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Abstract

Superconducting nanowire single-photon detectors (SNSPDs) are characterized by their quan-
tum limited ability to accurately detect single photons, with low jitter, high detection effi-
ciency and low dark count rate. To achieve this, the detector is cooled to 2-3K, bringing
the device in a superconductive state, and is then biased with a direct current (DC) close
to its critical current. When a photon impinges the detector, the depairing of Cooper-pairs
by the photon leads to local destruction of the superconductivity. The growth of this non-
superconducting area, first across and then along the nanowire, leads to the development of
a measurable resistance and hence the production of detection pulses. Increasing system de-
tection efficiency (SDE) of detectors has been a long-term goal in the community. Recently
ultrahigh efficiency detectors (SDE>98%) have been demonstrated. It has also been shown
that the wavelengths dependence of SDE, typically defined by a quarter wavelength cavity,
is modulated by fiber-detector airgap (Fabry-Pérot). Measuring such modulations and find-
ing the optimal operation wavelength manually is a time consuming and tedious process. In
this thesis a setup for automatic measurement of SDE versus wavelength was developed and
benchmarked. For the tested detector, efficiencies were found ranging between 22% and 95%
in the wavelengths range between 1260nm and 1650nm. For the optical circuit using Single
Mode (SM) fibers only, the automated SDE measurements were unreliable due to shifts in po-
larisation during measurements. Using PM fibers led to efficiencies very similar to the values
measured manually.



1. Introduction

The superconducting nanowire single-photon detector (SNSPD) is on its way of becoming an
essential instrument in many applications, including quantum communication [1][2], biomed-
ical imaging [3] and long distance communication [4]. Its capacity to detect single photons
with high efficiency [5] [6] [7] [8] [9] short dead time and jitter [10] over a large frequency
range are more promising compared to similar technologies, such as avalanche photon diodes
(APDs). The latter have reached a plateau of efficiency of around 40% [11]. For the SNSPDs,
on the other hand, its community is working towards achieving unity system detection effi-
ciency (SDE) in the infra-red, already achieving 99% SDE recently [12].

Achieving near unit efficiencies consistently will have large impact on various applica-
tions, such as quantum communication, biomedical optics and long distance communication.

In quantum cryptography, SNSPDs are mainly applied in quantum key distribution. The
detectors are used to encode data into the phase or polarisation of the photons, solidifying
communication based on quantum entanglement. Theoretically, it is impossible to break such
encryption. [13][14].

In biomedical optics, the study of the lifetimes of biological fluorophores can be of special
interest. These are widely used to study cellular and molecular structures, amongst others
DNA, proteins and mitochondria. The fluorescent substance has electrons which are able to
absorb photons, increasing their energy. Hence, they shortly enter into an excited state before
either dispersing their energy or emitting it as a photon, with a lower energy. A lifetime is
defined as the time an excited electron takes to emit a photon [15]. The more photons such
a substrate will emit, the brighter it will be. Fluorescence analysis yields information about
important parameters of the substance, such as the diffusion of a protein, its movements, and
its interaction with other molecules. An SNSPD could be used, for instance, to detect small
differences in lifetimes and detect a weak number of photons [3].

Using very accurate measurements of photon arrival times, the SNSPD finds an application
in long distance communication [4]. Generally, photon counting systems are used to detect
weak sources of radiation, i.e. low flux of photons in the visible and near infra-red spectrum.
This presented tons of challenges in terms of optimizing the detection rates in high frequency
solutions. A high efficiency is required to extract more information encoded in the waves,
hence, SNSPD systems can be used.

Many parameters and their interactions influence the efficiency of the SNSPD. They can,
however, be roughly divided into two categories: internal efficiency and external efficiency.
External efficiency can be split into coupling efficiency and absorption efficiency. Coupling
efficiency relates to a possible air gap in the connection between optical fibers and sensors,
negatively impacting the efficiency of a detector [12]. Absorption efficiency depends on the
absorption coefficient of the material of the detector, and accounts for the fact that not all
photons in the cryostat will be absorbed by the nanowire. Internal efficiency relates to how
well photons, once inside the system, trigger the detection mechanism correctly. Besides the
aforementioned efficiencies, the efficiency of a detector is wavelength dependent, having a
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clear peak at a certain wavelength and a clear valley at another wavelength. When design-
ing new SNSPD systems, characterizing its efficiency could be a labour intensive trajectory.
Hence, automatisation of this process is critical to accelerate research on SNSPDs.

The goal of this thesis is to automise efficiency measurements on detectors. For this goal, a
setup commonly used in characterizing the efficiency of SNSPDs has been employed. The laser
source (JGR5 tunable laser), attenuator (JGR Optical Attenuator OA1), power meters (Thorlabs
PM100 and Newport 843-R) and drivers were controlled using Python/Matlab for automated
measurements to first calibrate the setup and then retrieve efficiency for the connected SNSPD.
Python has also been used to automate the analysis, i.e. making graphs, of the retrieved data
to characterize the specific detector.



2. Theory

2.1. Detection mechanism

A superconducting nanowire single photon detector (SNSPD) contains a nanowire on a thin
film (mostly made of silicon). The detector characterized in this paper is a distributed Bragg
detector (DBR). The nanowire (made of NbTIN) is placed on two types of alternating mate-
rials (S10, and Nb,Os, in this case, 6:5 layers deep), on top of a thin film of silicon. At each
intersection of material, the light reflects back up to the detector. These types of detectors
have a narrow bandwidth of optimal SDE, surrounded by smaller peaks. Another type of fre-
quently used detector is the detector on 1=4 wavelength SiO,/ Au. This detector is placed
on a thin film (commonly made out of the aforementioned materials) placed on top of a layer
with silicon, reflecting the incoming light back up into the detector. These types of detectors
have a more broadband range for optimal SDE. A sketch of a DBR detector, a 1=4 wavelength
Si0,/ Au detector and their performances are given in figure 1.
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Figure 1: Left: Sketch and simulation of the SDE performance of an 1=4 wavelength SiO,/
Al detector. The shape is broadband, TE is the maximum absorpion and TM is the minimum
absorption of photons by the system. Middle: Sketch and simulation of the SDE performance
of a DBR detector. The SDE curve has a narrow bandwidth, and evidently the detector is
optimimzed for 1550nm. Right: more detailed sketch of a DBR detector. It shows how photons
enter the system, the placement of the nanowire (NbN in this case), the structure of the DBR
layer (the two colors represent two different materials, in this experiment these were SiO,
and N'b,Os), on top of a film of silicon. Left and middle are adapted from [16]. Right is adapted
from [17].

For the detector to function, it should be cooled, often done with liquid helium, to temper-
atures below its critical temperature, T. According to BSC theory, Cooper pairs are formed in
this extremely cold state via electron-phonon interactions [18]. These pairs prevent electron-
lattice interactions, hence yielding the material superconductive properties. One can only
break out of this superconducting state if an external magnetic field is applied (greater than
the critical magnetic field) or by heating up the system above the critical temperature T.. The
functionality of the SNSPD is based on the latter property of superconductivity.

A bias current is applied through the nanowire. This current should be slightly lower than
the critical current, I, which is, the current at which the superconductivity of the system will
break. However, since the detector is at a very low temperature and thus has no resistance,
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there is no voltage output yet, and the system is still in a superconductive state.
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Figure 2: Left: Scanning Electron Microscope image of an SNSPD. Right: the detection effi-
ciency for different bias currents at = 1550 nm in [19], shown to illustrate the influence of
bias current on efficiency. Too low and too high of a bias current (not shown) leads to zero

detection efficiency. Adapted from [19].

Through an optical fiber, photons can be inputted to the system. If a photon hits the
nanowire, it breaks the superconductivity in a small region by depairing a Cooper-pair, re-
leasing heat. The heat builds up, which locally breaks superconductivity in the wire. Then,
the heat can be described according to r 12, known as Joule heating. This means a resistance
is developed and the bias current will output a voltage. Afterwards, the current will be di-
vided between the device and the readout circuit, thus reducing the excess heating and letting
the system return to its superconductive state. See figure 3. If a bias current is chosen much
less than the critical current, an arriving photon can only break the superconductivity in the
nanowire locally. However, the area does not grow and therefore the resistive region in the
wire will not be there or will not be large enough to give a measurable pulse.
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Figure 3: Schematic overview of the detection of photons in SNSPDs. In i), the nanowire is
biased with a bias current I, slightly below the critical current. At ii), a photon enters the sys-
tem, yielding a local hotspot region where the superconductivity is broken and releases heat.
This heat builds up at iii) and at iv), causing the current to flow around this hotspot. This in
its turn creates belts of currents at the edges. Finally, at iv), the heat causes the superconduc-
tivity in the nanowire to locally break accross the width of the wire and thus developing a
resistance. The current is divided between the device and the readout circuit. This reduces
the joule heating and lets heat dissipate to the substrate. The nanowire returns back to its
superconductive state as the temperature drops below the critical temperature. From [20].

In figure 4, a simplified version of the readout circuit is shown. The SNSPD is represented
in the dashed box with the inductor (superconductors have kinetic inductance) and a parallel
connection with a resistor and a switch. If the switch is open, as in the figure below, the
schema represents the SNSPD in its resistive state. If the switch is closed, all current flows
through the path without the resistor. This represents a superconductive state. Besides the
SNSPD, the bias current is shown, as well as the input impedance Z, and a condensator. The Z,
models the impedance of the transmission line and the condensator is needed for the amplifier
(not shown). Ry could be used to influence the dead time of the detector. It was not included
in the setup for this experiment.
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Figure 4: Schematic drawing of the electrical circuit of the SNSPD. The SNSPD is represented
as an inductance and a parallel connection with a resistor and a switch. If the switch is open,
the detector is in the resistive state. Adapted from [21].

2.2. Performance indicators

Below, a selection of the parameters to indicate performance of an SNSPD are discussed.

2.2.1. E [cighcy

In this experiment, efficiency is the parameter of focus. Efficiency is defined as the number
of detected photons divided by the total number of photons going into the system. More
specifically:

SDE — coupling absorption internal (1)

coupling 18 defined as the efficiency of light transmission through coupling different parts
of the optical circuit. Every optical part is connected by an optical fiber. At every such inter-
section, coupling losses will occur. However, the coupling losses at the laser, attenuator and
the beam splitter do not affect the efficiency. Only the coupling losses involving the connec-
tion between the fiber and the SNSPD matter, since all other losses are corrected for in the
calibration measurements. apsorption accounts for the fact that not all photons entering the
cryostat are absorbed by the nanowire. This term depends on the absorption coefficient of
the material, its thickness, polarisation, and the detector optical cavity (thus also the wave-
length). These terms can be different when using different materials and thickness and/or
different cavity. internal is the ratio between the number of registered detection pulses to the
number of photons absorbed by the detector. This term is influenced by choosing the right
bias current (DC) and the temperature of the detector and nanofabrication imperfections or
constrictions.



2.2.2. Recovery time

After detecting a photon (and thus, after outputting a pulse), an SNSPD cannot detect another
photon immediately. The time it takes for the amplitude of the voltage to return to 1=e of its
peak value is defined as the electrical recovery time. It depends, besides on material properties,
on the ratio of the length versus width of the nanowire (a small ratio leads to small recovery
times). The exact number differs per detector and can be measured using an oscilloscope,
however, typical values are in the tens of nanoseconds. A detection pulse measured with the
detector used in this experiment is shown in figure 5.
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Figure 5: A detection pulse measured with the detector used in this experiment. On the x-axis,
the time is displayed in nanoseconds. On the y-axis, the output voltage of the detector has
been normalized (thus now in arbitrary units).

2.2.3. Dark counts

Dark counts are the number of registered pulses per second when no light source is directly
connected to the detector. This is caused by light not coming from the experimental setup,
such as room light or day light, or black body radiation, as well as the intrinsic dark count of
the detectors. For this detector, the dark count rate has been measured to be around 250 Hz
when the room is dark.

2.2.4. Timing jitter

Timing jitter is the uncertainty in photon arrival times, limiting an accurate determination of
the arrival times. It has been shown that under correct conditions, it can reach as low as 3ps
[22].



3. Experimental method

To properly measure detection efficiency of an SNSPD detector, multiple setups are required.
First, a setup is used to measure power fluctuations of the laser during a period of time. This is
done to check for possible drift in laser power, or other types of (structural) fluctuations (see
section 3:1). Then, calibration measurements using two power meters are executed, using a
setup described in section 3:2. This is done to check what the ratios of the power outputs
between the two optical arms are; they should be around 50dB. Under the assumption that
these ratios hold true during the SDE measurements, the total number of photons inputted
into the system can be calculated if the power is monitored at one of the optical arms. Finally,
one of the power meters is replaced by an SNSPD (section 3:3) and the efficiency of the SNSPD
system is determined. The measurements in section 3:2 and 3:3 have been executed manu-
ally for a set of wavelengths and automised, using only single mode (SM) fibers and using
polarisation maintaining (PM) fibers. The benchmark measurements have been executed to
get a good indication of the actual performance of the detector, to which the measurements
using SM fibers and PM fibers can be compared to (both their manual measurements and their
automated ones).

The main goal of this project is to automate detection efficiency measurements on SNSPDs.
Hence, a lot of time has been spent on coding and debugging several components of the
circuit. In this section, all the aforementioned setups are discussed in a separate part. Besides
a description of the actual hardware setup, a global description of the Python scripts used
there respectively is also given. All the code referenced to in these sections is given in the
appendix, and a directory of all the files and the code is also given on GitHub (see appendix
for the full URL). The code was written to be as user friendly as possible.

3.1. Laser Power Fluctuations

To measure the efficiency of an SNSPD detector, the photon input into the system should
be known. Moreover, the input should be relatively low (typically around 750.000 photons
per second), due to constraints the recovery time (see section 2.2.2) places on the amount of
photons the SNSPD can measure. To characterize the SDE of an SNSPD, it is customary to
measure its performance for a broad range of wavelengths. For this purpose, the JGR TLS5
Tunable Laser was used. It has a working range between 1260 nanometers and 1650 nanome-
ters, and can be adjusted in increments of 0:1 nanometer for highly accurate measurements,
see figure 7.

First, the power of the laser that is incident on the detector is measured for the entire
working range of the laser during 20 seconds each, incrementing 10 nm every measurement.
This is done to check if there is any drift or other significant deviation in laser power. The
laser is directly connected using an optical fiber to the power meter, Thorlabs PM100D, which
is in turn connected via an Ethernet cable to the computer. Also, a polarizer is connected in
between the laser and the power meter, to compensate for the curling of the SNF28 fiber (SM
fiber). These measurements were automated using Python, the code is in the appendix. In
figure 6, a schematic drawing of the setup is shown. Figure 7 shows photos of the sketched
hardware.
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Figure 6: Schematic drawing to measure the laser power using a power meter. The power me-
ter and laser are connected to a computer, to control them remotely (not shown). A polarizer
is inserted to compensate for the polarisation shift as a result of the curling of the wire.
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Figure 7: These are the devices used mentioned in figure 6. Left: picture of the laser used
(TLS5 tunable laser). Currently, it is set to 1500nm, it has a working range of 1260nm to
1650nm, with a resolution of 0:1nm. Right: Thorlabs PM100 power meter, with an detection
error margin of 5% and an accuracy of InW.

To retrieve data from the power meter, as in the setup of figure 6, Python libraries could
be downloaded online. With the help of these libraries, it is possible to read the power, and set
the corresponding wavelength. However, there were some implementation problems, such as
not connecting to the power meter or suddenly losing connection. The last issue has not been
completely resolved yet. Connecting to and setting the wavelengths of the laser was not an
issue. To execute the measurements described in this section, the function laser_stability()
has been written. The user inputs a list of wavelengths he wishes to measure, as well as the
number of power measurements per wavelength and a time interval between each measure-
ment. These power measurements are outputted in an Excel file.

The Python function laser_stability_plot() has been written to plot the power stability of
the laser. It inputs the Excel file described above, and outputs a plot with the power of the laser
for all wavelengths. This is done by averaging the powers per wavelength and plotting these
values versus its corresponding wavelength. The plot contains error bars, which correspond
with the standard deviation in power.
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3.2. Calibration measurements

As mentioned above, the power input into the SNSPD system should be around 750:000 pho-
tons. If the photon level exceeds this number too much, the recovery time of the system will
prevent the SNSPD from measuring a reasonable proportion of the photons, which translates
into low (and unreliable) efficiencies. The laser output is, however, many orders of magnitude
above this boundary. Therefore, an attenuator is used to achieve this significant reduction.
Generally speaking, the power input into the SNSPD system should be 10nW + 50dB atten-
uation. This extremely low power (in the order of magnitude of femtoWats, 10~°W) cannot
be monitored using the Thorlabs PM100 (InW accuracy) or the Newport 843-R (tens of pi-
coWatts, 1071?). Hence, a beam splitter splits the light into two optical arms with a 50dB
attenuation between themselves. During the experiment, the high power arm will then out-
put around 10nW (which can be measured). This experiment used a beam splitter with a ratio
of 90%-10%, meaning 90% of the power will enter one arm (arm A) and 10% of the power
enters the other arm (arm B) In the low power arm, extra attenuation filters are to be used
accounting for the aforementioned extra 50dB attenuation.

To check if the attenuation between these two arms equals 50dB, a set of calibration mea-
surements are executed. This entails connecting the laser to a beam splitter, which has two
arms with an attenuation of around 50dB. This value is wavelength dependent, so the real
attenuation differs from this value. It has been set to be 50dB at 1550nm for the manual
benchmark measurements. After passing the beam splitter, a bench with a polarisation con-
troller is used, which can be set to compensate for the polarization caused by the curling of
the optical fibers before entering the beam splitter, as shown in figure 8. This is necessary
because not all measurements used polarisation maintaining fibers.

Also, the attenuator has been connected in this setup. This is done to account for the loss
in power due to coupling inefficiencies. This is also why the coupling term, discussed in for-
mula 1, only includes the coupling losses involved in connecting the low power arm to the
detector. In this experiment, the JGR Optics attenuator is chosen, connected directly to the
laser using a SM fiber. It is assumed that the ratio between the power measurements in this
calibration measurement is the same ratio once one power meter is replaced by the SNSPD
system.

A schematic drawing of the setup for the calibration measurements is shown in figure 8.
In figure 9 and in figure 10, pictures are shown of the sketched optical components. First, the
optical fibers were all single mode (SM). For another series of SDE measurements, the optical
fibers between the Ubenches shown in figure 8 and the fiber to P2, were replaced by polari-
sation maintaining (PM) fiber.
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Figure 8: Schematic drawing of the calibration measurements. The laser is connected to the
attenuator, then via a Ubench (a fiber to fiber coupler bench) with a polarisation controller, a
90-10 beam splitter with one arm going to a power meter. The other arm first enters a Ubench
with attenuation filters to attenuate the ratio between the power outputs of the optical arms to
be 50dB at 1550nm. Then, a polarisation controller is connected to compensate for the curling
of the wire (no polarisation maintaining fibers were used in one series of measurements)
and at last connected to another power meter. For the series of measurements which used
polarisation maintaining fiber, the polarisation controller was not needed; instead, a polarizer
was rotated along the fast/slow axis to align the polarisation of the light with the polarisation
of the detector.

Figure 9: Left: Picture of the attenuator used (JGR optical attenuator OA1). Currently, it is
setto attenuate at 1500nm with 0dB, but it can attenuate as much as90dB, with increments
0f0.01dB. Middle: set of polarisation controllers used to manage the polarisation. For each
controller, it is turned in such a way to maximize the number of detected photons. Right:
Newport 843-R power meter. It has a 2% accuracy, as compared to a 5% accuracy for the
Thorlabs PM100.






