp corners are places from which dark counts most probably come. With applying
a magnetic field, dark counts decrease till DCR(Bmax). At B =115 mT, the rate of the dark
count is similar to DCR(0 T).

6.3 Summary

Using structures in the form of a square spiral, where all bends have the same symmetry
with respect to the directions of bias current and external magnetic field, it was shown that
areas around the bends largely contribute to the rate of dark counts and to the rate of photon
counts at small photon energies. The minimum detectable photon flux was decreased by
applying external magnetic field to the detector. The minimum in the rate of dark counts
reproduces the asymmetry of the maximum in the critical current as a function of the mag-
netic field. Contrarily, the minimum in the rate of photon counts demonstrates opposite
asymmetry. The asymmetry of PCR and DCR is associated with the asymmetry of the cur-
rent crowding in the bends. Invoking handedness of the observed asymmetries and map-
ping the computed local absorption probability for photons and the local detection thresh-
old current, areas in the bends where, at low photon energies, photon counts occur is
identified. The microscopic scenario of the photon count event explains the faint effect of
the inverted asymmetry in the count rate for low-energy photons at small fields and cur-
rents. At large magnetic fields and currents, the asymmetry in the rate of photon counts
disappears as it is predicted by the theoretical model. The asymmetry in count rates is ab-
sent in circular spirals without bends.

The demonstrated effect of extending the hot-spot response spectrum by applying a mag-
netic field can be used in applications for quantum-photonic circuits. The detection effi-
ciency of a nanowire with a single bend on top of a diamond photonic waveguide can be
enhanced by an external magnetic field.
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In this thesis, approaches for the improvement of the spectral bandwidth of Superconduct-
ing Nanowire Single-Photon Detectors (SNSPD) have been studied. Nowadays, the device
technology based on superconducting nanowire is a highly promising alternative to ava-
lanche photodiodes in the area of single-photon detection. In this thesis, main investiga-
tions are focused to extend the spectral bandwidth and enhancement of detection efficiency,
especially in infrared range. The detection efficiency is limited by the absorbance of NbN
film (only ~30%). The absorbance is enhanced by variation of stoichiometry, optical cou-
pling with backside illumination of NbN one-side-polished sapphire. The absorbance of a
thick 5 nm NbN film is reached 50% in absolute value without using any additional cavity
Or mirror.

The spectral bandwidth of the detection efficiency is restricted by an exponential decay
once the cut-off wavelength is surpassed. The cut-off wavelength is partially shifted by
optimization of material properties of the superconductor. According to the theoretical
models, to improve the spectral bandwidth of an SNSPD, the ratio of the bias current to the
depairing critical current has to be increased. The maximum experimentally achievable
critical current in an SNSPD usually stays well below the theoretical limit of the pair-
breaking current.

The first reason is the suppression of the critical current due to the proximity effect in NbN
film. In this thesis, a detailed and systematic investigation of the proximity effect is per-
formed for NbN thin film strips in a wide range of the width. The proximity effect is re-
duced in bi-layer NbN/AIN in the comparison to single-layer NbN. The in-situ deposited
NbN/AIN layer has up 1 K higher critical temperature than single-layer NbN with the same
nominal thickness below 6 nm. It allows to reduce the cross-section of nanowires for im-
provement of the sensitivity to low-energy photons.

The second reason of low ratio of experimental to theoretical currents is rough edges of the
nanowire which causes a larger number of defects and correspondingly a reduction in the
experimental critical current. The usage of the negative-PMMA lithography leads to an
enhancement of both superconductivity in strips and their cooling efficiency to substrate
due to smaller roughness of edges. The negative-PMMA lithography offers the following
advantages for fabrication of SNSPDs over the positive-PMMA lithography. In electron-
beam lithography, smaller thickness of the resist layer, in general, allows for writing
smaller pixels in a more reproducible manner. Therefore, further reduction of the width of
nanowires is possible with negative-PMMA process while keeping the protection proper-
ties of the resist at high enough level. While the enhancement of the critical temperature of

117



7 Conclusions

negative-PMMA nanowires is about 0.5 K, which is only 5% of the T¢ of the positive-
PMMA strips, the increase in the critical current density measured at 4.2 K is much more
significant. The latter makes the negative-PMMA technology even more attractive for op-
timization of SNSPDs. The higher critical temperature of the negative-PMMA nanowires
allows further decreasing the cross-section of the nanowire while keeping 7c high enough
for operation of SNSPD at 4.2 K. Larger critical current, which can be realized for a given
width, means larger signal-to-noise ratio (SNR) in the voltage-pulse response of the detec-
tor. A higher 7¢ corresponds to a larger energy gap. With other material parameter and
operation conditions being equal, this should reduce the value of the cut-off wavelength.
From the other side, thinner films with lower critical temperature (the critical temperature
decreases with decreasing thickness due to the proximity effect) can be used to fabricate
SNSPD for operation at a given temperature, e.g. at 7= 4.2 K. Furthermore, higher 7c is
one of the reasons for higher jc of the negative-PMMA nanowires. However, an increase
in Tc alone cannot explain the almost 40% increase in jc(4.2 K). The jc/jc*P(4.2K) ratio
for the negative-PMMA strips is approximately 0.67 (+ 3) that is noticeably larger than the
value 0.48 (£ 5) obtained for the positive-PMMA strips. According to the theoretical mod-
els of the SNSPD response an increase of this ratio should result in the shift of the cut-off
wavelength towards longer wavelengths.

Although the superconductivity in the negative-PMMA strips is enhanced the ratio
Jjcljc®P(4.2 K) is still less than one. One of the possible reasons for that can be the particular
stoichiometry of NbN films. The films were deposited at discharge parameters providing
maximum of Tc. Larger jc/jc%P(4.2 K) ratio is achieved in films with a larger relative con-
tent of Nb which, however, have slightly smaller critical temperature. Another reason is
revealed by the temperature dependence of the critical current of a nanowire. In the /c(7)-
dependence, local density of the critical current in the superconducting core of narrow
strips approaches the density of the Ginzburg-Landau depairing current. The strips with
W > 200 nm demonstrate flattening of /c(7) at low temperatures. The flattening is stronger
and begins at higher temperatures (closer to 7¢) for wider strips. The critical currents are
too low to generate a magnetic field above the penetration field, Bswop. The mechanisms of
this deviation and of the flattening of the temperature dependencies of critical current are
not fully understood yet.

The third reason of suppressed experimental current is the sharp turns of the nanowire of
detectors usually made in the form of a meander line. To overcome this issue, a single-
spiral layout was proposed as alternative geometry for SNSPD. The single-spiral technol-
ogy was developed for two types of detectors: Archimedean spiral and square spiral. All
technological steps are optimized to minimize the influence of the process of fabrication
of detectors on the superconducting properties of the films. SNSPDs shaped as either me-
ander or spirals are systematically characterized and compared. The spirals had different
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layouts, a double-spiral layout with an S-turn in the middle and a single-spiral layout with-
out such turn. For detectors of each layout, the spectra of the single-photon response were
measured in the wavelength range from 400 nm to 1600 nm and defined the cut-off wave-
length (Ac) beyond which the response rolls off. The largest and the smallest A. were found
for the single-spiral layout and for the meander, respectively. For all three layouts the re-
lationship between Ac and the relative bias current falls onto a universal curve which has
been predicted in the framework of the modified hot-spot model. For the single-spiral
detector, the efficiency of photon detection at wavelengths smaller than Ac reaches the
expected absorbance of the spiral structure and the timing jitter per unit length of the nano-
wire has the smallest value. In terms of the detection efficiency and spectral cut-off the
most important scaling factor is the critical current for the particular layout while the bends
play a minor role. Contrary, the rate of dark counts as well as the timing jitter are mostly
restricted by the quality and number of bends in the layout. The value of timing jitter
is directly related to the length of the nanowire, its kinetic inductance and the amount
of bends.

The alternative approach for improving the spectral bandwidth is to apply an external mag-
netic field to detectors in the form of a square spiral, where all bends have the same sym-
metry with respect to the directions of the bias current and external magnetic field. The
minimum detectable photon flux is decreased by applying external magnetic field to the
detector. The minimum in rate of dark counts reproduces the asymmetry of the maximum
in critical current as a function of the magnetic field. Contrarily, the minimum in the rate
of photon counts demonstrates the opposite asymmetry. The asymmetry of PCR and DCR
is associated with the asymmetry of the current crowding in the bends. Invoking handed-
ness of the observed asymmetries and mapping the computed local absorption probability
for photons and the local detection threshold current, areas in the bends where, at low pho-
ton energies, photon counts occur is identified. The microscopic scenario of the photon
count event explains the faint effect of the inverted asymmetry in the count rate for low-
energy photons at small fields and currents. At large magnetic fields and currents, the
asymmetry in the rate of photon counts disappears as it is predicted by normal-core vortex
model.

The proposed approaches for improvement of performance of single-photon detectors open
new doors for a wide range of applications. The developed techniques in frame of this PhD
work offer a range of advantages for applications of classical and quantum optics.
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Maximal pulse amplitude

Absorption efficiency

Constant parameter, gap between two lines
Magnetic field

Second critical magnetic field

Magnetic field generated by transport current at the edge of the strip
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151



Nomenclature

ol Local critical current

0 Local decrease of the order parameter
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Nomenclature

QDT Quantum detector tomography
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p(x) Resistivity (at temperature x)

S Surface

SDE System detection efficiency

SE Secondary electrons

SEM Scanning Electron Microscope

SNSPD Superconducting Nanowire Single-Photon Detector
SPAD Single-photon avalanche photodiode

T Scattering/ relaxation time constant

Trise Pulse rise time

T Temperature

Tc Critical temperature

ond Critical temperature of contact pads
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Nomenclature

t Transmittance, reduced temperature

to Temperature of the interleaving

U Voltage

0 Polar angle

Vv Volume

VAP Vortex-antivortex pair

w Width

Wsem Nominal width

Wsc Effective width of the superconducting core

Y Material and device dependent proportionality factor
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Single-photon detectors based on superconducting nano-
wires have rapidly emerged as a highly promising photon
counting technology for a wide spectral range. They have
high efficiency, low dark counts and excellent timing reso-
lution.

This work presents a comprehensive investigation of the
influence of geometry-dependent factors on performance
metrics of superconducting single-photon detectors (Super-
conducting Nanowire Single-Photon Detector, SNSPD). With
fundamental knowledge, main investigations are focused
to extend the spectral bandwidth and to enhance the de-
tection efficiency, especially in infrared range. Developed
technology of single-spiral detectors and unconventional
electron-beam lithography allows to improve the perfor-
mance of superconducting detectors. The results of the
research can contribute to integration of single-spiral SNSPD
into single photon detection system.
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