Fabrication and characterization
of superconducting detectors
for single photon counting
Master thesis
Sander Dorenbos
February 2007

Delft University of Technology
Faculty of Applied Sciences
Kavli Institute of Nanoscience
Quantum Transport Group
Supervisors:
Dr. E.M. Reiger
Dr. V. Zwiller
Prof. dr. ir. L.P. Kouwenhoven

Abstract
For implementation in present quantum cryptography and future quantum information systems fast and eﬃcient detectors for single photon counting will be required. For this purpose
superconducting single photon detectors (SSPDs) are a promising choice. SSPDs demonstrate
high detection eﬃciency in combination with low dark counts, a fast response time and very low
timing jitter within a broad wavelength range from the UV to the mid-IR (up to 6 μm). Within
this master thesis we have fabricated SSPDs from diﬀerent materials: NbN and NbTiN. The quantum eﬃciency and recovery time of these detectors have been characterized. Furthermore we have
investigated the capability of SSPDs to resolve the wavelength of the absorbed photon and the
number of photons which hits the detector simultaneously.
Superconducting single photon detectors consist of a nanopatterned 4 nm thick, 100 nm wide
meandering wire, covering an area of 10μm x 10μm. The wire is current biased and when a photon
is absorbed, superconductivity in the wire is locally destroyed. This is described phenomenologically as a ’hotspot’ of quasiparticles. The supercurrent has to ﬂow around the hotspot and as a
consequence the critical current density will be exceeded. A resistive region will appear, followed
by a voltage pulse over the detector. This principle requires the SSPDs to be operated well below
their critical temperature and biased close to their critical current.
We used thin ﬁlms of NbN and NbTiN to fabricate SSPDs. Gold pads were added with a lift-oﬀ
process and the meanders were deﬁned with reactive ion etching. The quantum eﬃciency of the
NbN detectors varied from 0.1 to 2.5%. Three out of ten NbTiN detectors had a quantum eﬃciency
in the range from 9% to 15%, the other detectors had zero quantum eﬃciency. We attribute the
low quantum eﬃciencies of the NbN to substrate defects and variations in ﬁlm thickness. The
non-working NbTiN detectors resulted from an error during the fabrication process, in particular
the performance of the HSQ resist, deﬁning the etch mask, seems to be not always reproducible.
The recovery time of the fabricated SSPDs turned out to be 5.5 ns, corresponding to a maximum
count rate of 181 MHz. It is limited by the large kinetic inductance intrinsic to a long narrow
wire. We showed that a geometry of two meanders, orientated in parallel, decreases the kinetic
inductance and hence the recovery time. It is also demonstrated that such a parallel geometry
acts as a logical AND or XOR gate, depending on the trigger level.
The detection eﬃciency at a given applied bias current is dependent on the wavelength of the
absorbed photon, because the size of the normal spot depends on the photon energy. We use this
fact for energy resolving with a statistical method. By sweeping the bias current, calibration curves
of known photon energy were recorded. Comparing the calibrated curves to the curves recorded
from an unknown source yielded the wavelength of this source. The resolution we achieved was
50 nm.
We propose a method to resolve the photon number. It is based on the assumption that
the normal state resistance of the SSPD is dependent on the number of absorbed photons. By
using a high impedance ampliﬁer, placed close to the detector in the helium dewar, we will be
able to measure resistance, and hence photon number, dependent voltage pulse heights. The ﬁrst
measurements demonstrated indeed a distinction in pulse height for various laser intensities.
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Chapter 1

Introduction
This report describes the work done as the author’s master thesis at the Applied Physics
department in the faculty of Applied Sciences of Delft University of Technology. The research has
been done in the Quantum Transport group of the Kavli institute of Nanoscience Delft, under the
supervision of dr. E.M. Reiger, dr. V. Zwiller and prof. dr. ir L.P. Kouwenhoven. This chapter
will give an introduction and motivation for this research. The objectives are discussed and an
outline of the thesis is given. Finally various single photon detectors are compared.

1.1

Single photon detection

Detection and manipulation of single photons is becoming increasingly important for the emerging ﬁeld of quantum information processing. The main driver for single photon detection research
is quantum cryptography, which is already quite developed and commercially available [1, 2]. Efﬁcient and fast photon detectors are crucial for this technology. Single photon detection has had
a long but steady presence in scientiﬁc literature, but the birth of quantum cryptography (in the
early 1990s) resulted in a dramatic increase in scientiﬁc papers. Research on single-photon detection is expected to continue to grow with the current military and civilian interests in improved
communication security.
Also a lot of interest comes from the solid state quantum information processing community.
In quantum information technology, instead of bits (having a value of 0 or 1) quantum bits (a superposition of 0 and 1) are used. Photons are the most obvious option for exchanging information,
because they travel easily over large distances and do not interact with the environment. Realization and manipulation of quantum bits has already been achieved in diﬀerent solid state systems
[3, 4]. Mapping states of a quantum bit on a photon will turn a ﬁxed qubit into a ’ﬂying’ qubit.
This can be done with electrically driven optically active quantum dots, oﬀering the possibility
to convert electron spin to photon polarisation in a controlled way [5]. As the coherence time of
photons is much larger than electrons, ﬂying qubits will bring immense freedom. We could think
of new chip architectures, with interacting parts mediated by single photons. Entangled photons
[6] can be used for quantum computation and long range communication [7]. Creating single [8]
and entangled photons [9, 10] on demand will boost quantum computation in solid state systems
to a higher level and at the same time make photons the best choice for long range communication.
Perhaps in the future quantum computation with only photons will even be possible. Besides
linear optics elements, a fast and eﬃcient photon detector which can determine the number of
photons in the same state is required [11]. If this is accomplished there is no real obstacle to do
quantum computation with single photons.
In the next section an overview of single photon detectors is given. It will become clear that
superconducting single photon detectors (SSPDs), the subject of this research, outperform other
detectors in various aspects such as speed, timing resolution, wavelength range, eﬃciency and
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simplicity of use. The extended wavelength range, in which the SSPD is sensitive, opens up the
possibility to do new experiments. For example luminescence of carbon nanotubes, InAs and other
low bandgap material can be studied. Furthermore it will become possible to detect intraband
transitions at the single photon level.
Superconducting single photon detectors were ﬁrst reported in 2001 [12]. They are now on
the edge of becoming standard detection devices, in particular in the infrared wavelength range.
Various applications have been achieved. One of the ﬁrst implementation of SSPDs was noninvasive testing of CMOS integrated circuits [13]. The very low timing jitter of SSPDs was
recently used for fast lifetime measurements of a quantum well structure emitting in the IR [14].
Furthermore characterization of a single photon InAs quantum dot source and the determination
of the spontaneous emission lifetime has also been carried out [15]. The low dark counts in
combination with a fast recovery time and hence a high maximal count rate is very attractive for
the realization of optical communication protocols. Very recently, quantum key distribution at
1.55 μm with a twin SSPD setup was successfully performed [16]. Heralding of telecommunication
photon pairs [17] and photon-counting optical communication with a bit rate of 781 Mbit/s [18]
was shown experimentally with an SSPD combined with an APD.

1.2

Research goals

The ﬁrst goal of this project was to fabricate NbN superconducting single photon detectors in
the DIMES nanofacility in Delft. Furthermore variations on the standard design were investigated
with the goal to improve properties such as quantum eﬃciency and maximum count rate. As side
projects experiments on energy and photon number resolution have been carried out.

1.3

Thesis outline

This report starts with a short overview of the theory of superconductivity. Then the mechanism of the detection of single photons with superconducting materials is given. In chapter 3
the fabrication of superconducting single photon detectors is described, then the measurement
setup in chapter 4. Finally in chapter 5 I will present the experimental results. These consist of
quantum eﬃciency and photoresponse characterization of homemade NbN and NbTiN detectors
(section 5.1 and 5.2). Furthermore I will describe the experiments on energy resolution (section
5.3) and ﬁnally the ﬁrst steps towards photon number resolution (section 5.4).

1.4

Acknowledgements

Doing a master thesis in the Quantum Transport group was very exciting for me. I had the
chance to work with many intelligent, inspiring and capable people. I will take this opportunity
to express my gratitude to some of these people.
First of all my I would like to thank my direct supervisor Elisabeth. Being guided by you was
a great experience. Because of your clear explanations and great patience I was able to learn the
basics of fabrication and experimentation fast. In the second part of the project you have given
me freedom and at the same time a lot of stimulation and support. I am very happy with the
result and wish you all the best in the next stage of your life, in Regensburg.
My gratitude also goes to Val, you have taught me a lot about optics and its applications. Your
enthusiasm, especially in your presentations, was very inspiring for me. Also the other members
of the optics team were great, I am glad that I had the opportunity to work with all of you.
I thank Tony for the performed work on fabrication and Jonathan for the quick bonding of,
especially in the ﬁnal months, a substantial amount of chips. Furthermore I would like to thank
Raymond for the design of the HEMT and the always clear explanation of the electronics, I learnt
a lot from it.
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Finally I would like to thank Leo, Hans and the rest of QT for forming a group, in which
everyone is always willing to help and answer questions. Besides that, it was very nice to get a
touch from the interesting physics going on.

1.5

An overview of single photon detectors

In this section I will describe other photon detectors than the one we use. They can be divided
into superconducting and semiconducting detectors. Semiconducting detectors exist already for
a long time, but their abilities are limited compared to superconducting detectors. Avalanche
Photo Diodes (APDs) are the only serious competitors to superconducting alternatives, they have
been commercially available for more than 20 years. The properties of the described detectors are
summarized in table 1.1.

1.5.1

Avalanche Photodiodes (APD)

So far semiconducting detectors are the only commercial devices available for single photon
detection. The most popular ones are: silicon (Si) and indium gallium arsenide/indium phosphide
(InGaAs/InP) APDs. Silicon has a bandgap of 1.12 eV, which sets the upper limit of the wavelength of the detected photons to 1100 nm. At longer wavelengths an alternative semi-conductor
material with smaller band gap is required, such as InGaAs (sometimes germanium is used).
Avalanche photodiodes fabricated from these materials are then available for operation in the 900
nm to 1700 nm wavelength range. At long wavelengths the quantum eﬃciency is very moderate.
A bandgap diagram of a detector in operation is shown in ﬁgure 1.1. The diode operates in
reversed bias. When a photon hits the detector an electron in the valence band is excited to the
conduction band. This electron is attracted towards the high-ﬁeld region. When the reverse bias
is high (called ”Geiger” mode) the electron can excite another electron. These secondary carriers
may cause further ionization and so on. In this way a few electrons can initiate a catastrophic
breakdown of the avalanche region and hence a response to the incident photon. The higher the
voltage across the device, the higher the quantum eﬃciency. When a breakdown has occurred the
multiplication has to be stopped by quenching the detector. This results in a dead time of about
1 μs and requires a complicated bias scheme.
Although the detection eﬃciency is quite good in the visible wavelengths and the dark count
rate can be reduced by cooling the detector there are several major disadvantages concerning
these detectors. One disadvantage is afterpulsing. Afterpulsing is a number of detection events,
not generated by photons. The mechanism is still not well understood, but is probably due to
charge trapping at impurity sites throughout the device. The avalanche breakdown is accompanied
by the release of a small number of photons. This limits the use of arrays of detectors. Light from
an avalanche breakdown can trigger other detectors, leading to crosstalk. Another disadvantage
is the fact that the device has to be gated to reduce the dark counts. So if one does not know
roughly when the photon arrives, it will be diﬃcult to detect these photons.
Detector model
Silicon APD
InGaAs APD
TES (T=0.1K)
STJ (T=0.2K)
SSPD (T=4.2K)

Wavelength [nm]
250-1100
1100-1800
100-5000
200-2000
100-6000

Quantum eﬃciency
25%@700 nm
14%@1500 nm
80%@1500 nm
20%@500 nm
15%@1500 nm

Counting rate (Hz)
5·106
5·106
0.02·106
0.05·106
100·106

Table 1.1: Overview of existing single photon detectors: semiconducting Avalanche PhotoDiodes (APDs)
and superconducting Transition Edge Sensors (TES) and Superconducting Tunnel Junctions
(STJ). APDs are commercially available and easy to use, but they are surpassed by superconducting alternatives.
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Figure 1.1: Operation of an APD. It consists of a reversed biased P-I-N junction (left). The band gap
diagram is shown on the right. When an electron is excited from the conduction band by a
photon, it is immediately attracted to the n-doped region. A very high bias can cause an
avalanche of electrons.

Summarizing, semiconducting avalanche photodiodes have a number of disadvantages: microseconds dead time, afterpulsing, gating, complicated bias schemes and a limited wavelength
range. Therefore, there is a strong interest in the investigation of superconducting detectors.
Even better, the use of superconducting detectors opens the door to energy and photon number
resolving experiments.

Superconducting detectors
1.5.2

Transition edge sensor (TES)/ hot electron bolometer (HEB)

Transition edge sensors (TES) were originally developed for high-performance astronomical
spectrophotometers. Their operation is comparable to the operation of an SSPD. The diﬀerence is
that the TES uses the heat of the ’hot electrons’, which are excited by a photon for detection. The
increase in temperature is measured by an ultrasensitive thermometer. This thermometer is usual
a metal ﬁlm with a very narrow superconducting to normal resistive transition. It is constant dc
voltage biased at the superconducting-normal transition edge. When a photon is absorbed the
temperature raises slightly above the critical temperature. This causes a change in resistance and
can be determined by measuring the electrical current ﬂow through the metal. This change in
electrical current is usually detected and ampliﬁed by a SQUID. The layout of a TES is seen in
ﬁgure 1.2).
Miller et al. [19] have shown that this device can resolve the photon number. The measured
signal is proportional to the number of photons which hit the detector simultaneously: the more
photons, the higher the temperature. Because of the uncertainty, statistics were needed to get the
real photon number. Disadvantages of this device are the (lack of) speed and the fact that they
have to operate at an extremely low temperature (for example the tungsten ﬁlm of Miller had to
be cooled to 125 mK). Although the usual material is tungsten, detectors have also been made
from YBaCuO, which has the advantage that they can be operated at a higher temperature, but
then for example the number of dark counts increases rapidly.

1.5.3

Superconducting tunnel junction (STJ)

A superconducting tunnel junction consists of two superconducting ﬁlms separated by a small
insulating part (see ﬁgure 1.3). The absorption of a photon in one of the superconducting ﬁlms
leads to a series of processes in which the photon energy is converted into broken Cooper pairs and

Kavli Institute of NanoScience
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Figure 1.2: Layout of a transition edge sensor, from [19]. The absoption of a photon in the TES raises
the temperature. The temperature change induces a change in resistance, which is read out
by a SQUID (right part of the picture).

phonons. A small magnetic ﬁeld is applied to suppress the tunnelling of Cooper pairs. Applying a
bias voltage will make the excited electron tunnel through the barrier. Then they are collected by
a charge ampliﬁer. This charge ampliﬁer can resolve the number of quasiparticles and therefore
the photon energy with good accuracy. The disadvantage of this system is the slow speed and the
detectors should also be operated at very low temperature. The usual material is niobium, since
it is quite easy to grow. The experimental resolution in photon energy is currently 50 nm [20],
the same as we achieved with SSPDs (section 5.3).

1.5.4

Kinetic inductance detector (KID)

Finally I will describe a detector which is in the ﬁrst stage of development. Detection of single
photons has not yet been shown, but the idea is promising. When a photon is absorbed in a
material, which is in the superconducting state, a number of quasiparticles is created. This short
change in quasiparticle population can also be detected when the pixel is coupled with a high
Q microwave resonator. The change in quasiparticle population changes the surface impedance
for the supercurrent. This impedance is described by Zs = Rs + i[ω]Ls . The surface inductance
Ls = μ0 λ is caused by the fact that energy is stored in the form of kinetic energy. When the
surface impedance is changed, the frequency of the resonance, is shifted. This changes the phase
of a microwave signal transmitted through the circuit. The change in resonant frequency can be
easily detected. Day et al. [21] described a device where the phase shift is 180 degrees for 5.9 keV
X-ray photons. It consists of a coplanar waveguide of aluminium on sapphire and of meandering
quarter wavelength resonant sections, which have a length of 3 mm (see ﬁgure 1.4).
The advantages of such detectors is the fact that frequency division multiplexing makes it easy
to place many detector on one chip, with only one read-out. Furthermore the ﬁlling factor can
be high. Energy resolution is possible with these detectors as well. No real disadvantages can be
mentioned, only the extreme low temperature (<1 K), so e.g. dilution refrigerators are needed for
operation. Future work should allow for single photon detection in the visible and infrared.
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Figure 1.3: Layout of a superconducting tunnel junction, from [20]. When a photon hits the detector a
current will start to ﬂow, caused by quasiparticles tunneling through the barrier.

Figure 1.4: A kinetic inductance detector consists of a number of resonators (B), a coplanar wave guide
(A) a coupling capacitor (C) and a termination to ground (D). It is equivalent to an RCL
circuit (diagram), an absorbed photon causes a change in resonance frequency. Picture is
from [21].
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Chapter 2

Theory
In this chapter the theory of the detection of single photons with superconducting materials is
explained. For this I will start describing some fundamental properties of superconductors.

2.1

Introduction to superconductivity

Superconductivity is associated with several phenomena, the most famous one is zero resistivity. Superconductivity was discovered in the early 1900‘s, when H. Kamerlingh Onnes in Leiden
managed to liquefy helium [22]. In this way he could refrigerate materials to temperatures of a few
degrees Kelvin. The underlying mechanism was found 50 years after its experimental discovery.
Bardeen, Cooper and Schrieﬀer gave a complete microscopic picture of superconductivity [23].
It was found out later that some metal alloys are superconducting as well, even at higher
temperatures than the classical superconductors. This new class of superconductors, called hightemperature or type II superconductors, seems to have the same general behaviour but the microscopic mechanism remained not understood. Today the superconductor with the highest critical
temperature is Hg0.8 Tl0.2 Ba2 Ca2 Cu3 O8.33 [24], the critical temperature is TC =138 K.

2.1.1

Phenomena

Perfect conductivity
Kamerlingh Onnes observed a complete disappearance of the electrical resistance of various
metals such as mercury, lead, niobium when he cooled this metals down to very low temperatures. The temperature at which the material becomes superconducting is known as the critical
temperature (Tc ).
When a current is set up in a superconducting ring, for example by applying a magnetic ﬁeld,
10
this current could in principle go on forever (or in fact 1010 years). This experiment actually has
been started and the current last a year with no measurable attenuation until a student accidently
switched the experiment oﬀ (so the story goes). Thus perfect conductivity is the ﬁrst traditional
hallmark of superconductivity.
Perfect diamagnetism
The second phenomenon associated with superconductivity is perfect diamagnetism, found in
1933 by Meissner and Ochsenfeld [25]. They found that not only a magnetic ﬁeld is not able to
enter a superconductor, but a superconductor also expels a magnetic ﬁeld. When a normal metal,
placed in a magnetic ﬁeld, is cooled down and reaches the critical temperature it drives out the
magnetic ﬁeld. This certainly could not be explained by perfect conductivity, as this would tend
to trap ﬂux in.
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Figure 2.1: Temperature dependence of the critical magnetic ﬁeld. The critical current follows the same
dependence.

This phenomenon also implies that superconductivity is destroyed by a critical magnetic ﬁeld
HC . It was found empirically that HC is dependent on the temperature. The dependence is well
approximated by a parabolic law, illustrated in ﬁgure 2.1. This also means that there is a certain
critical current at which superconductivity breaks down. Above this current the superconductor
is in the normal state. The critical current (IC ) of a wire is linearly proportional to the critical
magnetic ﬁeld [26] and thus it has the same dependence on temperature (ﬁgure 2.1.
In general, expulsion of the magnetic ﬁeld in the bulk superconductor occurs through supercurrents running in the boundary of the material. These currents screen the external magnetic
ﬁeld. The length over which the magnetic ﬁeld can penetrate the material and where the current
ﬂows is called the penetration length. An expression for the penetration depth, deduced from
combining the Maxwell equation with the two-ﬂuid model [26] (two ﬂuids as in electrons and
Cooper pairs), is the following:

me
(2.1)
λ=
μ0 ns e
Where me is the electron mass, μ0 the permeability of free space, e the electron charge and ns the
density of superconducting electrons. In a thin ﬁlm the penetration depth can be larger then the
ﬁlm thickness. As a consequence the current ﬂows through the whole ﬁlm, in most cases expected
to be uniform.

2.1.2

Electrodynamics of superconductors

London equations
In 1935 the brothers F. and H. London [27] proposed two equations for the electric ﬁeld E
and the magnetic ﬂux h in a superconductor.
δ
(ΛJs )
δt
h = −c · curl(ΛJs )
E=

(2.2)
(2.3)
(2.4)

with
Λ=

4πλ2
m
=
c2
ns e 2

(2.5)

Λ is a phenomelogical parameter and λ is again the penetration depth, ns is the density of superconducting electrons and h is the value of the ﬂux density on a microscopic scale. Equation 2.2
describes a (super)current which is accelerated by an electric ﬁeld to inﬁnite large values.
The London equations are already a good macroscopic description of the dynamics of superconductors. A microscopic picture is given by the BCS theory. The main parts of the BCS theory
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Figure 2.2: a) Energy spectrum in a superconductor. b) Density of states in a superconductor.

are the existence of an energy gap and the forming of Cooper pairs: two bound electrons. These
will be treated in the next two parts.
BCS theory: energy gap
In superconductors an energy gap exists between the ground state and the ﬁrst excited state
of the system. The ﬁrst quantitative experimental evidence came from precise measurements of
the speciﬁc heat of superconductors. These measurements showed that the electronic speciﬁc heat
well below Tc was dominated by an exponential dependence Ces ≈ γTc ae−bTc /T , with Tc as the
critical temperature. The normal-state electronic speciﬁc heat corresponds with Cen = γT and
a and b are numerical constants. Such an exponential dependence implies a minimum excitation
energy per particle of 1.5kTc.
A picture of the energy gap is given in ﬁgure 2.2a, a picture of the density of states in ﬁgure 2.2b.
Electrons in a normal metal must have an energy larger than the gap to enter the superconductor.
Electrons with lower energy are not able to enter the superconductor (only by Andreev reﬂection
[28]). Careful studies on the energy gap led to an energy gap of 3 to 4 times kTc . This result was
consistent with the above result if excitations were always produced in pairs.
BCS theory: Cooper pairs
In 1956 Leon Cooper showed that formation of pairs in the ground state is possible. These
pairs are known as Cooper pairs. In a superconductor this means that two electrons are connected
to each other and a certain amount of energy is required to break them. This attractive interaction
is mediated by phonons and can be understood as follows: one electron moving through a solid
deforms the crystal lattice formed by ions. A second electron in the same region of space will be
attracted by this deformed lattice. In quantum mechanics this process is described in terms of
phonons. The energy needed to break the pairs was predicted in the BCS theory to be
Eg (0) = 2Δ(0) = 3.528kTc

(2.6)

which shows a quantitative agreement with the earlier measurements.
Ginzburg-Landau theory: superconducting wavefunction and coherence length
In 1950, 7 years before the BCS theory, Ginzburg and Landau introduced a pseudo-wavefunction
ψ to describe the superconducting electrons. The local density of superconducting electrons (as
deﬁned in the London equations) was then given by


(2.7)
ns = ψ(x)2 
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ψ obeys the diﬀerential equation
1
2m∗



2

e∗
∇ − A ψ + β|ψ|2 ψ = −α(T )ψ
i
c

(2.8)

which looks like the Schrodinger equation, but with a nonlinear term. A solution of equation 2.8
is

(2.9)
Ψ(r) = ns (r)eiφr
All Cooper pairs together are described by ψ. This can be explained when all Cooper pairs
together form one large condensate, with all pairs having exactly the same energy Ef . One can
think of ψ as the motion of center of mass of this large condensate. As a consequence Cooper
pairs are strongly related and coherent with each other: they can not move independently and
their phases φ are strongly coupled. The joint phase φ is often referred to as the superconducting
order parameter. Clearly the Cooper pairs no longer obey Fermi Dirac statistics, but are found
to be bosons. This is emphasized by the fact that a Cooper pair has zero spin. From equation 2.9
it follows as well that a Cooper pair has a large wavelength, i.e. comparable to the sample size.
The coherence length is the smallest distance over which the superconducting order parameter φ
can be varied without breaking down superconductivity. From the BCS theory it follows that
ξ0 = 0.18

vF
kTc

with vF the Fermi velocity. This length scale is temperature dependent.
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Figure 2.3: The current geometry of a superconducting single photon detector is a meandering wire.

2.2
2.2.1

Detection of photons with superconducting materials
Introduction

We can use superconducting materials to detect photons. The mechanism diﬀers from semiconducting photon detectors and has several advantages compared to these types of detectors.
The superconducting single photon detectors are based on the fact that incoming photons create
a temporary normal spot in a superconducting narrow channel.
It has been shown before that superconducting materials are sensitive to photons. For example
laser light can destroy superconductivity [29]. The energy of the photon causes the Cooper pairs
to break. Twenty years ago so-called quantum detectors were developed which used this eﬀect,
but they were highly limited because of the low temperature and large ﬁlm area. The duty cycle
of this detector is typically set to a few microseconds.
In 1996 another type of superconducting detector was proposed, based on localized heating
of an ultrathin metallic ﬁlm [30]. When a photon hits the thin ﬁlm the temperature will be
raised in a very small spot. A local temperature rise of 5 K was estimated in this paper. They
predicted that along with the temperature rise a change in resistance appears. This change is best
seen in superconductors. When the temperature is kept near TC absorption of a photon raises
the temperature locally above TC the resistance goes from zero to a ﬁnite value. The change in
resistance can be detected via a bias current.
A small variation of this principle is keeping the temperature well below TC . The advantage
is that when the detector is kept far from the critical temperature it is not easily driven into the
permanent normal state, where it shows no photosensitivity. Response of the device is achieved
by patterning the ﬁlm into a meandering wire (see ﬁg 2.3) and biasing the detector close to the
critical current. Absorption of a photon will lead to a resistive area and a voltage pulse over the
detector. Nowadays this approach is most widely used.
The theory of the mechanism of the response of a superconducting wire to an incoming photon
is still a phenomenological theory. No microscopic model has been put up to describe this process
completely. The channels we use are too narrow for vortices, normal regions, to propagate through.
On the other hand, the stripes are too wide to directly apply the LAMH theory [31] for phase
slip centres (PSCs) in 1-D superconducting wires [32]. Therefore the theory comes up with a so
called ”hotspot”. This hotspot consists of a number of quasiparticles. A detailed description of
what happens then is given in the following section. I will start describing the response to photon
absorption of a thin ﬁlm, instead of a nano-patterned SSPD structure, because the processes are
the same.

2.2.2

Photoresponse of superconducting thin ﬁlms

It is instructive to see what happens when a photon hits a thin superconducting ﬁlm, although
nowadays the ﬁlm is patterned into narrow lines. When a superconducting ﬁlm is maintained in
the normal state by applying a bias current we have in the ﬁlm both normal and superconducting
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E=hν
Δ
Figure 2.4: After a photon has hit a superconducting ﬁlm a Cooper pair is broken into a low and high
energy electron.
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Figure 2.5: Quasiparticle downconversion process. After a photon has broken a Cooper pair and is
absorbed by one of the quasiparticles a couple of relaxation processes takes place, creating
a large number of quasiparticles. Finally the quasiparticles recombine to Cooper pairs and
superconductivity is restored.

regions. When a photon is absorbed a Cooper pair is broken and an electron, with energy close
to the photon energy, is created. The second electron becomes a low energy quasiparticle (see ﬁg
2.4). The highly excited electron very rapidly looses its energy via electron-electron scattering and
creation of secondary excited electrons by exciting phonons.
Quasiparticle phonon downconversion
After a Cooper pair is broken by a photon and an electron with high energy is created this
electron will start relaxing to a lower energy. This process is shown in ﬁgure 2.5. The ﬁrst
stage starts when the particle energy E0 is released. At this point the electrons and holes possess
large energy and the downconversion process is dominated by strong electron-electron interactions.
These electrons thermalize to a characteristic energy E1 deﬁning the end of the ﬁrst stage. E1
is mostly deﬁned as the energy of the other electrons in the conduction band (E1 ≈ 1eV ). The
second stage of energy downconversion takes the nonequilibrium distribution of electron and holes
down to a second characteristic energy E2 . During this stage the electron-phonon scattering is
much stronger than the electron-electron scattering. A lot of phonons are emitted. The mean free
path of these phonons is extremely small. Therefore they cause other Cooper pairs to break. In
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Figure 2.6: The photoresponse time of a superconducting ﬁlm. The dashed lines are a ﬁt according to
the 2T model (equation 2.13 and 2.14).

this way hotspot growth is realized with broken Cooper pairs. The second stage ends when the
excitation energy degrades to a few meV.
Finally over the third stage E2 > > Δ, the mixed distribution of quasiparticles and phonons,
which remains strongly nonequilibrium, evolves to a quasiparticle distribution centered at the
superconducting edge. Long-wave phonons are emitted and are lost from the superconducting ﬁlm
into the substrate. During the third stage the nonequilibrium quasiparticles can also take part
in various transport processes. They may diﬀuse, tunnel, recombine, be trapped and detrapped,
cooled, or heated. In spite of broad agreement on the physical picture of all three downconversion
stages, the energies E1 and E2 have not been uniformly deﬁned. After the third stage the ﬁlm is
back in its original state.
Time scale
In [33] it was shown that the absorption of a photon by a Cooper pair followed by a cascade of
relaxations is fast. A superconducting ﬁlm as described above can be modeled using the Rothwarf
and Taylor (RT) model [34], which uses two simple diﬀerential equations.
dN
= I0 + βNω − RN 2
dt
RN 2
Nω
dNω
=
−β
− (Nω − NωT )τγ−1
dt
2
2

(2.11)
(2.12)

where N is the total number of quasiparticles, I0 is the number of quasiparticles created by photon
absorption, R is the quasiparticle recombination coeﬃcient, β is the probability of breaking Cooper
pairs with Nω phonons (with energy greater than 2Δ, τγ is the characteristic time for phonons to
escape to the substrate and NωT is the thermal concentration of phonons. The RT model is valid
for medium to low perturbations at temperatures far below Tc . Near Tc another model might be
more valid than the RT model, the 2-Temperature model (2T model), which looks like the former
model but with a weak perturbation.
αPin (t)
Ce
dTe
=
−
(Te − Tph )
dt
V
τe−ph
Cph
dTph
Cph
=
−
(Tph − T b)
Cph
dt
τph−e
τes

Ce

(2.13)
(2.14)

Ce and Cph are the electron and phonon speciﬁc heats, α is the radiation absorption coeﬃcient, Pin (t) is the eﬀective external perturbation, assumed to be a Gaussian-shape input optical power and V is the volume of the bridge. We also see the characteristic times τe−ph and
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τph−e (= τe−ph (Cph /Ce )) for electron-phonon and phonon-electron scattering, respectively, and τes
for phonon escape to the substrate.
It follows from this model that the inelastic scattering of quasiparticles, as well as their recombination into Cooper pairs, can be described by a single time constant, namely, the electron-phonon
interaction time. Solving the 2T model with an appropriate Pin gives a response time of 39 ps at
2.15 K and 55 ps at 10.5 K. This corresponds to a counting rate of respectively 25 GHz and 18
Ghz. In ﬁgure 2.6 a ﬁt of the 2T model to measured data is given. It seems to agree well.

2.2.3

Bias current assisted detection in a superconducting wire

In the former detector the temperature is near the critical temperature and the bias current is
slightly above IC . The disadvantage of this approach stems from the small current density that
the ﬁlm can stand without being driven into the normal state. Now I will describe a scheme
where the temperature is kept well below the critical temperature TC , but the current running
through the detector is near, but below, the critical current [35]. To acquire photosensitivity the
ﬁlm is patterned into a wire. This idea is the basis for the present superconducting single photon
detectors (SSPDs).
When a photon is absorbed in a superconducting wire a number of quasiparticles are created
(just as in the previous section). The ﬂow of nonequilibrium quasiparticles is described by the
two-dimensional problem of a ﬁlm of thickness d and diﬀusivity D. The ﬁlm thickness should be
smaller than the thermalization length for the situation being two-dimensional. The ﬁlm is kept
well below the transition temperature Tc , at a temperature T that determines the magnitude of
the critical current Ic , the energy gap Δ and the concentration of unpaired electrons C0 . The
two-dimensional diﬀusion equation is equal to


1 δC
δ2 C
δC
C − C0
=D
+r 2 +
(2.15)
δt
r δr
δr
τ
with C(r,t) the quasiparticle concentration, r the distance from the point where the photon has
been absorbed and 1/τ the rate of quasiparticle decay via recombination and phonon escape into
the substrate. Inide the normal spot τ =τep + ce /cp · τes , where ce and cp are the electron and
phonon speciﬁc heat and τep and τes respectively the electron-phonon and phonon escape time.
Assuming that the diﬀusion and thermalization are independent processes and that the photon is
absorbed at the time t=0, we arrive to the solution of equation 2.15 in the form:


r2


1
M (t) exp − 4Dt
exp −
C(r, t) =
(2.16)
+ C0
4πDd
t
τ
M(t) is the time dependent multiplication factor, describing the number of quasiparticles produced
by one photon.
The quasiparticles form a normal spot. The radius of this spot is determined by the quasiparticle concentration (equation 2.16). The concentration of equilibrium quasiparticles at the temperature of the transition between normal and superconducting state is equal to Cn (= N (0)kB Tc ),
where N(0) is the normal metal density of states at the Fermi level. So the area of the wire where
C(r, t) ≥ Cn is the normal spot. After the normal spot has appeared the supercurrent is expelled
from the spot and is concentrated in the sidewalks between the spot and the edges of the ﬁlm.
The ﬁlm possesses no resistance unless the current density in the sidewalks besides the normal
spot becomes larger than the critical value. At this point the superconductivity in the sidewalks
tends to be destroyed. The current will redistribute over the whole normal region. So-called phase
slip centres (PSC) are formed near the hot spot. This is summarized in ﬁgure 2.7.
The resistance of the central part consists of the normal spot resistance plus the resistance,
which arises due to penetration of the electric ﬁeld into the superconductor at the boundary with
the normal spot. Penetration of the electric ﬁeld in the superconducting ﬁlm gives a resistance of
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Figure 2.7: Overview of the formation of the resistive state in a superconducting wire. After a Cooper
pair is broken and a photon is absorbed (a), the relaxation process causes other Cooper pairs
to be broken via electron-phonon interaction (b). The supercurrent is then expelled in the
sidewalks of the wire,(b) and (c). When the critical current density is exceeded a resistive
state appears across the whole strip(d), ﬁgure from [12].

ρLE F (T )/S, where ρ is the resistivity of the normal ﬁlm and S the cross-section area. F (T ) < 1
accounts for the portion of the supercurrent that is directly converted into the normal current by
means of Andreev reﬂection. The total resistance upon absorption of a photon contains contributions from both the original hotspot and normal regions formed as a result of PSC formation. An
expression for the resistance is then given by


LE
1
+
F
(T
)
2F
(T
)L
E
r
ρ


R=
d w 1 + F (T ) LE − 2r

r

(2.17)



The resistance disappears and the ﬁlm switches back into the superconducting state when either
the critical current in sidewalks drops below the critical value or the quasiparticle concentration
in the center of the normal spot decreases beneath the critical value N (0)kb T c. The resistance
transient results in the voltage pulse U (t) = R(t)I developing between ﬁlm edges. In ﬁgure 2.8 a
simulated voltage pulse is shown. We see that it scales with the photon energy, which makes the
detector suitable for energy resolving measurements.
In [12] the ﬁrst working superconducting single photon detector based on this idea was presented. This device consisted of a 0.2 μm width and 1 μm long microbridge patterned from
ultrathin (5 nm thick) NbN ﬁlms deposited on sapphire substrate. The I-V characteristics and
detection events are shown in ﬁgure 2.9.
Concluding, the ability of a superconducting ﬁlm to detect a single photon is a combined action
of the absorbed photon energy and bias current assisted resistive state formation. The larger the
energy the more quasiparticles are generated, the larger the spot size and higher chance of resistive
spot formation. If the bias current is closer to IC the current density ﬂowing through the sidewalks
is higher. This will make the supercurrent reach its critical value earlier. The maximum value of
the bias current is limited by thermal ﬂuctuations. Thermal ﬂuctuations could make the detector
switch, leading to unwanted dark counts (see also section 2.2.4). At last the electron diﬀusivity
is important. The electron diﬀusivity should be small, otherwise only a few quasiparticles are
created after absorbing a photon and a normal spot will not appear.
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Figure 2.8: Simulated voltage pulse [35] as a consequence of the process in ﬁgure 2.7. The pulses, shown
here for 3 diﬀerent wavelengths in the UV, have diﬀerent properties. That could be used for
energy resolving.

Figure 2.9

(a) I-V charcteristics of the ﬁrst working NbN
superconducting detector [12].
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(b) Detection of photons by the ﬁrst superconducting single photon detector, a 0.2µm wide
1µm long bridge. The number of counts for two
diﬀerent bias is seen.
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Figure 2.10

(a) The number of dark counts versus the bias current.
The rise in counts with increasing bias is exponential.
Such a relation is the same as for photon counts.

2.2.4

(b) I0 /T as a function of temperature for diﬀerent devices, from [36]. The inset shows the low-temperature
I0 /T dependence for one device. The 1/T proportionality gives evidence that dark counts are activated by
quantum ﬂuctuations.

Dark counts in an SSPD

The authors of [36] tried to ﬁnd out the nature of dark counts appearing during operation of
a superconducting single photon detector (SSPD), when no light hits the detector. In ﬁgure 2.10a
we see that the dark counts are exponentially related to the bias current:
Rdk (I) ∝ R0 e(I/I0 )

(2.18)

This is evidence for the assumption that dark counts are due to the spontaneous phase slip centres
generation, which subsequently leads to a resistive state in the superconducting wire and a voltage
pulse. They are formed in exactly the same process as a photon event, but then caused by a
ﬂuctuation in the system.
Near the critical temperature these ﬂuctuations have mostly a thermal nature. R0 is then
represented as

1/2
−ΔF0
−ΔF0
L ΔF0
kT
=
e kT
(2.19)
R0 = Ωe
ξτs
kT
The characteristic value I0 /T is a temperature independent constant if the dark counts would be
caused only by temperature ﬂuctuations. I0 is extracted from curves as in ﬁgure 2.10a, where it
represents the exponential slope. In ﬁgure 2.10b measured I0 /T values versus T are presented. At
temperatures above 7 K the values reach the predicted 1-D limit of I0 /T=0.013μA/K. However,
for lower temperatures the values start to deviate substantially, indicating a diﬀerent cause for
dark counts than thermal ﬂuctuations. Another mechanism for ﬂuctuations are so called quantum
ﬂuctuations. This means that quantum phase slip centres (QPSCs) are generated [37]. The
resistance is the same as before but with the Ginzburg-Landau energy, /τ replacing kT in 2.19b.
If the dark counts are caused by quantum ﬂuctuations the dependence of I0 /T on the temperature
follows a 1/T relation. In the inset of 2.10b it can be seen that for low temperatures the I0 /T
indeed follow quite close the 1/T line. From this we can conclude that in the low temperature
regime the dark counts are initiated by quantum rather than thermal ﬂuctuations.
Besides the above described ﬂuctuations also the stripe uniformity plays a role. The better the
uniformity, the better the performance in terms of dark count rate.
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Figure 2.11

(a) Resistive state formation for diﬀerent photon ﬂux, picture from [53] a) The
photon ﬂux is so high that it immediately gives a resistive region, here 3 photons are absorbed simultaneously. b)
The photon ﬂux is such that two photons
are incident on the detector at the same
time. A bias current assisted detection
is required. c) Only single photons are
detected.

2.2.5

(b) Detection probabity versus the photon ﬂux
[53]. The detection probability grows linear
when the detector counts single photons (case
c in ﬁgure a). It grows squared when it counts
two photon events (case b in ﬁgure a).

Multiphoton processes

If for either reason the ﬁlm does not react to a single photon, it could be that the ﬁlm does
react to two incident photons (see ﬁg 2.11a). For a mean number of m photons per pulse, the
probability P (n) of absorbing n phtons is:
P (n) ∝

e−m · mn
n!

(2.20)

If we consider a weak photon ﬂux in which the mean number of photons incident on the ﬁlm is
less then unity the probability P(n) of absorbing n photons simpliﬁes to
P (n) ∝

mn
n!

(2.21)

Since m is proportional to the intensity of the radiation, the experimental dependence of the count
rate on radiation intensity makes it possible to determine the number of photons being responsible
for one count event. For single photon detection regime the count rate should be proportional to
the radiation intensity. Two photon events would result in a count rate proportional to the square
of the radiation intensity.
In ﬁgure 2.11b we see typical experimental data for the number of detection events against
the incident photon ﬂux. These data are taken near the critical current (0.85Ic) and far from the
critical current (0.6Ic). When the applied bias current is near the critical current the detection
probability decreases linearly with the decrease of the average number of incident photons, this is
a strong indication that the detector detects single photons. When the applied bias current is far
from the critical current the slope is two. So when the detector is biased with this current it gives
only a detection event if at least two photons hit the detector at the same time.
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Chapter 3

Fabrication
3.1

Materials

Because of the small size of the detectors they have to be deﬁned lithographically. We used
two materials: niobium nitride (NbN) and niobium titanium nitride (NbTiN). Films of Nb were
grown, but they are only used for testing the HSQ process. The processing is performed in close
cooperation with the group ”Physics of NanoElectronics” at the TU Delft led by Prof. dr. ir.
T.M. Klapwijk. In particular Tony Zijlstra carried out the deposition of the Nb and NbTiN ﬁlms,
as well as the gold deposition and reactive ion etching (see next section). Details of the used
materials are
• NbN: 4-6 nm thick, sapphire substrate. These samples are purchased from a company in
Moscow. They have been deposited on the substrate by dc reactive magnetron sputtering in
an Ar and N2 mixture. The ﬁlm speciﬁcations were as follows: surface resistance RS =150500 Ω/, critical temperature TC = 10-11 K, superconducting transition width ΔTC ≈0.3
K and critical current density jc = 6 − 7 · 106 A/cm2 . The detailed fabrication process is
described in [38]. During this process the substrate is heated up to 900 K. This results in
epitaxial growth of the deposited NbN.
• NbTiN: 6 nm thick, silicon substrate. Details of the deposition are shown in table 3.1.
At ﬁrst the silicon wafer is cleaned. Before sputtering the target has to be presputtered
to remove the oxide layer. Presputtering is done for 4 minutes in an Ar and N2 mixture
environment, at 8 mTorr. Then NbTiN is sputtered for 5 seconds in the same conditions.
Sputtering in this way gives an amorphous layer.
• Nb: 5 nm thick, silicon substrate. The deposition is summarized in table 3.1. The niobium
is presputtered for 4 minutes and sputtered for 3 seconds in an Ar environment, at 8 mTorr.
Before processing the ﬁlms is cut in pieces. One has to take into account the size of the
detectors. The present design has a size of 2.2 x 2.2 mm. For cutting silicon the space needed
between two pieces is small, approximately 0.2 mm. For cutting sapphire substrate a space of
approximately 0.5 mm between the gold contacts is needed for the sawing blade. So unit cells of
2.5 x 2.5 mm are more convenient to use. If the pieces are too small (e.g. 6 x 6 mm) problems
appeared with the EBPG doing the height measurements. The reason for this was the fact that
the height measurement is done by a laser and if the pieces are too small the laser beam can not
reach the substrate. So pieces of at least 10 x 10 mm are recommended, then 2 x 2 detectors ﬁt
on the sample.
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Cleaning
silicon wafers

Deposition
5 nm Nb
Deposition
6 nm NbTiN

a)150 ml H2 SO4 96%+150 ml H2 O2 31% at 100◦ C, 10 min.
b)Quick dump rinser
c)200 ml DI water+50 ml NH4 OH 25%+ 50 ml H2 O2 31% at 80◦ C, 10 min.
d)Quick dump rinser
e)Spinning dry
a)RF clean 2 min, 200 watt, 100 sccm Ar, 8 mTorr
b)Nb presputtering 4 min, 300 watt, 100 sccm Ar, 8 mTorr
c)Nb sputtering 3 sec, 300 watt,100 sccm Ar, 8 mTorr
a)RF clean 2 min, 200 watt, 100 sccm Ar, 8 mTorr
b)NbTiN presputtering 4 min, 300 watt, 100 sccm Ar, 4 sccm N2, 8 mTorr
c)NbTiN sputtering 5 sec, 300 watt,100 sccm Ar, 4 sccm N2, 8 mTorr

Table 3.1: Details of the Nb and NbTiN deposition.

Figure 3.1: Designcad layout, consisting of 4 layers. These layers are: 1) gold pads and markers 2)gold
pads ﬁne 3)HSQ gold cover 4)HSQ meander pattern. The ﬁrst EBPG step is writing layer
1 and 2, the second step covers layer 3 and 4. The EBPG settings are given in table 3.2

3.2

Lithographic procedure

The ﬁrst detectors were made in Moscow and they needed three fabrication steps. The only
resist they used was PMMA [39]. Lately a new recipe was proposed consisting of two steps [40].
Besides the reduced number of steps the advantage of the latest recipe is the use of HSQ as resist.
HSQ has an extremely high resolution. Linewidths can go down to 10 nm [41]. We closely followed
the last recipe. The ﬁrst step is to fabricate the gold contacts and the markers on the substrate,
this is done by a lift oﬀ process. The markers are made for exact position determination. The
second step consists of etching away unwanted material and thereby deﬁning the meander. The
material which has to stay is covered by an HSQ mask.
The patterns are written with the Leica Electron Beam Pattern Generator 5000 Plus system,
located at the nanofacility of the TU Delft. Pattern deﬁnition is done with the programs Design
Cad 3dMax v16, which is a standard drawing program and Cats, the pattern deﬁnition software
for the Delft Electron Beam Pattern Generator. The output of Design Cad is seen in ﬁgure 3.1.
In this section processing the substrates is described. The process is executed as well in close
cooperation with Tony Zijlstra. He performed the gold deposition and the reactive ion etching.
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Writing part
Au pads
Au pads ﬁne
HSQ gold cover
HSQ meander

Dose
[μC/cm2 ]
1400
1200
1200
3000

Spot
87NM
87NM
86NM
18NM

235NA 400UM 100KV
235NA 400UM 100KV
226NA 400UM 100KV
7349PA 400UM 100KV

Resolution
[nm]
50
50
50
5

Table 3.2: EBPG writing details. The visual layout is seen in ﬁgure 3.1.

Figure 3.2: Layout of the gold contact pads. The light orange part is the part which is written with a
lower dose. The markers are made in this step as well. They have a standard size of 20x20
µm.

3.2.1

Gold contacts (Lift oﬀ process)

At ﬁrst, the gold contacts and markers are deﬁned. For this step PMMA (polymethyl methacrylate) , 950 k 4% in chlorobenzene, is spinned on the substrate. This resist is spinned at 4000 rpm
and baked afterwards at 170◦ Celsius for 15 minutes. The spinning speed ensures a layer thickness
of 340-380 nm. The writing is divided into two parts. The part of the gold contacts close to the
detectors is written with a lower dose and the ’bulk’ contacts with a higher dose. The EBPG
settings are listed in table 3.2.
PMMA is a positive resist, which means that the exposed area is washed away during developing. Developing is done with methylisobutylketon (MIBK), mixed with isopropanol (IPA), with a
ratio of MIBK:IPA=1:3. The developing time is 1 minute, after that the development is stopped
by holding the sample in IPA for 30 seconds. After developing gold is deposited on the sample.
To stick the gold to the substrate a 20 nm layer of niobium (Nb) is used. The thickness of the
gold is 60 nm. Details of the gold deposition are shown in table 3.3. When the resist is solved the
gold which lays on top of the resist comes oﬀ with the resist. This process is called lift oﬀ. The
gold which lies on the substrate stays and forms the contacts. As a solvent we use acetone. The
use of acetone causes the maximum lift oﬀ temperature to be 50◦ Celsius. The ﬁnal layout of the
gold contacts is seen in ﬁg 3.2.

3.2.2

Meanders

The meanders are deﬁned with a negative resist. This means that the exposed area stays and
the not exposed area is washed away. In this way it forms a mask that covers material for the
etching. The resist is a spin-on-glass, called HSQ (hydrogen silsequioxane). The HSQ is fabricated
by Dow Corning [42], formulated as Fox-12. Linewidths with this resist can go down to 10 nm
[41] or below. The HSQ is diluted with MIBK, with a ratio of HSQ:MIBK=2:1. The HSQ has to
be stored at 4◦ C and can be processed when it is at room temperature, i.e. it has to warm up
before processing.
To spin the HSQ mixture we ﬁrst used a spincoater of which the whole lid also spinned. In
this way a nice uniform layer of 30-40 nm could be achieved, the spinning speed was 2600 rpm for
55 s. Unfortunately this spincoater was removed, so we had to use the ’normal’ spincoater. The
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Sputteretch
Presputtering Nb
Sputtering Nb
Presputtering Au
Sputtering Au

RF power 200 Watt, Argon 100 sccm, pressure 8 mTorr
Vb ias 300 V, 1 min 30 seconds
DC power 0.3 kW, Argon 100 sccm, pressure 8 mTorr
4 minutes
DC power 0.3 kW, Argon 100 sccm, pressure 8 mTorr
15 seconds
DC power 50 W, Argon 100 sccm, pressure 8 mTorr
40 seconds
DC power 50 W, ARgon 100 sccm, pressure 8 mTorr
40 seconds

Table 3.3: Details of the Nb/Au deposition for the markers and gold contacts.

Figure 3.3: Using the ”normal” Cats conversion the lines meander will not be written at once. Blocks
(sub-ﬁelds) are deﬁned which do not cover the whole length and stitching errors can occur
(encircled). Such a stitching error could give rise to a constriction in the line. When a
constriction in the line occurs the critical current, and thus the performance of the SSPD,
will be limited. Here the stitching errors at the sub-ﬁeld border are visible.

Figure 3.4: Fabrication failures.

(a) Charging could result in a broken meander. Charging occurs when the grounding during EBPG writing is
not proper.
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(b) A meander developed with MF322.

3.2. Lithographic procedure

Figure 3.5: Final layout of superconducting single photon detectors.

spinning speed was in this case 8000 rpm for 55 s to get a layer of 30-40 nm. In [43] a thorough
testing of HSQ is performed. Before copying the recipe, similar tests are performed to optimally
use the resist. They consisted of baking tests and developer tests.
Test of HSQ baking times: After spinning the resist is baked on a hotplate to evaporate the
solvents. The baking temperature is 90◦ C. Baking on a hot plate can lead to diﬀerent thermal
contacts so we tested baking times of 2, 5 and 10 minutes. The advantage of a longer baking time
is less variation in baking time and temperature per sample. The disadvantage is that the resist
is less sensitive. A baking time of 10 minutes seemed to give the most reproducible results, so we
decided to continue with a baking time of 10 minutes.
Test of developers: we tested two diﬀerent developers. These two developers are MF322, and
TMAH 25% in H2 O. MF322 is basically a diluted version of the other developer, because it contains 3% TMAH in H2 O. When we used MF322 as developer the meanders sometimes looked as
ﬁgure 3.5(b). After we changed to TMAH 25% this eﬀect did not occur anymore, so the use of
TMAH 25% is probably more reliable.
After developing, the HSQ forms a mask that covers the material in the form of the meander.
The material which is not covered is etched away with reactive ion etching. The etching is done
in an environment of SF6 (13.5 sccm) and O2 (5 sccm), with a power of 50 watt and Vbias =220
V. The etch time is 30 seconds + 10 seconds overech for NbN ﬁlms and 25 seconds + 10 seconds
overetch for NbTiN ﬁlms.
When a sample is etched it is still covered with HSQ. We also covered the gold contacts with
an HSQ layer to prevent AU-contamination of the reactive ion etching chamber. To contact the
gold pads this HSQ has to be removed. This is done by dipping the sample for 1 second in buﬀered
hydroﬂuoric acid (BHF), after which the sample has to be held in water to stop the etching. By
measuring the conductance of a NbN unpatterned ﬁlm before and after BHF dip we tested if the
NbN layer itself is aﬀected by the BHF dip. As no diﬀerence could be meaured we conclude that
a BHF dip of 1 second does not alter the electrical properties of the NbN layer.
EBPG
As mentioned the drawing of the meanders is done with Design Cad and the conversion to
a ﬁle format readable by the EBPG is done by Cats. In Cats diﬀerent ways of creation of the
output ﬁle can be set. Cats tries to make the electron-beam writing as eﬃcient as possible. This
means that the writing will take place in blocks, called trapeziums. However the deﬁnitions of the
trapeziums is not always the best choice. In the case of the meanders this results in writing parts
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Figure 3.6: SEM picture of a NbN superconducting single photon detector.

of the lines, instead of writing the line at once. Then the borders of the ”sub-ﬁelds” are visible
(ﬁgure 3.3). If we choose another option for compact (”KEEP”), then the writing is done line per
line and these borders vanish.
The EBPG details for writing the HSQ are seen in table 3.2. With the settings for the meander
we could achieve a pattern consisting of 100 nm wide lines and 50 % ﬁll factor. Other line widths
and ﬁlling factors would require another dose. The small samples (6 x 6 mm) sometimes resulted
in a broken meander (see ﬁgure 3.5(a)). This is probably an eﬀect of charging. When the sample
is too small it could not be clamped to the holder well enough, so it does not have a good electrical
ground. Larger samples could be clamped well on the holder and in this way broken meanders are
avoided.

3.3

Conclusions and recommendations

After a succesful fabrication run the ﬁnal samples look like ﬁgure 3.5. A SEM picture of
the device is shown in ﬁgure 3.6. Concluding, during this project we optimized the fabrication
procedure of SSPDs. Making gold contacts on the substrate is no problem and the contacts are
of high quality. Deﬁning a NbN meander has been achieved as well. The outcome of this recipe
is highly reproducible. We always get meanders consisting of 100 nm wide lines and gaps. To get
other line widths and ﬁlling factors new dose tests are required. Going down towards the ultimate
resolution of HSQ might be diﬃcult. For NbTiN the fabrication yield is not 100%. Sometimes
we ended up with a solid block instead of a meander. A reason could be a failure of the reactive
ion etching or non-reproducable writing of the HSQ. On the other hand, initially the NbTiN ﬁlms
were only for testing. When they turned out to detect photons we characterized the quantum
eﬃciencies of this material as well. Further optimization of the procedure could increase the
fabrication yield of NbTiN detectors.
As a ﬁnal overview a list of the fabrication steps is given in table 3.4.
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Spin PMMA

Deﬁne gold contacts with EBPG
Develop PMMA
Nb/Au deposition
Au liftoﬀ
Spin HSQ

Deﬁne meander with EBPG
Develop HSQ

Reactive ion etching
Remove HSQ

PMMA 4% in chlorobenzene.
Spin rate: 4000 rpm. Baking
temperature: 170◦ C. Baking
time: 15 minutes
Details: table 3.2
60s in MIBK:IPA=1:3
30s in IPA
Table 3.3
In acetone, 50◦ C
HSQ(fox 12):MIBK=2:1
Spin rate: 8000 rpm. Baking
temperature 90◦ C. Baking time:
10 minutes
Details: table 3.2
6s in TMAH 25%
15s in MF322
15s in H2 O
1s in BHF
15s in H2 O
30s in H2 O

Table 3.4: Summary of the fabrication procedure.
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Chapter 4

Measurement setup
In this section I will describe the measurement setup we used. At ﬁrst I will discuss the basic
components and motivate the choice for the ampliﬁers. Then I will describe how we tried minimize
the eﬀect of noise and interference, which turned out to disturb the electric read out.

4.1

Measurement setup overview

In ﬁgure 4.1 the complete measurement setup is shown. It consists of a system to bias the
detector with a dc current, a part to read out the voltage pulses and a feedthrough for the light to
be detected. The dc current is applied by a bias box, which provides a voltage that is converted
into a current by a resistor. The response of the detector on an absorbed photon is a voltage pulse,
which is ampliﬁed by two ampliﬁers. The response can be read out by a counter or an oscilloscope.
To characterize the detector we used a laser as a light source. The laser light is provided by a
tunable Ti:Sapphire laser (Coherent, MIRA 900). The tuning range goes from 700 to 1000 nm.
To monitor the intensity of the light a beam splitter in combination with a power meter is used.

4.2

Chip

After fabrication the detector is glued on a printed circuit board (PCB). For this purpose we
use a two component non conducting glue, speciﬁed for low temperatures (Epoxy Technology,
Epo-Tek H70E). To harden the glue the chip has to be baked at 100· C. This is convenient as the
detector should not be heated over 100· C.
Before glueing the SMA connector is soldered on the PCB. The PCB with the detector can
be seen in ﬁgure 4.2. The distance between the transmission line and the ground on the PCB is
chosen such that the impedance of the transmission line is 50 Ω. After glueing the chip is bonded.
The chip is connected to a long (1 m) coaxial cable and such can be dipped in a Dewar with liquid
helium (as in ﬁgure 4.1)

4.3

Electrical Read Out

As mentioned the SSPDs have to be biased with a current. This current is provided by a data
acquisition (Daq) box. This box delivers a voltage which is converted into a current in the bias
tee. This is done within the bias tee by a 400 kΩ resistance. WIth the DAQ voltages from 0
to 10 V can be applied, so with a 400 kΩ resistance the maximum bias current is 25 μA. The
function of the bias tee is to lead the dc current from the current source to the detector and the
returned response signal from the detector to the ampliﬁers. The voltage source is connected to
the ”bias in” port. The SSPD is connected to the ”AC+DC” port and the ”AC” port is connected
to the ampliﬁers. The ”mon out” port monitors the voltage over the SSPD. If the SSPD is not
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Daq box
Vbias

Counter
Oscilloscope
bias in

+

-

-

+

AC

mon out

Bias tee

AC+DC

Amplifier cascade

Beam splitter

Laser

Liquid
Helium

Power meter

SSPD
Chip

Figure 4.1: Overview of the measurement setup. A detailed description is given in the text.

Figure 4.2: The detector is glued on a printed circuit board (PCB). The SMA connector is soldered on
the board. Electrical connection is achieved via the SMA connector and bonding wires from
the PCB to the detector.
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Component
Data acquisition box

Manufacturer
National instrument

Product Number
DAQPad-6020E

Photon counter

Stanford Research Systems

SR400

Oscilloscope

LeCroy

LC574 AM

Hyperlink
http://sine.ni.com/
nips/cds/view/p/lang/
en/nid/13877
http://www.thinksrs.com/
products/SR400.htm
http://www.lecroy.com/
tm/products/Scopes/LC
Series/LC334/default.asp

Table 4.1: Detailed overview of read out components.

Manufacturer
(Product number)
Miteq
(JS2-01000200-16-10A)

Gain

Bandwidth

Noise ﬁgure

Hyperlink

36 dB

1-2 GHz

1.6 dB

Wenteq
(ABL0200-50-3515)
Mini-Circuits
(ZX60-2531M-S)

35 dB

1-2 GHz

1.6 dB

30-38 dB

500-2500 MHz

3.5 dB

Mini-Circuits
(ZKL-2R5)

30 dB

10-2500 MHz

5 dB

http://miteq.com/micro/
amps/jsamps/c28b/
octavebandpg11-12.html
http://www.wenteq.com/
Products/blna.html
http://www.minicircuits.com/
cgi-bin/modelsearch?model=
zx60-2531M-S&x=16&y=10
http://www.minicircuits.com/
cgi-bin/modelsearch
?model=ZKL-2R5

Table 4.2: Speciﬁcations of the ampliﬁers. The choice of the ampliﬁers is a trade oﬀ between noise ﬁgure,
gain and bandwidth.

superconducting the voltage at the ”mon out” port is nonzero. The electronic layout of the bias
tee can be found in Appendix A (ﬁgure A.1).
The signal at the ac port of the bias tee (the voltage pulse) is ampliﬁed by an ampliﬁer cascade.
We tested diﬀerent ampliﬁers. An overview of the ampliﬁers is shown in table 4.2 and the results
of the tests are given below. The ampliﬁed signal is fed into a photon counter, which counts
the number of pulses over a certain time. The signal can also be read by an oscilloscope. The
DAQ box, photon counter and oscilloscope are computer controlled. A detailed overview of the
components is listed in table 4.1.

4.3.1

Ampliﬁers

We have tested three diﬀerent ampliﬁers. The speciﬁcations of the manufacturer are seen in
table 4.2. For our purpose important characteristics are: low noise ﬁgure, high gain and broad
bandwidth of the ampliﬁer. The ampliﬁer bandwith is of importance because it could inﬂuence
the shape of the voltage pulse. The high frequency cut oﬀ could limit the rise time of the pulse
and the low frequency cut oﬀ the fall time. The rise time of the ampliﬁers dominates if this time
is larger than the rise time of the rest of the measurement setup. The voltage pulse will become
”narrower” if the low frequency cut oﬀ of the ampliﬁer is too high. So if the bandwidth of the
ampliﬁers is not suitable, the measured voltage pulse will not resemble the real SSPD response.
In table 4.2 the speciﬁed bandwidth can be seen for all ampliﬁers. Allthough the values
are speciﬁed by the manufacturers we measured the low frequency cut oﬀ by characterizing the
response of the ampliﬁers with a sine-wave generator. The low frequency cut oﬀ is then deﬁned as
the time it takes for the power to be decreased with 3 dB. For the Wenteq ampliﬁer we obtained a
low frequency cut oﬀ of 150 MHz, for the ﬁrst Mini-Circuits ampliﬁer 500 MHz and for the Miteq
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Figure 4.3: Ampliﬁer responses on the input of a step function. The step function is diﬀerentiated by
the ampliﬁers. The low frequency cut oﬀ of the ampliﬁers deﬁnes the width of the response.

ampliﬁer 10 MHz (which is moch better than the speciﬁed value of 1 GHz).
Another method to characterize the ampliﬁers bandwidth is measuring the response of the setup
to a step function generator. This response is seen in ﬁgure 4.3. The characterized ampliﬁers are:
the Miteq-Miteq cascade, the Miteq-Minicircuits(ZKL-2R5) cascade and the response of a single
Miteq ampliﬁer. The fall time is deﬁned as the time when the pulse is reduced by a factor of
1/e (ﬁgure 4.4a). The diﬀerence between the fall time of the Miteq-Miteq cascade (5.6 ns) and
the single Miteq ampliﬁer (13.5 ns) is striking. It seems that the cascade of ampliﬁers increases
the low frequency cut oﬀ by a large amount. With fcut−of f = 1/2π · 1/τ the cutt oﬀ frequency
can be calculated, giving for the single Miteq ampliﬁer 11.7 MHz (i.e. comparable to the value
obtained before) and for the Miteq-Miteq cascade 28.4 MHz. The fall time value for the MiteqMiteq cascade is low compared to the response time of a typical SSPD, consisting of a meander
on an area of 10x10 μm, which equals 8.5 ns (see section 5.2 and [44]). The fall time of the
Miteq-Minicicuit cascade turns out to be 13.6 ns, so for measuring the voltage pulse produced by
the SSPD this ampliﬁer conﬁguration is suitable. However it will still aﬀects the pulse shape.
For the quantum eﬃciency and the energy resolving measurements the Miteq-Miteq cascade
was used. The advantage of the Miteq ampliﬁers is the low noise ﬁgure: 1.6 dB (Miteq) compared
to 5 dB (Minicircuit ZKL-2R5), although the requirements on the second ampliﬁer of the cascade
concerning hte noise ﬁgure is not as critical as for the ﬁrst ampliﬁer. It is clear that the other
Minicircuit ampliﬁer (ZX60-2531M-S) is not usefull because of the narrow bandwidth (measured
low frequency cut oﬀ: 150 MHz).
In ﬁgure 4.4b the rising edge of the ampliﬁer step function response is seen. In this measurement
the rise time is limited by the rise time of the oscilloscope (350 ps), so anything which takes longer
than this timescale can not be speciﬁed.

4.4

Typical measurements

Three typical measurements are shown in ﬁgure 4.5. These measurements were done on a
ﬁber glued SSPD. The end of the optical ﬁber, providing the light, is directly glued on top of the
detector using a micromechanical photoresist ring [45]. The device is produced by the Gol’tsman
group in Moscow and pigtailed by the Slysz group in Warsaw. The detector itself has a low
quantum eﬃciency of approximately 0.1%.
In ﬁgure 4.5a the monitor voltage versus bias current is given. The monitor voltage means the
voltage measured on the monitor out port of the bias tee (so the voltage across the detector). If the
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4.4. Typical measurements

Figure 4.4

(a) The normalized response of the ampliﬁers to a
step function. The fall time of the ampliﬁers can be
easily extracted by reading the time where the pulse
has dropped to 1/e (≈0.36).

a)

(b) A zoom in of the rising edge of the ampliﬁer
response on a step function. The rise time of the oscilloscope (350 ps) is dominating this measurement.
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Figure 4.5: Typical measurements to characterize an SSPD. In (a) the monitor voltage versus the bias
current is given. From this graph we can determine the critical current. Figure (b) shows
the number of detection events versus the bias current. The number of detection events is
proportional to the quantum eﬃciency. We see that these values are highly dependent on the
applied bias current. c) The number of detection events in time. This reﬂects the variance
of the measurement. In this graph the mean count rate was 7.4·104 counts per second (cps)
and the variance 1·103 cps (1.4% of the mean value).

monitor voltage is non-zero it means that the SSPD has switched to the normal state, so this is an
easy way to get some feedback about the state of the SSPD during a measurement. In particular,
when measuring very close to the critical current this feedback is important to detect whether the
detector is trapped in the normal (resistive) state. Another typical measurement we see in ﬁgure
b): the observed counts per second versus the bias current. The number of measured counts, or
equivalently the quantum eﬃciency, increases exponentially with the bias current. Finally in c)
we see the observed counts per second versus measurement number. Every second a data point
is measured. Doing statistics on the dataset gives the variation of the measurements in time. In
this graph the variance was 1.3% of the mean value.
However, most of the time the measurements were not as stable as in these ﬁgures. Noisy
measurements we often saw are plotted in ﬁgure 4.6. In a) we see that switching currents could be
diﬀerent for subsequent measurements and from ﬁgure b) it is clear that during a measurement
the observed number of detection measurement number could vary a lot. Stated diﬀerently, the
variance of this measurement is high. In these measurements the variance was respectively 24.6%,
9% and 15% of the mean value. To check if this is not due to laser ﬂuctuations we monitored the
laser power simultaneously. The variance of the laser power was 1% of the mean value, ruling out
the laser as the reason for the ﬂuctuations in the number of detection events.
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Figure 4.6: Noisy measurements. Diﬀerent measurements could give a diﬀerent critical current (a). This
is a sign of disturbances. In (b) a variance measurement is plotted. The number of detection
events shows a high instability (9.32·105 ± 2.3 · 105 cps, the variance is 24.6% of the mean.
From the laser power we see that this is not the cause for this high instability. The laser
power is 16.06±0.03 mW. The variance is less than 1% of the mean. In (c) the mean value
of one measurement (green points) is 6.8·104 ± 6.1 · 103 cps (9%), the second measurement
(black points) gave 7.5·105 ± 1.1 · 104 (15%).

Fluctuation in detection events is inconvenient. For measurements, on for example quantum
dots, a stable operation of the SSPD is desirable. As the laser intensity was stable during these
measurements the instability lies either in the system or in the detector itself. Causes related to
the measurement system could be:
• variation or drift in the applied bias current
• variation in temperature
• noise and interference
We measured the variation in bias current and this turned out to be smaller then 0.1%. When
the detector is kept immersed in liquid helium the variation in temperature should be extremely
small as well. Eﬀects of temperature on the quantum eﬃciency are discussed later. For now I will
concentrate on the last reason: noise and interference.

4.5

Noise and interference

Instabilities can be caused by noise and interference. Noise is deﬁned as a disturbance in the
system itself. For example ampliﬁers produce voltage noise. Interference refers to signals from
outside which couple into the measurement system. For example electromagnetic interference can
induce currents in the system. These currents could cause the detector to switch to the normal
state. This switching could be detected as a dark count.
Interference: I will ﬁrst mention some methods to reduce the interference. One of the most
important things, and at the same time quite obvious, is the fact that the grounds of all components should be the same. Otherwise current will ﬂow between diﬀerent components. We have to
take care that the grounds are in good contact. This can be done for example by so called copper
mesh. We also clamped the ampliﬁer plate to the helium vessel to ensure that the ground of the
detector and ampliﬁers are the same. The copper mesh is also a good option to avoid signals from
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Figure 4.7

(a) Eﬀect of attenuators, measured on real detectors.
10 dB attenuators placed at the output parts of both
ampliﬁers improved the stability of the read out system.

(b) Eﬀect of ﬁlters, measured on NbN test detectors.
Placing a ﬁlter at the output of the second ampliﬁer
reduced back action eﬀects of the photon counter and
as a consequence a higher bias current could be applied.

neighbouring setups coupling into our system. It provides a low impedance path around the wires
for high frequency noise. In this way the noise does not couple into the system, but ﬂow to ground
directly. Electromagnetic interference ﬁlters prevents noise coupling into the system as well. This
electromagnetic interference ﬁlter is made of ferrite, having a high resistance to high frequency
signals (interference). This high impedances attenuates or reduces the strength of these signals so
they will have less eﬀect on the system.
Noise: One of the sources for noise are the ampliﬁers. Ampliﬁers produce voltage noise and
current noise. Current noise pass through the bias tee to the sample, the detector in this case,
adding an instability to the applied bias current. The voltage noise produced by current noise
is then dependent on the resistance of the sample. For our detectors current noise should be
avoided, because this causes the detector to switch as well. So ampliﬁers with low current noise
are important. Another point of attention is electrical reﬂection between devices. Reﬂection can
be caused by non-matching input impedances of diﬀerent components. This happened e.g. between the ampliﬁer and the photon counter. The reﬂections can reach the SSPD. This causes the
SSPD to switch to the normal state. A remedy is the placement of attenuators at the exits of the
ampliﬁers. In this case the back action is attenuated and it does not cause the detector to switch
anymore. The same counts for reﬂections between the ampliﬁers. That’s why we also placed an
attenuator between the ampliﬁers. Also a high pass ﬁlter of 150 MHz at the output of the second
ampliﬁer was tried to ﬁlter out low frequent noise.
Eﬀects of these adjustments are seen in ﬁgure 4.7a and ﬁgure 4.7b. Here the monitor voltage
versus the bias currents is plotted, from which we can deduce the critical current. The critical
current is important, because in general the higher the switching current, the higher the quantum
eﬃciency. It can be seen that placing attenuators and ﬁlter makes the critical current increase,
and hence improves the setup. Therefore, two 10 dB attenuators were permanently added to our
read out system; one placed between the ampliﬁers and one between the second ampliﬁer and the
photon counter.
Finally we have to take into account that the ampliﬁer is terminated at a certain frequency
(suspected to be 200 MHz) by a capacitor. To avoid reﬂections of frequencies lower than 200 MHz
between the ampliﬁer and the detector a 50 Ohm connection to ground have to be provided for
these frequencies. However, this connection has to be ’invisible’ for higher frequencies. Therefore
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an inductance of 33 nH, implemented in the bias tee (ﬁgure A.1 in the Appendix), is used to
terminate this 50 Ohm at frequencies higher than 200 MHz. Adding this inductance circuit made
the setup much more stable. A disadvantage is that the circuit inﬂuenced the pulse shape (more
in section 5.2).
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Chapter 5

Measurements
5.1

Quantum eﬃciency

On the basis of the fabrication recipe described in chapter 3 we produced a number of detectors.
In this section I will present the measured quantum eﬃciency of these detectors. The system
detection eﬃciency (DE) is dependent on diﬀerent factors:
DE = ηabs · ηdet · L = QE · L

(5.1)

whith ηabs as the absorption coeﬃcient, ηdet gives the probability of a detection event after a
photon is absorbed, and L cotains the optical losses of the setup. The QE is given by the product
of ηabs ·ηdet . In this section I will give the results of the measurement of ηabs and the results for the
quantum eﬃciency. Furthermore I will discuss the inﬂuence of the temperature on the eﬃciency
of NbN. Then I will write about the interplay between dark counts and quantum eﬃciency and
last discuss whether we are detecting single photons.

5.1.1

Absorption coeﬃcient of NbN thin ﬁlms

The absorption coeﬃcient of NbN is an important property as it reﬂects the ultimate sensitivity
of the SSPD, assuming that ηdet in equation 5.1 reaches unity. From [12, 48] the absorption
coeﬃcient is equal to
(5.2)
η = 4(Rs /Z0 )/[(Rs /Z0 )(nsub + 1) + 1]2
where nsub =1.72 is the index of refraction of the SSPD substrate (sapphire), Rs is the surface
resistance of the NbN ﬁlm measured just above TC and Z0 =377Ω is the free-space impedance.
According to [12] the absorption coeﬃcient for NbN on sapphire is 37%. It is wavelength independent as along as nsub remains wavelength independent.
To verify this equality we measured the absorption coeﬃcient of NbN for diﬀerent wavelengths.
We did this measurement by placing a substrate of NbN on sapphire in a ﬂow cryostat. This is a
similar substrate as used for the fabrication (chapter 3). In the ﬂow cryostat helium temperature
(4.2 K) can be reached and the cryostat has two windows. So by comparing the intensity of
the light before and after the window can obtain the absorption coeﬃcient of the NbN/Sapphire
substrate. The contribution of the windows can be determined by measuring the absorption
coeﬃcient without the substrate inside, in this way the NbN/sapphire coeﬃcients can be corrected.
As mentioned these are the absorption coeﬃcients for the sapphire substrate and the NbN layer
together. To acquire the absorption coeﬃcient of the NbN layer a bare substrate of sapphire will
have to be measured. Correction for the reﬂection at the sapphire-vacuum interface can be done
by calculating the reﬂection coeﬃcient of the sapphire substrate. The reﬂection coeﬃcient is equal
2
to R = [(n2 − n1 )/(n2 + n1 )] . For n2 = nsub = 1.72 and n1 = 1 we get R=0.07. The corrected
absorption coeﬃcients we obtained are shown in table 5.1.
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λ [nm]
530
700
800
900

Absorption coeﬃcient
T=4.2 K
41.6
39.6
44.0
43.6

Absorption coeﬃcient
T=300 K
42.3
43.7
47.6
49.7

Table 5.1: Absorption coeﬃcients of a 4 nm thick NbN layer. The absorption coeﬃcients are corrected
for the reﬂectivity of the sapphire substrate and the contribution of the cryostat windows.
As the sapphire substrate will absorb some light as well the actual absorption coeﬃcients of
NbN will be a bit lower.

Figure 5.1: Setup for measuring the quantum eﬃciency. The electrical setup is the same as described
in chapter 4. To monitor the power and such determine the number of incoming photons
we used a beam splitter and a power meter. The splitting ratios of the beam splitter for
diﬀerent wavelengths are seen in table 5.2. The most intense part of the light after the beam
splitter is led to the power meter to decrease the uncertainty.

5.1.2

Measurement setup

For convenience the measurement set up is shown again in ﬁgure 5.1. It consists of the normal
electrical setup as described in chapter 4 and a system to measure the power of the ingoing light
simultaneously with the number of counts. For this purpose we use a beam splitter (Thorlabs:
BS017, non-polarizing beamsplitter). The splitting ratios for diﬀerent wavelengths are listed in
table 5.2. As laser setup we use a Ti-sapphire laser system, (Coherent Mira 900). The laser can
be tuned from λ=700 nm to λ=1000 nm.
As we illuminate the detector with an optical ﬁber and the ﬁber is not pigtailed on the active
area, the light is not focused on the detector. To ensure that the active area is illuminated we set
the distance between the optical ﬁber and the detector to approximately 39 mm. The diameter of
the laser spot is around 8 mm and the size of the detector is 10x10 μm. We also have to take into
account the beam shape of the light. The beam shape is diﬀerent for a single and multimode ﬁber,
this can be seen in ﬁgure 5.2. The single mode ﬁber (Thorlabs: P1-1550A-FC-5, singlemode for
1460-1620 nm) we used is speciﬁed for 1500 nm and it behaves as a multimode ﬁber for wavelenths
700-900 nm. Nevertheless we used this ﬁber, because the variation seemed to be smaller when we
used a single mode ﬁber. The losses in the ﬁber are determined as well, by measuring the power
at the detector side, and taken into account.
From the wavelength and intensity of the laser we can estimate the number of incoming photons,
because the energy of a photon relates to the wavelength as
E=
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h·c
λ

(5.3)

5.1. Quantum eﬃciency

λ [nm]
700
800
900

Splitting ratio
1.9
5.3
12

Table 5.2: Measured splitting ratios of the beamsplitter in ﬁgure 5.1.

Figure 5.2: a) The proﬁle of a singlemode ﬁber. In the inset a two dimensional Gaussion function is
seen. b) The proﬁle of a multimode ﬁber. The proﬁle is varying in time.

with h Planck‘s constant (6.626068·10−34 m2 kg/s), c the speed of light in vacuum (3·108 m/s)
and λ the wavelength of the photon. The quantum eﬃciency is then deﬁned as the number of
detection events divided by the number of incoming photons.
Abeam
L·I
(5.4)
·
Adetector
E
with Abeam and Adetector the area of respectively the beam and the detector, I the intensity of the
light and L the losses in the ﬁber and beam splitter.
QE = Ndetection events ·

5.1.3

Quantum eﬃciencies of NbN

In table 5.3 the room temperature resistances, critical currents and quantum eﬃciencies of the
ﬁrst working batch of ’homemade’ NbN detectors are presented. The detectors have an area of
10x10 μm and the lines have a width of 100 nm and a gap of 100 nm. The numbers refer to
diﬀerent substrates. On one substrate a number of detectors are deﬁned. Substrate 30 and 31
were processed in parallel. Substrate 52 and 54 were processed at a later time. The quantum
eﬃciencies are calculated according to equation 5.4, the number of detection events are recorded
at a current of 0.9·IC (90% of the critical current). One detector has an eﬃciency of around 2.5
%, one detector has an eﬃciency of approximately 0.1 % and the other detectors had zero or near
zero quantum eﬃciency.
The critical current is an important indication for the quantum eﬃciency. If the critical current
is very small the quantum eﬃciency is minimal as well. The only detector with a decent quantum
eﬃciency had a critical current of 5.75 μA, the not working detectors had a critical current of 1
μA or less. Therefore it is instructive to compare the critical current (IC ) of these devices with
the critical current of a single bar. IC of a single bar was 10.0 μA. The bar has the same width
(and thickness) as the meander, so IC should be the same. Because the IC of the meanders is
lower than IC of the bar we can conclude that there are constrictions in the meander, limiting the
critical current. So we see that uniformity of the meanders is very important.
Constrictions can appear in the width and in the thickness of the sample. A SEM picture of
a bad detector (NbN31c) is shown in ﬁgure 5.3. No obvious error or constriction is seen and the
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Number
30a
30c
31b, 31d, 52a, 54b
30b, 31c, 31a

Resistance [MΩ]
Room temp.
1
1
1
1

Critical current [μA]
(IC )
5.75
6.93
4.33
1

Quantum eﬃciency [%]
λ=800 nm
2.5
≈ 0.1
≤ 0.1
0

Table 5.3: Room temperature resistances, critical currents and quantum eﬃciencies of ten NbN detectors.
The quantum eﬃciency is recorded at a critical current of 0.9·IC and at a wavelength of 800
nm.

λ [nm]
700
800
900

Quantum eﬃciency [%]
42.2±9
37.8±6
36.6±5

Table 5.4: Quantum eﬃciencies state of the art NbN detector. The critical current of this device was 13
µA and the eﬃciencies are given for a current of 0.9·IC .

edges of the wire seem to be very smooth, so we can rule out constrictions in the width of the
meander. Recently Kerman [46] fabricated a large number of detectors and he observed as well
a large variation in eﬃciencies. He suspected the variation in ﬁlm thickness or material defects to
be the reason, because he could not ﬁnd constrictions in the width of the meander as well.
To implement in one of our experiments we have bought two state of the art NbN detectors
from a company in Moscow [47]. In table 5.4 the quantum eﬃciencies for one of these detectors
is given. As expected we can reach very high eﬃciencies with NbN as superconducting material.
It is interesting to see that the eﬃciencies are in the order of the absorption coeﬃcient (table 5.1)
which means that all absorbed light is detected and ηdet actually reaches unity.

5.1.4

Quantum eﬃciencies of NbTiN

We have made a batch of NbTiN detectors as well. In this batch there have been some detectors
with a low room temperature resistance (R≈10 kΩ). When we took SEM pictures we found out
that we ended up with a solid block instead of a meander (see ﬁgure 5.4). The reason for this is
unknown, but it could be a lack of reproducibility in the HSQ processing or in the reactive ion
etching. In fact, from the ﬁrst batch 7 out of 10 detectors had this low resistance.
Once the detector has the right resistance (R≈1 MΩ) it detects light. Even better, all detectors
showed a reasonable quantum eﬃciency, demonstrated in table 5.5. In this table the critical
currents can be seen as well. The detectors taken up in table 5.5 all have a resistance of 1 MΩ.
As mentioned in the previous section the measurement setup causes the detection eﬃciency to
vary per measurement. For this reason measurements performed on diﬀerent days are given. For
a wavelength of 800 nm the mean of the quantum eﬃciency of detector 1 (for all days) is 8.75 %
with uncertainty 0.9 %, detector 2 gives 15.1±2.5 %. The third detector is only measured on one
day and the quantum eﬃciency was equal to 11±1.1 %. As shown in table 5.5 we measured the
quantum eﬃciency for diﬀerent wavelengths. Theoretically we would expect that the quantum
eﬃciency goes down with increasing wavelength (see also section 5.3). We do not observe that,
probably due to the large variation.

5.1.5

Temperature eﬀects on the QE

In diﬀerent publications [49, 50, 51] the temperature dependence of the quantum eﬃciency
is measured. This yielded always an increase in quantum eﬃciency when the temperature was
decreased. A result is given in ﬁgure 5.5. The reason for this eﬀect might the increased critical
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Figure 5.3: Sem picture of a bad NbN detector. The inset shows a zoom in. It is conﬁrmed that no
constricions or broken lines appeared.

Number (date)
1 (12-12)
1(13-12)
2 (12-12)
2 (13-12)
2 (14-12)
3 (5-12)

Critical current [μA]
(0.9·IC )
29.0
29.0
25.6
25.6
25.6
28.2

QE [%]
λ=700 nm
4.3±0.1
7.4±1
12.6±1.2
6.8±1.3
6.8±0.3
5±0.5

QE [%]
λ=800 nm
9.4±0.2
8.1±0.4
18.0 ±1.2
13.3±0.3
14±0.7
11±1.1

QE [%]
λ=900 nm
3.2±0.1
8.6±1.0
13.4±1
10.3±0.3
18±2.3

Table 5.5: Quantum eﬃciencies of the 3 working NbTiN detectors. The quantum eﬃciencies are recorded
at a critical current of 0.9·IC . To demonstrate the instability of the measurement, data of
diﬀerent days are given.
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Figure 5.4: Sem picture of a bad NbTiN detector. Clearly something went wrong during processing. It
could be either the reactive ion etching or more probably the HSQ mask.

current for lower temperature (see also section 2.1.1).

5.1.6

Noise equivalent power

The quantum eﬃciency (5.4) rises with the bias current. However, the dark counts rise with
the bias current as well (see ﬁgure 5.6a). The interplay between the QE and the dark count
rate (Rdk ) can be presented in terms of the detector’s noise equivalent power (NEP). This NEP
represents the ultimate sensitivity performance and is deﬁned for quantum detectors as [19]
N EP =

hν 
2Rdk
QE

(5.5)

The lower the NEP the better the detector. According to equation 5.5, in ﬁgure 5.6b the
noise equivalent power of the best NbN and NbTiN detector is given. The NEP initially rapidly
decreases with decreasing bias and then increases again, because close to IC , R is a much stronger
function of Ib /Ic . The values are comparable to [49], indicating a large sensitivity of our device.

5.1.7

Detection of single photons and conclusion

So far we have not demonstrated that we count single photons, meaning one photon gives one
detection event. The ultimate proof will be the characterization of a single photon source. This
experiment has not been done yet, however a strong indication for detecting single photons can
be obtained in a statistical way. As discussed in section 2.2.5 the arrival time of photons in a laser
beam is Poissonian distributed. When the laser power is low we can approximate the distribution
with an exponential function. An exponent of 1 is equivalent to counting only one photon per
event, meaning that the number of detection events will be linear proportional to the intensity.
This is shown in ﬁgure 5.7. In this ﬁgure the number of counts versus the intensity is given.
Although the measurement is performed with a continous laser we assume that the relation derived
in section 2.2.5 still holds. It is demonstrated that the proportionality is clearly linear, indicating
that we do count single photons.
Concluding, we have fabricated for the ﬁrst time in Delft working superconducting single
photon detectors. Two diﬀerent materials are used: NbN and NbTiN. For NbN the meanders
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Figure 5.5: Measurement of the bias dependent quantum eﬃciencies at diﬀerent temperatures, from
[49]. It is shown that the QE increases at a ﬁxed I/IC when the temperature is decreased.
The dark counts become smaller as well.

Figure 5.6

(a) Quantum eﬃciency and dark counts as a function of
bias current. With increasing bias current the QE, but
also the dark count rate increases.

(b) The noise equivalent power, a consideration between
dark counts and quantum eﬃciency, as a function of bias
current. The lowest value of the NEP is between 0.8 and
0.9·IC .
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Figure 5.7: The number of detection events versus the intensity of the laser power. We see that the
dependence is linear, supporting the assumption that the SSPD counts single photons. The
devices are a homemade NbTiN detector and a from a company in Moscow purchased detector.

always looked ﬁne, as well as the room temperature resistance R=1MΩ. However the quantum
eﬃciencies and often the critical currents were low. Small variations in the fabrication recipe can
be tried, for example skipping the BHF etching step. If BHF etching inﬂuences the roughness of
the material, skipping this step keeps the surface smooth. For now it would be recommended to
produce a large number of detectors and pick out the best ones. This strategy is e.g. executed
in Moscow where the fabrication of SSPDs in the same batch also shows a large variation in QE.
The NbTiN fabrication run did not always yield good meanders. As listed in table 5.5 only 3 out
of 10 were working. Probably the processing of the HSQ is not reproducible. Nevertheless, the
working detectors had a decent quantum eﬃciency.
It has not been shown before that other materials than NbN show quantum eﬃciencies that
can compete with quantum eﬃciencies of NbN SSPDs. Using NbTiN has the advantage that the
deposition is much easier. Besides, deposition can be done in Delft. So it is convenient to fabricate
NbTiN SSPDs. Allthough it is clear that NbN SSPDs can reach high quantum eﬃciencies it will
be an interesting issue to try other materials. Properties which have to be taken into account are
high absorption coeﬃcient, easy to fabricate and a small penetration depth. The last property is
explained in the next section.
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Figure 5.8: Measurement of the timing jitter, the variation in arrival time, of an SSPD from [52]. This
turns out to be 18 ps and the same for diﬀerent wavelengths.

5.2
5.2.1

Counting speed (kinetic inductance)
Introduction and timing jitter

The intrinsic speed in a single-photon detector is mostly limited by two diﬀerent fundamental
properties: the duration of the detection pulse and the timing jitter. The timing jitter is deﬁned
as the short-term variation of the detection signal of its ideal position in time. Basically it deﬁnes
the time window in which the photon could have arrived.
The jitter for the SSPDs was measured in [52]. The results are given in ﬁgure 5.8. The authors
used a laser with an intrinsic jitter of 70 fs. The proﬁle is nearly Gaussian with a FWHM of 18
ps for both of the measured wavelengths. Because the timing jitter of the laser is so low we can
conclude that the jitter of an SSPD is 18 ps. This is the lowest value of timing jitter reported for
any optical photon counter. The timing jitter of an SSPD is mostly produced by the variation in
time delay of the resistive area formation (see section 5.2.2). The variation in time delay can be
caused by the variation in width of the meander and the variation in the place where the photon
hits the meander.
Obviously timing jitter is not a limiting factor in the counting speed of a superconducting single
photon detector as the pulse duration is much longer then 18 ps. The most recent measurement
of the pulse duration of an SSPD is 8.5 ns for a 10x10μm active area [44], this corresponds to
a counting speed of 116 MHz. The response of the SSPD can be separated into two parts: the
rise time and fall time. I will use the rise time for the ﬁrst part of the pulse (rising edge) and the
fall time for the second part (falling edge). In this section I will describe the photoresponse of
SSPDs in terms of time scale. First I will show what happens during the rise time and then what
happens during the fall time. The fall time is dominated by the recovery of the SSPD from the
normal state back to the superconducting state. The authors of [44] showed that this relatively
long fall time originates from the geometry of the current detectors. Therefore in section 5.2.3 I
will propose a new geometry which will have shorter fall times and at the same time preserve other
qualities of SSPDs. In the last section the measured time traces of diﬀerent devices are given.
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a)

b)

Figure 5.9: Figure from [53]: a) Experimental determination of the time delay between the incoming
photon and the resistive state formation. For a QE of 0.1%, the 103 − 102 incident photon
ﬂux range corresponds to 1 photon/pulse absorbed by the SSPD. b) Comparison of the
experimental time delays and the theoretical prediction.

5.2.2

The photoresponse

Rise time
The rise time of the voltage pulse, or the response of the SSPD on an incoming photon, is
given by two typical times: the quasi particle relaxation time and the time delay td between the
phonons escaping into the substrate and the phase slip centre (PSC) formation. Ill’in et al. have
resolved values for the ﬁrst parameter [33]. The experimental demonstration of the latter is given
in [53].
Quasiparticle relaxation time: In the theory (section 2.2.2 on page 13), the timescales are
described. The initial thermalization time τT is the time in which a hot electron is created and
the local average electron temperature is increased above Tc . This time is supposed to be 6.5 ps
and temperature independent. After this time the electron relaxes, while emitting phonons. This
timescale is characterized by the electron-phonon time τe−ph = 11.6 ps. τe−ph is temperature dependent. This value of 11 ps is obtained for a temperature of 2.15 K, for 4.2 K the electron-phonon
time τe−ph will be longer.
Time delay resistive state formation: After the initial thermalization time τT , given by 6.5 ps,
the hotspot will be formed. When more hotspots at the same time are formed across the whole
strip, which can happen when the photon ﬂux is high, a resistive state is formed instantaneously.
When there is only one hotspot the resistive state is formed because the critical current in the
sidewalk is exceeded. There will be a time delay, td ,between the moment of an incoming photon
and the resistive state formation. In terms of the superconductor dynamics, td is the time required
for a superconductor energy gap D to be reduced to zero by the current in the sidewalks Isw when
this current exceeds the critical current Ic . This time can be calculated with [26]
1

td = 2τΔ
0

f4
√
df
[2Isw /(3 3Ic ]2 + f 6 − f 4

(5.6)


where τΔ ≈ 2.41τE / 1 − T /Tc is the gap relaxation time (τE is the ineleastic electron-phonon
collision time at the Fermi level at Tc ) and f = Δ(TΔ=0) . In ﬁgure 5.9a the experimental data of
Zhang are presented: the time delay td of the photoresponse signal generation versus the number
of photons per pulse, incident on the device. The data are measured for two bias conditions:
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I/Ic = 0.85 (open circles) and I/Ic = 0.6 (closed circles) which correspond to the SSPD singlephoton and two-photon regimes of operations, respectively (see section multiphoton processes
2.2.5). When the incident photon ﬂux is large, there are so many hotspots that the resistive
state appears immediately, in this case td = 0. When the incident ﬂux is decreased, the arrivals
of the photoresponse signals start to be time delayed. Finally, for the lowest ﬂux densities, td
saturates to a ﬁnite value of 65+/-5 ps. Therefore the time interval between the multi-photon
and the single-photon responses following from this measurement is 65+/-5 ps. Comparison of
these results with equation 5.6 and τE ≈ 10 ps is seen in ﬁgure 5.9b. The solid line represents
the theoretical model, while the two closed circles refer to the measured values, corresponding to
the single-hotspot (I/Ic = 0.85) and double-hotspot (I/Ic = 0.6) conditions, respectively. The
values are reasonably close. The Tinkham model predicts that td should not depend directly on
the number of incident photons, which is in agreement with the experiment.
Fall time
The fall time of the pulse can be divided into the phonon escape time and the kinetic inductance
limited reset time. The phonon escape time τes is the time in which the emitted phonons have
escaped into the substrate and the hotspot has disappeared. When the detector has fully restored
superconductivity it is able to count again, this recovery is set by the kinetic inductance of the
device.
Phonon escape time: After the hotspot of broken Cooper pairs is formed, these quasiparticles
will relax to the energy gap Δ. The dominating process is in this case the excitation of longwavelength phonons. These phonons tend to escape into the substrate. When these phonons have
escaped and all quasiparticles have formed Cooper pairs again, the system is back in its original
state. This process, represented by the phonon escape time τes , takes approximately 10 ps at a
temperature of 2.15 K [33], and is temperature dependent. The phonon escape time is 38 ps at
10.5 K.
Kinetic inductance limited reset time: The measurements of τes were done on a 5x10 μm bridge.
For practical purposes, which means making a photon detector, this is not suitable, because of
the low eﬃciency of such a large bridge. So nowadays SSPDs consist of a long meandering line of
around 100 nm width and approximately 500 μm long. Kerman et al. [44] demonstrated that such
a geometry exerts inﬂuence on the length of the photoresponse signal. The high kinetic inductance,
intrinsic to a small and long wire, sets a minimum time for the bias current to recover. When the
the bias current is low the ability of the SSPD to count photons is highly suppressed. The authors
in [44] measured photoresponses of devices with diﬀerent geometries. The voltage pulses are seen
in ﬁgure 5.10a. They use a simple phenomenological model to describe the response of an SSPD,
illustrated in ﬁgure 5.10b. The kinetic inductance Lk of the wire can be used to calculate the rise
and fall time.

τrise =

Lk
(50Ω + Rn )
Lk
τf all =
50Ω

(5.7)
(5.8)

the pulse amplitude is equal to
Vpulse = (Ibias − Iret ) ∗ 50Ω ∗ Gsig

(5.9)

where Gsig = 47.8 dB is the measured total gain of the ampliﬁer. Iret is the current running
through the superconducting wire, this current is almost equal to zero. The authors of [44] found
excellent agreement between their model and the measured photoresponses. They measured the
fall time constant to be 8.5 ns for a device of 10 x 10 μm and 50% ﬁll factor.
Summarizing, the response time of an SSPD depends not only on its microscopic behaviour,
but also on the geometry of the device. An overview of the mechanism is seen in ﬁgure 5.11. The
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Figure 5.10

SSPD
Rn
≈500 Ω

Ibias

Amplifier
Input impedance 50 Ω

Lk
(a) Voltage pulses from [44] of respectively a (a) 10 µm x 10 µm meander (total length 500 µm) (b) 4 µm
x 6 µm (120 µm) (c) 3 µm x 3.3 µm
(50 µm) and (d) 5 µm long single
wire.

(b) The photoresponse can be desribed using this circuit.
The SSPD is modeled as a switch with a kinetic inductance Lk and a normal state resistance Rn (determined in
[54]). In the superconducting state the switch is closed: the
bias current ﬂows through the SSPD. When a photon is absorbed the switch opens (shown) and the current will ﬂow
through the ampliﬁer, as the ampliﬁer input impedance is
much lower then Rn . After restoring superconductivity, the
switch closes again, but fast rise of the bias current will be
prevented by the kinetic inductance of the SSPD.

rise time

fall time

e
e
e
e

Growing hotspot

Formation resistive area

Cooling

Recovery bias current

t =17 ps

t =65 ps

t =30 ps

t =8.5 ns

Figure 5.11: The photoresponse of an SSPD can be divided into diﬀerent processes. Timescales can be
seen. It is clear that the kinetic inductance limited reset time dominates.

reset time is in this case 8.6 ns (corresponding to a counting speed of 116 MHz). It is clear that
the kinetic inductance limited reset time dominates the response time of an SSPD, so if we ﬁnd
ways to decrease the kinetic inductance the response time will decrease.

5.2.3

Lowering the kinetic inductance

As shown in the previous section the fall time of the voltage pulse is given by equation 5.8.
The 50 Ω is set by the input impedance of the ampliﬁers. It is clear that lowering the kinetic
inductance will decrease the fall time, increasing the counting speed.
In general, the total inductance of a micro strip contains two contributions, the kinetic inductance Lk and magnetic inductance Lm . The energy associated with this is given by
E=
space

μ 2
H dτ +
2

1
n mv 2 dτ
conductor 2

(5.10)

This is the energy needed to establish a current in a wire. If we assume that the current is uniform
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across the wire and peform the integrals of equation 5.10 we get the relation
E=

1
1
Lm I 2 + Lk I 2
2
2

(5.11)

m l
where Lk = nq
2 σ is the kinetic and Lm the magnetic inductance. In a normal metal the kinetic
inductance is negligible compared to the impedance of the wire. However in the case of superconductors the impedance is totally given by the kinetic inductance of the wire. Combining these
equations with the London equations (see 2.1.2) (and assuming again that the current is uniform
across the wire) it follows that the kinetic inductance is equal to

Lk = Λ

l
l
= μ0 λ2
σ
σ

(5.12)

where μ0 is the permeability of vacuum, λ the penetration length, l the length of the wire, and σ
the cross sectional area.
The penetration depth λ, and thus the kinetic inductance, depends on temperature through ns ,
the density of superconducting electrons. Measurements on the penetration depth revealed that
for a non-local superconductor like pure, monocrystalline aluminum, the temperature dependance
predicted by the twoﬂuid model ﬁts well to the curve described by
λ(0)
λ(T ) = 
 n
1 − TTc

(5.13)

This means that lowering the tempature has a positive eﬀect on the counting speed. Basically, the
penetration length is a material dependent parameter. Hadﬁeld et al. determined the penetration
length of an SSPD experimentally [54]. They deduced that λ equals 560 nm (at 2.9 K), which
is larger than the bulk value of NbN (λ=200 nm). Fabricating SSPDs with a material which has
a lower penetration length will decrease the kinetic inductance, thereby increasing the counting
speed. This certainly has to be taken into account for future work.
Besides varying the penetration length, from equation 5.12 it is clear that the geometry of
the detector exerts a large inﬂuence on the kinetic inductance. Shortly, increasing the width and
decreasing the length lowers the kinetic inductance. However, varying the width and length of the
wire will always be a trade oﬀ with the quantum and detection eﬃciency. In general the eﬃciency
will increase with smaller and longer lines, while the counting speed will decrease. Another way
to decrease the kinetic inductance is to divide the detector in parallel sections (for an example
see ﬁgure 5.12). The lines are not only shorter but the kinetic inductances of separate parallel
sections add up as 1/Lk = 1/Lk1 + 1/Lk2 .
For complicated geometries the inductance can be well calculated by the program FastHenry
[55]. Fasthenry calculates the impedance of the wires at a given frequency by numerically solving
the London equations (2.2). From the impedance the inductance is easily obtained (L = Z/|ω|).
The magnetic inductance can be calculated by setting the penetration depth to zero. The kinetic
inductance is then the diﬀerence between the total and the magnetic inductance. Experimental
agreements have been reached before [56]. The material dependent parameter is the penetration
depth λ. For our devices we used a value of λ=560 nm, the same as in [54]. The kinetic inductance
for various devices, calculated by FastHenry, is given in table 5.6. We can conclude that indeed a
parallel geometry decreases the kinetic inductance.

5.2.4

Measured time traces

We measured the photoresponse of various devices with the setup described in chapter 4. As
explained in this chapter for the ampliﬁcation stage we had to use the Miteq-Minicircuit cascade.
The response is read out with the LeCroy 1 GHz oscilloscope. In ﬁgure 5.13 time traces are
shown. The number of samples refers to taking an average of n samples. From these traces various
quantities are of importance: the pulse height, the rise time and fall time. These quantities are
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Device
Normal meander
Bar 500 μm
Bar 20 μm
Small gap
Two parallel meanders

Details
width: 100 nm
gap: 100 nm
width: 100 nm
width: 100 nm
width: 100 nm
gap: 20 nm
width 100 nm
see ﬁgure 5.12

Kinetic inductance [nH]
440.3
410.5
17
725.7
116.4

Table 5.6: Simulated kinetic inductances for various devices. The sizes for all devices except the bars
are 10x10 µm. The simulation is performed with FastHenry.

Figure 5.12: Two variations of parallel meanders were fabricated: a) located ”inside” each other b)
located ”beside” each other.
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Device (ﬁgure)
Normal meanders
NbN30a
NbN30c (5.13a)
NbN54b
NbTiN1 (5.13b)
NbTiN2
Russian (5.13c)
Bar (5.13d)
Parallel meanders
NbN52a ((5.13e)
NbN54b
NbN31c ((5.13f)

Ic [μA]

Model pulse
height [mV]

Meas. pulse

τf all [ns]

5.9
6.9
5
24.4
28.7
14.4
10

53
62.3
45
220
256
130
90

27
29.2
35
209.4
245.8
123
41.7

4.84
4.12
4.61
3.93
5.3
4.3
1.1

10.5
15.6
15.3

34.4
70.3
69.9

33
45.6
43

2.37
2.23
2.58

Table 5.7: Voltage pulse properties of various devices. The pulse height was deﬁned and measured at
0.9·Ic . For double meanders the pulse height was deﬁned at 0.9·Ic /2 as only half of the current
will ﬂow through the ampliﬁer.

listed in table 5.7 and discussed below. Except for the Russian detector, which we bought from
a company in Moscow (see also section 5.1 and [47]), the devices characterized in table 5.7 are
homemade. The ﬁrst detectors are normal meanders: they consist of one meandering line of 100
nm width and approximately 500 μm long. To become more certain that the fall time of such a
meander is dominated by the kinetic inductance a single bar of 100 nm width and 20 μm long was
fabricated.
The in section 5.2.3 proposed devices are fabricated as well. Device NbN52a and NbN 54b
consist of two sections besides each other(see ﬁgure (5.12b), device NbN31c of two sections inside
each other (ﬁgure 5.12). As we see in ﬁgure 5.13e the pulse shape of the ’beside’ device looks the
same as the pulse shape of a normal meander. This suggests that this detector works as expected.
The ’inside’ device (ﬁgure 5.13f) shows a second peak right after the ﬁrst peak. First I will discuss
the features listed in table 5.7 of the normal meanders. In the last part of this section I will go
deeper into the parallel meanders.
As already explained in the measurement setup chapter (chapter 4) the measurement setup
dominates the risetime of the pulse, in particular the risetime of the coax cable, which equals 800
ps is limiting. So the rise time is not given in table 5.7, because the measured rise time from the
voltage pulses does not resemble the real rise time.
Normal meanders: pulse height
The height of the pulse is proportional to the current running through the ampliﬁer. As
mentioned before a simple model can be used to describe the SSPD photoresponse. The detector
consists of a simple switch, a normal state resistance and a kinetic inductance (ﬁgure 5.10b). The
height of the voltage pulse is then equal to equation 5.9, we assume that Iret <<Ibias . Gsig is the
multiplication value of the ampliﬁcation stage. The correspondence between decibel and voltage
multiplication is given by XdB = 20 ·10 log(V1 /V2 ). In our case the value is 46 dB, corresponding
to a multiplication of 200, for the Miteq-Minicircuit ampliﬁer cascade.
The bias current of the Russian detector (ﬁgure 5.13c) was Ibias = 13μA, so according to
equation 5.9 the pulse height should be 130 mV. The height of the average voltage pulse of
1000 samples is 123 mV. The discrepancy between the model of Kerman (equation 5.9) and the
measurements is small with respect to the height of the voltage pulses this SSPD produces. For
the two homemade NbN detectors the measured pulse height agrees well with the theoretical. For
one detector there is a diﬀerence of factor two. This can be due to the lower critical current. The
trace of a homemade NbTiN detector is seen in ﬁgure (5.13b). Using equation 5.9 again the pulse
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Figure 5.13: Time traces of various detectors: a) Home made NbN detector b) Homemade NbTiN
detector c) Bought Russian detector d) Single bar e) Parallel detector, ”beside” f) Parallel
detector, ”inside”’. 1000 samples refers to taking the mean of 1000 traces.
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height should be 220 mV, the measured pulse height was 209.4 mV.
For most of the normal meanders the measured pulse height approaches the theoretical pulse
height. The small diﬀerence can be attributed to the ﬁltering eﬀect of the long stainless steel coax
cable (in the helium). This coax cable is in essence a low pass ﬁlter, so very high frequencies will
not get through. The height of the pulse could suﬀer from this eﬀect. The high frequency cut oﬀ
of the ampliﬁers (see chapter 4) could give the same eﬀect, the ampliﬁer acts as a low pass ﬁlter
and the voltage pulse will be lower than expected. Despite this small discrepancy we can conclude
that the model is justiﬁed and can be used to calculate the rise and fall time with equations 5.7
and 5.8. The measured pulse height of the bar (ﬁgure 5.13d) is obviously not the same as the
theoretical. However we can assume that the recovery from superconductivity after absorption of
a photon is extremely fast for a bar of 20 μm length. As a consequence the voltage will not have
reached its highest point when it starts falling down again.
Normal meanders: fall time
After the SSPD has recovered superconductivity the voltage drops exponentially with time
constant τf all . This time constant can be obtained from the plots of ﬁgure 5.13 by ﬁtting an
exponential decay function. The exponential decay function of ﬁrst order looks like
V = A · e−t/τf all + y0

(5.14)

where V is the voltage, t the time, τf all the fall time constant and A and y0 arbritrary constants.
Fitting these curves to the falling edge of the time traces of the normal meanders we get for τf all
a value between 3.93 ns and 5.3 ns. For the normal NbN meanders the value of τf all lies between
4.3 ns and 4.84 ns. I would like to stress that the standard deviation of these measurements is
only 4% of its mean value. A faster method to resolve the time constant τf all is to read out the
time where the voltage pulse has decreased with a factor 1/e. The time constants we then acquire
are within the uncertainty of the previous method.
From equation 5.8 the kinetic inductance can be calculated. If we ﬁll in the obtained fall time
constants the kinetic inductance of our devices is equal to a value between 218.5 nH and 242 nH.
Obviously there is a factor 2 diﬀerence between the these values and the simulated inductance
of 440 nH (table 5.6). The discrepancy with the value of 8.5 ns determined by Kerman [44] is
striking as well. The reason for this diﬀerence is probably the measurement setup, in particular
the ampliﬁcation stage. Although the response time of the Miteq-Minicircuit ampliﬁer cascade is
larger (13.5 ns) then the SSPD response time we might expect that the cascade still inﬂuences
the pulse shape. So at the ﬁrst place we have to take into account the low cut-oﬀ frequency of
the ampliﬁer cascade (12.5 MHz). In Origin the inﬂuence of a high pass ﬁlter on a time trace
can be calculated. It appears that a trace with a fall time of 4.8 ns (NbN30a) is resembled by
a trace with a fall time of 5.5 ns, the kinetic inductance would then be Lk =275 nH. Although
the low frequency cut oﬀ has some inﬂuence it is not the whole explanation for this discrepancy.
To be sure that the response time of these detectors is indeed shorter than reported in [44], the
maximum count rate has to be determined. This can be performed by measuring photon pulses
with a short time interval, i.e. using a pulsed laser with two beam splitters and a delay line.
From the time trace of the 100 nm width, 20 μm long bar it is clear that the kinetic inductance
is the limiting factor for the fall time. The fall time was in this case 1.1 ns and this value is
probably highly dominated by the measurement setup.
Parallel meanders
As mentioned before we fabricated SSPDs consisting of two parallel sections (see ﬁgure 5.12) to
improve the counting speed and preserve qualities as the quantum and detection eﬃciency. Two
variations of the parallel meander are made: one consists of two sections besides each other and
the other consists of two lines inside each other. Time traces of these devices are seen in ﬁgure
5.7e and 5.7f.
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Figure 5.14: a) Comparison of the photoresponse of a normal and a parallel (’inside’) meander. For
convenience the pulse is normalized. It is clearly seen that the respone time is lowered.
b) Comparison of the photoresponse of the parallel meander with ”inside” and ”beside”
meanders. For convenience the pulse is normalized.

For the parallel meanders we don’t expect a simple relation between the bias current and the
voltage pulse as equation 5.9 shows. From this model we would expect that the current will divide
between the two sections. When one section switches to the normal state after absorption of a
photon, the current of this section will then run through the ampliﬁer. The suggestion that the
other section shunts the detector, as the resistance is zero, is not anticipated on this timescale.
The kinetic inductance of this part will prevent that the current rises extremely fast. Nevertheless,
in the end the current in the not-switched part will rise a bit, so we can not proﬁt from the entire
signal. This is supported by the measured values for the pulse height in table 5.7. The measured
voltage is about 2/3 of the expected value. We can conclude that the pulse height suﬀers from
dividing the detector into parallel sections. This means that there will be an upper limit to the
number of parts the detector can be divided in. The more parts the lower the signal.
The fall times are acquired in the same way as the previous section. The values are 2.37,
2.23 and 2.58 ns. These values are almost half of the values of the normal NbN meanders, in
agreement with our simulation (see table 5.6). In ﬁgure 5.14a the response of the parallel meander
is compared with the response of the normal SSPD. From this plot we can conclude as well that
we have decreased the fall time with almost factor two.
Despite the fall time seems reduced for both variations of parallel meanders, the response for
both meanders is diﬀerent. This can be clearly seen in ﬁgure 5.13e and 5.13f. While the SSPD
with parallel meanders residing besides each other shows quite a normal time trace, a second peak
appears in the trace of the SSPD with parallel meanders residing inside each other. A comparison
of these traces can be seen in ﬁgure 5.14b. The second peak of the trace of the ’inside’ meander
can be related to cross talk. When one line has switched to the normal state after absorption
of a photon, the second line switches after some time. The time it takes before the second peak
appears is in the order of a few nanoseconds. The reason for the second peak is assigned to direct
cross talk between the ﬁrst hotspot and the second line. The hotspot heats the other meander,
making it switch to the normal state.
This picture is supported by measuring the bias current dependence of the traces. This is
shown in ﬁgure 5.15a. We see that the second peak does not disappear when the bias current is
lowered, but the peak shifts to the right and eventually merges with the third peak. The origin of
the third peak is still unknown. The fourth peak can be attributed to a reﬂection of the ampliﬁer,
which is veriﬁed by making the electrical cable between the ampliﬁer and the SSPD longer. Then
this reﬂection is delayed and the peak shifts to the right. After the fourth peak the oscillations
have not disappeared. Although it is clearly an exponentially damped oscillation, the cause is
unknown.
No bias current window shows this kind of cross talk for device NbN52a. This is a detector
consisting of two parallel meanders besides each other. Another device with two parallel meanders
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Figure 5.15: a) The bias current dependence of the response of the parallel ’inside’ meander. The cross
talk stays with decreasing bias current. The second peak shifts to the right. b) The bias
current dependence of the response of the parallel ’beside’ meander. The crosstalk at high
bias current is attributed to the high current which makes also the second meander switch.
It disappears when the bias is lowered. c) A direct comparison between ’inside’ and ’beside’
parallel meanders.

besides each other is NbN54b. A bias current dependence is seen in ﬁgure 5.15b. We see that a
second peak appears as well in the time trace of this device. Bias current independent oscillations
are not found however. This is a sign that the behaviour is diﬀerent from the behaviour of the
’inside’ meander. We relate this second peak then to the fact that the increasing bias current in the
second meander makes the critical current to be exceeded in the second meander and therefore it
switches to the normal state. A comparison of the bias current dependent responses of the ’inside’
and ’ beside’ meander is shown in ﬁgure 5.15c. Clearly the behaviour is diﬀerent.

5.2.5

Logical counting with parallel meanders

The switching behaviour of two parallel meanders can be related to a logical switch. If both
meanders switch the current of both meanders go through the ampliﬁers, so the signal height is
larger than when only one meander switches. To check this assumptions we increase the laser
power such that two photons make both meanders switch at the same time. This is demonstrated
in ﬁgure 5.16. We are able to distinguish between the switching of 0 meanders, 1 meander and
both meanders, so we can operate the device as either an XOR (exclusive OR) gate or an AND
gate. Time traces for diﬀerent laser powers are plotted. These plots are a mean of 1000 traces. In
ﬁgure 5.16a the laser power dependence of a parallel beside meander is plotted. The diﬀerence in
height between the lowest laser power (10 nW) and the highest laser power (37 μW) is striking,
almost a factor of two. We used the laser in continuous mode, which means that the number of
photons per second incident on the SSPD for 10 nW, 500 nW, 12 μW and 37μW is respectively
4.3·105, 21.3·106, 5.12·108 and 1.58·109, corresponding to 1 photon per 2.3μs, 46.9 ns, 1.95 ns and
0.63 ns. The detection time takes about 10 ns, so for low laser power only one photon participates
in one detection event, but for high laser power we can assume that more than 1 photon hits the
detector at the same time, resulting in the switch of both meanders.
An even more convincing proof can be seen in ﬁgure 5.17. In this ﬁgure single shot traces for
diﬀerent powers are plotted instead of the mean of 1000 samples as in ﬁgure 5.16. There is a clear
quantization in pulse height, which we ascribe to the situation where only 1 or both sections of the
meander switch. For low power (10 nW, 4.3·105 photons per second) the pulse height is low: per
event one section switches, for high power (12 μW, 5.12·108 photons per second) both meanders
switch simultaneously and the pulse height is high. If we increase the power even further (37μW
or 1.58·109 photons per second) the voltage pulse height stays the same, supporting the picture
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Figure 5.16

(a) The power dependence of 2 beside meanders
(NbN52a;I=9µA). There is almost a factor two diﬀerence in height between 37 µW and 10 nW pulses. For
37 µW 1.58·109 photons per seconds are incident on the
detector, this is 1 photon per 0.63 ns. We can assume
that for 37 µW two photons at the same time are detected. For 10 nW, 500 nW and 12 µW respectively
4.3·105 , 21.3·106 and 5.12·108 photons per second arrive at the the detector, corresponding to 1 photon per
2.3µs, 46.9 ns and 1.95 ns

(b) Dependence of the pulse height on the
laser power.
The SSPD is the parallel ’inside’
meander(NbN30c;I=14µA). Clearly there is no difference over this power range. A power of 1 nW
corresponds to 4·104 photons per second incident on
the detector, this correspond to 1 photon per 25 µs, 10
nW, 10 µW and 28 µW gives respectively 1 photon per
2.5 µs, 25 ns and 0.8 ns.

Figure 5.17: Single time traces, of an SSPD consisting of two parallel meanders, for diﬀerent powers are
plotted. The height of the pulses is dependent whether two or one section switches. The
quantization is clearly visible. We can use this device as an AND or XOR gate if we trigger
at 35 mV (AND) or between 25 and 35 mV (XOR), see also table 5.8.
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Meander 1

Meander 2

0
1
0
1

0
0
1
1

Trigger@35 mV
AND
0
0
0
1

Trigger@25-35 mV
XOR
0
1
1
0

Table 5.8: The truth table for the SSPD consisting of two parallel meanders for diﬀerent trigger levels.
Dependent on the trigger level (as shown in ﬁgure 5.17 the device acts as an AND or an XOR
gate.

of quantization. To let this device work as a logic gate the two meanders have to be separated by
a few microns. This will make it possible to access the meanders independently. From ﬁgure 5.17
it is clear that if we trigger at a voltage of approximately 35 mV the device acts as an AND gate.
On the other hand, if we trigger on the pulses between 25 mV and 35 mV (and throw away the
higher voltage pulses) we only get a response if one of the meanders switch: i.e. an XOR gate.
This behaviour is summarized in table 5.8.
With this device it is in principle also possible to distinguish whether a source emits 1 or 2
photons simultaneously. However with a reduced ﬁdelity as the two photons can only be distinguished when one photon is absorbed in the left and the other in the right meander. Using one
beam the probability of this event is 0.5, so half of the times both meanders will switch. In section
5.4 I will present a way to resolve the photon number with one single meander.
In ﬁgure 5.12b it is shown that the parallel ’inside’ meander does not show this behaviour.
The fact that the crosstalk between the meanders make both meanders always switch prevents the
device acting as a logical gate. We varied the power from 1 nW (1 photon per 1.25 ms) to 28 μW
(1 photon per 0.8 ns). Clearly there is no diﬀerence in pulse height. We can conclude that logical
counting with a parallel inside meander does not work.

55

Delft University of Technology

5. Measurements

Figure 5.18: Classical spectrometer. The diﬀraction grating separates diﬀerent wavelengths. The focussing mirror selects the wavelengths to be led through the exit slit. It is clear that
increasing the distance between the grating and the focussing mirror improves the resolution.

5.3
5.3.1

Energy resolution
Introduction

In experiments with photons it is not only the number of photons which is important to
know. Also the energy of the incoming photon is a more than interesting property. For this task
spectrometers are used. A description of a classical spectrometer is given in [57]. Dispersion
of diﬀerent wavelengths is accomplished with the separating capability of refraction (prism) or
diﬀraction (diﬀraction grating). A typical monochromator design is shown in ﬁgure 5.18. It
consists of the diﬀraction grating, slits, and spherical mirrors. Usually the focusing mirror is
scanned to see which wavelengths the light consists of. It is clear that most of the light is not
usefull, so eﬃcient counting of the photons is out of the question. In this section we will see that
SSPDs react diﬀerently to diﬀerent wavelengths and are capable to count photons while at the
same time resolving the energy.

5.3.2

Energy resolution with SSPDs

First idea
One of the ﬁrst SSPD proposals [35] already predicted wavelength dependent behaviour of
SSPDs. Calculations indicated that the height of the voltage pulse the SSPD produces increases
with increasing photon energy. See also ﬁgure 2.8 in the theory.
The underlying explanation lies in the fact that the diameter of the hotspot depends on the
wavelength of the absorbed photon. As stated in [35], a larger hotspot gives rise to a larger
resistance of the non-superconducting area. For a 10 nm thick NbN SSPD the diﬀerence in
diameter is 30% comparing a 700 nm photon (diameter 25 nm) and 1000 nm photon (diameter
32 nm). As the device we use in our experiment has a thinner layer of NbN (4 nm) the initial
hotspot diameter is supposed to be larger, but the ratio of the hotspot diameter is assumed to be
the same.
With the current measurement setup (described in chapter 4) it is not possible to measure the
voltage pulse itself. While characterizing the photoresponse (section 5.2) we have seen that when
a photon is absorbed and the detector becomes temporary resistive most current goes through
the ampliﬁers. The height of the voltage pulse is then V = Ibias ∗ Ramplif ier ∗ Gsig [44], with
Ibias the applied bias current, Ramplif ier the 50 ohm input impedance of the ampliﬁers and Gsig
the ampliﬁcation of the ampliﬁer stage (see also equation 5.9). So the measured voltage pulse
is practically independent of the current which ﬂows through the SSPD after detection and the
photoresponse will be independent of the photon energy. Conﬁrmation is seen in ﬁgure 5.19, where
we measured the voltage pulse for diﬀerent wavelengths. It is clear that the diﬀerence in pulse
height is negligible.
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Figure 5.19: Photoresponses of diﬀerent wavelengths. The diﬀerence in height is negligible.

a)

b)

Figure 5.20: a)Bias dependent quantum eﬃciencies b)The size of the hotspot for diﬀerent wavelenghts.
The size could be used to resolve the energy. However, determining the size from (a) is
complicated.

Second idea
Another idea, presented by Verevkin et al. [51], can be seen in ﬁgure 5.20a. Diﬀerent bias
sweeps for diﬀerent wavelengths are shown. A bias sweep means in this case: setting the bias
current to a certain value and then measure the detection eﬃciency. When the current is increased
the detection eﬃciency is also increased. This increase is exponential and ﬁnds its origin in
increasing hot spot diameter. When the hot spot is as large as the wire the increase in detection
eﬃciency with increasing bias current saturates. From this point the curve is almost ﬂat. The value
of the bias current at this cross over point can be used to determine the area of the hotspot. The
result is seen in ﬁgure 5.20b. The four points correspond to the 4 diﬀerent wavelengths measured
in ﬁgure 5.20a. As we expected the dependence of the hotspot area is linear proportional to the
photon energy. It is however very diﬃcult to determine the place of the cross over point of the
curves in ﬁgure 5.20a. As we can see in ﬁgure 5.20b the uncertainty is high. Going back, that
is estimating the wavelength from determination of the cross over point, will be tough and the
authors of this paper did not state that they showed energy resolving.
Third (our) idea
However from ﬁgure 5.20a it is clear that the detector reacts diﬀerently for photons with
diﬀerent wavelength. For example for very low bias current the detector is most sensitive for
high energy wavelengths. More speciﬁc, the detector counts only photons with high energy. The
quantum eﬃciency for photons with a low energy wavelengths is negligible. If we increase the
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Figure 5.21

(a) Bias sweeps for diﬀerent wavelengths.
counts of this detector are shown as well.

The dark

(b) The number of detection events versus the intensity. The linear relation is
required for normalizing the curves in
(a). Normalization corresponds to a shift
of the curves along the y-axis.

bias current the SSPD will be able to detect not only the high energy photons but also photons
with lower energy. Finally in the largest bias current regime the SSPD will be sensitive for all
wavelengths.

5.3.3

Calibration curves

So we investigate if we could resolve the wavelength of the photons purely by looking at the
curves. The measurement setup is the same as we used for the quantum eﬃciency (section 5.1).
It consists of a beam splitter and the light from the beam splitter (Thorlabs, BS017) is directly
coupled into the ﬁber going to the SSPD. The light coming out the other port of the beam splitter
is coupled into a ﬁber which is connected to a power meter (Thorlabs S120A). We will see later
that monitoring the laser power is convenient, because the laser power can ﬂuctuate in time. The
detector we used is a ﬁber glued device. The end of the optical ﬁber, providing the light, is
directly pigtailed on top of the detector using a micromechanical photoresist ring [45]. The device
is produced by the Gol’tsman group in Moscow and pigtailed by the Slysz group in Warsaw. The
detector itself has a low quantum eﬃciency of approximately 0.1%.
The idea is to measure the detection eﬃciency at diﬀerent bias current for diﬀerent wavelengths. This is shown in ﬁgure 5.21a. There is a clear diﬀerence between the curves. For shorter
wavelength, because of the larger hotspot, the eﬃciency is higher in the low bias current regime.
We see for example a diﬀerence of approximately two orders of magnitude at 70% of the bias
current. When we increase the bias further the detection eﬃciency saturates for 700 nm photons,
while for 1000 nm the eﬃciency still grows exponential. Theoretically at very high bias currents
the eﬃciency of the detector would be the same for all wavelengths, as all photons are detected.
This is the case in ﬁgure 5.20a, but not for our measurements. The diﬀerence is that we used
a detector of 10 x 10 μm with a very low eﬃciency, while the authors of [51] used a 4 x 4 μm
device with a decent quantum eﬃciency. It is plausible that our device is limited in eﬃciency
because of constrictions in the lines. This sets the upper border of detection eﬃciency. Despite
this limitation we still see wavelength dependence of the curves.
When we determine the wavelength we would like to be independent of the intensity of the
light source, expecting that we are not able to control the intensity of the source over a large range.
As we want to avoid taking calibration curves at diﬀerent intensities we will have to normalize
the curves for the count rate we measure. This means that at an arbitrary bias current a certain
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Figure 5.22: Normalized curves for a large wavelength range. The dashed curves are taken with a ﬁltered
white light source. All curves appear in the right order.

number of counts is chosen. All curves are shifted such that the number of counts equals this
normalization count rate (on a log scale multiplication corresponds to a shift in y axis). In the
measurements presented here the normalized count rate was 106 counts per seconds (cps) at a bias
current of 11.25 μA. Figure 5.21b supports this normalization procedure as the measured count
rate depends linear on the number of incoming photons we provide. This is a prerequisite to be
able to compare curves, taken of a source with unknown intensity, with the calibration curves. In
ﬁgure 5.22 we see the curves after normalization. It is conﬁrmed that normalizing the curves does
not change the wavelength dependence of these curves. In this graph we see also see the sweeps
of the pump laser (λ=532 nm) and of a white light source with diﬀerent ﬁlters. For the latter
we measured a very low count rate as the intensity of the ﬁltered light was weak. Nevertheless,
the signature of the picture of photon energy dependent bias sweeps remains and the curves still
appear in the right order.
In ﬁgure 5.23a we see curves taken with smaller step sizes. When we plot the curves of a
second day and zoom in (ﬁgure 5.23b) the main problem we were dealing with becomes visible:
the instability in measured count rate limits our resolution. Stated diﬀerently, the curve of e.g. 800
nm wavelength on one day looks the same as the curve of 775 nm on another day. We tried several
things to solve this problem. Placing interference ﬁlters to reduce the noise (see measurement setup
chapter 4) did not help. As well as measuring on ”quiet” days did not improve. We investigated
ﬂuctuations in the bias current for diﬀerent days and times. We concluded that these ﬂuctuations
are negligible (<<0.1%). Eﬀect of ﬂuctuations in temperature are not measured yet. However,
the detector is directly dipped in liquid helium, so we expect the change in temperature to be
small. Given these ﬂuctuations of the detection eﬃciencies in time we limited our investigations to
a resolution of 50 nm. In ﬁgure 5.24 calibration curves of two diﬀerent days are shown, conﬁrming
that curves of the same wavelength with a resolution of 50 nm are comparable, when measured
on diﬀerent days.
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Figure 5.23

(a) Bias curves of wavelengths with a diﬀerence of 25 nm.
These measurements were taken on the same day.

(b) The same curves as in (a) together with the curves of
another day. The wavelenghts of the second day diﬀered
with 50 nm.

Figure 5.24: The ﬁnal calibration curves. A resolution of 50 nm gives comparable curves.
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Figure 5.25

(a) Illustration of the point-by-point method. All points of
the test curves are compared with their respective points
on the calibration curves. The calibration curve which lies
closest to the test curve is pointed out to be the wavelength.

5.3.4

(b) The succesrate of the point point method.
The succesrate is only decent if the intensity of
the test curves approaches 3·106 cps. This is the
same intensity at which the calibration curves
are recorded.

Assignment procedures

With the calibration curves of 5.24 we now want to estimate the wavelength of an unknown
source. We do that by taking a bias sweep of the unknown source and compare this sweep with
the calibrated curves. This comparison can be done in diﬀerent ways, described below.
Point by point method
Our ﬁrst attempt was to compare point by point the measured unknown curves with the
calibration curves. The sum of the squared diﬀerence of the test curve with respect to various
calibration curves is calculated. The universal sum
(x(i) − xcal (i))2

(5.15)

i

indicates the wavelength. An example is given in ﬁgure 5.25a. As mentioned before the measured
curves can be at any intensity of the calibration curves. To distinguish between a low energy
high intensity beam and high energy low photon beam the curves are normalized at a certain bias
current.
Unfortunately the method of point by point comparison only works if the intensity of the
unknown test curves coincide with the intensity used for the calibration curves, which can be seen
in ﬁgure 5.25b. The success rate is decent only for the intensity of ≈500 nW, the intensity for
which the calibration curve is recorded.
Slope method
One can also use the slope of the curves (ﬁgure 5.21) to assign the wavelength. This is even
more pronounced when we zoom in. When we observe the curves precisely we can ﬁnd nowhere a
region where the exponential is a real straight line. That’s why we ﬁtted a restricted region with
the ﬁt function
(5.16)
y = y0 + AeR0 ·x
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Figure 5.26: An exponential ﬁt to the calibration curves curves. The curves ﬁt nicely.

λ [nm]
700
750
800
850
900
950
1000

y0
-1.53131E6
-889845.7
-507393.6
-422512.6
-385583.3
-278349.9
-216743

A
102315.3
68915.2
12231.5
5934.4
3113.6
878.22
220.03

R0
0.72244
0.73361
1.07008
1.2166
1.35438
1.61524
1.91581

Table 5.9: Parameters of the ﬁts to the calibration curves, seen in ﬁgure 5.26.

The parameter A is the oﬀset in the y axis, R0 the slope and y0 makes the ”bending” of the curve.
It is phenomenological ﬁt, however in ﬁgure 5.26 it is demonstrated that the curves ﬁt nicely.
The parameters of the ﬁtted calibration curves are given in table 5.9. To resolve the energy
of an unknown curve we have to do the following: take a bias sweep, then ﬁt the curve with
the calibrated parameters. Then we acquire the slope of the curve. Comparison of the slope of
unknown curves with the calibrated slope is plotted in ﬁgure 5.27a. These ”unknown” curves are
taken at the same intensity as the calibrated curves. For these curves this method works well, as
all curves are assigned the right wavelength. For curves with diﬀerent intensity this method works
not so well. This is seen in ﬁgure 5.27b. 4 out of 14 curves were assigned wrongly. So although
we made progress with respect to the former method, by comparing the slope the energy is not
always resolved well.
4-point method
The ﬁnal method we tried for predicting the wavelength of an unknown source is comparing
the count rate at 4 diﬀerent bias currents with the calibration curves. More precisely, we acquire
an average count rate of 20 measurements of 1 s at bias voltages 3.0 V, 3.5 V, 4.0 V and 4.5 V (bias
current 7.5 μA, 8.75 μA, 10 μA and 11.25 μA). This count rate we normalize again at 11.25 μA
to 106 cps. Then we calculate the sum of the diﬀerences at the other bias currents (as in equation
5.15. The advantage of this method lies in the fast measurement (1-2 minutes), which suppresses
instabilities, and in the longer measurement time per point, resulting in a better averaging.
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Figure 5.27

(a) Comparison of the slopes of the test curves with the
slopes of the calibration curves. The test curves were
taken at a comparable laser intensity as the calibration
curve. For clarity a dashed line is drawn. To the test
curve the wavelength is assigned where ΔR is the lowest.

(b) Comparison of the slopes of the test curves with the
slopes of the calibration curves. The diﬀerence with (a)
is the laser intensity. Now the test curves were taken
at quite diﬀerent laser intensities than the calibration
curve. For clarity a dashed line is drawn. To the test
curve the wavelength is assigned where ΔR is the lowest.

In ﬁgure 5.28a, both the original and the normalized points of one test curve are plotted. From
this plot we can already assign a wavelength of 1000 nm and from equation 5.15 we see that
indeed the sum of the diﬀerences is minimal with the 1000 nm calibration curve. We tested this
procedure with 14 test curves. The normalized sum of the squared diﬀerence with the calibration
curves (ﬁgure 5.24) is seen in ﬁgure 5.28b. For only one of the 14 test curves the wavelength was
predicted incorrectly. Most curves showed a relative diﬀerence between diﬀerent calibration curves
of higher than factor 10 and the wavelength could be assigned with high certainty. Instabilities
as described before causes the diﬀerence to be less or could even lead to a wrong assignment.
To assign the wavelength unambiguously we propose a threshold value for the diﬀerence of the
relative squared diﬀerence, e.g. 10. If this value is not reached then the measurement of the test
curve has to be repeated until the criterion is fulﬁlled.
The success rate of the 4-point method is the highest compared to the other methods. To
13 out of 14 (93%) test curves a correct wavelength could be assigned. Reducing the number of
bias current points or the number of measurements per bias points will reduce the measurement
time and therefore compensate for instabilities or ﬂuctuations. The accuracy however, will be
less. An optimal point for accuracy and stability has to be found for a single source. Expecting
the the success rate (and perhaps the resolution) to be even better for a detector with a higher
quantum eﬃciency and a measurement setup less inﬂuenced by interference, we propose this 4point calibration method as the standard procedure for energy resolution [58].

5.3.5

2 wavelengths

A single photon source can emit diﬀerent types of wavelength. Now I will describe a method to
resolve two diﬀerent wavelengths: we will look at diﬀerent regions in the bias sweep curve. When
the bias is low the detector is only sensitive for high energy photons. When the bias increases the
detector will also become sensitive for low energy photons. We have taken a calibration curve for a
mixed source of two diﬀerent wavelengths and we will compare that with calibration curves of the
single wavelengths. For this measurement we used a ﬁber beam splitter (Thorlabs, 10202A-50-FC)
to couple two diﬀerent sources into the detector. One of the source is the MIRA laser, tuned at
λ=900 nm, and the other source the pump laser, which has a wavelength of λ=530 nm.
In ﬁgure 5.29 we see the count rate versus bias current of the mixed sources. For comparison
the count rate of the single wavelengths is plotted as well. It is clear that the plot for the mixed
wavelengths is diﬀerent from the plot for the single wavelengths. We see that in the lower bias
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Figure 5.28

(a) The measured counts of a 4-point test curve, together with the normalized counts and the calibration
curve.

Range [μA]
9.75 - 11.5
6.5 - 7.75

λ=530 nm
0.18659
10.73496

(b) Sum of the squared diﬀerence of several test curves
with the calibration curves of ﬁgure 5.24. The calibration curve which gives the least diﬀerence is assigned to
be the wavelength of the test curve.

λ=900 nm
1.23891
8.64114

mixed
0.89463
10.93422

Table 5.10: The slopes of the mixed curve in diﬀerent bias regimes, together with the slopes of the
single wavelength curves. From the slope in the low bias regime the 530 nm photons can
be recognized. The slope in the higher bias regime is obviously diﬀerent from the 530 nm
curve. So we can conclude that the light beam consists of one or more extra wavelengths.

current regime the slope is comparable to the slope of the high energy wavelength. This is explained
by the fact that the SSPD detects only the high energy photons from the pump laser. In the high
bias current regime of the curve the slope of the mixed source starts to deviate from the slope of
the pump laser. Biased with this high current the SSPD becomes sensitive for low energy photons
as well and the slope of the curve resembles the sum of both laser contributions.
Comparisons of the slope is seen in table 5.10. We see that the low bias current regime can be
used for determination of the wavelength and the intensity of the photons having high energy and
the high bias current window for determination of the wavelength of the second source. Because
the device died after taking one calibration curve we could not investigate this more deeply. Taking
a test curve and trying to resolve the wavelengths was not performed for this reason.

5.3.6

Conclusions on energy resolving

We have shown that by comparing the eﬃciency the SSPD shows with calibrated eﬃciencies
the wavelength of the photon can be resolved. The comparison is done at four diﬀerent bias
currents and the resolution we achieved is 50 nm. This resolution is comparable to the resolution
of another single photon detector (STJ, see chapter 1). The resolution of a classical spectrometer
is higher, but also depends on the size of the device. With a high eﬃcient SSPD and a very
stable measurement setup we might increase the resolution. We have shown a proof of principle
for resolving the wavelength of two diﬀerent photons. Further investigation might make it possible
to take a spectrum.
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Figure 5.29: The curve of a mixed laser beam, consisting of 530 nm and 900 nm photons (c). The curve
of a beam consisting of only 530 nm (a) and 900 nm (b) is shown as well. There is a
discrepancy between the sum of (a) and (b) and the mixed curve (c). However, the form
of the mixed curve, and thus the slope, is comparable to the form of the summed curve.
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Figure 5.30: Dependence of the amplitude output signal vs. photon number for ampliﬁers with diﬀerent
input impedance. A certain number of photons is distinguishable (solid symbols). If the
resistance of the SSPD exceeds the input impedance of the ampliﬁer by a large amount
the diﬀerence in resistance, and hence photon number, will become indistinguishable (open
symbols).

5.4

Photon number resolution

Advanced quantum information strategies are based on processing of entangled photon pairs.
Photons are bosons, so several photons can be in the same state. The ability to measure the
number of photons in one state is important for quantum information processing. Recently a
proposal for quantum computation with linear optics [11] was suggested. This protocol, known as
the KLM protocol (after the authors Knill, Laﬂamme and Milburn), uses probabilistic two-photon
gates which are teleported into a quantum circuit with high probability. The fact that it uses
linear optic elements makes it very attractive for quantum computation implementation, but a
fast and very eﬃcient photon number resolving detector is required. Also one of the most secure
quantum key distribution (QKD) schemes [59] utilizes one mode of spontaneous parametric downconversion, gated by a photon number resolving detector. The only detector that can resolve the
number of photons so far is the TES detector (see section 1.5.2). The major disadvantage of a
TES is its maximum count rate of 20 kHz, while in contrast SSPDs showed much larger maximum
count rate. Recently a scheme for photon number resolving with SSPDs [60] was suggested.
This proposal is based on the assumption that the normal state resistance of the detector
depends on number of photons absorbed simultaneously. This assumption holds if the photons
are not absorbed at the same place in the meander and if the total resistance can be regarded as a
serie of resistances of single hotspots in serie. The authors of [60] stated that the resistive state of
a single detection event is equal to approximately 500 Ω. The response is modeled again according
to ﬁgure 5.10b, but now the detector has a varaiable normal state resistance. The high frequency
response is led through the AC port of the bias tee to the ampliﬁer, with impedance Z. The SSPD
itself is represented by a switch and an inductance Lk . The voltage response was simultated for
three diﬀerent ampliﬁer input impedances (ﬁgure 5.30). To get a contrast the input impedance of
the ampliﬁer has to be comparable to the resistive state of the detector. A detector with an input
impedance of 300 Ω will easily distinguish photon number in the range from 1 to 6.

5.4.1

Measurement setup

For measuring this eﬀect we have to change our ampliﬁer system, because the original ampliﬁers
have an input impedance of 50 Ω. However, due to the increased impedance mismatch between the
zero-resistance superconducting state of the device and the ampliﬁer input impedance, the noise
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Figure 5.31
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(a) The I-V characteristics of the HEMT with
SSPD. A constant bias source of 5V feeds the
HEMT. On top of this a bias voltage (x-axis) is
applied to bias the SSPD. From the voltage over
the HEMT and the SSPD together (y-axis) the
switching voltage is determined (≈0.85V).
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(b) A time trace of a dark count. It has the same
characteristics as the traces of the normal setup,
only mirrored.

is increased and hence the variation in pulse height. Small diﬀerences in pulse heights will become
indistinguishable. Moreover, in our original design the ampliﬁers were placed outside the helium
Dewar, requiring a long (1 m) coaxial cable. Because such a long cable has a large capacitance it
acts as a low pass ﬁlter and modiﬁes the pulse shape.
Placing an ampliﬁer close to the detector in liquid helium will make the situation more optimistic. The noise will be reduced and the detector decoupled from the room temperature electronic
readout system, eliminating the parasitic contribution of the coaxial cable. An obvious choice for
an ampliﬁer in liquid helium is a high electron mobility transistor (HEMT). A HEMT is a ﬁeld
eﬀect transistor with a junction between two materials with diﬀerent band gaps (i.e. a heterojunction) deﬁning the channel instead of an n-doped region. A commonly used combination is GaAs
with AlGaAs. The eﬀect of this junction is to create a very thin layer where the Fermi energy is
above the conduction band, giving the channel very low resistance (or to put it another way, ”high
electron mobility”). This layer is sometimes called a two-dimensional electron gas. As with all
the other types of FETs, a voltage applied to the gate alters the conductivity of this layer. In our
case the SSPD is connected to the gate of the HEMT as can be seen in the electrical conﬁguration
in appendix A (ﬁgure A.2). In this way we achieve ampliﬁcation of the voltage pulse and at the
same time the detector is separated from the environment, reducing inﬂuences of interference.
The HEMT is connected via a coax cable to the bias tee. After the bias tee the pulse is ampliﬁed
further with a second ampliﬁer. The pulse is then read out by the oscilloscope.
The I-V characteristic of the HEMT in combination with the SSPD can be seen in ﬁgure
5.31a. The HEMT is supplied with a constant bias voltage source (5V), on top of that a voltage
is applied by the DAQ. This voltage performs the current biasing of the SSPD. The HEMT has to
be operated in the ﬂat part of the curve (between 0.4 and 1.5 V). In ﬁgure 5.31 the voltage over
the SSPD and the HEMT is plotted against the applied bias voltage. When the SSPD switches to
the normal state it provides an extra voltage at the gate, so a small jump in measured voltage. In
this way we can assign the switching voltage. The detector will be operated close to this voltage.
A time trace of a dark count is shown in ﬁgure 5.31b. We can see that the trace is mirrored, but
has the same characteristics as the traces obtained with a normal setup, as shown in section 5.2.

5.4.2

Photon number resolution of a pulsed laser

The Ti-Sapphire laser was again used, with the laser in the pulsed mode. It produces pulses
at a repetition rate of 80 MHz (12.5 ns between pulses) and the pulse is supposed to last a few
(≈4) pico seconds. In ﬁgure 5.32a we see the ﬁrst measured response to laser pulses. These pulses
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Figure 5.32: a) Proof of principle for the proposed method to resolve the photon number. A clear
diﬀerence in pulse height can be seen for diﬀerent laser powers. For a power of 500 nW it is
assumed that only 1 photon triggers a detection event. b) Quantitative attempt to assign
the photon number to a pulse. From the laser power and Poissonian statistics we expect
37% empty pulses, 37% one photon pulses and 18% two photon pulses. This ratio can not
be found.

were taken at very diﬀerent laser powers: 500 nW is the 1-photon detection regime and for 1 mW
we assume that more than 1 photon is detected simultaneously. The pulse height is obviously
diﬀerent, demonstrating that we can distinguish single-photon events from multi-photon events.
In ﬁgure 5.32b a time trace of 1 μs can be seen. The laser power was chosen such that on
average 1 photon per pulse is detected (taking into account the ratio of the area of the beam to the
detector as well as the detector eﬃciency). The probability to detect a certain number of photons
simultaneously is then Poissonian distributed:
P (n) =

n̄n −n̄
e
n!

(5.17)

where n equals the number of detected photons (0,1,2 ...) and n̄ is the mean number of photons
per pulse detected (n̄ is set to 1). This means that in 37% of the cases 0 photons will be detected,
37% of the cases 1 photon will be detected and in 18% of the cases a 2 photon event will take place.
The chance of a 3 photon event is small (6.1%). In the time window of ﬁgure 5.32b 80 laser pulses
are recorded, 34 of them were empty (43%), conﬁrming that the laser power is approximately the
one at which on average one photon per pulse is detected. From Poissonian statistics 37% are
1-photon and 18.4% of the pulses are 2-photon events, so we expect 2 classes of pulse height as the
chance of a 3-photon event is small. It is clear that this quantization can not be found. Because
of the variation in pulse height, distinguishing between a one photon and two photon event is
almost impossible. We estimated a threshold between single and double photon (red and blue
line), resulting in an unexpected equal number of high and low pulses.
The variation in pulse height might limit or even prevent the photon number resolution property
of SSPDs. We will investigate the ﬂuctuations in the height of dark count pulses and single photon
pulses. If this variation is large, distinguishing between diﬀerent photon numbers will be hard.
One reason for this variation could be caused by a non uniform detector. If the detector is not
uniform the resistance (and hence the voltage pulse height) might depend on the position where
the photon hits the detector. The detector we used has an QE of approximately 3%, indicating
that the detector is not as uniform as desired. It might be required to use a very uniform, high
eﬃcient detector.
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Chapter 6

Conclusions and future work
The goal to fabricate a superconducting detector, sensitive to single photons, has been achieved.
A reliable fabrication process (i.e. adding gold contacts and deﬁning meanders by etching) has been
developed. SEM imaging conﬁrmed that processing NbN ﬁlms always resulted in a meandering
100 nm thick wire with 100 nm gaps. The quantum eﬃciencies of the NbN detectors turned out
to be rather low. One detector had a quantum eﬃciency of 2.5%, the remaining detectors showed
0.1% eﬃciency or lower. The eﬃciencies of the NbN detectors are not in the range of previous
achievements. The reason for this is assumed to be material defects or variation in ﬁlm thickness.
The succes rate of fabricating NbTiN SSPDs was not 100%, because sometimes we ended up with
a solid block instead of a meandering wire. Non reproducible performance of the HSQ resist, also
noticed during the developing stage, is assumed to be the cause. A less probable reason could be
the reactive ion etching. We have seen that the critical current is an important indication whether
the detector works. Determining the critical current, which can be done with a low temperature
probe station, before gluing and bonding the detector will rule out bad detectors in an early stage.
This is highly recommended. The next advancement in fabrication is appending a mirror on the
backside of the SSPD, which in principle doubles the quantum eﬃciency [61].
The measurement setup has been investigated thoroughly. We found out that disturbances,
either from the electrical devices inside the setup or from outside, inﬂuence the performance of
the setup. Although we did several things to rule out noise and interference (e.g. placing interference ﬁlters and attenuators), we had the feeling, especially when we did the energy resolution
measurement, that the setup is still not totally free from outside inﬂuences. Separating the SSPD
from the room temperature electronics could reduce interference. This can be achieved with an
ampliﬁer close to the detector in helium, as realized in our latest setup for the photon number
resolving experiment.
It has not been shown before that other materials than NbN are able to perform as an SSPD. We
fabricated NbTiN SSPDs and they demonstrate a very decent quantum eﬃciency. In particular,
the best detectors showed quantum eﬃciencies from 9 to 15%. The advantage of using NbTiN
instead of NbN lies in the easier thin ﬁlm deposition. During deposition the substrate temperature
is lower and the chemical composition during the sputtering process seems to be less critical. Using
other superconducting materials could yield other advantages. Materials with a higher TC and
a smaller penetration depth could be of interest, e.g. MgB2 . A smaller penetration depth will
lead to a reduced kinetic inductance, determining the reset time of the current SSPDs. For a
detector with an 10μm x 10μm active area, 100 nm wide lines and gaps (length: 500μm), we
measured a reset time of 5.5 ns. It is demonstrated that the reset time is limited by the large
kinetic inductance intrinsic to a long narrow wire, because the response time of a shorter (20μm)
wire turned out to be much lower (<1 ns).
The kinetic inductance of the device can also be decreased with a parallel geometry of two
meanders. We proﬁt not only from the diminished length, but also from the parallel orientation
as the kinetic inductance of two parallel wires adds up as 1/Lk =1/Lk,1 +1/Lk,2 . From simulations
and measurements we can conclude that a parallel geometry indeed lowers the reset time of SSPDs,
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Figure 6.1: a) Scheme of the optical cryostat. On a copper block the SSPDs are mounted, with movable
lenses positioned in front (not shown). The block is in good thermal contact with a helium
reservoir, resides in vacuum and is optically accesible via a window. b) Inside view, the white
arrows point to the SSPD chips and the yellow to the lenses. The electrical feedthrough from
outside is circled in blue and the window in gray.

to 2.5 ns. It is demonstrated that such a parallel geometry acts as a logical AND or XOR gate.
The signal height depends on whether 1 or 2 of the sections switch. By changing the trigger level,
one can switch between the AND gate or the XOR gate operation. Separating the two parallel
meanders by a few microns will make the meanders be independently accessible.
Other geometries could improve the SSPD performance as well. An obvious way to increase
the quantum eﬃciency is increasing the ﬁlling factor (which now equals 50%). Making the wires
narrower will also increase the quantum eﬃciency. However, this will lead to an increased kinetic
inductance, reducing the maximum count rate. So varying the dimensions of the wire will always
be a tradeoﬀ between count rate and quantum eﬃciency.
We have achieved wavelength assignment of the absorbed photon with a resolution of 50 nm
by utilizing wavelength dependent bias sweeps. By comparing calibrated sweeps with sweeps
recorded for an unknown source, the wavelength could be assigned. The resolution is limited by
the ﬂuctuation of the detection eﬃciency in time. We have also shown a proof of principle to
resolve two photon wavelengths from one source. For this purpose we use the diﬀerent slopes at
high and low bias current windows.
Recently a proposal was suggested for resolving the photon number with SSPDs. Our setup
was changed to meet the speciﬁed requirements and the ﬁrst measurements were performed. A
diﬀerent photon number would result in a diﬀerent pulse height of the photoresponse. We have
seen an increase in pulse height for an increased laser power, but could not derive the assumed
statistics. A highly eﬃcient detector might be required to suppress the uncertainty in pulse height.
In this research we always used an optical ﬁber to couple light to the detectors. However, a free
space setup will be very convenient. For this purpose we are developing an optical cryostat (ﬁgure
6.1). In this way photons can enter in free space, eliminating losses and alignment problems
of optical ﬁbers. In the near future we will also characterize an entangled photon source with
this cryostat. An optical cryostat is an easy to use setup, but even better read out of a single
photon emitter can be achieved by placing the SSPD on the same chip as the source. Designing
a waveguide between emitter and detector would provide a very eﬃcient coupling.
Summarizing, SSPDs show interesting properties such as high QE, high count rate and ability
of energy and (possibly) photon number resolution. Because superconductors are sensitive to an
extremely small amount of energy we could think of detecting other sources than single photons.
Sensitivity to e.g. electrons, phonons and surface plasmon polaritons will open a wide range of
SSPD applications.
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Appendix A

Electrical circuit of the bias tee

Figure A.1: The electrical circuit for the bias tee used for quantum eﬃciency, reset time and energy
resolution measurements. In the upper part the electrical connections for the DAQ box are
drawn. The upper left section has a resistance of approximately 500 kΩ, with which the
bias voltage is turned into a current. This resistance is easily replaced, we have also used
a 400 kΩ resistance. On the lower right the connection to the ampliﬁer (AC port) can be
seen. Just in front of the connector the high frequency termination is placed.
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A. Electrical circuit of the bias tee

Figure A.2: Read out circuit for the photon number resolving experiment. It consists of 2 parts: the
ampliﬁer, placed in liquid helium, and the bias tee at room temperature. The ampliﬁer in
liquid helium is a special designed ﬁeld eﬀect transistor (FET), called high electron mobility
transistor (HEMT). The SSPD is connected to the gate of this ampliﬁer. To the bias tee a
voltage source is connected, feeding the HEMT. The high frequency response from the low
temperature stage is led through the AC port of the bias tee to a second ampliﬁer and the
oscilloscope.
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