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Abstract
Nanowire superconducting single-photon detectors (SSPDs) are promising devices for single-photon detection applications at telecom wavelengths, in terms
of high eciency, low dark count rate and short dead time. They consist of
a long, 100 nm wide, superconducting niobium nitride nanowire folded into a
meander pattern and biased close to the critical current. Photons incident on
the SSPD locally break the superconductivity which results in a resistive barrier
across the nanowire. The voltage drop across this barrier is measured. The
devices presented in this thesis are fabricated on a gallium arsenide substrate: a
material system that allows integration of single-photon sources and detectors on
a single chip. Such quantum photonic integrated circuits (QPICs) are of major
importance for scalable quantum computing.
Measurements on nominally identical SSPDs show large variations in critical current and eciency of the devices. This is a huge problem for applications where
arrays of SSPDs are needed such as linear optical quantum computing. In previous studies [1], these observations were attributed to geometrical constrictions:
regions in the nanowire where the cross section is reduced. This reduces the
critical current of the wire and the SSPD cannot be biased eciently anymore.
In this thesis, it is shown that the continuously distributed inhomogeneity of the
nanowire dimension or the crystal structure, instead of localized constrictions, is
the origin of the limited detection eciency and poor uniformity of our SSPDs.
To investigate the eect of inhomogeneities, SSPDs with lengths in the range
from 100 nm to 15 µm are fabricated and characterized electrically and optically.
The two main observations from the electrical characterization are a decrease
of the critical current with increasing length and a decrease of the spread in
critical current values with increasing length. These measurements also indicate
that the length scale of the inhomogeneities is 100 nm or smaller. The main
result of the optical characterization is a decrease of the detection eciency with
increasing wire length.
Simple assumptions on how the inhomogeneities inuence the critical current of
the wires allowed us to create a numerical model that quantitatively reproduces
the measured variations of the critical current. This result is used to model
also the detection eciency of the SSPDs. This model qualitatively reproduces
the general trends in the eciency measurements, although some deviations are
observed for the longer wires.
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Chapter 1

Introduction
Nanowire superconducting single-photon detectors (SSPDs) are a very promising
technology for single-photon detectors, because of their large spectral range,
short dead time, low dark count rate and high eciency, at telecom wavelengths.
These detectors can be integrated into photonic integrated circuits enabling
new technologies in the eld of quantum computing and quantum information
processing. I will start this chapter with putting the development of nanowire
SSPDs into a historical perspective. Next, I will discuss the working principle
of SSPDs and some important performance parameters describing SSPDs and
single-photon detectors in general. I will compare SSPDs to two well-known and
established single-photon detector technologies, namely photomultiplier tubes
and avalanche photo diodes. I will conclude this chapter with an introduction
to inhomogeneities in SSPDs that limit the performance. The study of these
inhomogeneities is the main subject of this thesis.

1.1

Quantum information processing

Cuneiform tablets, dating from the time of the Babylonians (around 1750 B.C.),
indicate that the people around that time had some fairly sophisticated algorithmic ideas [2]. It is very likely that these ideas date to even earlier times. One
could say that computer science was born at the time that mankind came up
with those algorithmic ideas. Computer science as we know it today can be dated
back to the year 1936. In that year, mathematician Alan Turing wrote a paper
in which he described a hypothetical machine that could simulate computer algorithms. The rst computers were constructed from electronic components not
long after Turing published his paper. The development of the transistor in 1947
by John Bardeen, Walter Brattain and Will Shockley, gave a huge boost to the
development of computer hardware. Gordon Moore also noticed this rapid development in computer power and stated in 1965 that computer power, for constant
cost, will double roughly every two years [3]. This statement has become known
as Moore's law. His law has approximately held true since his statement. But
as the building blocks of computer hardware are getting smaller and smaller,
an extrapolation of Moore's law to coming decades will surely fail. The elec7
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tronic hardware components will decrease to a size where quantum eects are
non-negligible and will interfere with the functioning of the device. A possible
solution to the problems that hardware manufacturers will face, is a paradigm
shift to the realm of quantum computation and quantum information processing. This means using quantum mechanical systems to accomplish information
processing tasks.
Traditional computers use a system of bits to perform their information processing tasks. A bit can take the value 0 or 1. Quantum computers use a system
of quantum bits, or qubits, as units of information. A qubit can be used to
represent the classical states 0 and 1, but it can also represent any linear combination of the two states. Therefore, a qubit can take many dierent values
which signicantly reduces the number of units of information that is needed.
Logical operations can be performed on the qubits by applying combinations of
special gates, such as the Hadamard gate and the Z gate, to the qubits. A
quantum computer will not necessarily be faster than a traditional computer for
all tasks. They will be designed for specialized tasks, such as the factorization
of large numbers, on which the widely used RSA cryptography protocol is based.
Quantum computers would be able to eciently factor large numbers, making
the RSA protocol insecure. Using an appropriate quantum computing algorithm,
a modestly sized quantum computer will be able to outperform the fastest traditional supercomputers [4]. Another interesting technology that arises in the
context of quantum information is quantum key distribution (QKD). QKD is a
cryptography protocol that allows two parties to exchange a qubit with absolute
security. An eavesdropper that tries to intercept the qubit that the two parties
exchange, will change its state upon measuring it. According to the no-cloning
theorem in quantum mechanics, it is also impossible for the eavesdropper to copy
the qubit and let it follow its path to the receiving party [5]. The information
that is coded into the qubit and now known to both parties, can be used as a
key to encrypt and decrypt messages.

1.1.1 Quantum photonic integrated circuit
A key challenge in quantum computing is handling noise [4]. Random processes
that change the phase of a qubit are dangerous for quantum computing. This is
known as decoherence. The result of decoherence is that, within a certain time,
the qubit will be in a dierent superposition. Obviously, this is unwanted in
applications. Qubits can be realized in many dierent physical systems which all
dier in decoherence time. Examples are trapped atoms or ions and electron spins
in quantum dots. A qubit that is largely free decoherence, is the single photon.
A qubit can be encoded using for example a superposition of horizontal and
vertical polarization. Moreover, single-photons are easy to manipulate by using
waveplates and beam splitters [6]. Because of the low decoherence rate, photons
8
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make up an ideal system to realize QKD over large distances. Besides having
a low-loss transmission channel, another requirement to achieve a successful
long-range QKD experiment is having an ecient single-photon detector. It has
recently been demostrated that QKD can be achieved over a distance of 300 km
using a superconducting single-photon detector (SSPD) [7]. These detectors are
of the same kind as the ones used for the experiments that are discussed in this
thesis.
Despite the low decoherence of single-photon qubits, there are also disadvantages
to the use of this system. Logical operations on single qubits are easily performed
using waveplates and (polarizing) beam splitters. But to realize scalable quantum computing, gates that control more than one qubit at the same time are
necessary. Giant optical non-linearities are needed to facilitate the interaction
between two photons for two-qubit gates [4]. None of the non-linear optical
media that are known at this moment can provide the non-linearity required to
realize a two-qubit gate [6].
In 2001, Knill, Laamme and Milburn (KLM), made a breakthrough, showing
that scalable quantum computing was possible using only single-photon sources
and detectors and simple optical circuits consisting of beam splitters [8]. A few
years after their mathematical proof, the rst experiments show a two-photon
logical gate based on the KLM scheme [9].
The photonic circuit needed for the experiment mentioned above, was built of
large scale optical components mounted on an optical table. This approach will
lead to experimental setups of increasing size when more and more qubits are
involved. It is also very hard to keep the optical components perfectly aligned
and stable. A solution to these problems is using a quantum photonic integrated
circuit (QPIC).
An example of a QPIC is shown in gure 1.1 [10]. It schematically shows a two-

 This gure [10] shows a schematic representation of a quantum photonic
integrated circuit. Single-photon sources and detectors are connected to each other via
waveguides. Waveguides that are placed close to each other couple evanescent light
elds and act as couplers and beam splitters. There are also two waveguides extending
on the left and right of the gure, acting as inputs and outputs for connection with an
external circuit. The components in the gure can be built on top of a GaAs substrate.
Figure 1.1

9
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photon QPIC with single-photon sources, single-photon detectors and waveguides. Couplers act as beam splitters in this circuit by coupling the evanescent
light eld in two waveguides. There are also two waveguide inputs and outputs
shown on the left and right side of the QPIC to allow coupling to an external
network. A very promising material for the realization of such circuitry is the
group of III-V semiconductors. The III-V material system contains direct band
gap semiconductors which can be used to make single-photon sources based on
quantum dots. The realization of a QPIC is the motivation for us to perform
the experiments described in this thesis on detectors that are grown on GaAs.
The single-photon detectors in gure 1.1 are waveguide superconducting singlephoton detectors that use the same detection mechanism as the detectors that
we use.

1.2

Superconducting single-photon detectors

Nanowire superconducting single-photon detectors (SSPDs) are based on a 100 nm
wide and 4-5 nm thick wire that is folded into a meander pattern. The wire is
typically made of the type II superconductor niobium nitride (NbN). This material is chosen because of its fast photoresponsive properties and relatively high
critical temperature [11], but other materials have also been proposed [11, 12].
Details about the fabrication of the SSPDs that are used in the experiments for
this thesis, are provided in section 2.1. The detectors are cooled down to a temperature well below the critical temperature of the NbN wire, which is around
10 K. Before operation, the wire is biased just below the critical current of the
wire. When a photon is absorbed by the wire, a resistive hot-spot is created that
locally suppresses the superconductivity of the wire. The result is a fast voltage
pulse that is amplied and measured. The working principle of SSPDs will be
discussed in greater detail in the following section. Although SSPDs based on
nanowires are not the only type of superconducting single-photon detector, I will
focus only on these devices and use the abbreviation SSPD to refer to them.

1.2.1 Detection mechanism
The rst SSPDs were experimentally demonstrated in 2001 by Gol'tsman and
his co-workers [13]. Their device consisted of a 0.2 µm wide and 1 µm long
microbridge which they patterned from a NbN lm that was grown on a sapphire
substrate. The working principle of these detectors was explained using the hotspot model [11] and is schematically shown in gure 1.2.
Figure 1.2a shows a piece of a superconducting wire, with a temperature T
well below its critical temperature Tc . The arrows indicate the direction and
density of the applied bias current Ib . A photon with energy h̄ω , which is
10
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 Schematic representation of the hot-spot assisted creation of a resistive
barrier across a superconducting wire when a photon is absorbed [13]. Figure a shows
the incident photon creating a hot-spot. The hot-spot diuses in gure b and increases
in size. In gure c, the current density in the sidewalks of the wire is greater than the
critical current density. Figure d shows the diused hot-spot of hot-electrons forming
a resistive barrier across the entire wire together with the resistive sidewalks.
Figure 1.2

larger than the superconducting energy gap, 2∆, is incident on the wire. This
photon locally breaks a number of Cooper pairs, leading to a population of highly
energetic quasiparticles, also called hot-electrons. This increases the electron
temperature locally above Tc , leading to a resistive region in the surrounding
superconducting material. This region is called the hot-spot and the size of it is
indicated in the gure as 2λT . The time in which the region forms is called the
thermalization time and is as short as 6.5 ps [14]. The number of hot-electrons
that are created when a photon is incident on the detector, depends on the
energy of the photon. Because the eciency of the detector is dependent on
the number of quasiparticles that are created, the eciency of the detector will
depend on the wavelength of the photons.
After the creation of the hot-spot, the hot-spot grows in size as hot-electrons
diuse out of the region where they were created. This is shown in gure 1.2b.
At the same time, the applied bias current is expelled from the hot-spot region
and the current density is increased towards the sidewalks of the wire. This
shown in gure 1.2c. If the current density at the sidewalks is higher than the
critical current density, resistive regions will form in the sidewalks and the entire
cross section of the wire will become resistive, as shown in gure 1.2d. The
formation of this resistive barrier is detected as a voltage pulse in a readout
circuit connected to the detector.
The hot-spot model suggests a spectral cut-o in the low energy, or long wavelength, regime [15]. This is however experimentally not observed, as shown in
gure 1.3 [15]. The gure shows the quantum eciency, which is equal to the
ratio of the number of output pulses of the detector and the number of photons incident on the detector, versus the photon wavelength. Detection events
in the high energy range are attributed to the hot-spot detection mechanism
and events in the lower energy region to photon-induced vortex dynamics, as
11
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 Measurement of the quantum eciency of a NbN SSPD versus the
photon wavelength [15]. The measurements are performed at various bias currents.
The detection in the low wavelength regime is explained by the hot-spot mechanism
and by vortex-antivortex depairing for longer wavelengths. The solid lines are a t of
the vortex-antivortex model to the experimental data.
Figure 1.3

discussed below.

The thickness of the superconducting nanowires in SSPDs is comparable to
the superconducting coherence length, ξ . Because the length and width of the
wire are much larger than ξ , the SSPD nanowire can be treated as a twodimensional superconductor. It is known that a phase transition, called the
BerezinskiiKosterlitzThouless (BKT) transition, with corresponding transition
temperature TBKT , can occur in two-dimensional superconductors [16]. At temperatures below TBKT , excitations in the form of bound vortex-antivortex pairs
(VAPs) with no net ux may exist. At higher temperatures, between TBKT
and Tc , bound VAPs and thermally unbound vortices coexist. The applied bias
current exerts a Lorenz force on the two vortices in a VAP which is in opposite direction for the two vortices. This lowers the binding energy of the pair,
which means that less thermal energy is needed to unbind the VAP. The currentassisted thermal unbinding of VAPs can occur at temperatures lower than TBKT .
The unbound vortices cross the nanowire and may trigger the superconducting
to normal transition. A photon, incident on the wire, creating a hot-spot, makes
this process much more probable, because the created hot-electrons lower the
energy barrier for vortex crossing [17]. Work towards a unied detection model
is being conducted by our collaborators in Leiden [18].
12

1.2. Superconducting single-photon detectors

1.2.2 SSPD operation
For a superconducting nanowire to work as a single-photon detector, it is not
important which mechanism is responsible for the creation of a resistive barrier
as long as there is a resistive barrier. But a superconducting wire alone is not
enough to use the device as a single-photon detector. External circuitry has to
be connected to it. Figure 1.4 shows a typical conguration to operate an SSPD.

 Schematic representation of a typical electrical circuit in which an SSPD
is operated [17]. The SSPD itself is modeled by a time-varying resistor in series with
a kinetic inductance. A switch, that opens when a photon induces a detection event
in the SSPD, is connected parallel to the time-varying resistor.
Figure 1.4

The NbN SSPD itself is modeled by a time-varying resistor Rn (t), representing
the resistive barrier in the nanowire, in series with the kinetic inductance of the
nanowire, Lk . A switch is connected parallel to Rn (t). A voltage source VB
and resistor RB deliver the bias current to the SSPD via the DC-port of a bias
tee. When a photon is absorbed by the nanowire, the switch is opened and
the current is diverted through Rn (t). Due to Joule heating in the wire, the
resistance Rn (t) will increase and will grow to be larger than the load resistance
RL . At that moment, most of the current exits through the RF-port of the
bias tee and a voltage drop Vout is measured across RL . Simultaneously, the
Joule heating in the SSPD stops, so the wire cools down and returns to its
initial superconducting state in which it is able to register the second photon.
The performance of SSPDs, as well as a comparison to well known SPDs, is
discussed in section 1.3.
13
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1.3

SSPD performance

The increasing interest in quantum information applications has placed stringent
demands on the properties of single-photon detectors, leading to a boost of the
research in this direction and the development of new devices like SSPDs [19].
In this section I will address the performance parameters of SSPDs and SPDs
in general. I will make a comparison to two well-known and establised singlephoton technologies, namely photomultiplier tubes and single-photon avalanche
diodes.
Single-photon detection with photomultiplier tubes (PMTs) has rst been demonstrated in 1949 [20]. A PMT consists of a vacuum tube with a photocathode.
Photons incident on the cathode liberate electrons from it through the photoelectric eect. The electron current is then amplied by a series of electrodes,
each one biased at a greater voltage than the one before. This results in a
macroscopic voltage pulse for each incident photon.
The single-photon avalanche photodiode (SPAD) is based on a photodiode structure: a p-n or p-i-n junction. The diode is operated in Geiger mode in which it is
reverse biased above the breakdown voltage. A photon incident on the detector
will excite an electron from the valence band to the conduction band, leaving
a hole behind. These charge carriers are accelerated and will free other charge
carriers through the process of impact ionization. This process continues until
a saturation current is reached. The photon count is measured by registering
this current pulse. After measuring, the reverse bias voltage is lowered to stop
the avalanche of charge carriers and the detector is ready to measure another
photon.
Inportant specications of SPDs that describe the performance of these devices
are spectral range, dead time, dark count rate and detection eciency. These
specications will be addressed in this section for the three types of SPD mentioned above.

1.3.1 Spectral range
The active materials in the SPDs determine the range of wavelenghts in which
the detector can be operated. The range in which a detector is desired to operate
depends on the application. Experiments that involve optical bers for example,
work best with at the telecom wavelength of 1550 nm because the attenuation
in the bers is lowest at that wavelength. For free-space experiments, visible
light may be more desirable. The spectral range of an SPD is the wavelength
range in which it is able to eciently detect single-photons.
In SSPDs, the mechanism that triggers the detection of a photon is based on
the creation of hot-electron quasiparticles. The minimum photon energy that is
14
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needed to excite these quasiparticles is determined by the size of the superconducting energy gap. The size of this gap is orders of magnitude smaller than the
band gap in semiconductors. This leads to the large spectral range of SSPDs
which act as ecient single-photon detectors from the visible range to the midinfrared. There is an upper limit to the spectral range of SSPDs because the
detector only works if a suciently large number of quasiparticles is generated.
This number decreases with increasing photon wavelength.
The spectral range of a PMT is determined by the work function of the cathode.
The energy of the incoming photon must exceed the work function of the cathode
to free electrons from it. Using a material with a work function that is much lower
than needed for the specic application is not desirable, because thermo-ionic
emission can free electrons from a material with a low work function, increasing
the noise. PMTs that are able to detect single-photons at telecom wavelength
are available, but their performance is a lot worse than PMTs designed for the
detection of visible light.
SPADs are made of semiconductor materials. The band gap of the constituent
material determines the lower limit on the photon energy, or the upper limit
on the wavelength, that the detector can measure. The most ecient SPADs
that are commercially available are based on a silicon structure and oer singlephoton detection in the range of 400 - 1000 nm [19]. Other spectral ranges are
accessible by using other semiconductor materials. InGaAs SPADs, for example,
have single-photon detection ability in the range 950 - 1650 nm [21].

1.3.2 Dead time
After a detection event in an SPD, the detector has to be reset to its initial state
in which it is able to detect a single-photon. The time after a detection event
when the detector is unable to detect single-photons, is called the dead time.
The dead time limits the maximum count rate of a single-photon detector.
The dead time, td , of SSPDs is determined by the characteristic time constant
of the electrical circuit. This time constant is limited by the kinetic inductance
of the superconducting wire [22]. The kinetic inductance is due to the inertia
of the Cooper pairs in the superconductor. As explained in section 1.2.2, the
current through the SSPD is diverted to a load resistance as the resistance of the
non-superconducting barrier in the SSPD grows in size. The initial decrease of
the current through the nanowire is very fast because the resistance of the nonsuperconducting barrier increases rapidly in size. The fall time of the current in
the wire is given by τf all = Lk /(Rn (t) + RL ). The current in the wire increases
again when the detector is suciently cooled down. The detector is then able to
detect another photon. The time constant (1/e) associated with the rise of the
current through the wire is given by τrise = Lk /RL . A practical value for the
15
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load resistance that is often used in experiments is 50 W. This is much smaller
than Rn (t), hence the rise time of the current is larger than the fall time. The
current in the wire recovers to about 95% of the bias value in about 3τrise [10].
This value is conveniently taken as the dead time of the detector. The behaviour
of the current during a detection event in a standard 5x5 µm2 SSPD with Lk =
100 nH and connected to a 50 W load, is shown in gure 1.5 [17]. The dead time
of about 6 ns allows a count rate of 1/td > 150 MHz.
12
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Figure 1.5  Calculated bias current in a 5x5 µm SSPD with a kinetic inductance of
100 nH connected to a 50 W load resistance after the detector is triggered by a photon
[17]. The fast fall and the slow rise of the bias current are clearly visible. In the dead
time, td , the bias current is almost fully recovered and the detector is able to detect
another photon.

A trade-o between active area and maximum count rate has to be made when
designing an SSPD. A longer nanowire is folded into a meander pattern covering
a larger area, leading to an increase of the active area of the detector. The
longer wire also means a larger kinetic inductance, leading to a longer dead time
and a smaller maximum count rate.
SSPDs have a possible count rate of >100 MHz at near-infrared frequencies.
InGaAs SPADs that reach similar count rates are available, but these are usually
operated at much lower count rates to reduce the probability of afterpulsing.
Afterpulsing is a detection count caused by the residual charge carriers of a
previous detection event. The highest reported count rates for PMTs are 10 MHz
and these detectors have an eciency of only 2% at near-infrared wavelengths
[19].

1.3.3 Dark count rate
Most SPDs have a nite probability of clicking without a photon triggering a
detection event. These false detection events are called dark counts because
they are observed in `dark' conditions when no light is intentionally focussed on
16
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the detector. Dark counts arise due to the material properties of the detector,
the biasing conditions or the susceptibility to external noise [19].
Dark counts can be both intrinsic and extrinsic. The intrinsic dark count rate in
SSPDs is due to thermal uctuations [10]. These dark counts can be minimized
by cooling the detector down to lower temperatures. The dark count rate in
SSPDs is strongly dependent on the applied bias current. This is shown in gure
1.6 for dierent temperatures [23]. As the bias current gets closer to the critical
current of the superconducting nanowire, the dark count can get close to the
photon induced count rate, which is low for real experiments. This sets the
upper limit for the bias current and therefore the detection eciency. Lowering
the bias current to work in a region where the dark count rate is lower is usually
not an option because the quantum eciency also decreases with decreasing bias
current.

 Measurement of the dark counts of an SSPD versus the reduced bias
current [23]. The reduced bias current is the ratio Ib /Ic . The measurement is done
for dierent temperatures. The decrease of the dark count rate with decreasing bias
current and temperature is clearly visible.
Figure 1.6

The increase of the dark count rate for increasing bias current and temperature
can be explained using the vortex-antivortex unbinding model [16]. At high bias
currents, the Lorenz force on the VAPs is large, decreasing the binding energy. If
the temperature is higher, more thermal energy is available to unbind the VAP.
The unbound VAP will lead to a resistive barrier in the superconducting nanowire
and a false count.
There are also extrinsic mechanisms that can lead to dark counts in SSPDs.
Stray light with a wavelength in the spectral range of the SSPD, for example,
can enter the cryostat where the SSPD is mounted, and trigger a false photon
count. Because the detectors are sensitive to mid-infrated photons, blackbody
radiation of the room temperature surroundings of the experimenal setup may
be able to reach the detector and trigger a false count. To achieve a low dark
17
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count rate, it is important to operate the SSPD in a dark room with little stray
light. Especially when the SSPD is mounted in a cryostat with a window to
allow for optical coupling like the one in the experiments for this thesis. Inside
the cryostat, the sample is surrounded by a cooled thermal radiation shield and
a cold lter to shield the sample from thermal radiation.
SSPDs can have dark count rates as low as 10 Hz [19]. Compared with PMTs
and SPADs, detecting at telecom wavelengths, this is very low. PMTs that are
able to detect at 1550 nm, have a dark count rate of about 200 kHz [24]. InGaAs
SPADs have dark count rates of about 40 kHz [24]. This value can however be
decreased, this also holds for the SSPD dark count rate, when the detector is
operated in gated mode. Gated InGaAs SSPDs with a dark count rate of 91 Hz
have been reported [25].

1.3.4 Quantum eciency
The quantum eciency (QE) is the probability that a photon, impinging on an
SPD, triggers a measureable output pulse. An ideal, 100% ecient detector,
would generate a pulse at its output for every incident photon. When discussing
the QE, two denitions have to be distinguished: the device quantum eciency
(DQE) and the system quantum eciency (SQE). The DQE is dened as the
probability that a detector clicks when a photon is incident on its active area. In
the case of an SSPD, it is the product of the absorptance (A) and the internal
quantum eciency (ηi ): DQE = A · ηi [10]. The internal quantum eciency
is the probability of forming a voltage pulse after absorption of a photon. The
SQE includes also losses that build up before the photon hits the detector. The
SQE includes a coupling eciency ηc that includes all the losses that occur
between the input of the detector and the coupling of the light to the active
area: SQE = ηc · DQE . The DQE is a useful value when one is investigating
properties of the active area, but when SSPDs are used as single-photon detectors
in experiments, the SQE is more important. In the KLM scheme for linear optical
quantum computing, detectors with a very high SQE are essential. For scalable
quantum computing, the SQE cannot fall below a 67% threshold [19].
The output pulses of an SSPD are directly related to the formation of a resistive
barrier in the superconducting nanowire which is strongly dependent on the
applied bias current. Hence, the QE is dependent on the bias current. A typical
QE versus bias current curve is shown in gure 1.7 for two dierent temperatures.
Note that the maximum SQE is only about 0.2%. That value is way too low for
the SSPD to be useful in applications. To increase the eciency of the detector,
both ηi and A have to optimized. To increase the internal eciency of the
detector, the quality of the NbN lm from which the wires are patterned, and
the meander pattern itself have to be optimized. The uniformity of the wire is
of great importance for the eciency. This problem will be addressed in section
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 The device quantum eciency of an SSPD plotted versus the normalized
bias current [17]. This measurement is done on a 5x5 µm2 NbN SSPD on a GaAs
substrate.
Figure 1.7

1.4. A way to increase the absorptance in SSPDs is to integrate them with
optical structures such as cavities and waveguides. An SSPD in an optical cavity
structure has been demonstrated with an SQE of 68.7% [26]. An eciency of
88% has been reported for SSPDs patterned on top of waveguides [27]. Lately,
even higher eciency of 93% has been measured in nanowire SSPDs made of
amorphous tungsten silicide (WSi) embedded in an optical stack [28].
Compared to PMTs, SSPDs have a much higher eciency at 1550 nm. With an
eciency of 2%, PMTs perform much worse at telecom wavelength than in the
visible range, where they can have eciencies of 40% [19]. Free-running InGaAs
SPADs with a detection eciency of 20% are commercially available [29].

1.4

Inhomogeneities

The absorptance of the thin lms from which the nanowire SSPDs are patterned, limits the quantum eciency of the device [10]. Much lower eciencies
are however observed in experiments. Moreover, there are large variations among
nominally identical devices. This is a huge problem when one considers applications of large arrays of SSPDs such as imaging and QPICs. Figure 1.8a shows
a histogram of a QE measurement of 132 nominally identical SSPDs [1]. The
spread in QE values is clearly visible. Figure 1.8b shows some curves of the
detection eciency versus the bias current for a selection of devices.
The authors of ref. [1] attribute the large spread in eciency to constrictions:
localized regions where the nanowire cross section is eectively reduced. The
reduction of the critical curent of the wire is directly proportional to the factor
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 Figure a shows a histogram of the detection eciency of 132 nominally
identical SSPDs [1]. A large spread in eciency is observerd. Figure b shows curves
of the QE versus the bias current for some of the measured devices.
Figure 1.8

with which the cross section is reduced. This means that the nanowire is only
biased eciently, i.e. close to the critical current, at the location of the constriction. Everywhere else in the wire, the eciency will be lower. A mapping of the
detection eciency along the nanowire with a focal spot that is much smaller
than the area of the SSPD has proven the existence of localized constrictions in
a specic SSPD which had a very low QE [30].
In this thesis, I will show that continuously distributed inhomogeneities, instead
of localized constrictions, are the origin of the limited QE and poor uniformity
in our SSPDs and presumably in most SSPDs in the literature. Variations in
the thickness of the NbN lm, the width of the nanowire, and the boundaries
between dierent crystal directions, and may locally aect the critical current
and hence the performance of the SSPD. Figure 1.9 shows a TEM image of a
NbN lm, grown on GaAs, where the polycrystalinity of the lm is clearly visible.

1.4.1 Scope of this thesis
In this thesis I will describe nanowire SSPDs that are fabricated by Rosalinda
Gaudio in the TU/e cleanroom. Many devices are fabricated with active areas
that vary in the length range from 100 nm to 15 µm. Electrical and optical measurements are performed on the devices to be able to investigate the role of inhomogeneities on the critical current of the superconducting wire and the eciency
of the detectors. Through the measurement of many devices I will attribute the
observed statistical deviations to the pressence of inhomogeneities. I will also
present measurements of devices that were fabricated at dierent temperatures
to see if the growth temperature inuences the presence of inhomogeneities.
The fabrication methods and experimenal methods will be addressed in chapter
2. The results of the electrical and optical measurements are discussed in chapter
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 TEM image of the cross section of a NbN lm on a GaAs substrate taken
by M.A. Verheijen. The polycrystalinity of the lm is clearly visible.

Figure 1.9

3. Furthermore, I made a numerical model to explain the observed distributions
of the Ic for dierent lengths assuming that the wire can be regarded as a chain
of independent segments with an Ic that is subject to the probability distribution
of a random variable such as a changing wire thickness or crystal boundaries.
A similar approach is used to model the observed behaviour of the QE . The
model will be presented in chapter 4.
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Experimental methods
This chapter describes the methods that are used to fabricate the SSPDs that
are used for the experiments in this thesis. Section 2.1 describes sequentially the
sputtering of the NbN lm, optical lithography to create the contact pads, and
the patterning of the NbN nanowires using electron beam lithography. All devices
are fabricated by Rosalinda Gaudio in the TU/e cleanroom. The description of
the fabrication method is largely based on Döndü ahin's work [10] on NbN
nanowires on a GaAs substrate and Rosalinda's experience.
The second half of this chapter addresses the experimental setup that has been
used. The main part of the setup is a micromanipulated cryogenic probe station.
The specications of this component will be discussed rst. After this, the
electrical circuits and measurements procedures used to perform the electrical
and optical characterization are explained.

2.1

Fabrication

2.1.1 Thin NbN-lms
Fabrication of the SSPDs starts o with small pieces, about 1.5 x 1.5 cm2 , of
GaAs, cleaved from a 2-inch wafer. Two or three of these pieces are mounted
on a sample holder using melted indium. This sample holder is then placed into
the vacuum chamber of a DC reactive magnetron sputtering device for a thin
NbN lm to be grown. Cleaving the GaAs wafer into smaller pieces assures the
creation of a lm with uniform thickness after growth.
Sputtering is a non-thermal physical vapour deposition process and is suitable
for growing thin lms [10]. Inside the vacuum chamber are a cathode and an
anode. A high voltage is applied between the cathode and the anode. The
vacuum chamber is lled with with low-pressure mixture of the inert gas Ar and
the reactive gas N2 . The gas forms a plasma between the cathode and the
anode. Ionized Ar atoms are accelerated towards the Nb target and transfer
energy and momentum to the Nb target. Nb surface atoms are ejected from
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the target. Both the Nb and N atoms bombard the sample holder and coat the
GaAs sample with a NbN lm.
The superconducting properties of the NbN lm are dependent on the microstructure of the lm. To achieve a high critical temperature and a small superconducting transition width, the lm must be monocrystalline or polycrystalline with
a large grain size and good electrical coupling between the grains [31]. The temperature of the sample and the pressure in the vacuum chamber both play an
important role in the formation of a high quality NbN lm. For the fabrication
of the SSPDs described in this thesis, the substrate temperature and the pressure are optimized to create high-quality lms and are 400 ◦C and 2-3 mTorr
respectively. Samples are also fabricated with substrate temperatures of 385 ◦C
and 415 ◦C to see if dierences in the critical current and the eciency of the
SSPD can be observed.

Thin lm characterization
The sputtering process is set to grow NbN lms of 5 nm in thickness and the lms
should have a critical temperature of about 10 K. Spectroscopic ellipsometry
and R(T ) measurements are performed on the grown lms to measure these
parameters and determine if the lms meet our requirements. Although atomic
force microscopy (AFM) is also a very useful technique to get information about
the surface of the NbN lm, the grown lms are not systematically checked with
AFM because the growth process has been optimized before by Döndü ahin
[10]. She extracted the surface roughness from AFM images and changed the
growth parameters to minimize this. Good lms, i.e. lms with a high Tc and
a small superconducting transition width ∆Tc , have a surface roughness in the
range of 0.25 - 0.40 nm [10]. The surface roughness, or more precisely, the
dierence between the surface roughness of the NbN lms and the roughness of
the GaAs substrate, may be a source of inhomogeneities in the SSPDs.
Thickness measurements are performed in a spectroscopic ellipsometry (SE)
setup. With this technique, the change in the polarization and phase shift of
light that reects from a lm or a multilayer, are measured. These parameters
are measurered for dierent angles of incidence. A computer program uses this
data, along with the material properties of GaAs and NbN, to t the measurement and calculate, amongst other parameters, the thickness of the lm. Table
2.1 shows thickness values of the three lms on which devices for the experiments
are fabricated.
Information about Tc and ∆Tc is gathered via a measurement of the resistance
of the NbN lm versus the temperature. This experiment is performed with a
cryogenic dipstick. In this device, the sample is glued to the dipstick sample
holder and immersed in liquid helium to reach a minimum temperature of 4.2 K.
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Sample name
NbN 30
NbN 20
NbN 33

Growth temperature (◦C)
385
400
415

Thickness (nm)
5.05 ± 0.03
4.86 ± 0.03
4.86 ± 0.03

Tc (K)
9.25
9.76
10.30

 Properties of three dierent lms on which the SSPDs are grown. The
values of Tc are taken at R = 0.5. The measurements of the thickness and Tc are
taken by Rosalinda Gaudio.
Table 2.1

Wires are connected to the lm to send a current through it and measure the
voltage drop across it. From this, the resistance of the lm is calculated. A
temperature controller is connected to a heating coil and a diode near the sample
to control and measure the temperature near the sample. Measurements of
R(T ) of lms on which our SSPDs are grown, are shown in gure 2.1. This
gure shows the normalized value of the resistance versus temperature for three
dierent samples, grown at three dierent temperatures. The values of Tc in
table 2.1 are taken at R = 0.5.
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 Graph of the normalized R(T ) dependence for samples grown at 385 ◦C,
400 C and 415 ◦C. An increase of Tc is observed, but a clear dierence in ∆Tc is not
visible.
Figure 2.1

◦

2.1.2 Contact pads and transmission lines
The next step in the fabrication process is the creation of contact pads and
coplanar transmission lines to have electrical access to the SSPDs. Optical
lithography and metal evaporation are used to create the electrical contacts.
Optical lithography refers to the process of transfering a geometrical pattern to
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a sample, using light.
First, the samples are coated with a negative photoresist. Then the sample is
baked for a short time and placed in the mask aligner. There are two dierent
optical masks used for the fabrication of the devices. One mask produces electrical contacts for 64 SSPDs and has contact pads. Devices on these samples
are electrically accessible by connecting a RF-probe to the coplanar transmission
line, or connecting contact wires to the contact pads using a wire bonding machine. The other mask provides space for 100 SSPDs, but lacks contact pads.
Wire bonding on these samples is very hard but the devices are easily connected
with an RF-probe. When the mask and the sample are aligned, the sample is exposed with UV light and the pattern of the mask is transfered to the photoresist.
After exposure, the sample is baked again and then developed using an organic
solvent. The result is a structure of photoresist, in the shape of the transparent
areas on the mask.
Now that a negative image of the desired structure of contact pads and transmission lines is patterned on the sample, the evaporation of metal can take place.
The sample is placed inside the vacuum chamber of an electron-beam evaporator. Electrons are ejected from the lament and accelerated towards metal
targets, in our case titanium and gold. This beam of electrons will cause the
target metals to evaporate and the deposition of metal on the sample to start.
The process is stopped when a 14 nm-thick layer of Ti and a 140 nm-thick Au
layer are deposited on the sample. Adding a thin Ti layer between the Au and
the NbN will increase the stiction of the Au to the NbN. The metal will cover
the entire sample, directly on the NbN and on top of the developed photoresist.
The last step in this process is a lift-o of the photoresist. The sample is put into
acetone vapour, which diuses into the photoresist and creates some cracks [10].
Then the sample is put into a sample holder and upside down in acetone. This
will cause the photoresist, with the layer of Ti and Au on top of it, to fall o the
sample. Figure 2.2 shows an optical microscope image and a schematic drawing
of the structure after the process. The nal fabrication step is the patterning of
the SSPD structure in the NbN.

2.1.3 Nanowire patterning
Electron-beam lithography is used to pattern the nanowire SSPD from the thin
NbN lm. The e-beam lithography process start with spinning the hydrogen
silesquioxane (HSQ) resist on the sample. The sample with the resist is baked
and then placed inside the e-beam lithography system (EBL). The EBL reads a
mask, containing the desired SSPD structures, from a computer and writes this
pattern into the HSQ using an electron gun. It uses the cross-shaped alignment
markers, dened during the optical lithography, to align the pattern and the
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b

a
 Figure a shows an optical microscope image of the sample after optical
lithography and metal evaporation. The coplanar transmission lines and the contact
pads are clearly visible. All SSPDs that are going to be grown on this sample are
individualy accessible. In this design, eight devices share a common ground. The
enlarged image shows the part of the sample where an SSPD will come, more clearly.
The four little crosses around the two contacts, are alignment markers for e-beam
lithography. The enlarged image is shown schematically in gure b. Note that the
thickness of the layers is not to scale. The NbN lm is only about 5 nm thick whereas
the Ti/Au layer is about 150 nm. The images are taken and drawn by Rosalinda
Gaudio.
Figure 2.2

contact pads. Every SSPD on the sample has to be written individually, in
contrary to the optical lithography step where the contact pads were made during
one exposure. For this reason, e-beam lithography is a much slower process than
optical lithography. Advantages are the few nanometer resolution and that the
mask, which is just a computer le, can be changed easily.
When the process of writing the SSPD structures in the HSQ is nished, the
sample is put in a KOH-based inorganic solvent that dissolves the HSQ. The
HSQ on the parts of the sample that have been exposed to the electrons, has
a lower solubility than the HSQ on the unexposed parts. This means that there
is still some HSQ left on the exposed areas when the HSQ on the undeveloped
areas is removed by the solvent. The result is that the desired SSPD structures
are patterned in HSQ on top of the NbN lm.
The last fabrication step is etching away the NbN under the unexposed HSQ
using reactive ion etching (RIE). The sample is placed inside a vacuum chamber
and the gasses SF6 and Ar are introduced as reactive chemicals. Then, a plasma
is formed which ionizes the gasses. The reactive ions are accelerated towards
the sample where they knock o material from the sample. The etching rate
is higher on the bare NbN than on the Ti/Au and the area covered with HSQ.
After etching, the nal structure is realized: nanowire SSPDs, made of NbN, on
a GaAs substrate, electrically accessible with Ti/Au contacts. Scanning electron
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a

b

c

 Figure a shows an SEM image of one of the measured SSPDs. The
contact pads and the 500 nm wide meandering nanowire is clearly visible. Figure b
shows a zoom in of the central area of the SSPD. The 100 nm wide and 100 nm long
active area is indicated with the arrow. Figure c shows a SEM image of an SSPD with
an active area of 15 µm long. The SEM images are taken by Rosalinda Gaudio.
Figure 2.3

microscopy (SEM) images of the structure are shown in gure 2.3.
Figure 2.3a shows an SEM image of one of the SSPDs that has been used in
the experiments for this thesis. The contact pads are visible on the top and
the bottom of the image. Two 500 nm wide and 304 µm long NbN nanowires,
folded into a meander pattern, are connectecting the central part of the SSPD to
the contact pads. The long meandering wires are added to prevent the detector
from latching by increasing the kinetic inductance (see section 1.3.2). Figure
2.3b shows a SEM image zoomed in on the central part of the SSPD. The active
area is indicated with the arrow and is 100 nm x 100 nm in size. Note that
the width of the active area is much smaller than the width of the meander.
Hence, the width of the active area determines, apart from inhomogeneities, the
Ic of the SSPD. It is the only area of the SSPD than can be biased close to
Ic and where single-photon detection events can take place. SSPDs with active
28

2.2. Cryogenic probe station

area lengths of 100 nm, 400 nm, 1600 nm and 15 µm are fabricated for the
experiments described in this thesis.

2.2

Cryogenic probe station

The core of the experimental setup is a micro-manipulated cryogenic probe station, based on a Janis ST-500 microscopy cryostat. A schematic representation
of the setup is shown in gure 2.4. Two solid tubes are connected to the cryostat.
The rst one has a smaller tube inside that is connected to a liquid helium vessel
via a high eciency transfer line. In the transfer line is an adjustable needle valve
to control the ow of liquid helium to the cyrostat. The outer part of the tube
is connected to a turbo-molecular pump to create a vacuum inside the cryostat.
The other tube is connected to a helium pump that creates an underpressure on
the liquid helium vessel causing the liquid helium to ow into the cryostat. The
liquid helium ows through a heat exchanger that cools down a copper rod on
which the sample holder is mounted. A silicon diode thermometer and a heater
are installed near the heat exchanger to measure and control the temperature
in the cryostat in the temperature range of about 3.5 K to 450 K. The heat
exchanger and sample holder are surrounded by a cooled thermal shield to shield
the sample from thermal radiation which causes dark counts in the detector.
The window on top of the thermal shield is a cold lter that is transparent for
visible and near-infrared light.
Proper mounting of the sample is very important to get the sample at a low
temperature. A cryogenic varnish (Lakeshore VGE-7031) is used to glue the
sample to the holder. The sample is gently pushed into the varnish to remove
any air between the sample and the holder. A copper clamp also increases the
thermal contact but is mainly installed to keep the sample in place. Experience
tells that improper mounting is almost always the problem when SSPDs are not
working. The temperature at the sample might be above the critical temperature
of the nanowire and the device will not work. The temperature might also be
just below Tc . In that case, the Ic of the wire is too small and the SSPD cannot
be operated. The temperature at the sample is estimated to be 5-6 K [17].
The sample in the cryostat is electrically accessible with a 50 W, 40 GHz microwave probe in ground-signal-ground conguration. The probe connects to the
transmission lines that are connected to the SSPDs on the sample. The probe
arm can be translated in the x-, y- and z-direction using micrometer screws outside the cryostat. Copper braids connect the probe to the 10 K stage, cooling
the probe down to about 25 K [17].
Optical access to the sample is available through the top window of the cryostat.
The components to focus light on the sample for optical measurements are
mounted above the sample. An optical ber couples light to the optical stage
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 Schematic of the micro-manipulated cryogenic probe station and the
optical components above it. The image in the top left corner is a photograph of the
setup.
Figure 2.4

which is then is collimated by a lens. The collimated beam then passes a pinhole
(1.5 mm diameter) and a beam splitter (45% reection, 55% transmission) before
being focussed onto the sample via a microscope objective with a numerical
aperture of 0.30. Reected light from the sample is focussed onto a CCD camera
for alignment purposes. Although the room lighting in the laboratory is often
sucient to have a clear view of the sample via the CCD camera, a white light
source can be connected to the ber coupler to improve the image quality.
The pinhole is placed in the path of the laser beam to increase the size of
the focussed laser spot on the sample. With a bigger spot, it is much easier
to align the spot to the SSPD. This was necessary to speed up the alignment
procedure and to increase the number of devices that could be measured in
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one measurement session. Many devices needed to be measured to be able to
get statistical information about the eciency of the SSPDs. Decreasing the
width of the beam decreases the eective numerical aperture of the microscope
objective. The size of the focussed laser spot, w, is related to the numerical
λ
aperture via w ' πNA
, where λ is the vacuum wavelength of the light. The
calculated spot size is 11 µm for an eective focal length of the objective of 20
mm and λ = 1300 nm. To measure the spotsize of the beam in our experiment,
the laser spot is moved across an SSPD with a length of 100 nm and the count
rate of the detector is recorded. The result of this measurement is shown in
gure 2.5. The data is tted with a Gaussian curve and the spot size at full
width half maximum turned out to be 20 µm.
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 Measurement of the spot size of the laser that is used in the experiments.
The laser spot is moved across an SSPD with a length of 100 nm and the count rate
of the detector is recorded. This is plotted versus the position of the spot. A full width
half maximum spot size of 20 µm is extracted from the t.
Figure 2.5

2.2.1 Electrical characterization
For the electrical characterization of the SSPDs, the circuit shown in gure 2.6
is connected to the SSPD. A voltage source (Yokogawa 7651) provides a bias
voltage Vb to the circuit. A resistor with a resistance of 10 W is connected
in series with Vb and the DC-port of a bias tee (Mini-Circuits ZNBT-60-1W).
The RF-port of the bias tee is not used for the electrical characterization and
terminated using a 50 W matched load. The RF+DC-port is connected to the
RF probe, which connects to the SSPD as shown in gure 2.4. The bias tee is
only used as a low-pass lter to remove the noise of the bias source. A data
acquisition unit (Agilent 34970A), used as a voltmeter, is connected to the 10 W
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 Schematic of the experimental setup that is used for the electrical characterization of the SSPDs.
Figure 2.6

resistor to measure the voltage drop across it.
In a measurement, Vb is varied from -5 mV to +5 mV and the voltage drop across
the 10 W resistor is measured. From this measurement, the current through
the SSPD is calculated. From the resulting IV-graph, the ranges where the
SSPD nanowire is superconducting and where hot-spot growth takes place can
be identied, as well as the critical current of the device.
An example of a measured IV-curve for a 100 nm long SSPD is shown in gure
2.7. When no bias current is applied to the SSPD, it is in its superconducting
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 Plot of an IV-measurement on an SSPD with a length of 100 nm. The
critical current of the device can be extracted from this graph.
Figure 2.7
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state and there is no voltage drop across the device. This is observed as a large
(in principle innite) slope in the IV-graph. In practice, we measure the sum of
voltage drops across the device and small resistances in the electrical wiring. A
slope, corresponding to a small resistance of 14.8 W, is therefore observed. As
the bias current through the wire increases, it will pass the critical current of the
wire and a superconducting to normal transition will take place. The constantcurrent plateau in gure 2.7 corresponds to the case where Ohmic heating in the
resistive hot-spot generates enough heat to balance the diusion of heat out of
that region [32]. As the bias voltage increases, the size of the hot-spot increases
until the wire is completely resistive. Normal Ohmic behaviour is observed in
that case. This did not happen in the voltage range of the shown measurement
and is thus not visible in the graph. The metastable region in the graph between
Ic and the hot-spot plateau is dominated by relaxation oscillations. The critical
current Ic is indicated in the gure and is the only parameter we use to describe
the SSPDs electrically. Statistics of the Ic -values for many wires of dierent
lengths are discussed in chapters 3 and 4.

2.2.2 Optical characterization
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 Schematic of the experimental setup that is used for the optical characterization of the SSPDs.
Figure 2.8

The experimental setup that is used for the optical characterization of the SSPDs
is shown in gure 2.8. Two continuous-wave diode lasers (Thorlabs) are installed.
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One laser emits light at 1300 nm and is used for the experiments. The second
laser emits in the red part of the visible spectrum (635 nm) and is solely in
the setup for alignment purposes. This laser is directly connected to a 50:50
ber-coupled beam splitter. The 1300 nm laser is connected to a digital variable
optical attenuator (OZ Optics DA-100) that allows attenuation of the laser power
to low power levels so that, on average, only one photon is incident on the
detector within its dead time. The output of the optical attenuator is connected
to the second input leg of the beam splitter. One output of the beam splitter is
connected to the ber coupler on the optical stage above the cryostat, see gure
2.4. The other output of the beam splitter is connected to a power meter (Ophir
Nova II) to measure the laser power going into the optical stage. The power
that is focussed on the sample is lower than the power measured by the power
meter because of losses in the components of the optical stage, most notably the
R45:T55 beam splitter. The power leaving the microscope objective is measured
with the power meter and calibrated to the value on the power meter when it is
connected to one output of the ber coupled beam splitter.
The bias current through the SSPD is set using a voltage source Vb and a 10
W resistor, like in the setup for the electrical characterization. The voltage drop
across the device is again calculated from the voltage drop across the 10 W
resistor. The RF-port of the bias tee is now connected to a 4 dB attenuator
(Mini-Circuits 15542) to attenuate weak reections in the circuit that originate
from non-impedance matched components. The attenuated signal then passes
four 15 dB ampliers (Mini-Circuits ZX60-6013E-S+) to amplify the weak pulse
that leaves the cryostat. The amplied signal is then directed to either an
oscilloscope (LeCroy Waveace 234) or a frequency counter (Agilent 53230A).
The oscilloscope is installed as a diagnostic tool to see if the pulse shape is ne,
if the signal is distinguishable from the noise and if there is no interference on
the signal. It also gives an indication of the trigger level that has to be set on the
counter to exclude false counts from noise in the system. The counter is used
to measure the photon-induced and dark count rate of the SSPD. From these
measurements, the quantum eciency of the detector is calculated. The QE is
the most important parameter for the optical characterization of the SSPDs and
measurements of it will be reported in section 3

Trigger level
The trigger level of the counter has to be set to be sure that the measured
count rate is due to pulses coming from the detector and not from noise from
the electrical components in the setup. To get an idea of where this level should
be, a measurement is done, before each measurement session, in which the
trigger level of the counter is varied from 0 mV to 600 mV and the count rate is
recorded. First, the bias current through the detector will be set to zero so no
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detection events will take place. Any count registered by the counter will be due
to electrical noise of the setup components. A second measurement is performed
in which the detector is biased close enough to Ic , but without laser input, so
that detection events can take place. Again the trigger level of the counter is
varied and the count rate is recorded. A third measurement may be done in
which the detector is exposed to the light of the 1300 nm laser to see if the
count rate is higher than in the case of the second measurement. Note that the
third measurement is not necessary to be able to determine the position of the
trigger level because the shape of the ouput pulse of the SSPD is approximately
the same for dark counts or photon-induced counts [33]. An example of a trigger
measurement is shown in gure 2.9.
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 Graph of a measurement of the count rate versus a varying trigger level
of the counter. The red curve shows a measurement with an unbiased SSPD and only
electrical noise is observed. The green and blue curve are taken with an SSPD biased
close to Ic and show the count rate of dark counts and photon counts. The trigger
level would be set to a value between 100 mV and 200 mV. The inset of the gure
shows a screenshot of the oscilloscope where the voltage pulse of the SSPD is visible.
The trigger level is shown with the red line.
Figure 2.9

The red curve in gure 2.9 shows the trigger curve of the electrical noise. At a
trigger level of 100 nm, the trigger level exeeds the electrical noise and no counts
are observerd. At this trigger level, dark counts and photon counts are observed,
as shown on the green and blue curve respectively. The two count rates, for
the dark counts and the photon counts, are nicely separated and constant over a
range of trigger levels. This means that photon counts can be distinguished from
dark counts and that the electrical pulse has a stable shape in that trigger level
range. With the information of this graph, the trigger level for the experiments
would be set somewhere between 100 mV and 200 mV. The inset of the gure
shows a screenshot of the oscilloscope where the voltage pulse of the SSPD is
visible. The trigger level is shown with the red line.
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Single-photon regime
Before the quantum eciency can be measured as a function of the bias current,
we must be sure that the laser power is set to a value where the SSPD is operated
in the single-photon regime. The number of photons per second, incident on the
detector, Rincident , is given by the measured power P , divided by the photon
energy:
Pλ
Rincident =
.
(2.1)
hc
When a CW laser is used, the mean photon number per time interval, µ, is given
by:
µ = Rincident τ,
(2.2)
where τ is the dead time of the detector [19]. We want the absorbed number of
photons within the dead time of the detector to be smaller than one: µη < 1,
where η is the quantum eciency of the detector. For a Poissonian light source,
in the limit of µη  1 the count rate of the detector, Rdetected , is:

Rdetected =

1
µη
(1 − exp(−µη)) ≈
.
τ
τ

(2.3)

At low numbers of detected photons (µη  1) the signature of single-photon
sensitivity is that Rdetected ∝ µ [19]. For two-photon sensitivity Rdetected ∝ µ2
would hold. Because µ is directly proportional to the laser power, we can identify
the single-photon regime with a measurement of the detector count rate versus
the laser power. When plotted in a log-log scale, the slope of the curve will give
the number of photons that the detector is sensitive to.
The detector is rst biased to 97% of its Ic because we want the detector
to be as sensitive as possible to single photons which is obtained close to its
critical current. The power incident on the SSPD is then varied using the optical
attenuator and the count rate is recorded with the counter. The result of such a
measurement is shown with the red dots in gure 2.10 and the left y-axis. The
dark count rate is subtracted in this gure which causes the uctuations at low
power. In the high power range, the count rate increases with increasing power.
The green line is a t to the data points in the high power range and has a slope
of 0.95, which indicates that the detector responds to single photons. For this
specic device, the power was set to 133.3 µW during the measurement of the
quantum eciency. Note that this is not the calibrated power that leaves the
microscope objective, but the power directly read from the power meter. The
calibrated power is 0.3% of the power measured after the beam splitter. The
measurement is performed for one device of each length.
A consequence of the increase of the count rate due to the detection of photons,
is that the detector is in the resistive state for a part of the time. The result
is that Joule heating warms up the sample and decreases the observed Ic . This
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 The red dots show the measured count rate for increasing laser power.
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points in the high power range and has a slope of 0.95, meaning that the detector is
sensitive to single-photons. The blue dots show the Ic for increasing power. When the
power increases, the detector is heated and the Ic decreases.
Figure 2.10

eect is larger when the power, and hence the count rate, is increased. This
eect is shown with the blue dots and the right y-axis in gure 2.10. We set
the optical power so that the observed decrease of Ic is within 97% of the value
when the detector is not heated.

QE measurement
In a measurement of the quantum eciency of an SSPD, the 1300 nm laser is
focussed on the active area of an SSPD. The power of the laser is set according to
the procedure that has just been described and the trigger level is set to exclude
counts from the electrical noise from the components in the setup. Then two
measurements are done. For one measurement, the laser illuminates the sample.
For the other measurement, the beam path of the laser is blocked and the laser is
fully attenuated. Both measurements take place in a dark laboratory to minimize
the amount of stray light reaching the sample. The count rate of the detector is
then recorded while the bias current is varied from a low value, where no ecient
photon detection can take place, to a value just above the critical current of the
detector. The resulting curve for the dark counts is then subtracted from the
photon counts. The count rate of that curve is then converted to an eciency
by normalizing the number of counts to the number of photons incident on the
active area of the SSPD. The Gaussian laser spot with a full width half maximum
of 20 µm, is approximated with a uniform power distribution over a circle of the
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Figure 2.11

same diameter.
A typical QE measurement is shown in gure 2.11. The green and blue dots
show the photon counts and dark counts respectively. The count rate is shown
on the right axis in the gure. Points above the critical current are removed from
the data. The rapid increase of the photon counts at high Ib , near the critical
current, is due to the large contribution of the dark counts. The red points are
the result of the subtraction of the dark counts from the photon counts and the
calculation of the eciency. The QE is shown on the left axis. Close to the
critical current, the dark count rate approaches the photon-induced count rate.
This gives a large error in the QE. Point where this behaviour is observed, are
removed from the curve. The result of the measurement of many QE curves is
shown in the next chapter.
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Experimental results
In this chapter, the experimental results of the electrical and optical characterization are presented for a sample with SSPDs with four dierent lengths. Measurements on two other samples, that were fabricated with dierent deposition
temperatures, are also discussed and compared with the other measurements.

3.1

Electrical characterization

The sample that is chosen for characterization is grown at 400 ◦C, the temperature for which the growth process is optimized, and contains 64 SSPDs. Only
half of the devices on the sample could be used for characterization because the
other half had a dierent design. This means eight devices for the lengths 100
nm, 400 nm, 1600 nm and 15 µm. The SSPDs are characterized both electrically
and optically to see how the Ic and QE depend on the length of the active area
of the SSPD.
To characterize the SSPDs electrically, IV-curves in the voltage range from -5
mV to 5 mV are taken for every device. The relevant parameter for the electrical
characterization, the critical current, is extracted from these curves. For a full
description of the IV measurement, see section 2.2.1.
In gure 3.1, six IV-curves are shown for SSPDs with a length of 15 µm. Although
similar in shape, the curves do not overlap and the critical current is non-uniform.
The right gure zooms in at the critical currents of the devices and shows a spread
in Ic -values between 9.75 µA and 11.27 µA. Similar behaviour is observed on
17 µm long wires [10] and commonly in SSPDs. The observed non-uniformity
can be explained with the picuture of constrictions in mind [1]. If the wire
were completely homogeneous, the critical current of every device should be the
same. Localized geometrical constrictions decrease the critical current of the
wire which introduces the spread in the measurement. If the length of the SSPD
is decreased, the probability of having a constriction decreases. This should
be visible in a measurement in two ways. The Ic -values should be higher and
the spread in the values should be smaller. A measurement of eight 100 nm
long SSPDs shows that the opposite is true for the spread in Ic 's. This shown
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in gure 3.2. The Ic -values are clearly more non-uniform. The measurement
shows a spread in Ic -values from 14.38 µA to 17.72 µA. Besides the SSPDs with
lengths of 15 µm and 100 nm, devices of 400 nm and 1600 nm are measured.
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 IV-curves of four SSPDs with dierent lengths. A decrease of Ic is visible
when the length of the wire increases.

Figure 3.3

Figure 3.3 shows IV-curves for four devices with dierent lengths, that are representative for wires of that length. The Ic -values extracted from the curves are
16.45 µA, 14.11 µA, 13.20 µA and 10.18 µA for the 100 nm, 400 nm, 1600 nm
and 15 µm wires respectively. This decrease of the critical current with increasing wire length is also visible when the Ic 's of all measured devices are plotted
versus the wire length. This is shown in gure 3.4. Besides the decrease of Ic
with increasing length, the spread in Ic -values is smaller for longer devices. A
histogram of the data will be shown in section 4.1 to compare the distribution
of the measured Ic 's to a calculated probability distribution of the Ic for a wire
of a certain length. All samples with SSPDs of dierent lengths, that have been
measured during the experiments for this thesis, show the trends that have just
been described. For two other samples, grown at dierent temperatures, this is
shown in section 3.1.1.
Ideally, the Ic of an SSPD is independent of the wire length. As shown in the
previous gures, this clearly not the case. We ascribe the observed trend to
inhomogeneities in the nanowire. Instead of having a uniform nanowire, the wire
now consists of dierent regions that all have a dierent eective cross section,
hence all have a dierent Ic . The critical current of these regions is a random
variable and is subject to random variations in the dimensions or the crystal
structure of the NbN nanowire. The Ic can be expected to have a Gaussian
distribution, see chapter 4. We further state that the measured Ic , that is the Ic
of the total wire, is limited by the region with the lowest Ic . These assumptions
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 Graph of Ic -values of SSPDs on a sample grown at 400 ◦C plotted versus
the length of the SSPD active area. A decrease of the Ic with increasing length is
clearly visible. The spread in the Ic -values also decreases with increasing length.
Figure 3.4

can explain the observed trend of decreasing Ic with increasing wire length. If a
wire is longer, is contains more regions. The probability that one of these regions
has a low Ic in the tail of the probability distribution is higher. Therefore, the
probability that a long wire has a low Ic , is higher. This also explains the decrease
of the spread in Ic -values for increasing wire length because a long wire, with
more inhomogeneous regions, samples the probability distribution more often.
Because the Ic of the wire is determined by the lowest Ic in the wire, the spread
will be smaller.
The measurement shown in gure 3.4, also gives an indication of the size of such
a region. The fact that there is a spread in Ic -values for the 100 nm long wires
and that the Ic decreases when the wire length increases from 100 nm to 400
nm, indicates that the length of a region is 100 nm or shorter. Measurements
on a sample that also included 0 nm wires (gure 3.5), showed a decrease in
Ic between wires with 0 nm length and 100 nm length, making our assumption
about the size of the inhomogeneities plausible. A numerical model is developed
based on these assumptions and is able to recreate the observed trends. This
model is discussed in chapter 4.
Very recently, SSPDs were fabricated on a commercial NbN lm that was grown
on a silica/silicon substrate. The result is shown in gure 3.6. The same trend of
decreasing mean Ic is visible here. The Ic -values are lower than the values shown
in gure 3.4 because the thermal contact was bad during the measurement.
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Figure 3.6  Measurement of the Ic of nanowire SSPDs with lengths of 100 nm, 400
nm, 1600 nm and 15 µm patterned from a commercial NbN lm that was grown on
silica/silicon.
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3.1.1 Dependence on deposition temperature
Two other samples, grown at 385 ◦C and 415 ◦C are characterized to investigate
how the deposition temperature inuences the performance of the SSPDs. It
has been shown that the deposition temperature has a major role in the surface
roughness [34, 10]. At lower growth temperatures, the Nb and N atoms, that
are deposited on the GaAs substrate, are less mobile. This may create thickness
variations along the surface. In our understanding, this is a source of inhomogeneities and we expect the critical currents of the devices grown on the 385 ◦C
lm to be lower. In the case of the growth at 415 ◦C, the atoms that build up the
NbN lm are more mobile which allows the growth of a lm with a more uniform
thickness. At higher growth temperatures, however, more arsenic evaporates
from the GaAs substrate, which increases the roughness of the substrate and the
NbN lm on top of it. This does not necessarily mean that the thickness of the
lm is more inhomogeneous. The SEM image in gure 2.3, for example is of a
sample grown at high temperature and the lm seems to follow the substrate
nicely.
Both samples are patterned with the optical lithography mask without contact
pads, so more devices can be measured on each sample. On the 385 ◦C sample,
63 devices are electrically characterized and 77 on the 415 ◦C sample. Like the
sample grown at 400 ◦C, these samples contained SSPDs with lengths of 100
nm, 400 nm, 1600 nm and 15 µm. The result of the electrical characterization
is shown in gure 3.7 for the sample grown at 385 ◦C and in gure 3.8 for the
sample grown at 415 ◦C. In both gures, the decrease of the Ic with increasing
length is clearly visible. Figure 3.7 also shows clearly a decrease of the spread in
the Ic -values for increasing length.
For an easy comparison with the data of the sample grown at 400 ◦C (gure
3.4), the mean and standard deviation of the Ic are calculated, per length, and
plotted. This shown in gure 3.9 where the standard deviation is indicated with
the error bars. The points for the 400 ◦C sample are below the measurements
for the 385 ◦C and 415 ◦C sample. It is hard to come to any conclusions about
the quality of the SSPDs from this observation. The base temperature and the
pressure in the cryostat were similar during the three dierent measurements
but we know that the glueing of the sample to the sample holder can make a
dierence in the measurement of the critical currents.
Figure 3.10 shows again the three curves of the mean Ic versus the SSPD length,
but now the mean Ic is normalized to the value of the 100 nm SSPDs. The
relative decrease of the mean Ic is very similar for the samples grown at 385 ◦C,
400 ◦C and 415 ◦C, reaching a value of about 0.65 Ic,100nm . These measurements
will be further discussed in section 4.1.1. There, also histograms of the data are
presented.
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 Graph of the critical currents of SSPDs with lengths of 100 nm, 400 nm,
1600 nm and 15 µm on a sample that is grown with a deposition temperature of 385
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 Plot of the mean Ic versus the SSPD length for the three samples grown
at 385 ◦C, 400 ◦C and 415 ◦C. The values of the length are slightly displaced from the
mentioned values to prevent the error bars from overlapping. The mean Ic is calculated
from the data in gures 3.7, 3.4 and 3.8 respectively. The standard deviation is also
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Figure 3.10  Plot of the mean Ic versus the SSPD length for the three samples grown
at 385 ◦C, 400 ◦C and 415 ◦C. The values of the length are slightly displaced from
the mentioned values to prevent the points from overlapping. The mean Ic is now
normalized to the value of the mean Ic of the 100 nm SSPDs.
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3.2

Optical characterization

Optical characterization of a sample with SSPDs starts with selecting devices to
measure. A selection has to be made because of the limited amount of devices
that can be measured in one session. We want to measure a set of representative
devices for all dierent lengths on one day because we often observed that the
critical currents for all devices were lower when the setup was cooled down the
next day. A reason for this is the worse thermal contact because of degradation
of the cryogenic varnish over time, probably caused by the large variations in
temperature when cooling down and warming up the cryostat. The cryostat
warms up at the end of the day because the ow of liquid helium is stopped
to save helium. For the selection of devices we look at the measured Ic -values
and choose devices that have an Ic that is close to the mean Ic for that specic
length. These devices are then optically characterized according to the procedure
described in section 2.2.2.The QE-curves are normalized by the area of the SSPD.
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 Measurement of 24 QE-curves for SSPDs with lengths varying between
100 nm, 400 nm, 1600 nm and 15 µm
Figure 3.11

Figure 3.11 shows a total of 24 QE-curves, divided between SSPDs with lengths
of 100 nm, 400 nm, 1600 nm and 15 µm. The shape of the curves is typical for
SSPDs, showing the strong increase of the QE with the bias current. The QE
of the devices increases roughly six orders of magnitude, from 10−5 % to about
101 %. The curves for the long and short wires show the same trend but there
are also dierences visible.
47

Chapter 3. Experimental results

The curves for the short wires extend to higher bias currents than the curves for
the long wires. This is a consequence of the decrease of the Ic with increasing
wire length as shown in gure 3.4. The maximum Ib -values are not the critical
currents of the devices but slightly lower, around 96% of the Ic . Points at higher
Ib -values are discarded because of the large error on the QE close to Ic due of
the dark count rate approaching the photon-induced count rate.
When the QE-curves in gure 3.11 are evaluated at a certain Ib , the long SSPDs
have higher eciencies than the short devices. At Ib = 8 µA for example, the
QE of the 1600 nm and 15 µm long SSPDs is higher than the QE of the 400
nm and 100 nm devices. This trend will be addressed in section 4.2.3. There
it becomes clear that the observation is strongly dependent on the selection of
devices that are optically characterized.
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 Plot of the maximum QE-values of the curves that are presented in
gure 3.11, versus the critical current extracted from the electrical characterization of
the sample.
Figure 3.12

To see how the maximum QE depends on the Ic of a device, the maximum QE
is extracted from the curves in gure 3.11 and plotted versus the Ic that was
extracted from the IV-measurements for the electrical characterization. This
shown in gure 3.12. The gure shows an increase of the maximum QE with
increasing Ic . This can be understood as follows. We stated that the nanowire
SSPD is inhomogeneous and that the Ic varies along the nanowire, within regions
of 100 nm or smaller. We assume that the critical current of the entire wire is
determined by the region which has the lowest Ic . In an experiment, the applied
bias current cannot exceed Ic because then the SSPD would not be in its resistive
state anymore. If the Ic of a wire is large, more regions in the nanowire can
be biased close to the local critical current, leading to a high QE. If the Ic is
low, the total region of the wire that cannot be biased eciently is large, and
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so the total QE is low. Because the Ic of the SSPD decreases with increasing
length, as shown in section 3.1, the highest QE-values are observed for the 100
nm devices and the smallest values for the 15 µm SSPDs.
A perfectly homogeneous SSPD, that is a wire that has the same Ic everywhere,
would have the highest QE because every region can be biased eciently. If a
wire is short enough that its Ic is homogeneous, it can always be biased close to
its Ic . Many of these wires can all have dierent Ic -values, but they can all be
biased close to the critical current. This means that if you plot the QE curves
of these wires not versus the applied bias current, but versus Ib /Ic , the curves
would all have the same shape. In our experiment, the most homogeneous wires
are the SSPDs with an active area of 100 nm because the length is closest to the
length scale of the inhomogeneous regions. The QE-curves for these wires are
plotted in gure 3.13 with the bias current normalized to the critical current. The
curves are all similar in shape but they clearly do not overlap. If our assumption
about the universal shape of the QE curve plotted on an Ib /Ic -axis is true, the
length scale of the inhomogeneous regions must be smaller than 100 nm.
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 Plot of the QE-curves of the six measured 100 nm long SSPDs with the
bias current scaled to the Ic -value of the specic device. The Ic -values are taken from
the electrical characterization of the devices.
Figure 3.13

3.2.1 Dependence on deposition temperature
From the sample that was grown at 385 ◦C, 18 devices were characterized optically: 9 SSPDs with a length of 100 nm and 9 with a length of 1600 nm. The
resulting QE-curves are shown in gure 3.14. The behaviour of the curves is the
same as in the case of the 400 ◦C sample. The 1600 nm curves do not extend to
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as high Ic 's as the curves for the 100 nm devices, as expected from the electrical
characterization. Also, at a certain Ib , the 1600 nm devices have a higher QE.
The same trends are also observed in the measurements on the sample that was
grown at 415 ◦C. These measurements are shown in gure 3.15. From this
sample, 9 devices of 100 nm and 8 devices of 1600 nm are measured. For the
selection of the 100 nm devices on the 415 ◦C sample, devices with an Ic close
to the mean value were chosen, but also a device with a higher Ic and one with
a lower Ic . These are the curves indicated with the open circles on the right side
and the left side of the majority of the QE-curves, respectively.
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 QE-curves of devices of 100 nm and 1600 nm on the sample that was
grown at 385 ◦C.
Figure 3.14

To see how the maximum QE of the devices from the 385 ◦C and 415 ◦C sample
compare to the values from the 400 ◦C sample, the plot in gure 3.16 is created.
This gure shows the maximum QE-values from all the optically characterized
devices, plotted versus the corresponding critical currents. The dots show the
points that have been shown earlier in gure 3.12, and the triangles and squares
show the data from the measurements of the 385 ◦C and the 415 ◦C sample. The
observed trend of an increase of the QE when the critical current of the device is
higher, is also visible here. Interesting points are the QE-values of the 1600 nm
long devices on the samples grown at 385 ◦C and 415 ◦C. These devices have
an Ic that is similar to the Ic of the 400 nm devices on the 400 ◦C sample. This
is also visible in gure 3.9. In gure 3.16, these points overlap and have similar
QE-values.
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 QE-curves of devices of 100 nm and 1600 nm on the sample that was
grown at 415 ◦C.
Figure 3.15

From this gure it can be concluded that the Ic of a device is a good measure
of the optical performance of an SSPD. Also, the growth temperature has no
signicant eect on the optical performance of the SSPDs in the investigated
range. Devices on a sample, that was grown at the higher temperature of
430 ◦C, had very low Ic -values and it was not possible to characterize these
devices optically. The dependence of the QE-curves on the SSPD length is
very similar for the three deposition temperatures. The samples grown at the
non-optimized temperatures show slightly higher eciencies than the devices
measured at 400 ◦C, when devices of the same length are compared. Due to
uncertainties in the temperature of the measurement setup, it is however not
possible to attribute this to the deposition temperature.
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 Plot of the maximum QE-values of the curves that are presented in
gures 3.11, 3.14 and 3.15, versus the critical current extracted from the electrical
characterization of the samples.
Figure 3.16
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Chapter 4

Model
In this chapter, two numerical models are presented to explain the observations
from the previous chapter. Both models are based on the assumption that the
active area of the nanowire SSPD is inhomogeneous and that the local critical
current is subject to a probability distribution. In the rst part of this chapter,
a model describing the decrease of the mean Ic with increasing device length
will be discussed. The model will be used to t the experimental data that was
presented in chapter 3. The second part of the chapter describes the modeling
of the QE-curves.

4.1

Critical current model

From the experiment discussed in section 3.1, we concluded that the observed
decrease in Ic and the spread in Ic -values, for increasing wire length, can be
explained assuming that the nanowire SSPD active area is not uniform but subject to inhomogeneities. The Ic of regions in the nanowire is a random variable,
which we assume to have a Gaussian probability distribution. This is plausible
when we, for example, use the thickness of the NbN lm as the source of the
variation in Ic . During the growth process, many atoms are randomly deposited
on the substrate, building up layers of the lm. The nal thickness of the lm is
the sum of all layers and has, according to the central limit theorem, a Gaussian
probability distribution. The Ic of the total SSPD is determined by the region
in the nanowire that has the lowest Ic . In this section, I will present a numerical
model based on these assumptions.
The active area of the SSPD is represented in the model as a chain of N sections
that all have a width of 100 nm and a length LS , which is 100 nm or smaller,
see gure 4.1. The segments are all independent of each other and subject to
inhomogeneities in the nanowire that determine the Ic,s of each segment. The
probability that a segment has a certain Ic,s is described by a Gaussian probability
distribution G(ic ), characterized by the mean µ and standard deviation σ . The
cumulative distribution function of the Gaussian is indicated by GCDF (ic ).
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 Model of the nanowire SSPD. The active area of the SSPD is divided into
N independent segments that have an Ic,s that is subject to the Gaussian probability
distribution G(ic ).
Figure 4.1

The probability that the entire wire has an Ic,w equal to ic is given by:

P [Ic,w

N  
X
N −j
N
= ic ] =
G(ic )j 1 − GCDF (ic )
.
j

(4.1)

j=1

This can be understood as follows. Because the critical current of the wire,
Ic,w , is determined by the lowest Ic,s in the chain of N sections, you are sure
that at least one section has Ic,s = ic . Let's calculate the probability that
Ic,w = ic and that j sections have the same, lowest, Ic,s -value. The probability
that corresponds to this is G(ic )j . The other N − j sections must have an Ic,s
N −j
that is larger than ic . That probability is 1 − GCDF (ic )
. Because the

j sections can be at any position in the chain, the binomial coecient Nj is
added. Any number of sections between 1 and N can have the same lowest
Ic,s -value, which is accounted for by the sum in front of the expression. A full
probability distribution is calculated by evaluating (4.1) for all ic -values.
As an example, I calculate the probability distribution of the Ic of SSPDs with
lengths of 100 nm, 400 nm, 1600 nm and 15 µm using a section with a length
of 20 nm. This means evaluating (4.1) over a range of currents, here I chose
0.00 µA ≤ ic ≤ 50.00 µA in steps of 0.05 µA, for wires with N = 5, 20, 80
and 750 sections. The initial probability distribution for the 20 nm segment is
a Gaussian distribution with µ = 20 µA and σ = 3 µA. The result is shown in
gure 4.2. The same trends as observed in the experiments, follow from this
model. The Ic -distribution shifts to lower values for increasing wire lengths and
the width of the distribution decreases. The long wires contain more sections, so
the probability that a section has an Ic,s in the tail of the Gaussian distribution
of the 20 nm section, is higher. Therefore, the probability distribution of the Ic
for long wires is centered at lower Ic -values. The larger number of sections in
long wires also explains the decrease in the width of the distribution because the
Gaussian distribution is sampled more often and the lowest Ic,s -value determines
the Ic of the total wire. When evaluating the model, three parameters can be
set: the section size LS and the Gaussian parameters, µ and σ .
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Figure 4.2  Plot of calculated probability distributions of the Ic of wires of 100 nm,
400 nm, 1600 nm and 15 µm from a section of 20 nm with a Gaussian probability
distribution with µ = 20 µA and σ = 3 µA.

The eect of varying µ on the distribution of the wires of 100 nm, 400 nm,
1600 nm and 15 µm is straightforward. Increasing the value of µ will shift all
the distributions to higher Ic 's while keeping the distance between the distributions for the dierent lengths the same. Increasing σ will broaden the Gaussian
distribution. The eect of this broadening is that lower Ic -values become more
probable. The impact of a broader distribution is largest on wires with many
segments. The result is an overall decrease of Ic and an increase in the distance
between the distributions for dierent lengths. The distributions for the dierent
lengths will also be broader. To illustrate this, the mean Ic and the standard
deviation of the distributions are calculated. The standard deviation is used as a
measure of the width of the distribution and indicated by the error bars in gure
4.3. This gure shows the mean Ic of the calculated probability distributions for
wires of 100 nm, 400 nm, 1600 nm and 15 µm for three Gaussian distributions
with dierent values of σ . The values of the length are slightly displaced from
the mentioned values to prevent the error bars from overlapping. The length of
one section is 20 nm.
The eect of varying the section size is shown in gure 4.4. The gure shows
again the mean Ic for the four dierent wire lengths. The parameters of the
Gaussian distribution of the smallest section are µ = 20 µA and σ = 3 µA. The
three curves that are shown are for the cases LS = 20 nm, LS = 50 nm and LS =
100 nm. Note that when LS = 100 nm, the mean Ic of the 100 nm wire is just 20
µA with a standard deviation of 3 nm, which are the parameters of the Gaussian
distribution of the 100 nm section. Both the mean Ic and the standard deviation
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 Calculation of the mean Ic for SSPDs with active areas with lengths of
100 nm, 400 nm, 1600 nm and 15 µm. The values of the length are slightly displaced
from the mentioned values to prevent the error bars from overlapping. The 20 nm
section had a Gaussian distribution with µ = 20 µA. The σ of the distribution is
varied between 2 µA, 3µA and 4 µA. An overal decrease of the mean Ic is observed
when σ increases. Also, the distance between the curves increaes with increasing wire
length and σ .
Figure 4.3

decrease for the 100 nm wire when the section size is decreased. Because the
number of sections in a wire increases with decreasing section size, the probability
of having an Ic from the tail of the Gaussian distribution is again higher. This is
also the reason that curves for dierent section sizes get closer to each other with
increasing wire length. For the longest wire of 15 µm, the number of sections in
the wire is still relatively large wether the section size is 20 nm, 50 nm or 100
nm, and the mean Ic and the spread are comparable to each other.
Now that a model, that describes the observations from the experiments qualitatively, has been established, it can be compared to the measurements. First, the
mean Ic and the standard deviation for the measured Ic 's are calculated from
the data shown in gure 3.4 to get curves like the ones in gures 4.3 and 4.4.
Next, a function is dened that calculates the mean Ic as a function of the wire
length, using the probability distributions from the model. A section size of 20
nm is used. Evaluating this function at dierent lengths gives curves like the
ones shown in gures 4.3 and 4.4. The shape is only determined by the value of
µ and σ of the Gaussian distribution of the smallest section. The data is then
tted with this function, using a least-squares algorithm weighted by the standard deviation of the data, to nd optimal values for µ and σ . The result of the
t of the data is shown in gure 4.5. The Gaussian distribution with µ = 19.82
µA and σ = 2.94 µA nicely ts the mean Ic of the measurements. The standard
deviation of the model curve, a measure of the width of the distribution, is larger
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 Curves showing a calculation of the mean Ic of an SSPD versus the length
of the active area. The size of the smallest segment is varied between 20 nm, 50 nm
and 100 nm. The values of the lengths are slightly displaced from the real value to
prevent the error bars from overlapping.

Figure 4.4

than the spread in the data. To get a better look a this, a histogram of the data
is plotted per SSPD length, together with the probability density curves, calculated from the model and scaled to overlap with the histogram. This is shown
in gure 4.6.
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Experiment, 400 °C
LS = 20 nm, µ = 19.82 µA, σ = 2.94 µA
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 Graph of the mean Ic versus the length of the SSPD and a t to the
data. The tted curve is calculated from a 20 nm segment with µ = 19.82 µA and
σ = 2.94 µA.

Figure 4.5
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Comparing the curve of the calculated probability distribution to the histogram
of the data, it is clear that the position of the probability distribution on the
Ic -axis nicely corresponds to the data. This is expected because of the good t
shown in gure 4.5. The larger spread for the calculated distributions, mainly for
the 100 nm distribution in gure 4.5, is also visible in the histogram. Besides the
clear trend of the decreasing width of the distribution for both the measurements
and the model, it is hard to compare the two because of the small number of
data points. This also holds for the shape of the distributions. The calculated
curves evolve from a symmetrical Gaussian distribution into an asymmetrical
probability distribution when the wire increases in size. With too few data points,
it is impossible to say if this asymmetry is also present in the histograms of the
measurement of the real SSPDs.
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 Histograms of the data from gure 3.4 per length. The calculated probability distributions are superimposed on the histograms.
Figure 4.6

Another interesting parameter to look into is the section size LS . Besides the
fact that 100 nm is an integer multiple of 20 nm and that 20 nm is smaller than
100 nm, the choice of this length for the smallest section is somewhat arbitrarily.
The mean Ic of the data is also tted with a curve from the model using sections
of 50 nm and 100 nm. This is shown in gure 4.7. The experimental curve itself
is not shown here. The curves from the model almost overlap, so evidently, the
data can also be tted with a curve that follows from the model for LS = 50
nm and LS = 100 nm. Going to smaller section sizes means increasing both the
µ and σ of the Gaussian distribution, as expected from gures 4.3 and 4.4. The
variations in the mean Ic are very small. The error bars are more interesting.
For the curve of LS = 20 nm, for example, the spread is smallest for the 100
nm long wire, but largest for the 15 µm wire. For the curve with LS = 100
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nm, this is the other way around. The reason for this is the value of the σ of
the Gaussian distribution. A comparison of a more complete histogram to the
width of calculated distributions, could give more information about the size of
the inhomogeneities.
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 Curves of a t to the mean Ic of the data shown in gure 3.4 for LS = 20
nm, LS = 50 nm and LS = 100 nm. The values of the length are slightly displaced
from the real values to prevent the error bars from overlapping.

Figure 4.7

4.1.1 Dependence on deposition temperature
The model is also applied to the two samples with deposition temperatures of
385 ◦C and 415 ◦C. A t of the model to the 385 ◦C sample is shown in gure
4.8. The curve of the mean Ic , calculated from the model, ts the mean Ic from
the experiment almost perfectly, when a Gaussian distribution is used with µ =
21.16 µA and σ = 3.05 µA. The standard deviation of the modeled distribution,
given by the error bars, is however much larger for every length. This is also
visible when a histogram of the data is plotted together with the calculated
probability distributions. This shown in gure 4.9. The model is clearly failing
to describe the measured spread in Ic -values. The standard deviation of the
Gaussian needs however to be this large to t the decrease of the mean Ic of
the data with increasing length.
A t of the Ic -model to the sample that is grown at 415 ◦C is shown in gure
4.10. The parameters for the Gaussian of the 20 nm segment are µ = 22.93
µA and σ = 3.28 µA. In this case, there is also a good agreement between the
mean Ic that is calculated from the model and the result of the experiment.
Compared to the t of the 385 ◦C sample (gure 4.8), there is also a better
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Experiment, 385 °C
LS = 20 nm, µ = 21.16 µA, σ = 3.05 µA
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 Graph of the mean Ic versus the length of the SSPD, for the devices on
the sample that is grown at 385 ◦C, and a t to the data. The tted curve is calculated
from a 20 nm segment with µ = 21.16 µA and σ = 3.05 µA.
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 Histograms of the data from gure 3.7 per length. The calculated probability distributions are superimposed on the histograms.
Figure 4.9
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agreement between the standard deviations. This is also visible in gure 4.11
where the histogram of the Ic 's on the 415 ◦C sample is shown together with
the calculated probability distributions.
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Experiment, 415 °C
LS = 20 nm, µ = 22.93 µA, σ = 3.28 µA
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 Graph of the mean Ic versus the length of the SSPD, for the devices
on the sample that is grown at 415 ◦C, and a t to the data. The tted curve is
calculated from a 20 nm segment with µ = 22.93 µA and σ = 3.28 µA.
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 Histograms of the data from gure 3.8 per length. The calculated
probability distributions are superimposed on the histograms.
Figure 4.11

The number of devices that is electrically characterized is much higher on the
385 ◦C and 415 ◦C sample compared to the 400 ◦C sample. This means that the
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histograms that are shown in gures 4.9 and 4.11 are much more representative
for the distribution of the Ic 's than the one shown in gure 4.6. The Gaussian
probability distribution for a 20 nm section evolves, according to the model,
into an asymmetric, smaller distribution, positioned at a lower Ic value. The
asymmetry is largest for the probability distribution that is calculated for the
15 µm SSPDs. The same asymmetry is visible in the histograms of the 15 µm
SSPDs of the 385 ◦C and 415 ◦C samples. Also for the histograms of the other
lengths, more devices seem to have an Ic on the low side of the maximum. For
a good comparison, many more devices need to be measured, but the agreement
here indicates that the model describes the distribution of the Ic 's of nominally
identical SSPDs quite nicely.
In gure 3.10, we have seen that the relative decrease of the mean Ic was the
same for the three measured samples. The ratio σ/µ from the model can be
used as a measure of the inhomogeneity of the SSPDs. This values is 14 %,
15 % and 14 % for the 385 ◦C, 400 ◦C and 415 ◦C sample respectively. From the
relative decrease of the mean Ic with increasing length in the measurement, and
the similar values of σ/µ from the model, it can be concluded that the growth
temperature, in the evaluated range, does not inuence the inhomogeneity of
the SSPDs.

4.2

QE model

4.2.1 Approach
This section describes the modeling of the QE-curves. We divide the nanowire
active area of the SSPD into N sections like in the Ic model, see gure 4.1, and
assume the length of one section to be 20 nm. From the t of the Ic model to
the data, we saw that the critical current of one section, Ic,s , is distributed with
a Gaussian probability distribution, for example with µ = 19.82 µA and σ = 2.94
µm for the sample that was grown at 400 ◦C. We also know from chapter 1 that
the detection eciency of SSPDs increases when the bias current is closer to the
critical current. In gure 3.13 it was shown that the QE-curves for various wires
of 100 nm SSPDs have similar shapes when plotted versus the normalized bias
current. Based on these conclusions, we assume that the detection eciency
for every section of the wire follows the same curve and is only dependent on
how close this section is biased to its critical current. The Gaussian probability
distribution for the Ic,s of a section of the wire, and the universal QE-curve for
each section, are the two main assumptions on which the model of the QE-curve
is based.
I will rst explain how the QE-curves are generated. It starts with modeling
the SSPD. To model the 100 nm SSPD, ve sections of 20 nm are needed.
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An Ic,s -value is assigned to every section of the wire. This value is randomly
picked, weighted by the Gaussian probability distribution. This procedure makes
the probability of having an Ic,s of µ highest. The section that has the lowest
Ic,s determines the Ic,w of the wire. Then, at Ib -values from 0.00 µA up to
Ic,w , the QE of every section is calculated by evaluating the universal QE-curve
at Ib /Ic,s . At a certain Ib , every section of the wire has a dierent detection
eciency because every section has a dierent Ic,s -value. The total QE is then
the sum of the eciencies of all sections. The QE-curves follow from a plot of
the QE versus Ib . The curves are normalized by the number of sections in the
modeled wire, to allow a comparison with the measurements.
An expression for the universal QE-curve has to be found. Because there is
no theory describing the shape of the measured QE-curves yet, we modied a
generalized logistic function to agree with our data [35]. This function was used
as a basis because it looks roughly the same as the QE-curves in gure 3.13
and has many parameters that can be varied to change the shape of the curve.
The universal QE-curve that we use in the model is given by (4.2) and shown
in gure 4.12. It describes the QE of one section of the SSPD as a function
of Ib /Ic,s and shows the same trend as the experimental curves shown in gure
3.13.
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DQEsection = 10


0.90
1+0.55e−7.75(Ib /Ic)

10 −17

(4.2)
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 Plot of the universal QE-curve that describes the QE of a section as a
function of Ib /Ic .
Figure 4.12
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4.2.2 Modeled QE for wires of dierent length
Now that we have an expression for the universal QE-curve, the model can
be tested. Figure 4.13 shows 100 modeled QE-curves, shown in red, and the
data points of the 100 nm devices that also have been shown in gure 3.11.
The calculated QE-curves from the model show a much wider spead than the
measured curves. This is a consequence of the way in which devices were selected
for the optical characterization. The Ic -values for the measured devices were
close to each other and around the mean value of the Ic for that specic length.
When the model is run to generate 100 QE-curves, no restriction applies to the
selection of devices. The leftmost QE-curve has an Ic of about 10 µA while the
rightmost curves have Ic 's larger than 20 µA. We now run the model again,
but plot only curves that have an Ic in the Ic -range of the measured devices.
The result is shown in gure 4.14. The QE-curves from the model now nicely
coincide with the data points. This is, however, no surprise: the parameters
that determine the shape of the universal QE-curve for one section, have been
manually tuned in such a way that the model curves t the data best. Plotting
only the curves of devices with an Ic in the range of the data not only recreates
the shapes of the curves, but also the observed spread in the measured curves.
To see if the model really works, it has to be able to also calculate QE-curves
for 400 nm, 1600 nm and 15 µm SSPDs.
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 The red curves are 100 QE-curves for 100 nm long SSPDs that are
calculated with the model. The dots are data points of the measured QE-curves for
the 100 nm devices that are presented in gure 3.11.
Figure 4.13

Figure 4.15 shows four plots for the four dierent lengths of SSPDs that have
been measured. In every plot, the measured QE curves are shown (see also
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Figure 4.14  The red curves are QE-curves for 100 nm long SSPDs that are calculated
with the model. The model generated 100 QE-curves, but only the ones for devices
with an Ic in the same range as the Ic 's of the measured data are plotted. The dots
are data points of the measured QE-curves for the 100 nm devices that are presented
in gure 3.11.

gure 3.11) together with curves that are calculated with the model. Also here,
only calculated QE-curves with a Ic in the range of the experimental data, are
plotted. The top left gure shows the case where the SSPDs are 100 nm long,
and is the same as gure 4.14. The top right gure shows the result for 400
nm devices. For these devices the model still ts reasonably well with the data.
Most of the experimental curves follow the modeled curves. The shape of the
curves from the model visibly deviates from the experimental curves when we
look at the two bottom plots for the 1600 nm and 15 µm SSPDs. In the case of
the 15 µm long SSPDs, the model curves are more than one order of magnitude
below the experimental ones. Possible reasons why the modeled curves do not
match the data will be discussed in section 4.2.4.

The maximum QE-values and the critical currents are extracted from the model
curves and plotted together with the data that is shown in gure 3.12. The
experimental data is indicated by dots and data from the model by squares for
the lengths 100 nm (red), 400 nm (green), 1600 nm (blue) and 15 µm (pink).
The trend of decreasing QE with decreasing Ic , is visible for both the experiments
and the model. Moreover, the values of the QE agree well for all lengths except
15 µm.
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 Plots of QE-curves that are calculated with the model (solid lines)
together with experimental curves (dots). Four separate plots are shown for the SSPD
lengths 100 nm, 400 nm, 1600 nm and 15 µm.
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 Plot of the QE of many SSPDs with lengths of 100 nm (red), 400 nm
(green), 1600 nm (blue) and 15 µm (pink). The dots represent data points that follow
from the measuremens. The QE-values and Ic 's that are extracted from the modeled
QE-curves are indicated by squares.
Figure 4.16
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4.2.3 Eect of the selection
Another trend that was observed during the analysis of the experimental QEcurves (gure 3.11) was that the QE of longer devices is higher, when evaluated
at a constant Ib . Figure 4.17 shows 50 modeled QE-curves for the measured
device lengths. At a rst glance, it seems that this trend is also visible from the
model. Upon closer examination of the curves, it is visible that the curves for
the dierent lengths are overlapping. A calculation of the mean value of the QE,
at every Ib , will show that the mean of the curves for the dierent lengths is the
same. The mean values of the curves in gure 3.11 would be clearly dierent
for the dierent lengths.
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 The graph shows 50 QE-curves, per length, calculated using the QE

The reason that the mean QE is the same, for all lengths of modeled curves, is
as follows. Every section, independent of the length of the modeled SSPD, has
an Ic,s that is picked from the same Gaussian probability distribution, and has a
QE that is determined by the same universal QE-curve. Because the QE-values
are normalized by the number of sections, the QE-value at a certain bias current
is the mean value of the QE of all the sections. Then, the QE-value of one 15
µm long SSPD, at a certain Ib , should be the same as the mean QE of 150
times 100 nm SSPDs, at the same bias current. To check if this follows from
the model, the mean QE is calculated at every Ib for 1000 times 100 nm, 300
times 400 nm, 100 times 1600 nm and 10 times 15 µm SSPDs. These amounts
are chosen so that the total number of sections is roughly the same. The result
is shown in gure 4.18. The resulting curves are, as expected, very close to each
other.
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 Calculation of the mean Ic at every Ib for four dierent lengths.

In the experiment, we selected devices to measure, based on the Ic . The selected
devices all had an Ic -value that was close to the mean of the Ic -values for that
specic length. We now run the model again, but plot only QE-curves that have
an Ic which is in the range of the experimental values. The result is shown in
gure 4.19. In this gure, the same trends are visible as in the measurements
that are shown in gure 3.11: the short wires extend to higher bias currents and,
when evaluated at a certain Ib , the long wires have a higher QE.

4.2.4 Possible origin of the discrepancy
Experiments with the model have been continued by Rosalinda Gaudio. She
explored the two factors that can be changed in the model: the size of one
section and the shape of the universal QE-curve. She was able to improve the
agreement between the modeled curves and the experimental ones only slightly
by changing these parameters.
The model agrees nicely with the experiments for Ib ≈ Ic , see gure 4.16, but at
lower Ib -values, the modeled QE is smaller than the measured one. This problem
might be due to the way in which we calculate the laser power that is incident
on the detector. We assumed that the power was uniformly distributed over a
circle with the 20 µm full width half maximum of the Gaussian laser spot as the
diameter. A comparison between the power calculated from the Gaussian prole
and our approximation shows that we underestimate the power on the detector
for every length with a factor of maximum 1.48. This factor cannot explain
the order of magnitude dierence observed in the case of the 15 µm wire and
would moreover shift the experimental QE-curves to higher values, away from
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 The graph shows QE-curves, per length, calculated using the QE model.
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Figure 4.19

the modeled curves.
Another possible explanation for the higher QE during the experiments could be
the presence of multi-photon detection events. The power of the laser is set to
a value that assures single-photon sensitivity at Ib ≈ Ic , but it could be possible
that multiple photons trigger detection events at lower bias currents. This would
increase the QE at lower bias currents. A recent measurement, however, made
clear that the detectors were working in the single-photon regime in the entire
bias range.
Another factor that is currently being investigated is the probability distribution
of the Ic,s of a section. The QE strongly depends on the number of sections
that have an Ic,s that is close to the Ic,w of the wire. In the model, these are
now the sections with an Ic in the tail of the Gaussian distribution. To increase
the number of sections with an Ic,s close to Ic,w , other distributions like a `half
Gaussian', an `asymmetric Gaussian' and a Lorenzian have been tested under the
condition that this distribution can also be applied in the model for the Ic distribution for wires of dierent lengths. For all tested distributions, the agreement
of the Ic -model with the data was worse than when a Gaussian distribution is
used, most notably in the case of the Lorenzian, where the decrease of the mean
Ic with increasing length was completely dierent from the experiments.
Further investigation also has to consider our assumption of a universal QEcurve. A recent paper by our collaborators in Leiden shows how close the SSPD
should be biased to its critical current (Ib /Ic ) to keep the QE at the same
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level for dierent photon energies [36]. In our experiments the photon energy is
constant. When inhomogeneities change the dimensions of the SSPD, the value
of Ib /Ic that keeps the QE at the same level, also changes. This is not taken
into account in our universal QE-curve and solutions to implement this in our
model are currently investigated.
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Conclusion and outlook
Conclusion
This thesis is the rst report on the length dependence of the performance parameters of nanowire superconducting single-photon detectors (SSPDs). Samples with 100 nm wide SSPD with lengths of 100 nm, 400 nm, 1600 nm and 15
µm have been fabricated, in the cleanroom of the TU/e, and have been characterized both electrically and optically. Most of the observations have been
modeled succesfully.
The electrical characterization of the sample that was grown at 400 ◦C, the
temperature for which the growh process was optimized, showed a decrease of
the mean value and the spread of the critical current (Ic ) when the length of
the SSPD increases from 100 nm to 15 µm. We concluded that the source of
this decrease are inhomogeneous regions in the SSPDs, due to variations in the
nanowire geometry or the crystal structure. From the spread in the measurement
of the Ic of the 100 nm long devices and the decrease of the mean Ic , when the
SSPD length increases from 100 nm to 400 nm, was concluded that the typical
lengthscale of the inhomogeneous regions is 100 nm or smaller.
Two other samples, grown at 385 ◦C and 415 ◦C, are characterized to investigate
the dependence on the deposition temperature. The electrical characterization
showed the same trend as the 400 ◦C sample. The relative decrease of the mean
Ic with the SSPD length was the same for all three samples. From this, we
concluded that the variation of the deposition temperature, in this range, has no
inuence on the inhomogeneity of the devices.
A numerical model was developed that succesfully explained the observed decrease of the mean value and spread of the Ic , with increasing SSPD length. The
modeled probability distributions of the Ic were compared to the histograms of
the data for each SSPD length. The calculated average Ic corresponds very well
to the experimental values. The calculated distributions were often wider than
the histograms of the measurements but a good comparison of the calculated
distribution and the histogram is only possible if more devices are measured.
Many devices from the three samples have been optically characterized to de71
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termine the quantum eciency (QE) of the SSPDs. The curves of the QE
versus the applied bias current (Ib ) were similar in shape for all the devices.
As expected from the electrical characterization, the curves of the short SSPDs
extend to higher bias currents because these devices, generally, have higher Ic 's.
The maximum QE-values of the devices were plotted versus the corresponding
Ic . This graph showed an increase of the QE with increasing Ic . We concluded
that the Ic of a device is a good measure for its QE. Another observation from
the QE-curves is that long wires have a higher QE, at a certain bias current,
than short wires.
A numerical model was also developed for the optical measurements. This model
was based on the assumptions that every section of the SSPD has an Ic,s from
the Gaussian probability distribution, that followed from the Ic -model, and that
there is a universal QE-curve describing the QE of a section as a function of
Ib /Ic,s . This model qualitatively described the evolution of the QE-curves with
increasing length. From this model, it also became clear that the observation
that the QE of long wires is higher than the QE of short wires, at a certain
Ib , is not generally valid but a result of the selection of the devices that were
characterized optically.

Outlook
In this thesis, the SSPDs were used as devices. They were electrically and optically characterized. A good addition would be an investigation of the nanowire
itself. Extensive high resolution TEM measurements of the lm could give information about variations in the thickness. A theoretical study, or a numerical
model, can also be made for the growth process. In the thesis, it was suggested
that the layered growth of the NbN lm can give rise to a Gaussian distribution
of the thickness.
It would also be interesting to explore a larger range of deposition temperatures
and characterize the lms. The measure of the inhomogeneity of the nanowire
SSPDs, that follows from an electrical characterization, can then be related to
the quality of the lm. Also, other materials can be explored. Currently, SSPDs
are fabricated on a tungsten silicide lm. These devices promise to have high
detection eciencies but will have low Ic 's and must be measured in another
experimental setup that can reach lower temperatures.
The model for the Ic can be tested better when more measurements for nominally identical devices are available. Now, only the mean Ic and the standard
deviation are compared. When many devices are measured, higher order statistical quantities, describing the shape of the distribution of the data, can be
calculated and compared to the probability distribution that is calculated with
the model.
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It must be investigated why the QE-values at low Ib /Ic are much lower than
the experimental values. Changing the probability distribution for one section
could be a solution, but this resulted in a worse agreement of the Ic -model with
the data, for the tested distributions. Perhaps a distribution will result from the
mentioned detailed investigation of the nanowire thickness. Also the universal
QE-curve must be investigated further, following the recent discoveries made by
our collaborators in Leiden.
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