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Abstract

The first direct single infrared photon detection via superconducting electronic devices was
realized by superconducting nanowire single photon detectors (SNSPDs) in 2001. Within
nearly twenty years of development, the system detection efficiency of SNSPDs has reached
as high as 93%. SNSPDs outperform other types of single photon detection technologies in
terms of high detection efficiency, negligible dark count or false signal response, low timing
jitter, and high count rate (CR), which render them the most suitable detectors for single photon
counting experiments in the visible and near infrared range.
The detection mechanism of SNSPDs has become a hot topic already soon after its invention.
The most widely considered detection mechanism is the hotspot scenario based on a bias
current redistribution model. The absorbed photon within the nanowire creates a hotspot, which
compels the bias current into the sidewalk around the hotspot. If the bias current is large enough,
the current density in the sidewalks of the nanowire will exceed the critical current density,
which in turn transfers the whole nanowire cross section into the normal state. As a result, the
bias current is shunt into the readout circuit and a detection signal is created. A detailed analysis
of the photon energy and energy conversion efficiency suggests that the hotspot size is much
larger than that expected from the hard core model, in which a photon induced nonequilibrium
area should be a belt instead of a spot. However, this model still fails to give a perfect
description of the detection process. A more comprehensive model is based on vortex crossing,
in which the vortex entry barrier is lowered by the photon induced hotspot. Among these
different detection models, the photon induced hotspot or nonequilibrium area plays a
dominating role, and the hotspot dynamics and its size represents one of the most important
problems for understanding SNSPDs.
In order to give a quantitative description to the hotspot dynamics, we interpreted this process
into a two-stage, diffusion based quasiparticles multiplication model. Firstly, the hot electron
which absorbs the incident photon thermalizes within a short time scale and a small hot
quasiparticle core is created. Then these hot quasiparticles diffuse further away from the hard
core and a much larger hotspot is formed. From this model, the hotspot is defined as the area

1

Abstract

when the quasiparticle number reaches its maximum. Our model successfully describes the
hotspot dynamics, and the determined hotspot size is quantitatively consistent with that from
corresponding quantum detection tomography experiments. Our model particularly explains
the much smaller hotspot size in NbN based SNSPDs as compared to other materials. From our
definition of the hotspot size, we are also able to give a qualitative description of the
temperature dependence and photon energy dependence of the detection efficiency.
Moreover, we measured the transport parameters for WSi materials, which are the most
fascinating materials for SNSPD fabrication. Besides the smaller superconducting energy gap
(the incident photon can create more quasiparticles), amorphous WSi superconductors have a
much larger coherence length as compared with NbN, which makes WSi based SNSPDs more
robust against the constrictions introduced by the nano-fabrication. Moreover, the larger
magnetic penetration depth in WSi leads to a suppressed vortex entry barrier, which make the
WSi based SNSPDs more sensitive to the low energy photons. Finally, the most striking
characteristics of WSi is their long lifetime of quasiparticles, which results in a much larger
hotspot.
Based on the understanding of WSi materials, we successfully introduced the WSi materials
into the continuous single X-ray photon detection. Firstly, the amorphous nature of WSi makes
it more robust against the high energy X-ray irradiation when compared with the semiconductor
detectors and crystalline superconducting detectors. Secondly, the heavy tungsten element of
WSi X-SNSPDs improves the absorption efficiency. Finally, the hotspot created by the X-ray
photons must be much larger in WSi than NbN or TaN. The fabricated W0.8Si0.2 X-SNSPD has
a critical temperature of 4.97 K, and it is able to be operated up to 4.8 K, just below the critical
temperature. The detector starts to react to X-ray photons at relatively low bias currents, less
than 1% of Ic at T = 1.8 K, and it shows a saturated count rate as a function of bias current at
all operating temperatures, indicating that the optimum internal quantum efficiency can always
be reached. The dark counts of WSi X-SNSPD are negligible at the highest investigated bias
current (99% of Ic) and operating temperature (4.8 K). These remarkable performance renders
WSi an excellent suitable material for X-SNSPD applications.
Finally, we also performed magnetic field driven superconductor to insulator transition (SIT)
experiments on the W0.75Si0.25 bridges. Transport measurements reveal the localization of
Cooper pairs at a first critical field 𝐵𝑐1 (Bose-insulator), with a product of the correlation length
and dynamical exponents 𝑧𝜈~ 4⁄3 near the quantum critical point (QCP). Beyond 𝐵𝑐1
2
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superconducting fluctuations still persist. Above a second critical field 𝐵𝑐2 > 𝐵𝑐1, the Cooper
pairs are destroyed and the film becomes a Fermi-insulator. The different phases all merge at
a tricritical point with 𝑧𝜈 = 2⁄3 . Our results suggest sequential phase transitions
(superconductor - Bose insulator - Fermi insulator) in the zero-temperature limit, which differs
from the conventional scenario involving a single quantum critical point.
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Zusammenfassung

Die erste direkte Einzel-Infrarot-Photonen-Detektion über supraleitende elektronische
Bauelemente wurde 2001 durch supraleitende Nanodraht-Einzelphotonen-Detektoren
(SNSPDs) realisiert. Innerhalb von etwa 20 Jahren der Entwicklung hat die SystemDetektionseffizienz der SNSPDs Werte bis zu 93% erreicht. SNSPDs übertreffen andere Typen
von

Einzelphotonen-Detektor-Technologien

durch

hohe

Detektionseffizienz,

vernachlässigbare Dunkelzählraten oder falsche Signal-Antworten, kurzer Zeit-Jitter und hohe
Zählrate, die sie zu den passendsten Detektoren für Einzelphotonen-Zählungs-Experimenten
im Sichtbaren und nahinfraroten Bereich machen.
Der Detektionsmechanismus der SNSPDs wurde zu einem heissen Thema nach seiner
Entdeckung. Der am meisten betrachtete Detektionsmechanismus ist das Heisspunkt(“hotspot”) Szenario basierend auf einem Basisstrom-Umverteilungsmodell. Das absorbierte
Photon erzeugt innerhalb des Nanodrahtes einen “hotspot”, welcher den Basisstrom an die
Seitenwände um den “hotspot” herum zwingt. Falls der Basisstrom gross genug ist, übersteigt
die Stromdichte an den Seitenwänden des Nanodrahtes die kritische Stromdichte, welche nun
den ganzen Nanodrahtquerschnitt in den Normalzustand überführt. Als Ergebnis wird der
Basisstrom in die Auslse-Elektronik abgeleitet und ein Detektionssignal wird erzeugt. Eine
detaillierte Analyse der Photonenenergie und der Energiekonversionseffizienz weisen darauf
hin, dass die Grösse des “hotspot” viel ausgedehnter ist als durch das Hartkernmodell erwartet
wird, in welchem das photoneninduzierte Ungleichgewichtgebiet ein Band ist anstatt eines
Punktes. Allerdings scheitert dieses Modell daran, eine perfekte Beschreibung des
Detektionsprozesses zu geben. Ein umfassenderes Modell basiert auf Vortexkreuzung, in
welchem die Vortexeintrittsbariere durch den photoinduzierten “hotspot” gesenkt wird.
Innerhalb dieser verschiedenen Detektionsmodelle spielt der photoinduzierte “hotspot” oder
das Nichtgleichgewichtsgebiet eine dominante Rolle, und die “hotspot” dynamik und -grösse
stellen eines der wichtigsten Probleme für das Verständnis der SNSPSs dar.
Um eine quantitative Beschreibung dieser Dynamik zu geben, interpretieren wir diesen
Prozess als zweistufiges, diffusionsbasiertes Quasiteilchenmultiplikationsmodell. Zuerst
thermalisert das heisse Elektron, welches das eintreffende Photon absorbiert, innerhalb einer
kurzen Zeitskala, und ein kleiner heisser Quasiteilchenkern wird erzeugt. Diese heissen
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Quasiteilchen diffundieren dann weiter vom harten Kern weg und ein viel grösserer “hotspot”
entsteht. In diesem Modell wird der “hotspot” definiert als Gebiet in der die Quasiteilchenzahl
ihr Maximum erreicht. Unser Modell beschreibt erfolgreich die “hotspot” dynamik, und die
erhaltene Grösse des “hotspot” ist quantitativ konsistent mit der von entsprechenden
Quantendetektionstomographie-Experimenten. Unser Modell beschreibt insbesondere die viel
kleinere Ausdehnung in NbN-basierten SNSPDs verglichen mit anderen Materialien. Durch
unsere Definition der “hotspot” sind wir auch in der Lage, eine qualitative Beschreibung der
Temperaturabhängigkeit und Photonenenergie-Abhängigkeit der Detektionseffizienz zu geben.
Ferner haben wir die Transport-Parameter für WSi-Materialien gemessen, welche die
faszinierendsten Materialien für die SNSPD-Herstellung sind. Neben der kleineren
supraleitenden Energielücke (das eintreffende Photon kann mehr Quasiteilchen kreiren), haben
WSi-Supraleiter eine viel grössere Kohärenzlänge verglichen mit NbN, welches WSi robuster
macht gegenüber den Einschränkungen, die durch die Nanofabrikation eingeführt werden. Des
Weiteren führt die grosse magnetische Eindringtiefe in WSi zu einer unterdrückten VortexEintrittsbariere, welche die WSi-basierten SNSPDs sensitiver machen für Photonen niederer
Energien. Schlussendlich ist die bestechendste Charakteristik von WSi dessen lange
Quasiteilchen-Lebenszeit, welche in viel grösseren “hotspot” resultiert.
Basierend auf dem Verständnis der WSi-Materialien führten wir erfolgreich die WSiMaterialien in die kontinuierliche Einzel-Röntgenphotonen-Detektion ein. Erstens macht die
amorphe Natur von WSi es robuster gegen die Hochenergie-Röntgenstrahlen verglichen mit
Halbleiterdetektoren und kristallinen supraleitenden Detektoren. Zweitens erhöht das schwere
Element Wolfram der WSi-Röntgen-SNSPDs die Absorptionseffizienz. Schlussendlich wird
der “hotspot”, welcher durch die Röntgenphotonen erzeugt wird, in WSi viel grösser als in
NbN oder TaN. Der fabrizierte W0.8Si0.2 Röntgen-SNSPD hat eine kritische Temperatur von
4.97 K und kann bei bis zu 4.8 K betrieben werden, knapp unterhalb der kritischen Temperatur.
Der Detektor beginnt bei relativ niedrigen Basisströmen auf Röntgenphotonen zu reagieren,
weniger als 1% von Ic bei T = 1.8 K, und zeigt eine gesättigte Zählrate als Funktion des
Basisstroms bei allen Betriebstemperaturen, was zeigt, das die optimale interne
Quanteneffizienz immer erreicht werden kann. Die Dunkelzählraten von WSi-RöntgenSNSPDs sind vernachlässigbar beiden höchsten untersuchten Basisströmen (99% von Ic) und
Betriebstemperaturen (4.8 K). Diese bemerkenswerte Leistung macht WSi ein exzellent
geeignetes Material für Röntgen-SNSPDs.
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Schlussendlich führten wir experimente an magnetfeldgetriebene Supraleiter-IsolatorÜbergängen an W0.75Si0.25 Brücken durch. Transportmessungen offenbaren die Lokalisierung
von Cooperpaaren bei einem ersten kritischen Feld 𝐵𝑐1 (Bose-Isolator), mit einem Produkt der
Korrelationslänge und des dynamischen Exponenten 𝑧𝜈 = 4⁄3 nahe des quantenkritischen
Punktes. Oberhalb von 𝐵𝑐1 bestehen immer noch supraleitende Fluktuationen. Oberhalb eines
zweiten kritischen Feldes 𝐵𝑐2 > 𝐵𝑐1 werden die Cooperpaare zerstört und der Film wird zu
einem Fermi-Isolator. Die unterschiedlichen Phasen vereinen sich an einem trikritischen Punkt
mit 𝑧𝜈 = 2⁄3 . Unsere Resultate legen sequenzielle Phasenübergänge (Supraleiter – BoseIsolator – Fermi-Isolator) im Null-Temperatur-Bereich nahe, was sich vom konventionellen
Szenario unterscheidet, welches einen einzelnen quantenkritischen Punkt involviert.
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1 Background of SNSPDs
A single photon is an elementary particle, namely the quantum of the electromagnetic energy
in electromagnetic radiation [1]. The energy of photons 𝐸 = ℎ𝑐/𝜆 in the visible and near
infrared range is around 1 eV, where ℎ is Planck constant, 𝑐 is the the speed of light in vacuum
and 𝜆 is the wavelength of the radiation. In order to detect such a low energy quantum, a singlephoton detector (SPD) must be an extremely sensitive device capable of sensing the quantized
electromagnetic radiation [2]. Conventional SPDs are based on photomultiplier tubes or
avalanche photodiodes, which have been used in many photon number sensitive applications
[3-15]. In recent years, due to the optical quantum information applications such as quantum
cryptography and quantum computing, the interest in photon number-resolving infrared singlephoton detectors (SPD) has increased dramatically. These applications have severe
requirements to the applied detectors: (a) the SPDs should have a broadband response; (b) the
dead time or the recovery time of the SPDs should be low enough, which ensures a high count
rate; (c) the dark counts, dark noise or false detection events of SPDs without photon
illumination should be negligible; (d) the SPDs should have high time accuracy, namely low
time jitter; (e) the SPDs should have high quantum detection efficiency. These rigorous
demands have led to considerable improvements in conventional single-photon detectors, but
the traditional photon-number-resolving detectors still cannot fulfil all these the demands
simultaneously [2].
In 2001, a new type of single photon detector was proposed by Gol’tsman et al. [16], which
is called superconducting nanowire single photon detector (SNSPD), also referred to
superconducting single photon detector (SSPD). SNSPDs offer single-photon sensitivity from
visible to mid-infrared wavelengths, low dark counts, short recovery times, low time jitter, and
high detection efficiency up tp 93% [17-25], rendering them the most promising single photon
detector for quantum information applications [26-32].
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1.1 SNSPDs for visible and near infrared photons
1.1.1 Development of SNSPDs for visible and near infrared photons
The first SNSPD was designed and fabricated by Gol’tsman et al., which was based on
nominally 0.2 µm wide and 1 mm long microbridges patterned from ultrathin ~ 5 nm thick
NbN films deposited on a sapphire substrate [33]. The device was biased just below its
experimental critical current 𝐼𝑐 . An incident photon induces a supercurrent-assisted hotspot
formation leading to a temporary switch from the superconducting state to the hotspot resistive
state. As a result, an output voltage is generated along the 50 Ω load line. The single photon
resolution was demonstrated by observing a linear dependence of photo detection probability
on the number of incident photons. The intrinsic quantum efficiency (QE, the probability of
detecting an optical pulse containing an average of one photon incident on the device) of the
used NbN microbridge was estimated to be 20% at a bias current of 0.92𝐼𝑐 for 0.81 µm photons.
This NbN microbridge, however, had a limited sensitive area. Later, the first meander type
SNSPD was designed for timing measurements on complementary metal–oxide–
semiconductor integrated circuits by detecting the infrared light emission from switching
transistors [17]. As it is shown in Fig. 1.1, a meander type SNSPD consists of a long, 10 nm
thick, 200 nm wide NbN serpentine stripe deposited onto a sapphire substrate, which occupies
a 10 µm × 10 µm region to increase its active area. Photons are coupled to the detector with a
62.5 µm core-diameter, graded-index, multimode optical fibre. The QE of the 10 µm × 10 µm
detectors is typically 0.01%–0.2% with a bias current of 0.98𝐼𝑐 to 0.99𝐼𝑐 . The intrinsic QE of
this detector is limited by constrictions in the NbN meander stripes. Though the QE of this
detector was limited, this detector had lower jitter (< 40 ps) than any other photon counting
detector and low dark count rates (< 50 counts/s) in 2001.
After several years of development, the understanding and operation of SNSPDs have has
been greatly improved [34-48]. The detection efficiency, however, has still been limited below
10 percent [45-48]. This is due to the low absorption efficiency (the probability of an incident
photon being absorbed by the superconducting material). In order to enhance the photon
absorption, researchers considered to embed the SNSPDs within an optical cavity [49, 50]. In
Fig. 1.2, we show two similar designs integrated with an optical cavity and anti-reflection
coating (ARC) to reduce loss of photons from reflection and transmission by two different
research groups.
8
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Fig. 1.1: The meander type 15 µm × 15 µm AFM image of a superconducting single-photon
counting detector [17].
With the detector shown in Fig. 1.2(a), the device detection efficiency (DDE) for 1550 nm
photons have been increased from ~ 20% to ~ 60% after the integration of an optical cavity
and ARC [49]. The detector QE of the device shown in Fig. 1.2(b) at the resonant wavelength
increased by factor of 3 to 4 as compared to that of a detector without microcavity. After the
fibre coupling (with an estimated photon coupling efficiency of 30%), the whole detection
system finally showed a system detection efficiency (SDE) of ~1% [50].

Fig. 1.2: Schematic structure of two similar optical resonant cavities integrated with the SNSPD
for enhancing the photon absorption probability. In (a), the negative resist hydrogen
silsesquioxane (HSQ) is used for electron beam lithography [49], while poly-methyl
methacrylate (PMMA) is adopted in (b) [50].
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Besides the improvement of the photon absorption probability, devices with the same
geometry still showed huge variations of their detection performance. As it is shown in Fig.
1.3(a), Andrew J. Kerman et al. measured more than 100 devices with nominally identical
device geometry [51]. From the DDE vs 𝐼𝑏 ⁄𝐼𝑐 , the best device began to respond to the incident
photons at relatively low current. Moreover, the DDE of the best device was even two orders
of magnitude higher than that of the worst devices at the same bias current. Through both
electrical and optical measurements, they inferred that these DDE variations arose from
“constrictions”, i.e., localized regions of the nanowires where the effective cross-sectional area
for the superconducting current is reduced. In the remaining uniform nanowire area, the bias
current density 𝑗b is much lower than the local superconducting depairing current 𝑗𝑐𝑑 , and the
DDE is therefore suppressed since it is strongly dependent on 𝑗𝑏 ⁄𝑗𝑐𝑑 . As a result, for a
constricted SNSPD, only the constricted areas are active to the incident photons, which in turn
limits the DDE to a relatively low value.
This conclusion was examined by a submicrometer photoresponse mapping experiment [52].
Robert H. Hadfield et al. used a confocal microscope configuration and solid immersion lens
to achieve a light spot size of 320 nm at 470 nm wavelength, which is significantly smaller
than the device area (10 µm × 10 µm). The mapped photon response for a good SNSPD and a
constricted SNSPD are shown in Fig. 1.4. The device with higher detection efficiency showed
a uniform response, while the constricted device was limited by a single defect or constriction
[52].

Fig. 1.3: Statistics in SNSPDs detection efficiency [51]. (a) Histogram of the DDEs measured
for 132 devices. (b) Measurements of DDE vs normalized bias current for selected devices.
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Though different materials and optical cavity structures (the role of materials will be discussed
in next subsection) have been adopted in SNSPDs design and fabrication, the SDE of SNSPDs
has not been significantly improved in the first 10 years after the invention of SNSPDs [53103]. A significant improvement of SDE for SNSPDs was not realized until the introduction
of tungsten silicide (WSi) into the SNSPDs fabrication [19].
So far the highest SDE at 1550 nm was achieved in an amorphous WSi based SNSPDs [19].
Since the amorphous WSi is homogeneously disordered, WSi superconducting nanowires are
more robust with respect to constrictions, local uniformities, and film thickness variations than
NbN nanowires, which in turn allows for the fabrication of larger-area devices. Moreover, WSi
can be deposited on a variety of substrates, such as glass or photon resist, which lowers the
degree of freedom in optimizing the optical coupling and the absorption of the detectors [104].
Finally, WSi SNSPDs based on nanowires as wide as 150 nm have shown saturated SDE versus
𝐼𝑏 curves (the corresponding bias current 𝐼𝑠 is defined the current beyond which the SDE or
DDE no longer increase with 𝐼𝑏 ; the region 𝐼𝑠 < 𝐼𝑏 < 𝐼𝑐 is therefore called as saturation region)
in the near-infrared, because the size of the photon-induced perturbation of the superconducting
state (namely the hotspot) is larger in WSi than in NbN [19, 76].

Fig. 1.4: Photoresponse signatures of nanowire SNSPDs for (a) high detection efficiency
device and (b) low detection efficiency device [52].
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1.1.2 Materials for SNSPDs fabrication
1.1.2.1 Niobium nitride (NbN)
During the early stage of SNSPDs research, NbN was the main choice of materials for the
SNSPDs fabrication due to the feasibility of depositing very thin films (4 nm thick) required
for SNSPDs. However, the NbN films in the range of several nanometers thickness are always
in a granular state. A small granule is in the superconducting state only when the average
spacing between the energy levels of electrons δε inside the granules is less than the
superconducting energy gap ∆,
𝛿𝜀 = (𝑔0 𝑏 3 )−1 < ∆.

(1.1)

Here 𝑔0 is the density of states at the Fermi level and 𝑏 3 is the average volume of the granules.
The minimum size of granules is therefore specified through 𝛿𝜀~∆. Thus the critical size of an
isolated granule can be written as
𝑏𝑐 = (𝑔0 ∆)−1/3.

(1.2)

When the size of a granule 𝑏 is smaller than 𝑏𝑐 , it cannot be in the superconducting state by
itself. For granular superconductors, with sufficiently large granule size, the transition to
superconducting state within the granules occurs at the same temperature as that in the bulk
materials, but the behavior of the entire thin film as a whole depends on the interaction between
the granules [105]. The current flowing through granular films corresponds to the tunnelling
current between two superconducting granules, consisting of two components: the
superconducting Josephson current of Cooper pairs, and a single particle dissipative current.
The Josephson current can be suppressed for various reasons; in particular, it is suppressed by
fluctuations [105].
As a result, good superconducting properties of NbN films are achieved only in crystalline
films [106], which are affected by crystal defects, limiting (i) the fabrication yield of large-area
devices, (ii) the choice of substrates for fabrication and (iii) the design parameters of optical
structures that can enhance absorption in the nanowires. Furthermore, although the 30- and 20nm-wide NbN nanowires have demonstrated a saturated detection efficiency at 1550 nm, the
fabrication of uniform NbN SNSPDs with a large area based on such narrow nanowires remains
challenging [19].
12
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In order to achieve homogeneous NbN thin films with good quality, researchers have tried to
deposit NbN on various substrates. Commonly, nanometers thick NbN is deposited on sapphire
substrates above 750 ℃ by reactive magnetron sputtering [45, 49]. Great effort has been
devoted to the film growth, aiming at improving their critical temperature and critical current
density, while keeping the film thickness around 5 nm. With respect to the film growth, MgO
and R-plane sapphire are usually considered as the most suitable substrates since the lattice
mismatch with NbN is small (aMgO = 4.212 Å, aNbN ~ 4.39 – 4.46 Å, asapphire = 4.763 Å). In
order to improve the film quality for the SNSPDs fabrication, Lamaestre et al. deposited NbN
on different sapphire orientations. They found that the growth on M-plane sapphire at 600℃
showed the highest Tc of the films. The uniform 4.4 nm thick NbN film (indicated by X-ray
reflectivity) showed a Tc as high as 13.3 K and a Tc of 7.8 K for 2.6 nm thick films [107]. Such
high depositing temperatures, however, are not compatible with the fabrication of detectors on
substrates that enables integration with optical elements such as waveguides, cavities or Bragg
reflectors.
As an alternative to sapphire substrates, single-crystalline MgO substrates have the same
cubic lattice structure and a very similar lattice constant as NbN, which allows for epitaxial
growth from the initial layer and excellent superconductivity when compared to non-epitaxial
NbN thin films on other substrates. Miki et al. tried to deposit and fabricate detectors on singlecrystalline MgO substrates, and measurements of the kinetic inductance versus bias current
indicated that the constriction density of SNSPDs was low [108, 109]. The QE of these devices,
however, still remained at relatively low values. Later, Marsili et al. also deposited NbN on
MgO at 400℃ and a QE of 20% for 1300 nm photons was achieved at 4.2 K [110, 111].
In order to make a good optical and electrical coupling with semiconductor devices, SNSPDs
need to be fabricated on semiconductor materials, for instance, on GaAs. However, due to As
outgassing, the GaAs substrates are not suitable for high temperature deposition [112]. During
the deposition of NbN on GaAs distributed Bragg reflectors, the substrate temperatures were
usually kept at 350 - 400℃, and a good detection performance was realized [74, 113-115].
Finally, besides the substrates mentioned above, lithium niobate and silicon substrate with a
TiN buffer layer are also good substrate candidates for NbN based SNSPDs [116, 117].
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1.1.2.2 Niobium titanium nitride (NbTiN)
The conditions for deposition of NbN and the substrate materials were limiting a large area
NbN device fabrication. Compared with NbN material, the introduction of Ti into the NbN
system can lower the energy for crystallization, and the NbTiN can be deposited at relatively
low substrate temperature. In order to enable an easy integration in advanced electronic circuits,
Dorenbos et al. fabricated NbTiN SNSPDs on Si, which showed a bulk Tc of 15 K, slightly
lower than the bulk NbN with good quality, ~ 17 K. They found that SNSPDs made of NbTiN
showed a reduced dark count rate by a factor of 10 as compared to identical NbN detectors,
and matched the quantum efficiency of NbN detectors, leading to an improved signal-to-noise
ratio [118]. Moreover, high quality NbTiN films have also been deposited by reactive dc
magnetron sputtering at room temperature on a Si substrate with a 225 nm SiO2 layer [119],
with a resulting DE of 23.2% and 1 kHz dark count rate at 1310 nm [70].
Besides Si substrates, NbTiN can also be easily deposited on MgO. When compared with
NbN, epitaxial NbTiN thin films on MgO substrates have better superconducting properties
and a more favorable crystal structure as compared to epitaxial NbN thin films since the lattice
mismatch of NbTiN on MgO substrates is smaller than that of NbN (with the same depositing
conditions, aNbN ~ 4.5 Å, aNbTiN ~ 4.4 Å). Miki et al. successfully deposited 3.5-nm-thick
Nb0.8Ti0.2N films with comparable 𝑇𝑐 to NbN, and the resistivity of NbTiN at 20 K was lower
than NbN thin films. It is interesting to note that NbTiN based SNSPDs have a 25% lower
kinetic inductance than NbN-SNSPDs, which indicates faster operation of NbTiN SNSPDs
[120].
1.1.2.3 Amorphous superconductors
Amorphous superconductors are perfectly suitable for the fabrication of on-chip
superconducting devices. The degradation of fabricated superconducting nanoscale devices is
much less pronounced than that based on crystalline materials, and the amorphous nature
makes the film robust down to a thickness of 1 nm [121, 122].
In 2011, Baek et al. were the first to utilize amorphous WSi as the absorbing medium instead
of NbN or NbTiN for the SNSPDs fabrication. The bulk WSi films have a Tc of 5 K, but it
reduces to around 4 K in 4 – 5 nm thick thin films. This material is able to overcome the
limitations of the prevalent detectors based on NbN and lead to more practical single-photon
detectors with high efficiency, low noise, and high count rates [76]. A uniform detector with a
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practical sensitive area as large as 16 μm × 16 μm was prepared. A significant improvement
of WSi SNSPDs was that it showed a broad saturated DDE with bias current and over a wide
wavelength range of 1280 - 1650 nm [76]. Afterwards, by embedding the WSi detector into an
optical cavity, the highest ever reported SDE of 93% was observed in WSi [19], as it is shown
in Fig. 1.5.

Fig 1.5: The optical cavity structure (a) and the SEM picture (b) of the WSi meander (top) and
a single nanowire (bottom) adopted in Ref. [19]
Besides the high detection efficiency achieved with WSi due to its amorphous nature, WSi
can even be deposited on photon resist. Verma et al. demonstrated vertically stacked two-layer
WSi SNSPDs, which were electrically connected in parallel to form a three-dimensional
superconducting nanowire avalanche photodetector (SNAP) [82]. This SNAP nanowire
architecture in three-dimensions represents a significant advancement in single-photon detector
technology. The optical stacking and using a high-fill-factor nanowire meander allowed for an
SDE approaching 100%. Meanwhile, the intrinsically polarized optical response for SNSPDs
could also be eliminated [82].
Though an ultrahigh SDE can be prepared with WSi SNSPDs, the corresponding operating
temperature is still relatively low. The best detection performance of WSi SNSPDs has been
measured at T = 120 mK. Verma et al. realized a W0.8Si0.2 nanowire meander with a width of
130 nm and a pitch of 260 nm, which is able to be operated at 2.5 K with an SDE as high as
78% for 1310 nm photons by modifying the tungsten stoichiometry [123].
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The amorphous WSi is at present one of the most promising materials for the SNSPDs
fabrication. The low operating temperature, however, is limiting their applications in many
cases. Other amorphous superconductors have also been adopted for the SNSPDs fabrications.
Verma et al. used Mo0.75Ge0.25 for SNSPD design and fabrication, which has a slight higher
bulk Tc of 7.36 K than WSi. This SNSPD based on Mo0.75Ge0.25, however, shows a saturation
of the internal detection efficiency only at temperatures below 1 K, with system dark count
rates ~ 500 Hz, which is inferior to that of WSi based detectors [124]. Alternatively, MoSi with
bulk Tc of 7.5 K was introduced into the SNSPDs fabrication. The first MoSi device was
fabricated by Korneeva et al., which showed a DE of 18% for the unoptimized detector. The
DE of this MoSi system, however, did not show any saturated behaviour with the bias current
[135]. Recently, an SNSPD based on MoSi with Tc of 5 K was realized, and a clear saturation
behaviour was reported but the SDE is unknown [126].
1.1.2.4 Other low temperature superconductors
Soon after the successful application of NbN and NbTiN for SNSPDs, researchers also
attempted to fabricate detectors based on pure Nb. Annunziata et al. built SNSPDs based on
Nb with different thicknesses, and a comparison between Nb and NbN was made. Though Nb
has a smaller sheet resistance, it is more susceptible to thermal latching than NbN [127].
Intuitively, an incident photon breaks more Cooper pairs and thus can create a larger hotspot ,
in materials with a smaller ∆, which in turn favors a higher detection efficiency of low-energy
photons. Based on this idea, materials with lower Tc (∆ ∝ 𝑘B 𝑇𝑐 ) have been used for the SNSPDs
fabrication. When compared with NbN and NbTiN, TaN has a lower Tc with a smaller energy
gap and a lower density of states at the Fermi level [87]. Though the sensitivity to low energy
photons is improved in TaN, the SDE still remains low. Meanwhile, NbSi with an even smaller
Tc of 2 K and ∆ was adopted for the SNSPDs fabrication, resulting an increased sensitivity for
infrared wavelengths, but still with a moderate SDE [77].
1.1.2.5 Magnesium diboride (MgB2)
Up to now, the state-of-the-art SNSPDs are based on low-critical-temperature
superconductors so that the detectors need to be operated at low temperatures (typically below
4 K) for optimal performance. In laboratory research, the performance of SNSPDs has been
measured at temperatures as low as 16 mK. However, in some cases, the operating temperature
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is limited, for instance, for optical communication applications in the on-orbit satellites. In such
cases, an SNSPD with a relatively high transition temperature would be needed.
Monticone et al. fabricated MgB2 meander nanowires by Electron Beam Lithography (EBL)
with a wire width ranging from 250 nm to 500 nm and a Tc of 34 K. Critical current
measurements showed that the superconducting properties of narrow nanowires were not
affected by the nano fabrication process [128]. Shibata et al. measured the optical response of
a 10 nm thick, 300 nm wide and 10 μm long single MgB2 wire fabricated by EBL [129].
Afterwards, a 10 nm thick, 300 nm wide and 8 μm MgB2 single nanowire based on a lift-off
like technique was tested [130, 131]. The detector was able to be triggered by 1550 nm photons
and a repetition rate of 100 MHz has been observed at high photon flux, which indicated that
the detector worked at multiphoton detection regime [130, 131]. In 2015, Marsili et al. tested
the optical response of a MgB2 meander nanowire with 𝑇𝑐 of 33 K. This MgB2 SNSPD showed
three-photon response at 4 K and a sub-ns relaxation time without latching [132]. However,
SNSPDs based on MgB2 are still far from practical applications.
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1.2 Superconducting nanowire single X-ray photon detectors
Ultrafast single photon sensitive X-ray detectors have a potential for important applications
in many areas. Using photon-counting detectors (PCDs), the image quality of the medical Xray computed tomography (CT) with a low X-ray dose can be significantly improved [133,
134]. Such applications can even be extended to single molecular, virus, or cell CT and X-ray
imaging [135]. The currently used energy integrating detectors (EIDs) in CT scanners and Xray systems, however, have certain limits with regard to this technology. The EIDs measure
the energy integrated signals of X-ray photons [133, 136], and they are affected by the
electronic noise and Swank noise [137]. As a result, the weight of low energy photons is
decreased, which in turn leads to an increase of noise and a decrease of contrast.1 Moreover,
the performance of PCDs based on semiconductor technology is not impeccable as the
respective count rate is limited [133, 136, 138, 139]. These detectors have a typical dead time
of several hundred nanoseconds, which limits the maximum count rate per pixel to a few
megahertz. Meanwhile, the pixel size of these detectors is of the order of several hundred
micrometers, which results in a maximum counts-per-second-per-square-millimeters
(CPSPSM) of 106 cps [133]. The required count rate for a clinical X-ray CT scanner, however,
may be as high as 109 cps [138]. Apart from the medical applications, ultrafast single X-ray
photon detectors can also be used in synchrotron X-ray sources, free-electron lasers, and
astronomy. Synchrotron radiation, for example, has provided the possibility to perform X-ray
experiments at very short time scales, and the use of time resolving detectors is therefore
essential [140-142]. The currently used Fast-Readout Low-Noise (FReLoN) detectors,
however, have relatively large time jitter (more than ten nanoseconds) [142, 143]. Therefore,
the highest possible time resolution in these experiments is limited.
There are several types of X-ray detectors with single photon sensitivity. If we categorize the
detectors by the applied materials, single X-ray photon detectors can be divided into two types,
namely the semiconductor based and the superconductor based X-ray detectors.
1.2.1 Semiconducting X-ray photon counting detectors
Semiconductor based X-ray detectors with a thickness on the millimetre level (1-3 mm) are
chosen to effectively absorb X-ray photons in the energy range from 20 keV to 140 keV [133].
Alternative materials include cadmium telluride (CdTe) [144], cadmium zinc telluride (CZT)
[145], silicon (Si) [146,147], mercury iodide (HgI2) [148, 149] and gallium arsenide (GaAs)
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[150, 151]. These detectors always have a p-i-n structure or a metal-semiconductor diode with
a Schottky diode structure, and they commonly work in an avalanche multiplication mode. The
pixel size ranges from several tens of micrometers to the millimetre scale. However, one of the
main limitations of this type of detectors is that they cannot reach high enough counting rates
as required by applications [152-168]. Except for the direct photon detection by semiconductor
diodes, indirect X-ray detectors use a two-step process to detect X-ray photons. X-ray photons
are firstly absorbed by a scintillator and subsequently converted into visible photons; then the
signal is created by visible photon detection techniques [169, 170]. These detectors, however,
have high dark count rate when the incident X-ray photon energy is relatively high. Moreover,
their time resolution is limited due to their operation mechanism. In conclusion, the
semiconductor single X-ray photon detectors cannot provide high speed and high time
resolution at the same time. Moreover, the long term exposure to high energy X-rays degrades
the detector performance due to their crystalline structure or the multiple strained
heterostructure interface of these detectors. These material and structural drawbacks are also
limiting their applications as detectors with an ultra large sensitive area.
1.2.2 Superconducting stripe for X-ray photon detection
In 1989, Gabutti et al. used a superconducting stripe for 6 keV X-ray photon detection. In
their research, 3.5 mm long, 0.2 - 1.5 μm wide, and 0.4 - 0.8 μm thick NbN or Nb stripes were
fabricated by a standard photolithographic process. Though the photon energy is huge, the
detection efficiency was relatively low due to the large cross section of the stripes. From the
digital oscilloscope traces, the dead time for such devices (time for bias current recovery) was
found to be ~ 2.5 μs [171].
Later, a 1.25 mm long, 2 μm wide, and 0.4 μm thick superconducting stripe of granular
aluminum was used to detect the 6 keV X-ray photons from a

55

Fe source [172]. For this

detector, a plateau in the DDE versus normalized bias current (𝐼𝑏 ⁄𝐼𝑐 ) was observed between
0.3 and 1. Such a detector is similar to the NbN and Nb superconducting stripe detectors, but
it showed a slow response time ~ 3 ns and a signal rising time as high as 450 ns. Moreover,
since the stripe was current-biased at a fraction of the critical current so that the hotspot
propagated along the strip after switching, it was necessary to decrease the bias current to zero
for ~100 ms so that the film completely recovered to the superconducting state before the bias
current could be restored to its initial value for the next X-ray photon. Otherwise, the detector
was latching into a resistive state, where it is no longer responsive to incident photons [172].
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In order to build a faster, self-recovering superconducting stripe detector, a 550 𝜇𝑚 long,
superconducting granular W stripe with a rectangular cross section of 1.8 ×0.24 μm2 was used
for detecting the X-ray photons [174]. However, a saturated DDE as a function of bias current
was only observed at relatively low temperatures (~ 1.7 K). Though a 50 ns’ recovery time was
observed, the detector was still affected by the latching problem [174].

Fig. 1.6: Schematic diagram for the microstrip detector from Gabutti et al. [173].
The early stage superconducting stripe X-ray detectors based on highly disordered granular
superconductors showed a long response time to X-ray photons, and the recovery time was up
to the millisecond scale, which limited the count rate of these detectors. Moreover, the devices
worked in a self-recovery mode only when the bias current was low, and only the granular W
stripe detector showed a bias current self-recovery. When compared with a meander structure,
these superconducting stripes have a small sensitive area, which does not allow for an efficient
X-ray photon coupling.
1.2.3 Superconducting nanowire single X-ray photon detectors (X-SNSPDs)
Soon after the first detection of single visible and infrared photons with a superconducting
nanowire, this idea was adopted for detecting high energy particles and keV-X-ray photons
with relatively thick superconducting films.
Superconducting stripeline detectors (SSLDs), which are based on thick and ~ 1 μm (or less)
wide superconducting stripes, were adopted by Suzuki et al. for time-of-flight mass
spectrometry. They primarily used a very thin niobium nitride (NbN) film, and patterned it to
a nanowire meander pattern with a thickness of 6.8 nm and a width of 200 nm on MgO substrate
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for detecting biomolecules ionized by laser radiation and accelerated by a static high voltage
of 17.5 kV. This detector had a rise time of 640 ps and a fall time of about 50 ns, which was
much faster than superconducting tunnel junction (STJ) detectors [175]. The relatively long
rise time (360 – 640 ps) was due to the large kinetic inductance, which is also a key factor for
the high-energy deposition in a range of over 10 keV [176]. Later, this type of detectors with
thicker films (40 – 50 nm), wider stripes (1 – 2 μm), and much larger detecting areas (from 200
× 200 μm2 to 2 × 2 mm2 ) were fabricated for the same type of applications [177-185].
Until 2008, SNSPDs for visible and infrared photons based on NbN have been significantly
improved. The response of 5 nm thick, 120 nm wide NbN based SNSPD to 6 keV X-ray
photons was investigated by Lara et al. [185] (see in Fig. 1.7). This detector responded to 6
keV X-ray photons above a normalized bias current of 𝐼𝑏 ⁄𝐼𝑐 = 0.7. Due to the use of ultrathin
films, the X-ray photon energy is mostly dissipated in the substrate, and a detection event is
most probably indirectly induced by phonons from the substrate that are subsequently collected
by the nanowire. This makes thin film based SNSPDs not suitable for detecting high energy Xray photons [186].

Fig. 1.7 Left: SEM Photo of the NbN SNSPDs used in Ref. [186]; Right: Count rate versus
bias current with (red-dots curve) and without (black-squares curve) X-ray photons.
The first effective X-ray photon detection by a meander stripe structured superconducting
nanowire was reported by Inderbitzin et al. in the University of Zurich [187]. Continuous Xray photon counting detectors fabricated from a 100 nm thick Nb film were reported without
dark counts, which was capable to detect photons even at reduced bias currents of 0.4%. Later
on, the TaN (the heavy element tantalum can enhance the X-ray photon absorption) was also
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used for fabricating X-SNSPDs in the same research group. However, only the narrowest TaN
detector with a wire width of 250 nm showed a promising X-ray photon detection performance
at 1.85 K [188]. Currently, the best detection performance of X-SNSPDs to 10 keV photons
has been achieved by us for amorphous WSi films [189], which we will discuss in detail in
Chapter 6.
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1.3 Advantages of amorphous superconducting X-SNSPDs
1.3.1 Radiation effects on semiconductor detectors
Currently, semiconductor-based X-ray diode, avalanche photodiode, and pixel sensors are the
most commonly used X-ray detectors. These detectors, however, can be severely damaged by
the radiation of X-ray photons. For example, the X-ray dose for Si pixel sensors at the European
X-ray Free Electron Laser (XFEL) can be up to 1 GGy within three years [190]. Such a large
X-ray irradiation dose can induce two kinds of radiation damage: bulk damage, which is due
to the non-ionizing energy loss (NIEL) causing damage to the crystalline structure by incident
particles; and interface damage, which is due to the ionizing energy loss of X-ray photons,
causing a build-up of positive charges and traps in the SiO2 and at the Si-SiO2 interface.
Though the momentum of photons are relatively small, the induced secondary electrons still
have enough energy to displace the lattice atoms, which in turn results in an interstitial atom (I)
- vacancy (V) pair. For example, the threshold energy for displacing a Si atom to produce point
defects is 25 eV [191]. X-ray photons induced defects can be classified as point defects (due to
their low momentum), namely a Frenkel-pairs. The energy levels of these defects can be
located in the bandgaps, which act as recombination or generation centers in semiconductor
detectors. As a result, after a long term high energy particle irradiation, the leakage current or
dark current will significantly increase.
The ionizing energy deposition induced degradation is due to the large number of electronhole pairs created by the incident particles on their paths. Most of the electron-hole pairs are
self- recombined but some of them can migrate into the materials. Especially at the Si-SiO2
interface, some of radiation induced carriers cannot escape from this layer and form permanent
charges in the insulating layer, which can be trapped at the interface between the silicon and
the insulating layer. This effects can break the Si-O chemical bonds and induce dangling bonds
in the interface. These interface effects can significantly degrade the detection performance of
detectors.
1.3.2 Drawbacks of granular NbN detectors
NbN based superconducting detectors are more robust against the X-ray radiation effects due
to the higher binding energy between Nb and N, and the interface effects can also be neglected
due to the device structure of corresponding superconducting detectors. However, as it is
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discussed in chapter 1.1.2, these granular materials have more intrinsic defects or
inhomogeneity problems for large area detector fabrication.
Gaudio et al. fabricated 100 nm wide nanowires with lengths ranging from 100 nm to 15 𝜇𝑚,
and they found that the critical current was not independent of wire length but decreased with
increasing length [192]. Their observations revealed that each nanowire showed an
inhomogeneous distribution of Ic. This variation of Ic among nominally identical devices
constituted a direct proof for the inhomogeneous nature of the wire. More specifically, a
comparison between the experimental critical current and the Ginzburg-Landau (GL) depairing
current suggested that inhomogeneity is the main reason for the observed low critical currents
in long meanders.
In ultra large parallel superconducting NbN stripe detectors, a detector works in the single
stripe switch regime because the kinetic inductance for a single long wire is large. The
generated output pulses have varying amplitudes in such devices [177, 191], which indicates a
non-uniform current distribution among the parallel strip-lines. In such detectors, the kinetic
inductance for a single wire is around 2.1 nH, and for the remaining 4 parallel strips 0.5 nH in
total, so that the current recovery time is less than 1 ns. As a result, the observed amplitude
variation cannot be ascribed to an inadequate current recovery of the hit stripe-line mentioned
in Ref. [184], but must be due to an intrinsic difference between the properties of these 1 mm
long superconducting NbN stripes.
1.3.3 Advantages of amorphous WSi detectors
Highly disordered WSi materials can be deposited on various substrates at room temperature.
A uniform and homogeneous WSi film can be deposited over an area as large as 4 inch in
diameter (~ 10 cm), which favours the fabrication of X-ray photon number resolving detectors
with a sensitive area in the centimetre scale. Moreover, as we have mentioned above, due to
the modest substrate requirements for WSi, more complicated structures can be designed and
fabricated to enhance the X-ray photon absorption probability. Currently, X-SNSPDs are
commonly based on 100 nm thick superconductors. As a consequence, the effective X-ray
photon absorption probability is confined in the several percentage range. By adopting a multilayer structure (similar with the structures in Refs. [82, 98]) the detection efficiency of XSNSPDs could be significantly improved. Thanks to the amorphous nature of these films, the
radiation damage cannot play such a decisive role as in crystalline films. Even after long time
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exposure to keV electrons, the superconducting performance of a WSi detector does not show
any signs of degradation. Therefore, amorphous WSi containing the heavy tungsten element is
the perfect choice for high energy particle detection.
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2 Film deposition
Currently, the most widely used methods for the SNSPDs fabrication are the top-down
techniques and the lift-off method. The top-down techniques are based on nanolithography, in
which the superconducting nanowires are protected by EBL resist and the gaps between the
nanowires are etched away. All the detectors and structures in this work are fabricated by the
top-down method. The superconducting films involved in this research, including WSi and
NbTiN, have been deposited by magnetron sputtering at the FIRST Center for Micro- &
Nanoscience of ETH Zürich.

2.1 Deposition of WSi
We used the plasma vapor deposition (PVD) technique via magnetron sputtering which is
based on the superimposition of positive ions in the plasma accelerated by an electrical field
onto the negatively charged electrode or target. These positive ions are at first accelerated by
an applied voltage in order to obtain a kinetic energy ranging from a few hundreds to a few
thousands of electron volts, and to bombard the negative electrode with sufficient energy to
dislodge and eject atoms from the target. These atoms are ejected in a typical line-of-sight
cosine distribution from the face of the target and are deposited on the substrate surface. In
order to effectively dislodge atoms from the target, a magnetic field is applied on the electrode
to trap the electrons perpendicular to the electric field between the cathode and anode, which
enhances the efficiency of the initial ionization process for generating plasma at lower
pressures. The W atoms are deposited through this dc sputtering process.
The electrical and thermal conductivities of Si are not as good as those of the metal targets.
As a result, we have to adopt the radio frequency (rf) sputtering technique, which alternates the
electrical potential of the plasma in the vacuum environment at radio frequencies to avoid a
charge accumulation on certain types of sputtering target materials. For the dielectric target
materials, the positive ions will accumulate on the surface of the target face giving it a positive
charge after some time of the dc sputtering deposition. With the rf power, the electrons are
attracted to the target material during the positive cycle, and the positive ions can be released,
while during the negative cycle, the ion bombardmenting on the target continues the sputtering
deposition.

26

2 Film deposition

In this way, superconducting amorphous WxSi1-x films were grown on silicon and sapphire
substrates by dc magnetron sputtering of a pure W (99.95%) target and rf magnetron sputtering
of a pure Si (99.999%) target in argon (Ar) atmosphere, at a total pressure of 3 mTorr.
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2.1.1 Film thickness measurement
In order to deposit binary alloy materials with a specific stoichiometry, the deposition rate of
each target needs to be determined. For the W target with dc sputtering, the deposition rate is
relatively large (~ 3.44 nm/min at 50 W), while for the Si target with rf sputtering, the
deposition power is limited to 75 W, and therefore the deposition rate is relatively low (~ 0.6
nm/min at 50 W). In order to deposit a WxSi1-x film with x = 0.75 or 0.8, the power for the W
target is kept around 20 ~ 40 W, while the power for Si is kept at 50 ~ 70 W, depending on the
expected stoichiometry.

Fig. 2.1: A schematic picture of thick films used for deposition rate measurements.
The deposition rate is obtained from the resulting film thickness and the deposition time. In
order to minimize any deposition rate fluctuations, the deposition time for this process is
relatively long. For the W target with higher deposition rate, the deposition time is set to more
than 1 hour, and for the Si target the corresponding time can be as long as 3 hours. We firstly
deposited materials onto a glass substrate with patterns marked either with photon resist or with
printing ink. Then the patterns on the glass substrate were lifted off after deposition in hot
acetone and isopropanol, as it is shown in Fig. 2.1.
The film thickness was measured by a Dektak surface step profiler, which is able to do a 3D
mapping of the films. Figure 2.2 shows a measurement for a 520 nm thick film. Since the
uncertainty of this method is larger than that of an atomic force microscope (AFM), a thick
film is used for this measurement.
28

2 Film deposition

In order to determine the exact films thickness, more than 30 groups of data were collected
and the films thickness d was averaged from these data.

Fig. 2.2: Film thickness measured by a Dektak surface step profiler.
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2.1.2 Deposition rate of W and Si targets
From the measured films thickness and deposition time, we can accurately determine the
deposition rate of each target. By choosing different deposition rates, materials with the
expected stoichiometry can be deposited. The deposition rate is solely determined by the power
applied on the magnetron when the other deposition parameters are fixed. The resulting
deposition rate dependence on the power is shown in Fig. 2.3.
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Fig. 2.3: Deposition rate as a function of applied power on the magnetron. The solid lines are
a linear fit to the data.
The determined deposition rates for W and Si are 𝑟W = (9.77 ∙ 10−4 × 𝑃 + 1.07 ∙ 10−2 )
nm/s and 𝑟Si = (3.36 ∙ 10−4 × 𝑃 − 0.83 ∙ 10−2 ) nm/s, respectively. A standard atomic volume
method is used to determine the deposition power and deposition time according to the
measured deposition rates and the expected film thickness. For growing WxSi1-x, the
stoichiometry ratio is defined as 𝐶W ⁄𝐶Si = 𝑥⁄(1 − 𝑥) and the atomic volume ratio for WSi is
ΩW ⁄ΩSi = 9.53⁄12.10 = 1.27. If the expected film thickness is d, then the relative film
thicknesses for W and Si are
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𝑑
,
⁄
W ΩSi )⁄(𝐶W ⁄𝐶Si )

𝑑W = 1+(Ω

𝑑Si = 𝑑 − 𝑑W .

(2.1)

According to the desired deposition time 𝑡, the deposition rate can be obtained through
𝑟W = 𝑑W ⁄𝑡 and 𝑟Si = 𝑑Si ⁄𝑡,

(2.2)

which in turn determines the power applied on the magnetron. For example, to grow a 5 nm
thick W0.8Si0.2 film, with a deposition time of 108 s, the input power for W is 24.8 W and the
input power for Si is 58 W. To exactly control the film thickness, the co-sputtering deposition
rate with two input values has been re-calibrated, however.
The stoichiometry of the resulting deposited films was examined by energy-dispersive X-ray
spectroscopy (EDX) on sapphire substrate, and the films thicknesses were checked by atomic
force microscope (AFM) techniques.
2.1.3 Sheet resistance
For the SNSPDs fabrication, nearly all the processes are based on 4 – 8 nm thick films. In this
case, the calculation of the resistivity based on some bridge structures is not so accurate due to
film thickness variations. In a 2D geometry, the sheet resistance 𝑅S is a much more convenient
quantity to characterize the thin films, and it is one of the most basic properties of thin films.
For a bridge structure or other patterned structures, the total resistance can be written as
𝐿

𝑅 = 𝜌 𝑑𝑤.

(2.3)

Here 𝜌 is the specific resistivity, 𝐿 is the length, 𝑑 is the thickness, and 𝑤 is the width of the
structure. 𝑅S is defined through
𝐿

𝜌

𝑅 = 𝑅S 𝑤 , 𝑅S = 𝑑,

(2.4)

i.e., the resistance per m2 of a film of thickness d.
The most significant advantage of using the sheet resistance is that it can be directly measured
by the four-point Van der Pauw method. This method was proposed by L. J. van der Pauw in
1958, and it can be used to measure the specific resistivity or Hall effect of arbitrarily shaped
flat samples [193].
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Fig. 2.4: A schematic diagram of a square shaped sample (a) and a general configuration (b)
for a Van der Pauw measurement.
Figure 2.4 shows a schematic diagram of wire bonding for a Van der Pauw measurement. A
specific resistance 𝑅AB,CD is defined by the potential difference between contact pads C and D
per unit current through contact pads A and B. A relationship between 𝑅AB,CD and 𝑅BC,DA can
be written as [192]
exp(−𝜋𝑅AB,CD /𝑅S ) + exp(−𝜋𝑅BC,DA /𝑅S ) = 1.

(2.5)

The sheet resistance is uniquely determined by the measured specific resistance, and it can be
written in the form
𝜋

𝑅S = ln 2 (

𝑅AB,CD +𝑅BC,DA
2

𝑅

) ∙ 𝑓(𝑅AB,CD ),

(2.6)

BC,DA

𝑅

where 𝑓 is a function of the ration 𝑅AB,CD , which satisfies
BC,DA

𝑅AB,CD −𝑅BC,DA
𝑅AB,CD +𝑅BC,DA

= 𝑓 ∙ arccosh{

exp(ln 2/𝑓)
2

}.

(2.7)

This standard Van der Pauw method, however, is not so suitable for our simple measurements
since the substrates used in this research are cut from a 3 inch or 4 inch wafer, and the edges
of the square are defective. As a result, a modified Van der Pauw method has to be applied
instead, which is also suitable for films with an arbitrary shape as shown in Fig. 2.4(b). By
applying a current between the contact pads on one side (e.g. between A and B in Fig. 2.4(b)),
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we measure the voltage on the other side (between C and D). The measurements are repeated
by changing the current and voltage terminals clockwise, resulting in four different voltages.
Finally the sheet resistance is
𝜋

𝑅S = 8 ln 2 ∑4𝑛=1(

𝑉𝑛 +𝑉𝑛+1
𝐼

) ∙ 𝑓(

𝑉𝑛+1
𝑉𝑛

),

(2.8)

where the Van der Pauw function is given by
𝑉𝑛+1
−1
𝑉𝑛
𝑉𝑛+1
+1
𝑉𝑛

=

exp(ln 2/𝑓)
)
2

arccosh(

ln 2/𝑓

.

(2.9)

Commonly, for a square homogeneous sample, 𝑉𝑛 and 𝑉𝑛+1 are rather close to each other, and
the modification function 𝑓~1 [194].
As a cross-check, we compared the result for a microbridge measured by the modified Van
der Pauw method and by a bridge measurement with known geometry, and the obtained 𝑅S are
perfectly consistent. Table 2.1 shows corresponding values for a 5 nm thick 4 × 4 mm2
W0.75Si0.25 film. The sheet resistance for 5 nm thick films as a function of the composition is
displayed in Fig. 2.5.
TABLE 2.1 Van der Pauw measurement for a 5 nm thick 4 × 4 mm2 W0.75Si0.25 film, with a
bias current of 1 mA.

Voltage [mV]

Modification factor 𝑓

𝑉1 = 85.539

0.999996

𝑉2 = 85.878

0.999982

𝑉3 = 84.651

0.999967

𝑉4 = 86.360

0.999996

Sheet Resistance 𝑅S [Ω]

388
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Fig. 2.5: Room temperature sheet resistance as a function of the W composition for 5 nm thick
WxSi1-x films.
2.1.4 Optimization of the critical temperature Tc
In 1990 ， Suzuki et al. found a substantial increase of the superconducting transition
temperature of W films prepared by low-pressure chemical vapour deposition (LPCVD) using
tungsten hexafluoride (WF6) and silane (SiH4) up to Tc ~ K [195], which is considerably higher
than Tc of crystalline W (Tc ~ 0.01 K) [196]. This effect has been ascribed to the amorphous
structure of the films as a result of Si impurities. With respect to WSi compounds, there are
two kinds of known compounds, W5Si3 and WSi2. The critical temperature of these crystalline
WSi compounds, however, are much lower than those of the corresponding amorphous
structures [197-200]. For the amorphous WSi, Kondo investigated the critical temperature as a
function of the W composition in detail, and found a maximum Tc ~ 5 K for Si contents ranging
between 15% and 35% [201]. In Ref. [76], Baek et al. also studied the Tc dependence on the
film thickness. The optimization of WSi deposition with respect to Tc is therefore based on
these studies, and a Tc ~ 5 K can be achieved for relatively thick films of the order of ~ 50 nm.
By optimizing the Ar gas flow, the deposition pressure in the chamber and the rotator speed,
WSi films with comparable and even higher quality can be deposited. In Fig. 2.6, we compare

34

2 Film deposition

the superconducting transitions for 100 nm thick and 5 nm thin W0.8Si0.2 films. The 100 nm

Normalized sheetresistance

film shows a superconducting transition at ~ 5 K, while the 5 nm film has a Tc ~ 4 K.
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Fig. 2.6: Normalized square resistance for a 100 nm thick and a 5 nm thin W0.8Si0.2 film.
2.1.5 Amorphous nature of WSi
For amorphous WSi films deposited on a polished Si substrate, it is nearly impossible to see
any characteristic structure using a scanning electron microscope (SEM). In order to examine
and compare the structures and morphologies between films with different quality, we
performed 𝜃 − 2𝜃 measurements.
Figure 2.7 shows the 𝜃 − 2𝜃 X-ray scanning profiles of two 100 nm thick W0.8Si0.2 films with
very different critical temperatures. In Fig. 2.7 (a), the corresponding film has a Tc of 4.9 K,
which no characteristic peaks appear except for the characteristic peak from the Si substrate at
33° . This indicates a highly disordered or amorphous nature of the WSi film. The film
investigated in Fig. 2.7 (b) has a reduced Tc of 3.8 K, and three distinct reflection peaks appear.
These peaks can be attributed to either the β-W crystal structure or the WSi2 compound. At any
rate, these phases have much lower critical temperatures than the amorphous WxSi1-x at
optimum x between 15% and 30%.
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Fig. 2.7: 𝜃 − 2𝜃 profiles of a W0.8Si0.2 film with a 𝑇𝑐 of 4.9 K (a), and a W0.8Si0.2 film with a
reduced 𝑇𝑐 of 3.8 K (b).
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2.2 Deposition of NbTiN
2.2.1 Reactive sputtering deposition
Reactive sputtering deposition is a sputtering process where the target material (e.g. a
Nb0.8Ti0.2 alloy) is sputtered in the presence of a gas or a mixture of gasses (e.g. Ar + N2) that
may partially react with the target material to form materials with different chemical
composition (e.g., a compound Nb0.8Ti0.2N). In most cases, argon is the main gas during the
sputtering process due to the high relative atomic mass and its inert nature. The amount of a
reactive gas introduced into a process chamber is controlled to either achieve a certain amount
of doping, or to produce a fully reacted compound.
At ambient conditions, N2 is inert and stable, and does not react with most metals. In a plasma
(which is primarily formed by the inert argon), however, the nitrogen atoms become reactive.
They at first react with the surface of the sputtering target, and are subsequently sputtered away.
Therefore, the composition of the deposited films can be controlled by adjusting the relative
amounts of the inert and the reactive gases. As a result, the spatial distribution of the reactive
gas inside the chamber dominates the quality and homogeneity of the deposited films. In order
to produce a homogeneous film, it is necessary to inject the gases as uniformly as possible to
the entire plasma around the cathode.
2.2.2 Deposition of Nb0.8Ti0.2N at ambient temperature
It has been reported that Nb0.8Ti0.2N thin films can be deposited on a MgO substrate without
intentionally heating the substrate [120]. We therefore attempted to deposit Nb0.8Ti0.2Nx at
ambient temperatures on SiOx substrates. A niobium titanium (Nb0.8Ti0.2) target with 99.95%
purity was used with a target size of three inch in diameter. The plasma discharge was
performed at a total pressure from 1 mTorr to 7 mTorr in a mixture of argon (Ar) and nitrogen
(N2) gases with various gas compositions.
Direct current power sputtering was used to stabilize the discharging state, and different
powers were applied on the magnetron to optimize the deposition conditions. Three different
5 nm thick films are deposited with a dc power of 50 W, 100 W and 150 W at ambient
temperature. Figure 2.8 shows the superconducting transitions of the resulting films in the low
temperature range. With increasing power, Tc increases and the resistivity is lowered. This can
be explained by a scenario in which a higher dc power leads to a certain heating of the substrate
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by a large number of deposited hot molecues. Indeed, films deposited at higher temperatures
did not show this peculiar power dependence of Tc. With even higher powers, only the
deposition rate was improved, and the discharge power on the magnetron was therefore fixed
at 100 W.

Resistance []
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Fig. 2.8: Discharging power dependence of the superconducting transition for 5 nm thick
Nb0.8Ti0.2Nx films.
After optimization of the power, we also tried to optimize the chamber pressure with respect
to the transition temperature Tc, varying the deposition pressure from 1 mTorr to 7 mTorr, but
keeping other deposition conditions unchanged. Figure 2.9 shows the corresponding
superconducting phase transitions for different films at different deposition pressures with the
same deposition time.
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Fig. 2.9: Influence of the chamber pressure on the superconducting transition. (a) Resistance
as a function of temperature near Tc. (b) The corresponding normal-state sheet resistance and
resistivities.
In the low pressure range, Tc ranges from 9 to 10 K, and decreases with increasing the pressure.
At room temperature, it is nearly impossible to measure the sheet resistance of this 7 mTorr
film with the modified Van der Pauw method, which is two orders of magnitude higher than
film deposited at 5 mTorr, as it is shown in Fig. 2.9(c). Based on these results, we fixed the
chamber pressure to 1 mTorr during sputtering, which is the lowest applicable pressure in the
deposition chamber. However, there are also certain risks using such a low pressure for plasma
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deposition: (a) the pressure control gate is not stable, and thus the pressure is not stable; (b) the
plasma is not stable and can even quench sometimes; (c) the composition of the resulting films
is not homogenous. Moreover, the plasma cannot be ignited with a shielding cover, and the
best way for ignition is to firstly ignite the plasma at a higher pressure and then gradually
decrease it to the expected pressure.
With respect to the film quality dependence on the Ar and N2 gas content, the ambient growth
condition was studied by changing different gas mixures. At first, the Ar gas flow was fixed at
20 sccm (standard cubic centimeters per minute), and the N2 gas flow ranged from 1 sccm to 5
sccm. The resulting transition temperatures Tc monotonically decrease with increasing N2 gas
flow in the chamber, as it is shown in Fig. 2.10.
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Fig. 2.10: N2 content dependence of the superconducting transition temperature 𝑇𝑐 .
Unfortunately, all these ambient temperature film deposition experiments (without
intentionally heating the SiOx substrate), did not reproduce the quality of Nb0.8Ti0.2N thin films
grown on MgO substrates. First, the lattice mismatch between SiOx and NbN is much larger
than that between MgO and NbN (aSiO2 = 4.91 Å). Second, the lowest pressure that can be
achieved is limited around 10-6 Torr. As a result, the contamination from the impurity gas can
hardly be eliminated. Finally, the distance between the target and the substrate in our case is
much larger (more than 60 cm) than the reported distance for a deposition on the MgO substrate
(0.6 cm in Ref. [120]). As a result, molecules that arrive at the substrate are less active and a
more disordered film is deposited.
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2.2.3 Deposition of Nb0.8Ti0.2N on a heated substrate
Although the film quality deposited at the ambient temperature on SiOx/Si turned out to be
moderate, we found that increasing the substrate temperature resulted in films as good as those
using an MgO substrate. After heating the substrate up to 600 ℃ within 20 min, the materials
were sputtered onto the substrates at stable high temperature. After the film deposition, the
heating power was turned off and the substrate was cooled back to the ambient temperature in
the vacuum chamber.
Figure 2.11 (a) shows the superconducting transition for a 200 nm thick film deposited at
600 ℃. This square film was cut from a 3 inches substrate, and the Tc was measured on a small
square near the edge, which indicates that large uniform NbTiN films can be deposited on a
Si/SiOx substrate by magnetron sputtering. In Fig. 2.11 (b), we compare the quality of films
deposited at ambient temperature with those deposited at elevated temperature. Both films have
a nominal film thickness of 70 nm, which is controlled by the deposition rate and the deposition
time. The more disordered film deposited at ambient temperature has a sheet resistance nearly
twice as large as that of the high temperature deposited film. We conclude that thin films with
a Tc above 10 K can be successfully prepared on a heated Si/SiOx substrate, which are
excellently suitable for the SNSPDs fabrication.
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Fig. 2.11: (a) Transition to the superconducting state in a 200 nm thick film deposited at 600 ℃
on SiOx/Si. (b) A comparison of the superconducting transitions between films deposited at
ambient and elevated temperature. The bulk NbTiN films have a Tc around 15.5 K, which is as
high as corresponding films grown on MgO.
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3 Fabrication of superconducting nanowires
In order to effectively detect photons with an energy ~ 1 eV, the nanowire width (~ 100 – 150
nm) for WSi can be wider than that of a NbN wire due to the ≈ five times larger photon-induced
hotspot (See later in chapter 3.5). EBL technology is commonly used for writing such narrow
superconducting nanowires. Here we compare the use of positive ZEP 520 resist with results
using negative HSQ resist for the nanowire writing by inspecting the SEM images of the
resulting nanowires.
Before using the EBL to write the SNSPDs on the substrate, gold pads and a coordinate system
are defined by optical lithography, as it is shown in Fig. 3.1.

Fig. 3.1: The gold pads for the readout of the signals. The crosses in the picture are used for
the coordinate system alignment.
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3.1 ZEP 520
After baking the substrate at 190 ℃ for 10 minutes, the ZEP resist was spun onto the substrate
with a spinning speed of 6000 rpm. Then the resist at the edge of the substrate was removed by
using acetone on Q-tips. Afterwards, the substrate was baked at 198 ℃ for 30 min.
The EBL writing was performed with a 30 keV electron beam and an aperture size of 10 µm.
The exposure dose was set to 100 μC/cm2 for the EBL writing. Afterwards, the substrate was
developed with pure n-Amylacetate at 11.5 ℃. Figure 3.2 shows an SEM image of a resulting
WSi nanowire structure using ZEP 520. These wires have relatively large cross-section
variations, larger than in those fabricated by using HSQ (see in chapter 3.2). As a result, the
distribution of the bias current is not uniformly homogenous, and the resulting detection
performance is position dependent.
Although the achieved spatial resolution of nanowires written with ZEP 520 is limited, the
superconducting properties of such nanowires after this positive-resist process are more or less
unchanged, since for a positive resist, the nanowire area is not irradiated by the energetic
electrons. This is particularly important for the crystalline NbN structures used for the SNSPDs
fabrication.
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Fig. 3.2: (a) Narrow periodic WSi nanowires written by the ZEP 520. (b) An enlarged view of
the center area of the meander wires.
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3.2 HSQ
At present, the use of a high-resolution, negative-tone inorganic HSQ resist allows for a
resolution of sub-10 nm [298]. Moreover, the SNSPDs fabrication process can be significantly
simplified by using the HSQ, because the SNSPDs fabrication only involves two steps of
lithography (an optical lithography and an EBL) instead of a three steps in lithography methods
based on the positive resist.
At first, the substrate is baked at 180 ℃ to ensure a good attachment of the resist, and then
the HSQ resist is spun onto the substrate or the sample with a speed of 6000 rpm for one minute.
After the spinning, the sample is ready for EBL writing. When compared with the positive ZEP
520, the subsequent baking process with HSQ can be omitted. A striking characteristic of HSQ
is the much higher EBL exposure dose, (up to 700 μC/cm2 , nearly 10 times higher than that of
the ZEP 520), which decreases the influence from the beam current on the wire width. The
exposed sample can be directly developed at room temperature. Figure 3.3 shows the SEM
images for a periodic WSi nanowire prepared with HSQ.
In principle, a 100 nm wide periodic nanowire structure based on a 4 ~ 5 nm thick WSi film
is sufficient for detecting single visible and infrared photons. However, for NbN, narrower
nanowires are needed to detect infrared photons with high efficiency. Figure 3.4 shows a series
of 20 nm wide nanowires from a 5 nm thick Nb0.8Ti0.2N film prepared with HSQ.

46

3 Fabrication of superconducting nanowires

Fig. 3.3: (a) SNSPDs based on WSi film prepared with HSQ. (b) An enlarged view of the
readout area of the detector. The wire width is 100 nm.
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Fig. 3.4: (a) A 20 nm wide nanowire of a 5 nm thick Nb0.8Ti0.2N film prepared with HSQ. The
pitch (the period of the meander wire) is 80 nm, which is smaller than the commonly used 200
nm. (b) An enlarged image of nanowires for checking the wire width.
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3.3 Wet etching for large scale YBCO stripes
With respect to the detection of keV X-ray photons, the induced hotspot size in a film can be
as large as several hundred nanometers. Therefore, a stripe with a wire width as large as several
micrometers can still be adopted for X-ray photon detection. In order to improve the X-ray
absorption efficiency, the film thickness can also be several hundreds of nanometers. For the
ceramic YBa2Cu3O7 (YBCO) film (from ceraco ceramic coating GmbH), the dry etching (e.g.
reactive ion etching) is very difficult. For instance, using a 200 W Ar milling, the etching rate
is only around 0.7 nm/min. Moreover, in order to avoid overheating of the sample during
etching, it is preferable to etch the sample in intervals. As a result, the etching of YBCO films
can last as long as several hours.
To simplify the fabrication process of YBCO detectors, we adopt a wet etching method. At
first, the stripes are defined by optical lithography with the positive resist AZ6632. Then the
gaps (or unwanted YBCO film area) between the stripes are removed by the orthophosphoric
acid (H3PO4) with a concentration of 1%. Figure 3.5 shows the resulting meander stripes of
YBCO with a wire width of 2 µm.
In figure 3.5 (c), we compare the resistive transitions before and after fabrication. The asgrown YBCO film has a Tc ~ 83 K, which is already lower than that in crystalline YBCO (Tc
~ 93 K). After fabrication, the YBCO stripes shows a certain degradation of Tc by around 3 K.
In principle, these structures are still superconducting at liquid nitrogen temperature. Whether
they are able to detect single X-ray photons or not, is subject to future experiments.
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Fig. 3.5: (a) and (b) SEM images of the YBCO periodic stripes fabricated by wet etching. (c)
Superconducting transition for the YBCO film and the patterned stripes for an X-SNSPDs.
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3.4 Fabrication of superconducting WSi microbridges for transport measurements
Superconducting amorphous a-W0.75Si0.25, W0.8Si0.2 and W0.85Si0.15 films were grown on
silicon substrates by means of dc magnetron sputtering of a pure W target, and rf magnetron
sputtering of pure Si in argon atmosphere, at a total pressure of 3 mTorr. The resulting film
thickness d was inferred from the predetermined growth rate and deposition time, and were
also confirmed by Atomic Force Microscope (AFM) measurements. After the W and Si cosputtering deposition, another ~ 1.5 nm silicon layer was deposited on top of the films surface.
The freshly deposited films were baked at 180 ℃ with hotplates HP 160 III BM for 10 min.
The temperature accuracy is ±1 ℃ over the 110 mm diameter. Afterwards, the thermally stable
positive resist AZ6632 was spun onto the substrate, followed by a 1 min after-baking at 117
℃. Near the edge of the substrate, there is a resist accumulation due to the surface tension. For
contact photolithography, the maximum achievable resolution is proportional to √𝑔 ∙ 𝜆, where
𝑔 is the gap between the substrate and the mask, and 𝜆 is the exposure wavelength [203,204].
The resist accumulation near the substrate edge will lead to a large gap between the central part
of the substrate and the mask, thereby decreasing the resolution and accuracy of optical
lithography. As a result, the edge removal must be performed before the photolithography. By
placing an 8 × 8 mm2 square absorbing medium in the center of the substrate and flood
exposing UV light in the lamp test mode, the edge area becomes soluble in the AZ 726 MIF
developer. After developing, the substrate was exposed to 𝜆 = 325 nm light, and the patterns
were transferred onto the substrate.
The exposed area was subsequently removed by reactive ion etching (RIE). The etching was
performed with a base pressure less than 5 × 10−5 Torr, and the etching pressure is set at 15
μbar. The gases used for this process were Ar (30 sccm) and SF6 (10 sccm), and the etching
power was limited to 20 W. Under these etching conditions, the etching rate for WSi was
around 200 nm/min.
The resulting bridge widths were ranging from 10 μm to 200 μm, with a constant bridge length
of 500 μm. Each bridge contains six contacts for resistivity and Hall effects measurements (in
this research, we only performed resistivity measurements, however). For each stoichiometry,
five films were deposited, with films thicknesses of 5 nm, 10 nm, 20 nm, 50 nm and 100 nm.
The geometrical dimensions of the microbridges were measured through SEM images, and the
result shows that the uncertainty in the bridge width is much less than 1% (see in Fig. 3.6). All
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the calculations and data analyses to be presented in next chapters are based on the geometries
determined by SEM measurements and the nominal films thickness.

Fig. 3.6: SEM image of a WSi microbridge used for transport measurements.
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3.5 Fabrication of a 50 Ω microbridge
In order to trace the recovery of superconductivity (namely the relaxation time of the hotspot)
in a time-resolving experiment, we used a bow-tie microbridge. The microscopic images of the
bow-tie and the whole structure are presented in Fig. 3.7.
Figure 3.7 (a) shows a microscopic image of a microbridge using two-step lithography method.
We firstly deposited the gold contacts by optical lithography and lift-off methods. The bridge
structure (in the center between these two gold contacts) was subsequently defined by EBL,
and the residual WSi (black area) was etched away by reactive plasma etching. The bridge
length with this simple method is fixed at 3 um. The resulting impedance of the bridge is thus
determined by adjusting the bridge width.
A more sophisticated fabrication process of the microbridge included three lithographic steps,
which adjusted both the bridge width and the length. Two small gold pads (see the inset in Fig.
3.7(b)) were patterned onto the WSi film by means of EBL. Then, these pads were separated
by a slit, which defines the length L of the microbridge (see the enlarged part in Fig. 3.7(b)).
PMMA resist with a thickness of 150 nm on top of WSi film was exposed using 10 kV electron
beam with a dose of 120 μC/cm2. The Nb / Au bi-layer consisting of 8 nm Nb and 100 nm Au
was deposited on top of the WSi film by magnetron sputtering at a partial pressure of P Ar = 5
× 10-3 mbar. The lift-off process was carried out in a warm acetone and ultrasonic bath. To
pattern the large contact pads, the substrate was covered by photo-resist with a thickness of
950 nm. By the subsequent photolithography, magnetron sputtering and lift-off processes, a
three-layer Nb/Au/Nb (8 / 250 / 15 nm) sandwich was formed on the surface of the substrate.
The width of bridge, W, was defined by the EBL over negative resist. Finally, the WSi
microbridge was etched using Ar ion milling. During the etching process, the upper Nb layer
of the large contact pads protected the gold layer from Ar ions milling. The dimensions (L and
W) of the microbridge in the slit of the bow-tie and the embedding co-planar transmission line
were designed in such a way that the microbridge in the normal-state and the line had a total
impedance of approximately 50 Ω (see the inset in Fig. 3.7(b)). The widths of all microbridges
are kept the same (5 μm), while the length varied between 700 and 900 nm. In the timeresolving experiment, the beam of a femtosecond pulse laser with a wavelength of 800 nm was
positioned over the center of the bow-tie. The beam diameter at the bow-tie was much larger
than both L and W to ensure uniform excitation of the microbridge. The electric response to the
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laser pulses was monitored with a time-resolving readout with a resolution 1.25 ps (see in
chapter 5.3).

Fig. 3.7: SEM images of the specimens used for the measurements of 𝜏𝑅 . (a) The microbridge
fabricated by using the two-step lithography method. The calculations are based on the
measured strip geometries. (b) The bow-tie structure used for the 𝜏𝑅 measurements. The inset
shows the enlarged sensitive area and the WSi microbridge located between the two gold pads.
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4 Physical properties
4.1 Motivation
So far, the highest detection efficiency reported in SNSPDs has been achieved in the WSi
material system [19]. In order to achieve a good system detection efficiency, researchers have
used different superconducting materials for the SNSPDs fabrication, as it is summarized in
chapter 1. The system detection efficiencies, however, varied considerably among the SNSPDs
based on these superconducting materials as various meander geometries and waveguides were
adopted. The role of the material parameters affecting the detection performance have still been
poorly understood.
A very important limiting factor of the intrinsic detection efficiency is the constriction in the
SNSPDs [51]. Non-uniformity of the superconducting film or local imperfection within the
nanowire, which are introduced during the structuring process, can result in a reduction of the
critical current, which in turn severely suppresses the internal quantum efficiency. Amorphous
thin superconducting films are generally much more homogeneous at a relevant length scale
from a few nanometers up to a few tens of nanometers as compared to the crystalline granular
films. But this effect alone cannot explain the extraordinary performance of WSi-SNSPDs.
Intuitively, an incident photon breaks more Cooper pairs in films with a smaller
superconducting energy gap, thus the resulting detection efficiency should be higher. Indeed,
superconductors with the smaller energy gap do extend the resulting SNSPDs’ saturation
regime of intrinsic efficiency towards longer wavelengths. However, the system detection
efficiency of the wire-structure remains relatively low and is limited by its optical absorption,
which can be improved by the optimization of either geometry or material of the wire-structure.
Besides the wire geometry and the superconducting energy gap, other factors restricting the
detector performance have not been clearly investigated. An indication that material parameters
are indeed important for the detection mechanism and the performance of SNSPDs has come
from a comparison between NbN and NbC [202].
In order to understand the remarkable improvement of detection efficiency for WSi-SNSPDs,
we need to obtain a detailed knowledge about the physical properties of the WSi films beyond
their superconducting transition temperature. To achieve this, we studied the electronic
transport parameters of WSi films with different thicknesses. We prepared WSi microbridges
with different widths and thicknesses (see in chapter 3.4). By measuring the superconducting
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transition under different magnetic fields, we derived the relevant superconducting transport
parameters, and we present the results in the following.
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4.2 Critical temperature Tc
The critical temperature Tc is the most basic property for the superconducting phase transition.
Tc is commonly determined from the temperature dependence of bridge sheet resistance 𝑅S (𝑇),
which is calculated from the measured total resistance and the bridge geometry. We use a
wedge wire bonder for electrical connections, and four contacts are connected for the 𝑅S
measurements. The microbridges are then characterized by their normal state resistivity and
the superconducting critical parameters. The resistivity measurements were performed in a
physical property measurement system (PPMS from Quantum Design) in magnetic fields up
to 9 T perpendicular to the microbridge surface. In Fig. 4.1, we show the zero field transition
to superconducting state for a thick (d = 100 nm) film and a two dimensional (d = 5 nm) film.
Due to the amorphous nature of WSi, the temperature dependence of the sheet resistance does
not follow the general behaviour of metallic films between room temperature and the
temperature where superconducting fluctuation become relatively strong. In the relatively high
temperature range (far away from the fluctuation regime), the 𝑅S increase with decreasing
temperature, which is due to the weak localization effects that stems from quantum-interference
of the conduction electrons on the defects of the systems (see in chapter 5 for more details).
With decreasing temperature, 𝑅S reaches its maximum at T ≈ 14 K for the 100 nm thick
W0.8Si0.2 film and at ≈ 25 K for the 5 nm thick W0.8Si0.2 film, as it is shown in Fig. 4.1. As the
temperature continuously decreases further, the film enters the regime where superconducting
fluctuations become relevant. In the fluctuation regime, short lifetime Cooper pairs are formed
thus decreasing the resistance. As a result, the total conductance is the sum of the normal
conductance from the electrons and the fluctuating conductance from the Cooper pairs channel.
The mean-field superconducting transition temperature 𝑇𝑐 can be estimated by taking into
account the contribution from fluctuating Cooper pairs to the total conductivity [205-207].
When expressed in terms of the measured square resistance, this contribution for three (3D)
and two (2D) dimensional films takes the forms,
𝑅S (𝑇) =

1
1 𝑒2
𝑇
+ ∙
∙𝑑∙( 𝑐 )0.5
𝑅SN 32 ℏ𝜉(0)
𝑇−𝑇𝑐

𝑅S (𝑇) =

1

1

,

1 𝑒2
𝑇
+ ∙ ∙( 𝑐 )
𝑅SN 16 ℏ 𝑇−𝑇𝑐
1
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,

(4.1)

(4.2)
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where 𝑒 is the elementary charge; ℏ is the reduced Planck constant; 𝜉(0) is the coherence
length; 𝑑 is the film thickness; and 𝑅SN is the normal-state square resistance. In Eqs. 4.1 and
4.2, the superconducting fluctuation conductance is taken as the Aslamazov-Larkin (AL)
fluctuation conductivity [205-207]. However, in the highly disordered WSi films, MakiThompson (MT) fluctuation due to coherent scattering of Cooper pairs on impurities also plays
a important role near the superconducting fluctuation regime. In the 3D case, the MT
fluctuation conductance can be written as
1

𝑒2

𝑇

𝑐
MT
𝜎3𝐷
= 8 ∙ ℏ𝜉(0) ∙ 𝑑 ∙ (𝑇−𝑇
)0.5.
𝑐

(4.3)

In the 2D case, the MT fluctuation is very complicated and will be discussed in next chapter.
The resulting total resistance for 3D and 2D films becomes
1

𝑅S (𝑇) =

1
𝑅SN

𝑅S (𝑇) ≈

,

(4.4)

.

(4.5)

𝑇𝑐 0.5
)
𝑇−𝑇𝑐

+𝐶∙(

1
1
𝑅SN

𝑇𝑐
)
𝑇−𝑇𝑐

+𝐷∙(

In the inset of Fig. 4.1, we show the best fitting based on the equations above. For the 3D
fitting in Fig. 4.1 (a), 𝑇𝑐 ≈ 4.94 K, which is rather close to 𝑇𝑐 estimated from 𝑅SN ⁄2 standard.
If we simply view 𝑅SN as 𝑅S (7 K), then the 𝑅SN ⁄2 standard gives 𝑇𝑐 ⋍ 4.95 K. The fitted 𝑅SN
value of 18.9 Ω, is slightly larger than the measured sheet resistance of 18.6 Ω. This is
reasonable since at 7 K, the superconducting fluctuations are still strong and lower the total
5

resistance from the true normal state resistance. With respect to the fitting parameter 𝐶 = 32 ∙
𝑒2
ℏ𝜉(0)

∙ 𝑑, 𝐶 is obtained as 4.6 × 10−4 Ω−1 from the fitting. From the measured 𝜉(0) = 6.5 nm

(see more details later), 𝐶 can be calculated as 5.8 × 10−4 Ω−1 , which is slightly larger than
the fitted result.
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Fig. 4.1: (a) Sheet resistance as a function of temperature for the 100 nm thick and 100 μm
wide W0.8Si0.2 bridge. (b) Temperature dependence of the square resistance for the 5 nm thick
and 100 μm wide W0.8Si0.2 bridge. The red lines in the inset show the best fitting based on Eq.
4.4 and Eq. 4.5. (c) Thickness dependence of 𝑇𝑐 for WSi films.
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With regard to the 2D scenario for the 5 nm thick film, the best fit using Eq. 4.5 gives a 𝑇𝑐 of
4.04 K, which is slightly smaller than that from the 𝑅SN ⁄2 standard, ~ 4.1 K. The fitted normal
state sheet resistance 𝑅SN = 366 Ω is also slightly larger than the measured 𝑅SN = 357 Ω.
Films with a thickness larger than 10 nm were fitted with the 3D expression, and the 2D
expression was used for thinner films. This criterion of choosing the formulas for films with
differenct thickness is consistent with the calculated coherence length (see in the subsection
4.4). The film thickness dependence of 𝑇𝑐 for all these three stoichiometries is shown in Fig.
4.1 (c).
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4.3 Sheet resistance in different magnetic fields
In order to derive the transport parameters of WSi, the sheet resistance as a function of
temperature is measured in different magnetic fields for all bridges. In Fig. 4.2, we show the
𝑅S (𝑇, 𝐵) for the 100 nm thick and the 5 nm thick bridge with a bridge width of 100 μm.
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Fig. 4.2: Temperature dependence of sheet resistance at different magnetic fields. (a) Rs from
the 100 nm thick 100 μm wide bridge. (b) Rs from the 5 nm thick 100 μm wide bridge.
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By measuring the superconducting transitions in different magnetic fields, the magnetic field
dependence of the transition temperature 𝑇𝑐 (𝐵) from 𝑅SN ⁄2 standard was obtained. According
to the Ginzburg-Landau theory, 𝑇𝑐 (𝐵) should be approximately linear at temperatures close
enough to 𝑇𝑐 (0), as it is depicted in Fig. 4.3. The critical field at zero temperature for each film
can then be estimated by linearly extrapolating the values to zero temperature. The thicker films
exhibit a larger slope and higher 𝑇𝑐 , thus resulting in a larger critical field. The experimental
data deviate from the linear dependence when the applied magnetic field is comparatively large
or small. However, these linearly extrapolated 𝐵𝑐2 (0) values are commonly larger than the
actual critical fields, and must be multiplied with a factor of 0.69 to obtain realistic values [208,
209]. The linearly estimated 𝐵𝑐2(0) values for different samples are listed in table 4.1.
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Fig. 4.3: The critical magnetic field at different temperatures for a series of 100 μm wide
W0.8Si0.2 bridges. Through linear fitting of these temperature dependences, we extracted the
zero-temperature critical magnetic field 𝐵𝑐2 (0).
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4.4 Transport parameters
From the GL theory, the zero-temperature critical magnetic field 𝐵𝑐2 (0) is related to the GL
coherence length [210] by
Φ

𝐵𝑐2 (0) = 2𝜋𝜉20(0),

(4.6)

where Φ0 = ℎ⁄2𝑒 = 2.07 × 10−15 V ∙ s is the magnetic-flux quantum. Here all the
calculations are based on the extrapolated 𝐵𝑐2(0), therefore the calculated coherence length is
the Ginzburg-Landau (GL) coherence length. The GL coherence length 𝜉 characterizes the
distance over which the GL order parameter can vary without excessive energy increase. With
the decrease of the films thickness, the zero-temperature GL coherence length exhibits a
significant increase, as it is shown in Fig. 4.4.
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Fig. 4.4: The GL coherence length at zero temperature 𝜉(0) as a function of film thickness.
For the highly disordered WSi, the electron mean-free paths l is relatively small and the
magnetic penetration depths 𝜆 (which will be discussed later) is relatively large, which drives
the WSi in the limiting case of a dirty superconductor and local electrodynamics. The diffusion
constant of the normal-state electrons 𝐷𝑒 can therefore be determined from the slope of the
𝑇𝑐 (𝐵) curve in the vicinity of the superconducting zero field transition temperature 𝑇𝑐 (0) [208,
211, 212],
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𝐷𝑒 =

4𝑘B
𝜋𝑒

∙ (−

d𝐵𝑐2
d𝑇

−1

) |

=
𝑇→𝑇C (0)

1.097
d𝐵
(− 𝑐2
d𝑇

)|

(cm2 /s),

(4.7)

𝑇→𝑇𝑐 (0)

where 𝑘B is the Boltzmann constant. As it is shown in Fig. 4.5, 𝐷𝑒 increases with decreasing
film thickness. For the thin films used for the SNSPDs fabrication, the 𝐷𝑒 of WSi is around
0.75 cm2 /s, depending on the Si composition, which is nearly 25 percent higher than that of
NbN. As a result, the incident photon induced normal state electrons diffuse farther than that
in NbN materials, which results in a larger hotspot in WSi. This can partially explain the higher
detection efficiency of WSi at low normalized bias current.
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Fig. 4.5: Thickness dependence of the diffusion constant of the electrons in the normalconducting state.
Taking the Einstein-Smoluchowski relation into consideration, the total density of states 𝑁0
at the Fermi energy 𝐸𝐹 in the normal conducting state can be written as [213, 214],
1

𝑁0 = 𝑒 2 𝜌

𝑛 𝐷𝑒

.

(4.8)

Here 𝜌𝑛 is the normal state resistivity, which can be calculated from the sheet resistance at 7
K. It is interesting to note that the calculated electronic densities of states for our amorphous
WSi films are one order of magnitude higher than the results for WxSi1-x of the crystalline
structures (N0 = 3.64×1046 m-3J-1 for WSi2 and N0 = 1.36×1046 m-3J-1 for W5Si3) [197, 198]. This
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explains the enhanced the critical temperature for amorphous WxSi1-x when x ranges from 70%
to 85%.
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Fig. 4.6: The magnetic penetration depth λ(0) as a function of film thickness d.
A basic characteristic of bulk superconductors below 𝑇𝑐 is the perfect diamagnetism in low
enough magnetic fields, which was found by Meissner and Ochsenfeld in 1933 [215]. However,
the magnetic flux still enters near the edge of superconductors, and obeys exponential variation
in space as [216],
𝑥

𝐵𝑧 (𝑥) = 𝐵𝑧 (0) exp(− 𝜆 ).
𝐿

(4.9)

Here 𝜆𝐿 is London magnetic penetration depth and the subscript 𝑧 denotes the direction of the
magnetic field. With respect to the BCS theory in dirty superconductors, the effective magnetic
penetration depth 𝜆 can be expressed with the BCS coherence length 𝜉0 and the electron meanfree path l [217],
𝜉

𝜆(0) = 𝜆𝐿 (0)√ 𝑙0.

(4.10)

The BCS coherence length can be expressed by the Fermi velocity 𝑣𝐹 and the
superconducting zero temperature energy gap ∆(0) through 𝜉0 = ℏ𝑣𝐹 ⁄𝜋∆(0) [218]. Since we
have not directly measured the values of the superconducting energy gap for WxSi1-x films, we
used the BCS relation ∆(0) = (𝜋⁄𝑒 𝛾 )𝑘𝐵 𝑇𝑐 with 𝛾=0.577 [218]. With the critical temperatures
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extracted from Fig. 4.1 (c), we can calculate the superconducting energy gaps, and obtain the
magnetic penetration depths at zero temperature through
ℏ𝜌𝑛

𝜆(0) = (𝜋𝜇

0 Δ(0)

)0.5 ,

(4.11)

with 𝜇0 the vacuum permeability. The thickness dependence of 𝜆(0) is shown in Fig. 4.6.
A striking characteristic of thin amorphous WSi film is their large magnetic field penetration
depth. 𝜆(0) of a 5 nm thick WSi film is more than 700 nm, which is nearly two times larger
than that of NbN films.
All the calculated transport parameters presented here are listed in Table 4.1. For comparison,
two groups of data for NbN and one group of data for TaN are also listed at the bottom of the
same table.
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Table 4.1 Material parameters of the 5 nm thick films. The material parameters from NbN
and TaN SNSPDs are also listed.
𝑑

𝑤

𝑅SN

𝑇𝑐 (0)

𝜉(0)

𝐷𝑒

𝑁0 (0)

Δ(0)

𝜆(0)

(nm)

(μm)

(Ω)

(K)

(nm)

(cm2 ⁄𝑠)

(m−3 J −1 )

(meV)

(nm)

Sample

W0.75Si0.25

5

10

410

3.86

6.7

0.61

3.1 × 1047

0.59

763

W0.75Si0.25

5

100

417

3.88

6.7

0.59

3.2 × 1047

0.59

768

W0.8Si0.2

5

10

340

4.02

6.5

0.59

3.9 × 1047

0.61

696

W0.8Si0.2

5

100

357

4.08

6.5

0.58

3.7 × 1047

0.61

681

W0.85Si0.15

5

10

326

3.83

6.6

0.58

4.1 × 1047

0.58

735

W0.85Si0.15

5

100

350

3.85

6.6

0.58

3.8 × 1047

0.59

706

NbN[212]

6

0.053

445

12.73

4.0

0.49

3.6 × 1047

2.30

404

NbN[87]

6

0.08

380

13.0

4.3

0.50

5.1 × 1047

1.98

440

TaN [87]

3.9

0.126

380

9.30

5.0

0.60

4.4 × 1047

1.24

490

In the reference [87,212], a correction of 𝜉(0) is made since the real 𝐵𝑐2 (0) is smaller than the
extrapolated 𝐵𝑐2 (0) . Thus here the 𝜉(0) from NbN and TaN are larger than the values
calculated from the extrapolated 𝐵𝑐2 (0). With a correction factor, the 𝜉(0) of WSi are slightly
larger than the values listed above.
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4.5 Influence of the transport parameters on the detection process
4.5.1 Direct photon detection by hotspot-induced current redistribution
We first consider a “hard” hotspot model, which means that we neglect all the indirect
detection mechanisms, and a detection event is thought to be solely due to the physical hotspot
size induced current redistribution. A hotspot is a nonequilibrium region containing broken
Cooper pairs induced by incident photons. For photons in the visible and infrared wavelength
range, the photon energy ℎν is around 1 eV, which is nearly three orders of magnitude larger
than the superconducting energy gap of the commonly used materials for the SNSPDs
fabrication. The number of broken Cooper pairs can be written as
ℎν

𝑁 = ς Δ(𝑇),

(4.12)

where ς is the energy conversion efficiency of the absorbed photons. For commonly used
superconducting materials, ς is estimated to be around 10% [87]. Immediately after the photon
absorption, a small region of normal state electrons is formed, and they subsequently diffuse
farther away from the absorption point. Such a diffusion process depends on the diffusion
constant of the normal state electrons and their lifetime (the detailed hotspot formation process
will be discussed in the next chapter). As a result, in materials with a higher normal state
electron diffusion constant 𝐷𝑒 , the resulting hotspot is larger, and they are thus more suitable
for SNSPDs applications. For materials with smaller Δ, though there would be more broken
Cooper pairs, the hotspot size is mainly determined by the distribution of quasiparticles.
Once such a nonequilibrium region is formed, the bias current is expelled outside the hotspot
and flows within the sidewalk of the nanowire. This induces a dramatic increase of the local
current density, which in turn drives the whole nanowire cross section into the normal state,
and a signal pulse is created in the readout. The detection criterion for a simple hard hotspot
model can be expressed as
1

𝑗sidewalk = 𝐼𝑏 (𝑤−2𝑟

0 )𝑑

> 𝑗𝑙𝑐,𝑑𝑒𝑝 .

(4.13)

Here 𝑗sidewalk is the current density in the sidewalk after the formation of the hotspot; 𝑟0 is
the hotspot radius; and 𝑗𝑙𝑐,𝑑𝑒𝑝 is the local critical current density. The threshold bias current
can be defined as
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𝐼𝑡ℎ,1 = 𝑗𝑙𝑐,𝑑𝑒𝑝 𝑑(𝑤 − 2𝑟0 ).

(4.14)

However, this definition is based on the assumption that the hotspot is located in the center of
the nanowire. If the photon is absorbed near the edge, the hotspot size and the current
redistribution will be different. Taking the geometry effects into consideration, the threshold
bias current can be modified as
𝐼𝑡ℎ,2 = 𝑗𝑙𝑐,𝑑𝑒𝑝 𝑑(𝑤 − 𝑟0 ),

(4.15)

which means that even half of a normal hotspot is still able to drive the residual nanowire cross
section into normal state. This demonstrates that, if the hotspot size is fixed, the only way to
improve the detection efficiency is to increase the bias current. However, the maximum
applicable bias current, which is commonly defined as 𝐼𝑐𝑒 or 𝑗𝑐𝑒 , is limited due to (a)
constrictions of the nanowire; (b) film thickness non-uniformity; and (c) imhomogeneous films
quality, namely the local defects inside the nanowire. As a result, the experimental critical
current 𝐼𝑐𝑒 is limited by the weakest part of nanowire, which is expected to be around 60% of
𝐼𝑙𝑐,𝑑𝑒𝑝 in narrow NbN nanowires [220, 221]. Therefore the closer 𝐼𝑐𝑒 approaches to 𝐼𝑙𝑐,𝑑𝑒𝑝 , the
better detection performance can be expected. For a 5 nm thick WSi film, the GL coherence
length 𝜉(0) is around 6.5 nm, as compared to 𝜉(0)~4 nm of NbN. WSi SNSPDs can therefore
be more robust against the defects and constrictions within the nanowire. As a result, 𝐼𝑏 can be
biased much closer to 𝑗𝑙𝑐,𝑑𝑒𝑝 , and the saturation regime of SDE vs. 𝐼𝑏 curve is expected to be
much larger.
4.5.2 Vortex assisted photon detection
Once the hotspot size and the bias current are not large enough to drive the whole nanowire
cross section into normal state, assisted detection mechanisms need to be considered [222-229].
These mechanisms include phase slip events, thermally activated vortex-antivortex pairs, and
vortices crossing nanowire. Here we do not consider the phase slip scenario since only when
the cross section of nanowire is of the order of 𝜉 2 , phase slip events become relevant. The
energy barrier for the nucleation of phase slips in a nanowire belt is too large to be of
importance because the belt volume ~𝑑𝜉𝑤 is large. As a result, the quantum phase slips and
thermally activated phase slips caused dissipation are important only in the 1D limit. In currentcarrying strips (𝑤 ≫ 𝜉 ), 2π-phase changes along the strip appear with an extremely low
probability [227].
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We firstly discuss the vortex crossing case, namely the spontaneous nucleation of a single
vortex near the edge of the nanowire and its motion to the opposite edge. For low energy
photons and a low bias current scenario, a cloud of quasiparticles with energies above the
superconducting gap is created due to the photon absorption, which grows in the number of
quasiparticles and in size due to avalanche processes and diffusion [226,227,231,232].
However, within this quasiparticle cloud, the bias current is not totally interrupted. In the
superconducting nanowire, the hotspot is able to cover the entire width w of nanowire when it
reaches its maximal size, and inside the hotspot, the quasiparticles suppress the
superconducting order parameter, but their density is not sufficient to convert the whole hot
belt into the normal state. The superconducting condensation energy inside the hotspot and
vortex-entry energy is significantly lowered accordingly. Due to the decrease of the energy
barrier, a vortex appears at distances smaller than 𝑥0 ~𝜉 near the edge. Then the vortex moves
from one side to the other side because of the Lorentz force provided by the bias current, and
an energy amount of Φ0 𝐼𝑏 /𝑐 is dissipated. Consequently, a vortex assisted photon detection
event is formed in the readout [227].
In a current biased superconducting nanowire, the vortex energy can be written as
[212,226,227,233],
2𝑤

𝐼

𝐸𝑉 (𝑋𝑣 ) = 𝜇 2 𝜖0 [ln ( 𝜋𝜉 sin 𝑋𝑣 ) − 𝜇2 𝐼 𝑋𝑣 ].

(4.16)

0

Here 𝑋𝑣 = 𝜋𝑥/𝑤 is a normalized coordinate in units of 𝜋/𝑤; 𝜇 2 denotes the amplitude of the
𝑐Φ

order parameter; 𝐼0 = 8𝜋Λ0 is a characteristic current and Λ is the Pearl length [234]. 𝜖0 is the
characteristic energy of vortex in thin films, which has the form [227]
Φ2

𝜖0 = 8𝜋20Λ.
Finally, by taking the first order derivative

𝑑𝐸(𝑋𝑣 )
𝑑𝑋𝑣

(4.17)
= 0, the vortex entry energy barrier (the

maximum vortex energy) is given by
𝐸𝑉
𝜇2 𝜖

1

0

𝜋2 𝜉2

𝐼2

𝐼

= − 2 ln[ 4𝑤2 (1 + 𝜇4 𝐼2 ) − 𝜇2 𝐼 arctan
0

0

𝜇 2 𝐼0
𝐼

].

(4.18)

For WSi, the magnetic penetration depth is nearly two times larger than that of NbN. As a
result, the vortex energy barrier is around 25% of NbN with the same wire structures. Though
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the photon energy and bias current are not sufficient and the number of broken Cooper pairs is
not sufficient to suppress the superconductivity within the nanowire completely, the vortices
crossing the nanowire provide additional energy, which in turn improves the detection
performance when compared to the NbN based detectors. On the other hand, the vortices also
play an important role in the dark count event. In this case, the WSi based devices are expected
to have higher dark count rates than NbN based detectors at the same normalized temperature
𝑇⁄𝑇𝑐 , reduced bias current 𝐼𝑏 ⁄𝐼𝑐 , and with the same device geometry.
With respect to the contribution from a vortex-antivortex scenario, in the high bias current
range, a vortex-antivortex pair can be thermally excited by thermal fluctuations, which consists
of two single vortices with the respective supercurrents circulating in opposite directions. Due
to the Lorentz force from the bias current, this pair is prone to dissociate. The energy of a
vortex-antivortex pair can be written as [227,233],
𝐸𝑉𝐴𝑃
𝜇 2 𝜖0

4𝑤 2

cosh 𝑌−cos(𝑋 −𝑋 )

= ln[𝜋2 𝜉2 sin 𝑋1 sin 𝑋2 cosh 𝑌−cos(𝑋1 +𝑋2 )].
1

(4.19)

2

Here the vortex is assumed to be located at (𝑋1 , 0), and the antivortex is assumed to be located
at (𝑋2 , 𝑌). With the increase of separation 𝑌, the total energy increases and the lowest energy
can be derived for 𝑌 = 0 [227]
𝐸𝑉𝐴𝑃
𝜇2 𝜖

0

4𝑤 2

sin2 [(𝑋 −𝑋 )/2]

= ln[𝜋2 𝜉2 sin 𝑋1 sin 𝑋2 sin2[(𝑋1 +𝑋2 )/2]].
1

(4.20)

2

To further simplify this expression, by assuming that these two vortices have a distance of 2𝑏
and at 𝑏 = arctan

2𝜇 2 𝐼0
𝐼

, the vortex-antivortex pair energy reaches the minimum [227]

𝐸𝑉𝐴𝑃
𝜇 2 𝜖0

𝜋2 𝜉2

= − ln[

𝑤2

𝐼2

𝐼

(1 + 4𝜇4 𝐼2 ) − 𝜇2 𝐼 arctan
0

0

2𝜇 2 𝐼0
𝐼

].

(4.21)

Comparing with the single vortex crossing scenario, this energy barrier is twice larger than
that needed for a single vortex crossing [227], and we will therefore not discuss the vortexantivortex scenario any further.
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5.1 Motivation for understanding the time constants
In order to understand the detailed detection processes and mechanisms in SNSPDs, we first
consider how an incident photon is absorbed and how the photon energy is subsequently
dissipated. The incident photon is firstly absorbed in the nanowire by an electron. This highly
excited electron continuously loses its energy by inelastic scattering, and thermalizes with a
time scale 𝜏𝑖 , thereby breaking Cooper pairs and creating quasiparticles within the nanowire.
The growth of the quasiparticle number is controlled by the inelastic electron scattering rate
1⁄𝜏𝑖 . While relaxing to low energy, the excited electron moves away from the site where the
photon was absorbed. This thermalization (or relaxation) process can be simplified as a
diffusion process with a diffusivity 𝐷𝑒 that gives the probability to find the hot electron at the
time t after the photon is absorbed at a distance r from the absorption point. Simultaneously,
the created quasiparticles diffuse outside this relaxation area and recombine into Cooper pairs.
In this process, the dynamics is dominated by the quasiparticle lifetime 𝜏𝑟 . After 𝜏𝑟 , the
superconductivity is recovered in the hotspot, and the detector is ready for detecting the next
photon. Therefore, the thermalization time 𝜏𝑖 of the highly excited electron and the
quasiparticle lifetime 𝜏𝑟 are crucial for the quasiparticle dynamics and the detection
mechanism in SNSPDs [104, 226].
The temperature dependence of 𝜏𝑖 is determined by the magnetoresistance measurement at
different temperatures. With respect to the measurement of 𝜏𝑟 , it is directly measured from a
time-resolving fast photon response experiment.
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5.2 Dephasing time
In disordered thin films, the long inelastic lifetime of conduction electrons yields quantum
interferences in a spatially extended region, which is generally called “weak localization” [235242]. The localization effect can be directly probed by transport measurements in a magnetic
field [243-245]. Magnetoconductivity measurements in the weakly localized regime yield
valuable information on an intrinsic time scale of the system, which provides a way to
determine the electron dephasing time 𝜏𝜙 , i.e. the inelastic scattering time 𝜏𝑖 , which plays a
significant role in quantum-interference devices [246-260]. The dephasing time 𝜏𝜙 describes
the electron lifetime of inelastic scattering in the equilibrium state, and it is different from the
thermalization time 𝜏𝑖 of the hot electron in the nonequilibrium state, since the latter is energy
dependent. However, in a numerical simulation of detection dynamics of SNSPDs, it was found
that the most optimal thermalization time of the hot electron in NbN is rather close to the
experimental value from the magnetotransport measurement [226]. Moreover, for photons in
the visible and near infrared wavelength range, the photon energy ℎ𝜈 is around 1 eV and the
thermalization process is relatively fast, and we will therefore ignore the difference between
𝜏𝜙 and 𝜏𝑖 .
In the thin disordered superconducting films, the magnetoconductivity can be well described
by the combination of the weak localization effect (WL) and superconducting fluctuations.
Namely, in the vicinity of 𝑇𝑐 , we must include the contributions from the Cooper pair channel
into our analyses.
5.2.1 Weak localization effect
The magnetoresistance is in most cases dominated by the weak localization effect, which is
essentially caused by the quantum-interference of the conduction electrons on the defects of
the system [236,268]. At low temperatures, conduction electrons have two different lifetimes,
the elastic lifetime 𝜏𝑒 (lifetime of electrons in an eigenstate of momentum, which is assumed
to be the smallest scattering time and describes a reversible process) and the inelastic lifetime
𝜏𝑖 (lifetime of electrons in an eigenstate of energy, which is irreversible in nature and leads to
either the loss of phase coherence or the energy relaxation). A coherent superposition of the
scattered electron wave, which results in back-scattering of the electron wave and lasting as
long as its coherence is not destroyed, leads to the magnetoresistance anomalies. As a result,
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the conductivity in the 2D case due to the basic weak localization effect for weakly spin-orbit
coupling can be written as [236]
𝑒2

1

𝜎 WL = 𝜎0 − 2𝜋2 ℏ [𝜓 (2 + 𝜔

1

1

𝐻 𝜏𝑒

) − 𝜓 (2 + 𝜔

1
𝐻 𝜏𝑖

)],

(5.1)

where 𝜔𝐻 = 4𝑒𝐷𝐻 ⁄ℏ𝑐 is the cyclotron frequency in a disordered conductor (𝐷 is the diffusion
1

constant) and 𝜏𝑒 is the elastic scattering time. The first digamma function 𝜓 (2 + 𝜔
approximated by ln 𝜔

1
𝐻 𝜏𝑒

1
𝐻 𝜏𝑒

) can be

.

The above expressions are still not able to give a quantitative description of the anomalous
magnetoresistance in materials because it only discusses the scattering processes where the
spin of the electron is conserved. If we also consider the spin-orbit scattering and magnetic
scattering, Eq. 5.1 is no longer sufficient for describing the anomalous magnetoresistance. The
influence of spin-orbit coupling on weak localization causes an increase of the conductance
with decreasing temperature, and can even change the weak localization into weak
antilocalization [269-271]. Finally, the conductance per sample square including the spin-orbit
scattering and magnetic impurities scattering (neglecting the Zeeman effect in the
perpendicular magnetic field) can be written as [244,271-273],
𝑒2

1

𝜎 WL (𝐻, 𝑇) = 𝜎0 − 2𝜋2 ℏ [𝜓 (2 + 𝜔

1

1

𝐻 𝜏1

) − 𝜓 (2 + 𝜔

1

1

𝐻 𝜏2

1

) + 2 𝜓 (2 + 𝜔

1
𝐻 𝜏3

1

1

) − 2 𝜓 (2 + 𝜔

1
𝐻 𝜏4

)],

(5.2)
where:
1
𝜏1
1
𝜏2

1

1

1

1

1

𝑒

𝑠𝑜

𝑠

𝑒

𝑠𝑜

2 1

1

4 1

𝑠

𝑖

1

1

1

𝑠

𝑖

𝑖
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1
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1
𝜏3

𝑠𝑜
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1
𝜏4

1

=𝜏 .
2
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and the characteristic time 𝜏𝑠𝑜 is spin-orbit interaction time. The parameter 𝜏𝑠 is the magnetic
scattering time, and 1⁄𝜏𝑠 equals zero in our case because WSi is not a magnetic material with
magnetic impurities. Therefore Eq. 5.2 can be simplified as,
𝑒2

3

1

1

4 1

1

1

1

𝜎 WL (𝐻, 𝑇) = 𝜎0 + 2𝜋2 ℏ {2 𝜓 [2 + 𝜔 (3 𝜏 + 𝜏 )] − 2 𝜓 (2 + 𝜔
𝐻

𝑠𝑜

𝑖

1

1

) − 𝜓 (2 + 𝜔
𝜏

𝐻 𝑖

1
𝐻 𝜏1

)}.

(5.3)

In the zero field limit, 𝐻 → 0, 𝜔𝐻 → 0, we obtain
𝑒2

3

1

4 1

1

1

𝜎 WL (0, 𝑇) = 𝜎0 + 2𝜋2 ℏ [2 ln 𝜔 (3 𝜏 + 𝜏 ) − 2 ln 𝜔
𝐻

𝑠𝑜

𝑖

1
𝐻 𝜏𝑖

− ln 𝜔

1
𝐻 𝜏1

].

(5.4)

In the absence of spin-orbit and magnetic scattering, Eq. 5.4 results in a well-known
localization logarithmic temperature dependence of the conductivity,
𝑒2

𝜏

𝜎 WL (0, 𝑇) = 𝜎0 + 2𝜋2 ℏ ln 𝜏1.

(5.5)

𝑖

On the other hand, in case of very strong spin-orbit scattering, Eq. 5.4 results in a weak
antilocalization (WAL) logarithmic temperature dependence of the conductivity,
1 𝑒2

𝜎 WL (0, 𝑇) = 𝜎0 − 2 2𝜋2 ℏ ln

𝜏𝑠𝑜
𝜏𝑖

.

(5.6)

Finally, the excess magnetoconductance per square sample becomes
𝑒2

3

1 −1

4 1

1

𝛿𝜎 WL (𝐻, 𝑇) = 2𝜋2 ℏ {2 𝑌 [𝜔𝐻 (3 𝜏 + 𝜏 ) ] − 2 𝑌(𝜔𝐻 𝜏𝑖 ) − 𝑌(𝜔𝐻 𝜏1 )}.
𝑠𝑜

𝑖

(5.7)

The universal function 𝑌(𝑥) is in the 2D case is
1

1

𝑌(𝑥) = ln 𝑥 + 𝜓 (2 + 𝑥).

(5.8)

In the limiting cases, 𝑌(𝑥) ≈ 𝑥 2 /24 for 𝑥 ≪ 1 and for 𝑥 ≫ 1 𝑌(𝑥) ≈ ln 𝑥 − 2 ln 2 − 𝛾𝐸 +
𝜋 2 ⁄2𝑥 , with 𝛾𝐸 = 0.5772 is the Euler constant.
In the weak spin-orbit scattering case, 𝜏𝑠𝑜 → ∞, Eq. 5.7 can be simplified to
𝑒2

1

𝛿𝜎 WL (𝐻, 𝑇) = 2𝜋2 ℏ {𝜓(2 + 𝜔

1

1

) − 𝜓 (2 + 𝜔
𝜏

𝐻 𝑖
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Moreover, since 𝜏𝑒 is much smaller than any other time scales here [25], the excess
conductance can therefore be simplified to
𝑒2

3

1

1

4 1

1

1

1

𝛿𝜎 WL (𝐻, 𝑇) = 2𝜋2 ℏ {2 𝑌 [2 + 𝜔 (3 𝜏 + 𝜏 )] − 2 𝑌 (2 + 𝜔
𝐻

𝑠𝑜

𝑖

1
𝐻 𝜏𝑖

)}.

(5.10)

5.2.2 Maki-Thompson (MT) fluctuation
With decreasing temperature, the superconducting fluctuations appear in the films, resulting
in the paraconductivity from the short-lived Cooper pairs [205,207,274,275]. Therefore the
total magnetoresistance in this temperature range should also include the superconducting
fluctuation, i.e., the interaction corrections in the Cooper channel. It was shown that at finite
temperatures there are three important fluctuation corrections to the conductivity: the MakiThompson (MT) correction 𝛿𝜎 MT , the Aslamozov-Larkin (AL) correction 𝛿𝜎 AL , and the
density of states correction (DOS) 𝛿𝜎 DOS .
In highly disordered superconductors, the MT fluctuation mechanism, due to the coherent
scattering of electrons forming Cooper pairs at impurities, describes single-particle quantum
interference at impurities in the presence of the superconducting fluctuations [207,276,277].
Maki introduced an indirect contribution of fluctuations to the conductance of an extremely
dirty type II superconducting film in a field 𝐻 slightly above 𝐻𝑐2 [264]. Later, Thompson
removed an unphysical divergence from Maki's theory by introducing a nonzero pair-breaking
parameter 𝛿, and recalculated the dynamic response of superconductors to electric fields, which
resulted in significantly different results from previous calculations [207]. Then 𝛿 was found
to be related to the inelastic scattering process, and Larkin introduced the inelastic process into
the MT fluctuations [265]. In the 2D case, the magnetoconductivity from the MT correction
can be written as [243,277-280]
𝜎 MT =

𝑒2

𝑘B 𝑇𝜏GL

𝜋ℏ2 1−𝜏GL ⁄𝜏𝑖

1

1

2

𝜔𝐻 𝜏GL

[𝜓 ( +

1

1

2

𝜔 𝐻 𝜏𝑖

) −𝜓( +

−1
Here the 𝜏GL is the Ginzburg-Landau time (𝜏GL
=

8𝑘B 𝑇
𝜋ℏ

)].

(5.11)

𝑇

ln 𝑇 ). In the zero field limit, this
𝑐

reduces to the well-known result at the zero field,
𝑒2

𝑘 𝑇𝜏GL
𝜏𝑖
ln
.
𝜏GL
GL ⁄𝜏𝑖

B
𝜎 MT (𝐻 = 0) = 𝜋ℏ2 1−𝜏

−1
By taking 𝜏GL
into the expression, we can get
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𝑒2

𝜏

𝜏

𝑇

𝜎 MT (𝐻 = 0) = 8ℏ 𝜏 −𝜏𝑖 ln 𝜏 𝑖 (ln 𝑇 )−1 .
GL

𝑖

GL

𝑐

(5.13)

Therefore the excess conductivity due to the MT contribution can be derived as
𝑒2

𝜋2

𝛿𝜎 MT = 2𝜋2 ℏ { 4

1

}[𝑌(𝜔𝐻 𝜏GL ) − 𝑌(𝜔𝐻 𝜏𝑖 )].

𝑇
(1−𝜏GL ⁄𝜏𝑖 )
𝑇𝑐

ln

(5.14)

When the temperature is relatively high, namely ln 𝑇⁄𝑇𝑐 ≫ 1, 𝜏GL is much smaller than 𝜏𝑖 .
1

Thus 𝜓 (2 + 𝜔

1
𝐻 𝜏GL

) can be approximated as ln 𝜔

1
𝐻 𝜏GL

. As a result, Eq. 5.14 can be simplified

to
𝑒2

𝑘 𝑇𝜏GL
𝑌(𝜔𝐻 𝜏𝑖 ).
GL ⁄𝜏𝑖

B
𝛿𝜎 MT = − 𝜋ℏ2 1−𝜏

(5.15)

This simplification, however, is only valid in a relatively high temperature range above 𝑇𝑐 . In
the vicinity of 𝑇𝑐 , 𝑌2 (𝜔𝐻 𝜏GL ) cannot be neglected.
5.2.3 Aslamazov-Larkin (AL) fluctuation
Aslamazov and Larkin were the first to calculate the fluctuation conductance just above the
superconducting transition [263]. Later, the influence of a magnetic field was included, and in
the 2D case, the AL contribution to the magnetoconductivity can be written as [243,281-283]
𝜎 AL =

2𝑒 2 𝑘B 𝑇𝜏GL

1

𝜋ℏ

(

ℏ

2

)ℋ2 (𝜔𝐻 𝜏GL ),
1

1

(5.16)
1

ℋ2 (𝑥) = 𝑥 {1 − 𝑥 [𝜓 (1 + 𝑥) − 𝜓 (2 + 𝑥)]}.

(5.17)

1

In the zero field limit, ℋ2 (𝑥 → 0) ≈ 4, we recovers from the above equation to the famous
AL fluctuation conductivity [263]
𝑒2

1

𝜎 AL (𝐻 = 0) = 16ℏ ln𝑇⁄𝑇 .
𝑐

(5.18)

Therefore the excess conductivity due to AL contribution can be derived as:
𝛿𝜎 AL =

2𝑒 2 𝑘B 𝑇𝜏GL
1
( ℏ ) [ℋ2 (𝜔𝐻 𝜏GL ) − 4].
𝜋ℏ
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5.2.4 Density of states (DOS) correction
The formation of short lifetime Cooper pairs results in a change in the number of electrons
near the Fermi level. Such an indirect effect from the quasiparticles is referred as the DOS
contribution [284]. With respect to this DOS contribution, Glatz et al. recently recalculated it
from the change of the single-particle density of states comprehensively. In low magnetic fields
near 𝑇𝑐 , the DOS contribution to the conductance can be written as [285,286]
𝜎 DOS (𝐻, 𝑇) =

14𝜁(3)𝑒 2
𝜋4 ℏ

𝑇

1

[ln (𝜔𝐻 𝜏GL ln 𝑇 ) + 𝜓 (2 + 𝜔
𝑐

1
𝐻 𝜏GL

)],

(5.20)

where 𝜁 is the Riemann zeta function, with 𝜁(3) = 1.202. In the zero field limit, we have
𝜎 DOS (𝐻 = 0) =

14𝜁(3)𝑒 2
𝜋4 ℏ

ln(ln 𝑇⁄𝑇𝑐 ).

(5.21)

Therefore the excess magnetoconductance due to the DOS contribution can be written as
𝑒 2 28𝜁(3)

𝛿𝜎 DOS (𝐻, 𝑇) = 2𝜋2 ℏ

𝜋2

𝑌(𝜔𝐻 𝜏GL ).

(5.22)

Besides the AL fluctuations, MT fluctuations, and DOS corrections, the renormalization of
diffusion constant of normal state electrons due to quantum fluctuations needs to be considered.
This fluctuation mechanism of renormalization of the single-particle diffusion coefficient can
be safely neglected in the intermediate magnetic field range above 𝑇𝑐 . In the relatively high
temperature range, both AL fluctuation and DOS contribution are dominated by the MT
fluctuation. However, as the temperature decreases, 𝜏GL gradually increases and exceeds 𝜏𝑖
near 𝑇𝑐 . In this case, the magnetotransport will be dominated by the AL fluctuation and DOS
contributions. It should also be noted that the 2D expressions discussed above will be no longer
applicable in the ultrahigh magnetic field range since the characteristic length scale 𝑙𝐵 =
√ℏ⁄2𝑒𝐵 is lower than the film thickness d [273].
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5.3 Measurement of τi
5.3.1 Magnetoresistance of WSi
Figure 5.1 shows the magnetoresistance 𝑅S (𝐵) at different temperatures. In the relatively high
temperature range, the superconducting fluctuations are not strong, and the resulting excess
conductivity is relatively small. In the low temperature range near 𝑇𝑐 , the strong
superconducting fluctuations induce large variations of sheet resistance, and the resulting
excess conductance is huge. In this range, it is necessary to add the DOS correction to the
fluctuation conductivity.
It is interesting to note that a crossing point appears in the 𝑅S (𝐵, 𝑇) plane, which hints to a
superconductor to insulator transition at finite temperature. More details concerning this
superconductor to insulator transition in WSi will be discussed in chapter 7.
The excess magnetoconductance is defined as,
𝛿𝜎(𝑇) = 𝑅

1
(𝐵,𝑇)
S

−𝑅

1
SN (𝑇)

=

𝑅SN (𝑇)−𝑅S (𝐵,𝑇)
.
𝑅S (𝐵,𝑇)𝑅SN (𝑇)

(5.23)

By fitting the excess magnetoconductance data, we are able to determine the diphasing time
of the thin films.
5.3.2 Fittings of the excess magnetoconductivity
In the relatively high temperature range, for instance, at 𝑇 = 20 K, 𝜏GL is 0.09 ps and 0.08 ps
for the 5 nm and 4 nm thick films, respectively. In this temperature range, the diphasing time
𝜏𝑖 is nearly two orders of magnitude higher than 𝜏GL . As a result, in the high temperature range,
𝛿𝜎(𝑇) is dominated by the MT fluctuation and the WL effect. Comparing MT fluctuations and
AL fluctuations, for example at 1⁄𝜔𝐻 ~𝜏GL , the MT interaction dominates against the AL
fluctuation mechanism by a factor of ln(𝜏𝑖 ⁄𝜏GL ) ~5. As a result, the MT fluctuations in the
2
high magnetic field range can be simplified as 𝛿𝜎 MT ∝ 𝜔𝐻
, and 𝛿𝜎 decreases monotonically

with 𝜔𝐻 , namely the magnetic field. Figure 5.2 shows the excess magnetoconductance for the
5 and 4 nm thick WSi films in the relatively high temperature range. The excess
magnetoconductance increases with decreasing temperature and is negative in the considered
magnetic field range. Above 6 K, the excess magnetoconductance can be well described by the
MT fluctuation and WL effect over the whole magnetic field range.
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Fig. 5.1: Magnetoresistance at different temperatures for the 5 nm thick film (a) and 4 nm thick
film (b).
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Fig. 5.2: The best fits to the measured the excess magnetoconductance based on the WL effect
and the MT fluctuations for the 5 nm (a) and 4 nm (b) WSi film (solid black lines).
In the low temperature range near 𝑇𝑐 , 𝜏GL is around 4.5 ps for the 5 nm thick film at 4.5 K,
which is comparable with 𝜏𝑖 . With decreasing temperature, both 𝜏GL and 𝜏𝑖 increase and 𝜏GL
becomes even larger than 𝜏𝑖 . In this case, the WL effect and MT fluctuations alone fail to give
a satisfactory fit to the data in the low temperature range near 𝑇𝑐 , and the excess
magnetoconductance is dominated by the AL fluctuations and the DOS corrections. Therefore,
the excess magnetoconductance has been fitted with the WL effect and including all the
superconducting fluctuation contributions, as it is shown in Fig. 5.3. In the high magnetic field
−1
range, 𝜔𝐻
≲ 𝜏GL , 𝛿𝜎 is found to be independent of the magnetic field. A saturation of 𝛿𝜎
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therefore appears in the high magnetic field range, as it is shown in Fig. 5.3. These fits yield
maximum inelastic time scales 𝜏𝑖 of 6.6 ps for the 4 nm thick film at 4.5 K and 7.6 ps for the 5
nm thick film at 5 K.
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Fig. 5.3: The best fit of the excess magnetoconductance based on the WL effect, MT
fluctuations, AL fluctuations, and the DOS contributions for 5 nm (a) and 4 nm (b) WSi film.
5.3.3 Interpretation of 𝜏𝑖
Above 𝑇𝑐 , the dephasing process of conducting electrons can mainly be interpreted in terms
of electron-electron interaction (e-e), electron-phonon interaction (e-ph) and electron-Cooper
pair interaction (or electron-superconducting fluctuation interaction, e-fl). In amorphous WSi
films, the thermal diffusion length 𝐿𝑇 = (ℏ𝐷/𝑘B 𝑇)1⁄2 is larger than the film thickness d [287].
The e-e scattering rate can therefore be written as [288-290]
𝑒2𝑅

𝜋ℏ

−1
𝜏𝑒−𝑒
= 2𝜋2 ℏS ∙ 𝑘B 𝑇 ∙ ln 𝑒 2 𝑅 .
S
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−1
With respect to the e-ph interactions for WSi, we have obtained that 𝜏𝑒−𝑝ℎ
∝ 𝑇 3 [104].

Moreover, at temperature 𝑇 close to 𝑇𝑐 , the scattering process is dominated by superconducting
−1
fluctuations, and 𝜏𝑒−𝑓𝑙
is given by [278,291]
𝑒2𝑅

−1
𝜏𝑒−𝑓𝑙
= 2𝜋2 ℏS ∙ 𝑘B 𝑇 ∙

2 ln 2
𝑇
+𝐺
𝑇𝑐

ln

, 𝐺=

4 ln 2

.

𝜋ℏ
𝜋ℏ
√ln2 (𝑒2 𝑅 )+128ℏ/𝑒 2 𝑅S −ln2(𝑒2 𝑅 )
S
S

(5.25)

Figure 5.4 shows the best fit including the scattering mechanisms discussed above, of the total
inelastic interaction time 𝜏𝑖 . The temperature dependence of 𝜏𝑒−𝑝ℎ for the 5 nm thick film is
found to be 𝜏𝑒−𝑝ℎ = 𝛼 ∙ 𝑇 −3 with 𝛼 = 5.5 × 103 ps ∙ K 3 , and a 𝜏𝑒−𝑝ℎ = 93 ps at 𝑇𝑐 and 86 ps
at 4 K. For the 4 nm thick film we find 𝛼 = 4.8 × 103 ps ∙ K 3 , which corresponds to 𝜏𝑒−𝑝ℎ =
118 ps at 𝑇𝑐 and 75 ps at 4 K. Sidorova et al. recently also studied the electron-phonon
relaxation time in a 3.4 nm thick WSi film using an amplitude-modulated absorption of subTHz radiation (AMAR) method, and 𝜏𝑒−𝑝ℎ was estimated to be in the range of 100-200 ps at
3.4 K [292], which coincides well with our result from the magnetoresistance method. With
respect to the contribution from the electron-electron interaction, a temperature dependence
𝜏𝑒−𝑒 = 𝛽 ⁄𝑇 with 𝛽 = 95 ps ∙ K was determined for the 5 nm film from the fit in Fig. 3, which
results in a 𝜏𝑒−𝑒 of 24.4 ps at 𝑇𝑐 . For the 4 nm thick film, we obtained 𝛽 = 60 ps ∙ K, and 𝜏𝑒−𝑒
is found to be 17.4 ps at 𝑇𝑐 .
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Fig. 5.4: The best fits of the inelastic scattering rate, based on e-e interaction, e-ph interaction
and e-fl interaction.

84

5 Time constant measurements

5.4 Fast optical response of a WSi microbridge
Figure 5.5 shows the current-voltage (IV) curve of a W0.85Si0.15 bridge at 3.2 K (shown in Fig.
3.7(b)). From the slope of the linear regime in the superconducting state, we calculate the series
resistance of the bias circuit to be 14 Ω. The critical current is defined as the maximum
applicable superconducting bias current on the bridge, which gives a 𝐼𝑐 of 119 µA.
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Fig. 5.5: The I-V curve of the W0.85Si0.15 microbridge measured at 𝑇 = 3.2 K. The critical
current for the device is around 119 μA and the series resistance of the bias circuit is 14 Ω. The
black dots marks the bias condition for transient response.
To measure the recovery time of the superconducting state, the microbrige was cooled to T =
3.2 K, slightly below its transition temperature 𝑇𝑐 = 3.8 K, and biased with a direct current on
the bridge. The excitation with a light-pulse creates an impedance change of the bridge, which
is translated by the bias current into a voltage transient 𝑉(𝑡) between the bow-tie pads. The
transients were amplified and recorded with a sampling oscilloscope. The effective bandwidth
of the readout was limited to 8 GHz by the amplifier. At bias currents less than the critical
current, the dc resistance was zero and the recorded transient was bipolar. Such bipolar shape
is typical when a non-equilibrium state is associated with the change in the kinetic inductance
[293]. The recovery of the kinetic inductance is controlled by the gap relaxation time. In order
to exclude the contribution of the kinetic inductance, the detector was driven by the bias current
almost into the normal-state, as it is shown in Fig. 5.5. At currents larger than the critical current,
the negative part of the transient disappeared. The decaying edge becomes exponential in time
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𝑉(𝑡) ∝ exp(−𝑡⁄𝜏𝑓 ) with a characteristic time 𝜏𝑓 which initially decreases with the increase of
the bias current and saturates when the actual dc resistance approaches the normal-state
resistance.
Figure 5.6 shows the measured transient 𝑉(𝑡) for the 5 nm thick W0.85Si0.15 microbridge. The
microbridge was biased to the operation point with the current I = 37.3 μA and the voltage V =
3.6 mV beyond which the decay time did not vary any more, as it is shown in Fig. 5.5. We
fitted the rising edge and the falling edge of the transient 𝑉(𝑡) separately. For the rising edge,
we fitted the transient optical response with
𝑉rising = 𝑉0 {1 − exp[− (𝑡 − 𝑡0 )⁄𝜏rising ]},

(5.26)

resulting in a rising time of 𝜏rising = 52 ps. Above the superconducting transition, 𝜏rising is
mainly determined by the thermalization time 𝜏𝑡ℎ (due to e-e and e-ph interaction), and
𝜏readout (limited by the bandwidth of readout system),
𝜏𝑡ℎ = (1/𝜏𝑒−𝑒 + 1/𝜏𝑒−𝑝ℎ )−1,

(5.27)

which amounts to 27 ps at 𝑇𝑐 . We therefore extracted the contribution of the readout 𝜏readout
from the rising edge according to
2
2 1/2
𝜏rising = (𝜏readout
+ 𝜏𝑡ℎ
) .

(5.28)

The calculated 𝜏readout = 44 ps is consistent with the effective bandwidth of 8 GHz.
With respect to the falling edge, we fitted it according to
𝑉falling = −𝑉0 exp(− 𝑡⁄𝜏falling ),

(5.29)

which results in a decay time 𝜏falling = 630 ps. However, the contribution from the readout
needs to be removed from the total time response. The intrinsic relaxation time 𝜏𝑅 of the nonequilibrium state in the microbridge can be derived by combining 𝜏readout and 𝜏falling through
2
𝜏falling = (𝜏readout
+ 𝜏𝑅2 )1/2,

(5.30)

which results in a relaxation time 𝜏𝑅 = 628 ps. Compared with the total response time of 630
ps, the contribution from the readout system to the intrinsic recovery is negligible. Since the

86

5 Time constant measurements

diffusion length √𝐷𝜏𝑅 ≈ 1800 nm in our microbridge is larger than the bridge length L ( for
this particular 5 nm thick W0.85Si0.15 microbridge L  870 nm), the measured relaxation time
may bear a contribution from the diffusion of non-equilibrium electrons into the contact pads
of the bow-tie.
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Fig. 5.6: Transient voltage response of the W0.85Si0.15 microbridge. The rising and the falling
edges of 𝑉𝑜𝑢𝑡 (𝑡) were fitted separately to exponential functions with time constants 𝜏rising and
𝜏falling , respectively.
Recently, Marsili et al. used a two-photon excitation method to deduce the hot-spot relaxation
time 𝑡𝐻𝑆 in WSi SNSPDs [294]. A pair of photons was introduced with a time delay onto the
nanowire meander in the superconducting state. The meander was biased at a relative current
less than 𝐼 ⁄𝐼𝑐 = 0.65 in order to operate the detector in a two-photon excitation regime. Only
if the time delay is shorter than the relaxation time of the hot-spot due to the first photon, a
detection event can be registered. According to this method, 𝑡𝐻𝑆 was derived to be around 800
ps at T = 0.25 K. Moreover, the hotspot relaxation time is strongly dependent on the bias current,
operating temperature, and photon energy. The authors interpreted the results according to a
quasiparticle relaxation model based on the uniform kinetic equation [295]. We therefore can
view the hotspot relaxation time as the intrinsic lifetime of the quasiparticles, and the measured
𝜏𝑅 can be viewed as the limitation in the normal state. In both experiments, the formation of
the fluctuation area and the subsequent recovery are dominated by the diffusion and
recombination of the quasiparticles.
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5.5 Definition of the hotspot size based on a two-stage quasiparticle diffusion model
The most widely used model for a qualitative description of the detection process in SNSPDs
is the hotspot model. A hotspot is created in the nanowire after the absorption of the incident
photon, and then the bias current flowing through the hotspot area is expelled into the sidewalk
outside the hotspot. When the hotspot is large enough, the current density in the sidewalk
exceeds the local critical current density, which in turn drives the sidewalk into the normal
state. Then the entire cross section of the nanowire becomes normal due to the Joule heat from
the normal or resistive area. As a result, the bias current is shunted into the readout line, and a
voltage signal is created on the readout [296]. We proposed a two-stage diffusion model to
describe the formation of the hotspot [226]. To summarize, the excited electron which absorbs
the incident photon continuously loses its energy by means of inelastic interactions and creates
non-equilibrium quasiparticles. The growth of their number is controlled by the inelastic
electron scattering rate 𝜏𝑞𝑝 . While relaxing to low energies, the excited electron moves away
from the site where the photon is absorbed. The latter process can be simplified as the diffusion
with a diffusivity 𝐷𝑒 that gives the probability to find the hot electron at the time t after the
photon is absorbed at a distance r from the absorption point. Simultaneously, the created
quasiparticles diffuse outside this relaxation area and recombine into Cooper pairs. The local
quasiparticle density 𝐶𝑞𝑝 (𝑟, 𝑡) changes due to the diffusion and recombination with the rates
𝐷𝑞𝑝 ∇2 𝐶𝑞𝑝 (𝑟, 𝑡) and 𝐶𝑞𝑝 (𝑟, 𝑡)⁄𝜏𝑟 , respectively, which are controlled by the quasiparticle
diffusivity 𝐷𝑞𝑝 and the recombination time 𝜏𝑟 . Diffusion dominates the evolution of 𝐶𝑞𝑝 (𝑟, 𝑡)
in the nanowire when 𝑡 > 𝜏𝑞𝑝 (assuming that the photon is absorbed at 𝑡 = 0), and finally all
quasiparticles recombine back into Cooper pairs. As a result, by first assuming 𝐷𝑞𝑝 = 𝐷𝑒 = 𝐷
and neglecting the edge effects, the density of quasiparticles 𝐶𝑞𝑝 (𝑟, 𝑡) around the photon
absorption area can be analytically expressed as [226]
𝐶𝑞𝑝 (𝑟, 𝑡) =

𝜍ℎ𝑣
Δ

∙

𝜏𝑟
𝜏𝑟 −𝜏𝑞𝑝

𝑡

𝑡

𝜏𝑟

𝜏𝑞𝑝

[exp (− ) − exp(−

)] ×

1
4𝜋𝐷𝑡

exp(−

𝑟2
4𝐷𝑡

).

(5.31)

In a more realistic situation, 𝐷𝑞𝑝 ≠ 𝐷𝑒 (the excited high energy electron is different from the
depaired quasiparticles) and also the temperature dependence of the superconducting
parameters should be considered. Under such complicated conditions, we cannot give an
analytical solution to the diffusion equation and only a numerical calculation can simulate the
time evolution of the quasiparticle distribution [226]. When the operating temperature is not
too low, however, 𝐷𝑞𝑝 is estimated to be of the same order of magnitude as 𝐷𝑒 (e.g. in Ref.
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295, 𝐷𝑞𝑝 is estimated to be 0.5𝐷𝑒 at T > 0.5𝑇𝑐 ), thus we still use this approximation 𝐷𝑞𝑝 = 𝐷𝑒
in the following discussion. Within this simplified model, the total number of quasiparticles,
which are introduced by the absorbed photon, is obtained by integrating the quasiparticle
distribution within the two dimensional film [22],
∞

𝑁𝑞𝑝 (𝑡) = ∫0 𝐶𝑞𝑝 (𝑟, 𝑡) ∙ 2𝜋𝑟 ∙ 𝑑𝑟 =

𝜍ℎ𝑣
Δ

∙𝜏

𝜏𝑟
𝑟 −𝜏𝑞𝑝

𝑡

𝑡

𝑟

𝑞𝑝

[exp (− 𝜏 ) − exp(− 𝜏 )].

(5.32)

Although the lifetime of quasiparticles is much longer than the thermalization time 𝜏𝑞𝑝 , for
the sake of generality we determine the time scale 𝑡𝑚𝑎𝑥𝐻𝑆 at which the total number of
quasiparticles reaches the maximum from 𝑑𝑁𝑞𝑝 (𝑡)⁄𝑑𝑡 = 0 as
𝜏𝑟 𝜏𝑞𝑝

𝑡𝑚𝑎𝑥𝐻𝑆 = 𝜏

𝜏

𝑟 −𝜏𝑞𝑝

ln(𝜏 𝑟 ).

(5.33)

𝑞𝑝

Though the quasiparticles are continuously diffusing further away from the absorption point
after 𝑡𝑚𝑎𝑥𝐻𝑆 , the total number of the quasiparticles starts to decrease, and the global
superconductivity begins to recover. We therefore define the hot-spot radius at 𝑡𝑚𝑎𝑥𝐻𝑆 as
𝜏𝑟 𝜏𝑞𝑝

𝑅ℎ𝑠 = (𝐷𝑡𝑚𝑎𝑥𝐻𝑆 )1/2 = [𝐷 𝜏

𝑟 −𝜏𝑞𝑝

𝜏

ln( 𝜏 𝑟 )]1/2.
𝑞𝑝

(5.34)

As a consequence, the hot-spot diameter in our case amounts to 107 nm for the 5 nm thick
W0.85Si0.15 film by taking 𝜏𝑞𝑝 = 9.1 ps [104] and assuming 𝜏𝑟 = 𝜏𝑅 = 628 ps. Note that the
quasiparticle recombination time approximately equals to the electron-phonon interaction time
at T  𝑇𝑐 only. At an operation temperature of 0.25 K, the recombination time will grow to a
few microseconds, increasing the hot-spot size to approximately 400 nm. Anyway, even at T 
𝑇𝑐 , the expected hot-spot size is comparable with the most commonly used nanowire width of
100 nm. Neglecting the diffusion process would result in a hard core hot-spot ~(𝐷𝜏𝑞𝑝 )1/2 with
a diameter of only 52 nm. Hence, without consideration of the diffusion, the hot-spot size is
significantly underestimated. According to our simplified model, both time constants play
important roles in the formation of the hot-spot although 𝜏𝑞𝑝 is significantly shorter than 𝜏𝑟 .
The hot-spot size is determined by a diffusion-based multiplication process, i.e., is mainly
dominated by the lifetime of the non-equilibrium quasiparticles. With increasing bias current
and decreasing temperature, Marsili et al. found that the hot-spot relaxation time 𝜏𝑟 increased
significantly, which in turn leads to the increase of the hot-spot size [294]. The hotspot size
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estimated here is quantitatively consistent with the experimental determined hotspot size from
a 130 nm wide WSi SNSPDs [297].
With respect to NbN-based devices, the 𝜏𝑟 is around 20 to 25 ps, and 𝜏𝑖 is found to be around
1.6 ps. The experimentally determined 𝐷𝑒 of NbN ranges from 0.4 to 0.5 cm2 /s. Inserting them
into Eq. 5.34, we can estimate that the hotspot size of NbN for 1550 nm photons is around 25
nm, which is significantly smaller than the wire width of the commonly used NbN nanowire
detectors, ~ 100 nm. This estimated hotspot size can also be quantitatively examined by a
quantum detection tomography experiment, which found a hotspot size of 23 nm for NbN [297].
For this simple two-stage diffusion model we did not consider the suppression of
superconductivity from the incident photon and the bias current, namely the changes of the
depairing energy and the order parameter. Moreover, in order to have an even more accurate
description of the dynamic process and the dependence of the hot-spot size on external
parameters, the escape of phonons should also be considered.
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6.1 X-ray source calibration
Throughout our experiment, a tungsten target based X-ray tube from Oxford Instrument has
been used. The applicable voltage 𝑉𝐴 of this tube is limited at 49.9 keV, and the current 𝐼𝐴 of
the tube is limited at 2 mA. In order to introduce the X-ray photons into the cryostat, a 100 µm
thick kapton film as a window is placed on the wall of the cryostat for keeping the vacuum, as
it is shown in Fig. 6.1. Moreover, a huge number of infrared photons are ejected from the
tungsten target during the X-ray photon emitting. In order to shield these infrared photons from
the detector and achieve a good temperature stability at the sample stage, a 1 µm thick
aluminum film is placed on the wall of liquid nitrogen jacket (see in Fig. 6.7).

Fig. 6.1: The 100 µm thick kapton film used for keeping the vacuum is essentially transparent
for X-ray photons.
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Fig. 6.2: Transmission probability of X-ray photons through the 100 µm thick kapton film and
the 1 µm thick Al film.

Fig 6.3: (a) Configuration for the X-ray photon flux measurement. (b) The microscope image
of the small hole in the center of the tantalum film.
Though the kapton film and the Al film on the optical path attenuate the X-ray photons flux,
there are still enough X-ray photons incident on the sample stage due to the ~ 90% transmission
probability of these two films, as it is shown in Fig. 6.2.
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In order to measure the X-ray photon flux on the sample stage (X-SNSPD), a tantalum film
with a small hole in the center is placed on the sample stage, as it is shown in Fig. 6.3. Behind
the tantalum film, the X-ray photons transmitted through the hole are detected by a commercial
semiconductor detector (see below). The area of the small hole ~ 76137.18 μm2 is measured
via a Nikon microscope. From the area of the hole and the photon number per second detected
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Fig. 6.4: The absorption of the 625 μm thick Si PIN detector (red) and the transmission of 25
μm Be window (black).
The X-ray photons are counted by XPIN-BT X-ray detector, which is a compact, low-cost
Energy Dispersive X-Ray Florescence (EDXRF) device. The X-ray photons are directly
detected by a silicon PIN diode, which has an area of 6 mm2 and a thickness of 625 μm. In
front of the detector, there is a 25 μm thick beryllium protection window. In order to exactly
determine the X-ray flux near the sample stage, we have excluded the influence from the
attenuation of the beryllium window and the absorption of the PIN detector, as it is shown in
Fig. 6.4.
Figure 6.5 shows a measured X-ray spectrum after calibration under an acceleration voltage
of 𝑉𝐴 = 30 kV and a cathode current of 𝐼𝐴 = 0.01 mA. The corresponding characteristic
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energies for this tungsten-based X-ray are Lα = 8.4 keV, Lβ1 = 9.67 keV, Lβ2 = 9.96 keV, and Lγ
= 11.29 keV.
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Fig. 6.5: A calibrated characteristic X-ray spectrum for our tungsten target. The applied
acceleration voltage is 30 kV and the current is 0.01 mA.
For experiments with this tungsten tube, some high energy photons (> 11.3 keV) are also
irradiated onto the detectors due to the bremsstrahlung effect. In order to eliminate this and to
achieve X-ray photons with expected characteristic energies, we designed a reflection-based
configuration, which is described in detail in ref. [299]. As it is shown in Fig. 6.6 (a), the Xray photons are incident on a pure metal target, and the fluorescence X-ray photons are then
reflected and introduced onto the sample.
We have tested the fluorescence spectrum from a copper and a germanium targets. The
characteristic X-ray photon energies for Cu are 𝐾𝛼 = 8.042 keV and 𝐾𝛽 = 8.906 keV, as it is
shown in Fig. 6.6 (b). With respect to the Ge target, there are two characteristic X-ray peaks,
𝐾𝛼 = 9.876 keV and 𝐾𝛽 = 10.983 keV. In order to achieve the highest X-ray photon flux,
these data are obtained with the settings 𝑉𝐴 = 49.9 kV and 𝐼𝐴 = 2 mA. Moreover, we also
adopted a 55Fe radioactive X-ray source, which has two characteristic X-ray photon energies
of 5.90 keV and 6.49 keV, as it is shown in Fig. 6.6 (c).
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Fig. 6.6: (a) The designed X-ray reflection configuration. (b) Characteristic X-ray spectrum of
Cu and Ge targets. (c) Characteristic X-ray spectrum from the radioactive 55Fe source.
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6.2 Physical properties of WSi-X-SNSPD
The WSi-X-SNSPD was prepared from a 100 nm thick W0.8Si0.2 film. The narrow stripes were
patterned by EBL with HSQ resist and etched by reactive ion etching in SF6. The device has a
stripe width of w = 920 nm with a filling factor of 66%, which covers a sensitive area of 41.6
× 28 µm2, as it is shown as a inset in Fig. 6.7. The sample was fixed at a He-3 cooling stage,
which is able to stabilize the temperature below 1 K. The detector was biased with a constant
current through a series of low-pass filters at room temperature. The detection signal was at
first amplified with two amplifiers with a total gain of 𝐺 = 60 dB, and then fed into a 3.5 GHz
Tektronix digital oscilloscope for photon counting.

Fig. 6.7 Scheme of the experimental setup. Inset: SEM image of the X-SNSPD.
Figure 6.8 (a) shows the superconducting transition of the device. The temperature
dependence of resistance was fitted according to the 3D AL fluctuation formula Eq. 4.1. The
thus obtained critical temperature is 𝑇𝑐 = 4.97 K, which is identical with that of the as-grown
films. Therefore, the fabrication process does not have any detectable influence on 𝑇𝑐 . The
experimental critical current Ic, which was obtained from the I-V curve without X-ray
illumination, is plotted as a function of temperature in Fig. 6.8(b), and the data can be well
fitted by the GL mean field expression [300],
𝑇

𝑇

𝑐

𝑐

𝐼𝑐 (𝑇) = 𝐼𝑐 (0)[1 − (𝑇 )2 ]3/2 [1 + (𝑇 )2 ]1/2.
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Here 𝐼𝑐 (0) is the critical current at 0 K, which is determined by the critical field 𝐻𝑐 (𝑇) and
the penetration depth 𝜆(𝑇). The corresponding value of the critical temperature from this fitting
is 𝑇𝑐 = 5.02 K, which is consistent with the result from the resistance measurements.

Fig. 6.8: (a) R(T) with a fit to the AL fluctuation formula (red line). (b) The critical current as
a function of temperature is fitted with Eq. 6.1 (red line).

97

6 Superconducting nanowire single X-ray photon detectors

6.3 Single X-ray photon sensitivity
In order to investigate the photon number resolving ability of this detector, we measured the
count rate dependence on the X-ray source current 𝐼𝐴 . Figure 6.9 shows the measured count
rate as a function of the current at 𝑉𝐴 = 30 keV. The X-ray photon number is proportional to
the source current, therefore Fig. 6.9 illustrates the count rate dependence on the X-ray photon
number at different device bias currents 𝐼𝑏 . The dashed line in the diagram has a slope of 1.
The linear behavior of the count rates at all bias currents indicates that the detector is operated
in the single photon detection mode [16].
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Fig. 6.9: The measured count rates vs. the X-ray source current Ix (with an acceleration voltage
VA = 30 kV) at bias current Ib ranging from 10 μA to 100 μA, in increments of 10 μA. The
dashed line has a slope of unity.

98

6 Superconducting nanowire single X-ray photon detectors

6.4 Detection performance
In order to test the detection performance, we measured the count rate dependence on the bias
current at different temperatures with X-ray source voltages of 30 kV and 50 kV.
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Fig. 6.10: Count rate as a function of the bias current at 1.8 K with X-ray source voltages of
30kV and 50kV.
At first, we measured the WSi X-SNSPD at low temperatures. Figure 6.10 shows the bias
current dependence of the count rate at different source voltages at 𝑇 = 1.8 K. The detector
starts to respond to the X-ray photons at a bias current as low as 5 µA. At relatively high
currents, the detection performance is limited by the latching effect, which will be discussed in
next section.
For characterizing a low temperature detector in the context of practical applications, the
detection performance at 𝑇 = 4.2 K is of great importance. Figure 6.11 shows the detection
performance of the WSi X-SNSPD at 4.2 K. This detector is still sensitive to the incident Xray photons at a bias current as low as 3 µA, which is two orders of magnitude smaller than its
critical current.
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Fig. 6.11: Count rate as a function of the bias current at liquid helium boiling temperature.
To compare the detection performance at different temperatures, figure 6.12 shows the count
rates as functions of the bias current, normalized by the critical current at each temperature, for
𝑉𝐴 = 30 kV and 49.9 kV. The X-ray source current 𝐼𝐴 is fixed at 1 mA throughout these
experiments. Our detector starts to react to the X-ray photons under a bias current as low as Ib
= 5 µA in the low temperature range, i.e., well below 1% of Ic at T = 1.8 K. For a typical optical
SNSPD, detection events are collected at relatively high bias current, ~ 20% of Ic, and saturated
count rates (i.e., with maximum internal detection efficiency) can be only realized below a
relatively low temperature, of the order of ~ 0.5TC [19, 301]. At high temperatures, however,
no saturation can be observed. For our X-ray fetector, the range of saturated bias current Ith
above which count rates stay constant, becomes larger with further decreasing temperature.
With the decrease of the temperature, the saturation current Ith decreases from ~ 24% of Ic at
4.8 K to ~ 5% of IC at 1.8 K. Unlike these optical detectors, our X-ray detector is able to work
even at T = 4.8 K, just below its critical temperature, with Ith as low as 25% of its critical current
(see Fig. 6.12).
The maximum count rate at 𝑉𝐴 = 50 kV and 𝐼𝐴 = 1 mA is approximately 3100 s-1. Taking
the detector area into consideration, the saturated counts-per-second-per-square-millimeters
(CPSPSM) is 2.7 ×106 cps at all temperatures, even at 4.8 K (≈ 0.96𝑇𝑐 ). The CPSPSM of our
Nb and TaN based X-SNSPDs at the same acceleration voltage and source current are 2 × 105
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cps at 0.2TC and 2.1 ×106 cps at 0.28𝑇𝑐 (see Table 6.1), respectively. Therefore the WSi based
X-SNSPDs has indeed an improved detection performance as compared to granular Nb-based
superconducting devices.
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Fig. 6.12: Count rate as functions of the reduced bias current (normalized by the critical current
at each temperature) with acceleration voltages of (a) 30 kV and (b) 49.9 kV. The definitions
of the threshold current Ith and the latching current IL at T = 4.8 K are marked in the figure with
circles.
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6.5 Hotspot size in WSi X-SNSPDs
For the 100 nm thick WSi used for X-SNSPDs, the 2D quasiparticle diffusion model is not
applicable any more. As a result, the hotspot size can be estimated from the threshold current
𝐼𝑡ℎ . From Eq. 3.14, the hotspot size can be defined as,
𝐷 = 𝑤(1 −

𝐼𝑡ℎ
𝐼𝑐

).

(6.2)

This expression is based on the assumption that the hypothetic hotspot size is much larger
than the film thickness, and the hotspot within the nanowire can therefore be viewed as a
cylinder. The critical current at each temperature can be obtained from Fig. 6.8 (b), while the
threshold current can be extracted from Fig. 6.12. For 𝑉𝐴 = 50 kV and 𝐼𝐴 = 1 mA, the
calculated hotspot diameters are ~ 700 nm at 4.8 K and ~ 874 nm at 1.8 K. Note that due to the
ultrahigh photon energy, thses estimated hotspot diameters here are significantly larger than
the determined hotspot diameter induced by the visible photons in two dimensional W0.85Si0.15
thin films. For comparison, in Nb and TaN based X-SNSPDs, the calculated hotspot size is ~
420 nm at 1.75 K and ~ 540 nm at 1.85 K, respectively [187,188]. Thus, the WSi materials are
indeed more sensitive to photons with the same energy than Nb and TaN. In order to improve
the signal to noise ratio, we could in principle even further increase the nanowire width. Taking
the X-ray photon flux into consideration, the system detection efficiency of the WSi detector
is estimated to be 7.5%.

102

6 Superconducting nanowire single X-ray photon detectors

6.6 Latching effects
As it is shown in Fig. 6.12, the bias current dependence of the count rate terminates at a
relatively low bias current (when compared with the Ic) at all temperatures. This termination of
detection performance is attributed to the latching effect.
For a current-biased superconducting nanowire single photon detector, a hotspot is created
after the photon absorption and the bias current is shunted into the readout circuit. Then the
superconductivity within the hotspot starts to recover with a time scale of 𝜏𝑟 . The recovery
time of the bias current 𝜏𝐼 , however, is limited by the kinetic inductance and the load impedance
𝑅𝐿 [43,176,177,302],
𝜏𝐼 = 𝐿𝑘 /𝑅𝐿 .

(6.3)

The kinetic inductance is determined by the device geometry and the materials properties,
𝐿𝑘 = 𝜇0

𝜆𝑒𝑓𝑓 𝑙
𝑤

.

(6.4)

Here 𝜆𝑒𝑓𝑓 = 2𝜆2 /𝑑 is the effective magnetic penetration depth, with l, w and d are the length,
width and thickness of the nanowire, respectively. Taking the device geometry and the material
parameters into account, we can obtain a kinetic inductance 𝐿𝑘 ~9.7 nH. As a consequence, we
expect that the redistributed bias current recovers in the detector within a time scale 𝜏𝐼 ~0.2 ns,
which is nearly an order of magnitude faster than the recovery time of superconductivity. When
the bias current shunts back to the nanowire, there is therefore still a finite resistance in the
nanowire, which continuously creates Joule heat 𝑄J in the wire wccording to 𝑄J (𝑡) =
𝐼𝑏2 (𝑡)𝑅𝑛 (𝑡). At low bias currents, this heating effect is negligible and the sample stage can
quickly cool the detector into the superconducting state. With increasing the bias current, a
dynamic equilibrium 𝑄J (𝑡) = cooling power is reached, and the detector will then latch into a
thermal equilibrium state, which makes the detector not sensitive to the incident photons any
more. This state of SNSPDs is called a latching state [303,304].
The current which characterizes the latching effect can be defined as the bias current 𝐼𝐿 where
the count rate terminates (see in Fig. 6.12). Figure 6. 13 shows the temperature dependence of
𝐼𝐿 . This state corresponds to a dynamic thermal equilibrium, therefore 𝐼𝐿 is independent of the
X-ray photon flux, but only depends on the cooling power, namely the sample stage
temperature.
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Fig. 6.13: The latching current 𝐼𝐿 as a function of temperature under different X-ray source
currents 𝐼𝐴 .
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6.7 Dark counts
A dark count event describes a false signal, which is not caused by the absorption of a photon.
A high dark count rate significantly suppresses the signal-to-noise ratio of detector. Currently,
there are several proposed mechanisms for dark count events [212]: (a) the background
radiation from the shielding; (b) the stray photons that couple into the cryostat; (c) the vortex
crossing effect in a current biased nanowire; (d) the vortex-antivortex depairing effect; (e) the
thermally activated or quantum phase slip processes.
With respect to the dark counts of our X-ray detector, our oscilloscope did not collect any
dark count events within 1 min at the highest temperature and the highest applied bias current
(99% of the critical current IC at T = 4.8 K), and therefore the dark count rate for our detector
is lower than ~ 10-2 s-1. This is not surprising since the device geometry is unfavorable with
respect to all the known dark event mechanisms [212]. For dark counts induced by the phaseslip , either by quantum phase slips or thermally activated phase slips, the dark count rate is
significant only when the cross section of the nanowire wd is as small as 𝜉 2 (𝜉 = 6.7 nm is the
coherence length) which is not the case here. Moreover, the characteristic unbinding energy of
a vortex-antivortex pair is proportional to the film thickness d, and therefore the dark counts
coming from possible unbinding of vortex-antivortex pairs are intrinsically suppressed due to
the relatively large thickness 𝑑 ≫ 𝜉 in our case [227]. Finally, the dark counts from vortices
overcoming the entry energy barrier are suppressed since the energy barrier for the vortex entry
also scales with the film thickness [212,227].
Due to the device geometry of our X-detectors, blackbody radiation and stray optical photons
are not able to trigger the detector. Moreover, our detector was shielded with a 77 K steel box
and a 2 K gold plated box. Thus, the influence of ambient radiation on the detector was
negligible.
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6.8 Signal amplitude distribution
Generally speaking, SNSPDs are not able to discriminate the incident photon energy since
after the photon absorption, all the bias current is shunted into the readout. As a result, the
signal pulse amplitude is independent of the bias condition and the photon energy. However,
our recently developed Nb-based X-SNSPD has shown a possible energy resolution [187]. In
a current biased superconducting stripe, intuitively, the quasiparticle number is related to the
photon energy, which in turn relates the X-ray photon energy to the signal amplitude.
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Fig. 6.14: (a) Signal pulses collected by an oscilloscope at 2 K with a bias current of 70 μA. (b)
Signals with small amplitudes. (c) Signals with large amplitudes.
Figure 6.14 shows the signal pulses detected by our WSi detector, which are collected by the
oscilloscope at 2 K with a bias current of 70 μA. These signal pulses can be categorized into
two kinds: the signals with small amplitude (Fig. 6.14 (b)), and the signals with larger
amplitude (Fig. 6.14 (c)). In order to find a relationship between the signal amplitude and the
characteristic X-ray photon energy from the tungsten target, the pulse amplitudes are analyzed.
We have collected 20000 pulses, whose amplitudes range from 0 to −2 V. Figure 6.15
illustrates the histogram of the pulse height distribution with 𝑉𝐴 = 30 kV and 𝐼𝐴 = 1 mA at
𝑇 = 2 K.
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Fig. 6.15: Histogram of the pulse amplitude distribution with 𝐼𝑏 = 70 µA at 𝑇 = 2 K. Inset:
measured characteristic spectrum of the W source.
There are three clear characteristic peaks in the histogram. The X-ray source with the tungsten
target, the 𝐿𝛼 = 8.4 keV line holds the highest photon flux; the 𝐿𝛽 ~9.7 keV peak has the
medium flux; while the 𝐿𝛾 = 11.29 keV line is the weakest. The perfect correspondence
between the signal amplitude and the photon energy demonstrates a possible energy resolution
of the WSi X-SNSPD.
At a higher bias current, the X-ray photons with smaller energy are also able to transfer all
the bias current into the readout. As a result, most of the pulse amplitudes approach to 𝐼𝑏 𝑅𝐿 𝐺
(where 𝐺 is the amplification factor), and the energy resolution disappears, as it is shown in
Fig. 6.16.
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Fig. 6.16: Histogram of the pulse amplitude distribution with 𝐼𝑏 = 100 µA at 𝑇 = 2 K.
The shape of the signal pulse, however, is strongly influenced by our readout line, which has
a strong reflection. Therefore, the pulse amplitude distribution is affected by the reflected pulse,
leading to a distortion of the original signal pulse.
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6.9 Conclusion
In conclusion, we successfully fabricated X-SNSPDs based on amorphous WSi, which show
a great potential for an application as fast single X-ray photon detectors. The WSi X-SNSPDs
can be operated with optimum internal detection efficiency just below the critical temperature,
even above the boiling temperature of liquid helium. The detector reacts to incident photons at
ultralow bias currents of less than 1% of the critical current at low temperatures, with a wide
saturation range of constant count rate. Dark counts in our detector are negligible up to the
highest investigated bias currents (99% of 𝐼𝑐 ) and operating temperature (4.8 K). Moreover,
our detector also shows a certain energy resolution to the tungsten based X-ray source, which
may need to be improved in the future.

Table 6.1: Comparison between W0.8Si0.2 and previous Nb and TaN detectors
Sample

Tc

w

size

CPSPSM

rise time

hotspot

(K)

(nm)

(μm )

(cps)

(ps)

(nm)

Nb

8.40

360-410

131×55

0.2

250

TaN-A

6.70

275-340

35×33

2.1

TaN-B

7.00

1800-1900

66×119

W0.8Si0.2

4.97

920

41.6×28

2

IL/Ic

Ith/Ic

420

5.5% @1.75K

——

750

540

52% @1.85K

8% @1.85K

1.3

910

——

32% @1.85K

——

2.7

400

874

54% @4.8K

5% @1.8K
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7.1 SITs driven by quantum and thermal fluctuations
Once the temperature is driving below the critical temperature 𝑇𝑐 of superconductors, the
superconducting state is phenomenologically characterized by dissipationless electric currents
and the Meissner effect [105]. This state, however, can be destroyed by external parameters,
such as the magnetic field, pressure, or the disorder level, which can lead to a transition from
the superconducting to insulating, or a metallic state [306].
For SITs at finite temperatures, the critical behavior within the critical region is mediated by
thermal fluctuations [306]. Once the temperature is lowed close to zero temperature, such SITs
between two quantum ground states are governed by quantum fluctuations, leading to a
continuous quantum phase transition (QPT) [307]. Such zero-temperature QPTs between
different quantum states are expected to occur when a control parameter in the Hamiltonian
crosses a certain critical value [306]. Near QPTs, physical quantities for an equilibrium system
can be classified into distinct universality classes determined only by the general properties of
the system, such as space dimensionality, range and dynamics of the interactions, and
symmetry, independently of the microscopic details [305-310]. The zero-temperature
superconductor-to-insulator QPT driven by the applied magnetic field in two dimensions is a
well-documented manifestation for such a QPT.
An experimental characteristic of such transitions is the scaling behavior of physical
quantities [305-307]. When the system enters the critical region close to the phase transition,
the measured physical quantities show a power-law dependence on the rescaled spatial and
time coordinates, e.g., the correlation length 𝜉 (depending on the proximity to the phase
transition point, 𝜉~|𝑥 − 𝑥𝑐 |−𝜈 ) and and correlation time 𝜏 (𝜏 ∝ 𝜉 𝑧 ∝ |𝑥 − 𝑥c |−𝑧𝜈 ) [105, 305310]. These two scaling parameters 𝜉 and 𝜏, which both diverge at the transition point, are
determined by the microscopic parameters in the Hamiltonian describing the system. The
correlation length exponent 𝜈 and dynamical critical exponent 𝑧, however, are determined only
by the universality class, which depends on the general properties of the system, such as the
space dimensionality d, presence of disorder, and the symmetry of the order parameter
manifold [305-312]. For a magnetic-field driven SIT, the sheet resistance can be rescaled as
𝑅𝑠 (𝐵, 𝑇) ∝ |𝐵 − 𝐵𝑐 |2−𝑑 𝐹(|𝐵 − 𝐵𝑐 |𝑇 −1⁄𝑧𝜈 ), with an arbitrary but for the system universal
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scaling function F(x) with F(0) = 1. In the 2D (d = 2) limit, 𝜉 drops out, 𝑅S at the critical point
becomes universal (𝑅𝑄 ), and 𝑅𝑠 (𝐵, 𝑇) = 𝑅𝑄 𝐹(|𝐵 − 𝐵𝑐 |𝑇 −1⁄𝑧𝜈 ), where 𝑅𝑄 = ℎ⁄4𝑒 2 is the
quantum resistance for Cooper pairs [105].
The superconducting state is characterized by an order parameter, in terms of amplitude
(related to energy gap ∆ or Cooper-pair density 𝑛𝑠 ), and phase 𝜙. As a result, a SIT can be
grouped into two distinct classes, with fermionic and with bosonic descriptions. The fermionic
scenario describes the SIT as a result of the amplitude fluctuations, in which a SIT is driven by
the breaking of Cooper pairs and the localization of electrons, forming a Fermi insulator [313318]. On the contrary, the SIT in the bosonic description is driven by fluctuations of the phase,
in which the superconducting and the insulating states with different symmetry are separated
by a QCP [309,310,319]. On the superconducting side of such a transition, the Cooper pairs
are mobile. Magnetic vortices are localized and can be bound into vortex-antivortex pairs [308].
On the insulating side, the vortices are mobile but the Cooper pairs are localized, forming a
Bose-insulating state [309,310,320,321]. A number of SIT experiments suggest that the
localization of Cooper pairs leads to a quantum-percolation induced superconductor-to-Boseinsulator transition, with a product of the correlation length and dynamical exponents 𝑧𝜈~ 4⁄3
near

the

quantum

critical

point

(QCP) [306,308,311,312,322-324].

However,

a

superconductor-to-Fermi-insulator transition has also been found in some experiments, with
𝑧𝜈~ 2⁄3 [317,325-327]. Although many SIT experiments driven by different control
parameters have been reported for a variety of materials and with varying 𝑧𝜈 products, the
nature of the non-superconducting ground state at zero temperature and the reason for the
difference in the respective 𝑧𝜈 values are still unclear [306,328].
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7.2 Zero temperature superconductor to insulator QPT

Detailed transport measurements on 5 nm thick W0.75Si0.25 bridges in different magnetic fields
down to 0.34 K were performed in a PPMS system with a helium-3 refrigerator option. These
bridges have a Tc of ~ 3.95 K in zero field. With increasing magnetic field B, the
superconductivity is gradually weakened, and the bridges are finally driven into an insulating
state at B = 9 T, as it is shown in Fig. 7.1.
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Figure 7.1: Magnetic-field driven superconductor to insulator transition. (a) Sheet resistance
𝑅𝑠 as a function of temperature for different magnetic fields from 0 to 9 T in steps of 0.5 T. (b)
Detailed 𝑅𝑠 (𝑇) data in steps of 0.1 T showing the characteristic magnetic field 𝐵𝑐1, for which
Rs is constant from 𝑇~0.6 K down to the zero-temperature limit. The minima in the 𝑅𝑠 (𝑇) data,
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which define the boundary between the Bose insulating state and the normal phase, are marked
with arrows.
Although the Tc is greatly suppressed by the increasing field, a zero temperature
superconducting state is still expected at relatively low field. At a critical field 𝐵𝑐1 = 6.25 T,
however, the sheet resistance 𝑅𝑠 is independent of temperature in the zero-temperature limit,
which is a hallmark of a QPT, and the superconducting state is driven into an insulating state,
as it is shown in Fig. 7.1 (b).
Figure 7.2(a) shows the magnetoresistance 𝑅𝑠 data for temperatures ranging from 0.34 to
0.54 K. The 𝑅𝑠 (𝐵) curves clearly exhibit a crossing point at a critical magnetic field (𝐵𝑐1 =
6.25 T, 𝑅𝑐1 = 399.7 Ω). It corresponds to the separatrix with a constant 𝑅𝑠 (𝑇) in the zerotemperature limit, thereby defining the QCP in Fig. 7.1(b). This critical point separates the
insulating state from the superconducting state, in that d𝑅𝑠 ⁄d𝑇 changes its sign from
superconducting behavior to insulating behavior at different sides of 𝐵𝑐1. In the critical regime,
the 𝑅𝑠 (𝐵, 𝑇) data should collapse onto a single curve by scaling the abscissa as |𝐵 − 𝐵𝑐1 |𝑡,
where 𝑡 = 𝑇 −1⁄𝑧𝜈 [306,328]. Here we set 𝑡 at the lowest investigated temperature as
𝑡(0.34 K) = 1, and all the other data are then collapsed onto 𝑅𝑠 (𝐵, 𝑇 = 0.34 K) by adjusting t
for each temperature T, as it is shown in Fig. 7.2(b). As a result, the critical exponent 𝑧𝜈 can
be retrieved by a power-law fit of 𝑡(𝑇), which yields 𝑧𝜈 = 1.33~ 4⁄3 with high precision on
both sides of the SIT (Fig. 7.2(b), inset).
Alternatively, a critical exponent 𝑧𝜈~ 4⁄3 can also be obtained from scaling other parameters,
such as Tc(B). By carefully checking the 𝑇𝑐 (𝐵) dependence in the zero-temperature limit, the
QCP (𝐵𝑐1 , 𝑇 = 0) is very close to the extrapolated end point of the 𝑇𝑐 (𝐵) curve (which will be
discussed later in chapter 7.5), which is consistent with theoretical expectations [105].
According to general scaling arguments [105,327], the thermodynamic superconducting
transition temperature 𝑇𝑐 (𝐵) scales in the vicinity of the QCP according to 𝑇𝑐 (𝐵) ∝
|𝐵 − 𝐵𝑐1 | 𝑧𝜈 , which we indeed observe with 𝑧𝜈~ 4⁄3, as it is shown in Fig. 7.3. We note that
this behavior of 𝑇𝑐 (𝐵) in the zero temperature limit deviates from the standard BCS
expectations, which has also been observed in thin gallium films [328].
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Figure 7.2: Scaling analysis at 𝐵𝑐1. (a), Sheet resistance 𝑅𝑠 as a function of magnetic field B for
different temperatures from 0.34 to 0.54 K. The crossing point is at 𝐵𝑐1 = 6.25 T, 𝑅𝑐1 = 399.7
Ω/□. (b), Scaling-analysis plot of 𝑅S as a function of |𝐵 − 𝐵𝑐1 |𝑡. Inset: temperature dependence
of the scaling parameter t, with a power-law fit according to 𝑧𝜈 = 4/3 (solid line).
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Figure 7.3: Determination of the 𝑧𝜈 by scaling the 𝑇𝑐 (𝐵). The 𝑇𝑐 (𝐵) data are derived from the
𝑅𝑠 (𝑇) curves with a 𝑅𝑛 /2 standard.
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7.3 Critical point near Tc(0)
Above the QCP 𝐵𝑐1 , superconducting fluctuations still persist in the system at finite
temperatures (Fig. 7.1(a)), but the system is a zero-temperature insulator. At finite temperatures,
the 𝑅𝑠 (𝑇) data show a minimum, separating the fluctuation dominated region (d𝑅𝑠 (𝑇)⁄d𝑇 >
0) from the insulating region (d𝑅𝑠 (𝑇)⁄d𝑇 < 0), thereby defining a phase boundary between
the Bose-insulating and the fluctuation dominated normal state (see chapter 7.5). Such finite
temperature superconducting fluctuations beyond the superconductor to insulator QPTs have
also been observed in amorphous InOx systems [311], liquid helium-quenched gallium films
[330], and quench-condensed ultrathin beryllium films [323]. The superconducting
fluctuations above 𝐵𝑐1 are gradually weakened by increasing the magnetic field until a second
critical field (𝐵𝑐2 = 7.3 T , 𝑅𝑐2 = 415.3 Ω) is reached, beyond which the superconducting
fluctuations disappear, as it is shown in Fig. 7.4. Inspecting the corresponding 𝑅𝑠 (𝐵, 𝑇) data in
the temperature range from 3 to 5 K (Fig. 7.5(a)) reveals another crossing point at 𝐵𝑐2, which
we interpret as the critical value for Cooper-pair breaking, i.e., the transition to a Fermi
insulating state. The scaling analysis in the critical regime of 𝐵𝑐2, analogous to that we applied
at 𝐵𝑐1 , shows an excellent collapse of the 𝑅𝑠 (𝐵, 𝑇) curves (Fig. 7.5(b)), leading to 𝑧𝜈 =
0.67~ 2⁄3 (Fig. 7.5(b), inset).
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Figure 7.4: Corresponding 𝑅S (𝑇) data for 𝐵 > 𝐵𝑐1 , showing the characteristic magnetic field
𝐵𝑐2 separating the Bose-insulating state with pronounced superconducting fluctuations, from
the Fermi-insulating state.
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Figure 7.5 Scaling analysis at 𝐵𝑐2. (a) Sheet resistance 𝑅S as a function of magnetic field B for
different temperatures between 3 to 5 K, with a distinct crossing point at (𝐵𝑐2 = 7.3 T, 𝑅𝑐2 =
415.3 Ω⁄□ ). (b) Scaling-analysis plot of 𝑅𝑠 as a function of |𝐵 − 𝐵𝑐2 |𝑡. Inset: temperature
dependence of the scaling parameter t, with 𝑧𝜈 = 2/3.
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7.4 Continuous phase transitions between 𝐵𝑐1 and 𝐵𝑐2
For fields 𝐵𝑐1 < 𝐵 < 𝐵𝑐2 , superconducting fluctuations appear at finite temperatures with
𝜕𝑅S ⁄𝜕𝑇 > 0, and the system turns out to be an insulator in the zero-temperature limit with
𝜕𝑅S ⁄𝜕𝑇 < 0. The insulating state at low temperatures and the superconducting fluctuating
state near 𝑇𝑐 (0) are separated by a minimum on the 𝑅𝑠 (𝑇) curve, and a critical region formed
between these two states. By carefully checking the 𝑅𝑠 (𝑇) curves between 𝐵𝑐1 and 𝐵𝑐2 in steps
of 0.1 T, a critical region where 𝑅𝑠 is independent of temperature is identified, and a scaling
analysis is performed within this critical region. Figure 7.6 shows a group of representative
data at 𝐵 = 6.4 T.
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Figure 7.6: A finite temperature critical region at 6.4 T. (a) Critical region defined by the 𝑅𝑠 (𝑇).
Inset: Critical region defined by the 𝑅𝑠 (𝐵). (b) Scaling analysis at 6.4 T and scaling-analysis
plot of 𝑅𝑠 as a function of |𝐵 − 6.4T|𝑡. Inset: temperature dependence of the scaling parameter
t, with 𝑧𝜈 = 1.319.
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Fig. 7.7 shows the field dependence of the critical resistance 𝑅𝑐 and that of the resulting
product 𝜈𝑧. With the increasing field, the critical resistance 𝑅𝑐 (𝐵) increases gradually from
399.7 Ω⁄□ at 𝐵𝑐1 to 415.3 Ω⁄□ at 𝐵𝑐2. The critical exponents 𝜈𝑧 decrease from 4/3 to 2/3.
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Figure 7.7: Continuous phase transitions between 𝐵𝑐1 and 𝐵𝑐2. Magnetic field dependence of the
critical resistance Rc and the corresponding critical exponents 𝑧𝜈.
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7.5 Phase diagram of the SITs in 2D a-W0.75Si0.25

It is natural to interpret our observations in the following way. The perfect scaling behavior
down to zero temperature at 𝐵𝑐1 is clearly consistent with the bosonic description, where
Cooper pairs exist on both sides of the superconductor-to-insulator QPT which is driven by
quantum phase fluctuations [105,306,308-310,328]. The zero-temperature insulating state is
characterized by the loss of global phase coherence. However, superconducting amplitude
fluctuations still exist on the insulating side above 𝐵𝑐1 [331,332]. The physical picture on the
insulating side involves localized Cooper pairs and freely moving vortices, forming a bosonic
insulating state [306,309,310]. The product 𝑧𝜈 = 4⁄3 is the simplest and most direct
manifestation of such a superconductor-to-Bose insulator QPT since it is only depends on the
universality class of system. By assuming 𝑧 = 1, 𝜈~ 4⁄3 > 1 corresponds to the 𝑇 → 0 SIT in
2D disordered systems, as observed in some conventional amorphous superconductors
[312,333], two-dimensional electron gases at oxide interfaces [328], ultrathin high-Tc
superconductors [308,324], or more recently, in graphene–metal hybrids [334]. The critical
sheet resistance 𝑅𝑐 ≈ 400 Ω measured in our amorphous WiSi film at 𝐵𝑐1 is one order of
magnitude smaller than 𝑅𝑄 ≈ 6 kΩ, however. We note that certain deviations of experimental
𝑅𝑐 from the ideal theoretical value 𝑅𝑄 are not uncommon, and can be ascribed to the
contribution of a Fermionic channel to the total resistance [312].
Above 𝐵𝑐1 on the insulating side, the sizeable superconducting fluctuations must be attributed
to localized Cooper pairs in superconducting islands. In disordered or even amorphous
superconductors which can be rendered into an inhomogeneous state by order-parameter
amplitude fluctuations, such superconducting islands can appear in the system in high magnetic
fields [306,331,332]. At 𝐵𝑐2 , the localized Cooper pairs are completely destroyed, and a
𝑧𝜈~ 2⁄3 transition to Fermi-insulator occurs. Such transitions with 𝑧𝜈~ 2⁄3 and driven by a
perpendicular magnetic field have also been observed in other conventional 2D films, such as
a-NbSi [326], a-bismuth [336], or in La2-xSrxCuO4 films [324]. A comparison of our a-WSi
with a-NbSi, a-bismuth, and La2-xSrxCuO4 (𝐻1∗ in Ref. 324), reveals a very similar behavior
with respect to the critical field 𝐵𝑐2, in which the critical regions are actually located near 𝑇𝑐 (0).
Other SITs with 𝑧𝜈~ 2⁄3 have been found in electrostatically tuned superconducting
LaTiO3/SrTiO3 or LaAlO3/SrTiO3 interfaces [327,328]. At the LaTiO3/SrTiO3 interfaces, the
global superconductivity is supposed to be determined by the presence of superconducting
islands coupled by non-superconducting metallic regions, and the magnetic field driven SIT
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with 𝑧𝜈~ 2⁄3 corresponds to the vanishing of Cooper pairs within the islands [328]. At the
electrical field stimulated LaAlO3/SrTiO3 superconducting interfaces, the charge density
driven superconductor to Fermi insulator transition with 𝑧𝜈~ 2⁄3 at large negative electrical
field can be ascribed to the depletion of carriers and breaking of Cooper pairs [327].
The scenarios in which SITs with 𝑧𝜈~ 2⁄3 correspond to a phase transition involved with
pair breaking are further supported by the magnetic field tuned SITs with varying current bias
in 2D beryllium films [323]. At negligible current bias, an SIT with 𝑧𝜈~ 4⁄3 is observed, while
with a dc current near the zero-field depairing critical currents, the 𝑧𝜈 is driven from ~ 4⁄3 to
~ 2⁄3.

Figure 7.8: Sketch of the superconductor to insulator transition in B-T phase diagram. The
boundary between the Bose insulating state and the fluctuation-dominated normal state (filled
red cirlces) is determined by the minimum of the 𝑅𝑠 (𝑇) curves at different fields between 𝐵𝑐1
and 𝐵𝑐2 . The separation between the Fermi insulating state and the fluctuation-dominated
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normal state (open circles) is defined by the maximum of the 𝑅𝑠 (𝑇) curves beyond 𝑇𝑐 (0). The
tricritical point at 𝑇tcp is approximately located at 𝑇𝑐 (0), but with a large error margin.
The phase transitions among these distinct states in our WSi films are visualized in the
schematic phase diagram in Fig. 7.8. At low field, the superconducting state and the
fluctuation-dominated normal region are separated by the 𝑇𝑐 (𝐵) line, which we experimentally
determined by a 𝑅𝑛 ⁄2 standard. This 𝑇𝑐 (𝐵) line terminates at the QCP 𝐵𝑐1 in the zerotemperature limit as 𝑇𝑐 (𝐵) ∝ |𝐵 − 𝐵𝑐1 | 𝑧𝜈 . At zero temperature, the superconducting and the
Bose insulating quantum ground state are separated by the 𝐵𝑐1 . Above 𝐵𝑐1 and at elevated
temperatures, finite temperature transitions between the fluctuation-dominated normal and the
Bose insulating states are observed. They end at the second critical field 𝐵𝑐2 and at a tricritical
point around 𝑇tcp ≈ 𝑇𝑐 (0) ≈ 3.95 K. At temperatures above 𝑇tcp, the fluctuation-dominated
state directly crosses over into the Fermi insulating state. At low temperatures, the localized
Cooper pairs within the superconducting islands in the Bose insulating state are subsequently
destroyed with increasing field, and a Bose insulator to Fermi insulator transition occurs. By
carefully comparing the response of the 𝑅𝑠 (𝐵) data to the magnetic field near 𝐵𝑐1 and 𝐵𝑐2, we
state that the crossover between Bose insulating (strong field dependence) and Fermi insulating
state (weak field dependence) must correspond to a virtually horizontal line terminating at the
tricritical point at 𝑇tcp (Fig. 7.8), which characterizes the field 𝐵𝑐2 as the depairing field of the
Cooper pairs.
To investigate the crossover regime between the Bose insulating and the Fermi insulating
states down to 𝑇 = 0, we assume that increasing the magnetic field in the Bose insulating state
beyond 𝐵𝑐1 gradually breaks the Cooper pairs within the superconducting islands, resulting in
a strong field dependence of 𝑅𝑠 (𝐵). By contrast, 𝑅𝑠 (𝐵) in the Fermi insulator with localized
electrons should exhibit only a weak field dependence, in which 𝑅𝑠 (𝐵) is dominated by weak
localization effects [244,271-273]. Although the crossover from a strong to a weak field
dependence of 𝑅𝑠 (𝐵) in Fig. 7.9(a) is obvious, it is difficult to assign a well-defined value of
the corresponding crossover field. We therefore consider the second derivative, 𝜕 2 𝑅𝑠 ⁄𝜕𝐵 2
(see Fig. 7.9(b)) and state that this quantity is essentially constant above 𝐵𝑐2 ≈ 7.3 T for all
temperatures considered, while the field variation becomes apparent for 𝐵 ≲ 𝐵𝑐2 , which
appears to be temperature independent. We therefore conclude that the separation between the
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Bose and the Fermi insulator in the phase diagram of Fig. 7.8 corresponds to a virtually
horizontal line with 𝐵 = 𝐵𝑐2.
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Figure 7.9: (a) Crossover region around 𝐵𝑐2 between the Bose insulating state and the Fermi
insulating state. (b) The second derivative of 𝑅𝑠 on B near 𝐵𝑐2.
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8 Conclusions and Outlook
8.1 Hotspot dynamics
We have performed a detailed investigation on amorphous WSi superconductors for the
SNSPDs fabrication. From these measurements, we have extracted the material parameters in
the superconducting and the normal states. Compared with NbN, the WSi materials have a
larger normal-state electron diffusivity, a larger magnetic penetration depth, and a larger
superconducting coherence length. The most striking characteristic is that the quasiparticle
thermalization time in WSi is much longer than that of NbN, which is most probably due to the
amorphous nature of WSi. Moreover, the experimentally determined recovery time of
superconductivity in WSi is also one order of magnitude higher than that of NbN.
In the two-stage diffusion model, the formation of the hotspot is controlled by three processes:
(1) an initial thermalization of the hot electron which absorbs the incident photon, (2) a
subsequent diffusion of the broken Cooper pairs or quasiparticles, and (3) recombination of the
non-equilibrium quasiparticles. The hotspot size can therefore be defined by the moment when
the amount of the quasiparticles reaches its maximum. Based on our definition, a hotspot
diameter of 105 nm is estimated for the 5 nm thick W0.85 Si0.15 film near the transition
temperature, which is perfectly consistent with recent experiments on optical WSi SNSPDs.
Moreover, using this definition, we find that the hospot size in a NbN film is only around 25
nm, which also agrees quantitatively with the recent reports. Our definition and interpretation
successfully unifies the formation and the evolution of the hotspot both in NbN- and WSiSNSPDs.
Although we have improved our understanding of the hotspot dynamics in SNSPDs, the
detection mechanism in SNSPDs is difficult to examine experimentally and particularly the
role of vortices during the single photon detection in SNSPDs needs to be further investigated.
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8.2 X-SNSPDs
We successfully fabricated a superconducting single X-ray photon detector based on
W0.8Si0.2, which is able to be operated up to 4.8 K, just below its critical temperature. The
detector starts to react to X-ray photons at very low bias currents, less than 1% of Ic at T = 1.8
K, and it shows a saturated count rate dependence on bias current at all temperatures, indicating
a robust optimum internal quantum efficiency . Dark counts are negligible up to the highest
bias current (99% of Ic) and operating temperature (4.8 K). Moreover, the WSi X-SNSPD
shows a possible energy resolution at an intermediate bias current.
Compared with the previous superconducting single X-ray photon detectors, the WSi XSNSPD shows an improved detection performance in terms of detection efficiency, dark noise,
operating temperature and energy resolving ability. The operating temperature, however, is still
too low when compared with the semiconductor detectors. Investigations on high temperature
superconductors (such as yttrium barium copper oxide or bismuth strontium calcium copper
oxide) for the detector fabrication will be a promissing next step in the future.
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8.3 SITs
By studying the magnetoresistance in a perpendicular field configuration, we observed a clear
superconductor to insulator phase transition in the 2D WSi films, mediated by quantum
fluctuations and by thermal fluctuations. In the zero-temperature limit, a quantum critical
region at 𝐵𝑐1 from ~ 0.6 K down to zero temperature is observed. The sheet resistance near this
critical region is perfectly described by a scaling analysis, resulting in a critical exponent
products 𝑧𝜈~ 4⁄3 . This critical behavior and the scaling analysis are consistent with the
Bosonic descriptions of SITs. Above the first critical field, superconducting fluctuations still
persist in the system up to a second critical field 𝐵𝑐2 , above which the superconducting
fluctuations completely disappear. The scaling analysis at 𝐵𝑐2 indicate a 𝑧𝜈~ 2⁄3 , which is
consistent with the SITs induced by the Cooper pair breaking.
The insulating state between 𝐵𝑐1 and 𝐵𝑐2 is identified as a Bose insulator, in which the Cooper
pairs are localized. As a result, superconducting fluctuations still exist at finite temperatures.
These localized Cooper pairs are finally destroyed at the second critical field 𝐵𝑐2, which in turn
drives the system into a Fermi insulator.
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