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Abstract
We report the results of two approaches aimed at increasing the photon absorption
and coupling efficiency in superconducting nanowire single photon detectors (SNSPDs).
FDTD simulations were carried out to design the absorption properties of these
detectors. A high absorption up to 85% at 1550 nm is expected for detectors built on a
distributed Bragg reflector substrate. Detectors on this type of substrates were
successfully fabricated and exhibited a wavelength dependent detection response in
accordance to their expected absorption, though they showed efficiencies at least two
orders of magnitude lower than expected (~0.02% at 1550 nm).
On-chip light concentration was also achieved by integrating plasmon antennas
consisting of periodic silver gratings with our detectors. Detection enhancement at 1100
nm and 1480 nm was observed. With the introduction of a plasmon antenna we were
able to collect light incident up to 16 μm away from our detector; this enhancement was
calculated to be of 2.9% when compared to a device without the periodic grating.
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Introduction
Single photon generation, manipulation and detection technologies are at the heart of
several exciting areas in optical physics. One of the main driving areas of these
technologies is quantum key distribution, where photons are used to securely transfer
information over long distances. Single photon detection itself has also applications in
many fields where high timing resolution and high sensitivity to low photon levels are
required, for example in time-of-flight laser ranging and biophotonic applications. Due
to technological reasons, the short infrared wavelengths of 1.31 μm and 1.55 μm are
preferred when information is to be transferred over long distances, thus the need of
efficient single photon detectors at these wavelengths. Single photon detectors based on
superconducting nanowires have emerged as the potential candidate to operate at these
wavelengths due to its high detection rates, low dark counts, low timing jitter and
sensitivity at near and short infrared wavelengths, though their efficiencies are still below
from what they can ultimately achieve.
One of the main tasks in the development of this type of detectors is to maximize the
photon coupling and absorption efficiencies in this type of detectors, and in this thesis, I
will present the efforts we made towards this goal.
The main goal of this thesis was to enhance the absorption efficiency of the detectors
with a front-side illumination compatible approach, namely by implementing a high
reflective substrate as our detector support. Along the way, a second project was carried
out to explore the possibility of enhancing the coupling efficiency by means of an on-chip
light focusing technique, specifically by exploiting the excitation of surface plasmons by
free space photons via a periodic metal grating (plasmon antenna).
The first chapter introduces the basic features and working principle of
superconducting nanowire single photon detectors (SNSPDs). Their main characteristics
relevant to this thesis are described, focusing on the absorption and coupling efficiencies
of the detectors. Both properties represent one of the main limitations in achieving high
system detection efficiencies with current detectors, as the challenge relies in getting
every input photon to reach the nanowire detector and be absorbed.
Chapter 2 presents the absorption simulations of detectors on different types of
substrates. The first part of Chapter 3 describes the fabrication procedure of the detectors
and the integrated antennas, while the second part describes the experimental setups.
Chapter 4 presents the results obtained for both approaches; including wavelength
dependent detection efficiency measurements of detectors fabricated onto highly
reflective mirror substrates, and original results of the influence of a plasmon antenna
built on top of our detectors. Finally the conclusions and outlook of this work come in
Chapter 5.
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Chapter 1

Background
1.1

Superconducting Nanowire Single Photon Detectors (SNSPDs)

Superconducting nanowire single photon detectors (SNSPDs) offer single-photon
sensitivity from visible to mid-infrared wavelengths, low dark counts, fast recovery times
(~10 ns) and low timing jitter (~60 ps) [1]. They were introduced in 2001 by Gregory
Gol’tsman and colleagues when they realized that the resistive hotspot formed by the
heating effect of an absorbed photon could lead to single photon detection given that the
cross section of the superconductor is small enough [2]. A standard detector consists of a
superconducting NbN or NbTiN wire of small cross section, normally having a thickness
below 10 nm and a width in the order of 100 nm. The detector is operated at cryogenic
temperatures well below the critical temperature (Tc) of the device. The operation
principle of an SNSPD is outlined in Fig. 1.1. The superconducting nanowire is biased
with a direct current (Ibias) close to the critical current (Ic), meaning that the current
density (Jbias) flowing through the wire is near the critical current density (Jc), above
which the superconductivity of the nanowire breaks down. When an incident photon of
sufficient energy is absorbed by the wire, a localized region of increased temperature
known as a ‘hot spot’ is created, within which the temperature of the electrons is
sufficiently increased so that the superconductivity in that region is disrupted [3].
The hot spot is composed of excited electrons, and as it expands it causes the
supercurrent to divert around it. Since the wire is biased with Jbias close to Jc, the
squeezed supercurrent at the sides of the wire causes Jbias to exceed Jc. A nonsuperconducting barrier is then formed across the entire cross section of the wire and
leads to the appearance of a finite voltage across the wire. This voltage can be amplified
and detected electrically. As the wire cools down, the electrons in the hotspot loose
energy through electron-phonon scattering, the hot spot reduces in size and the
superconductivity is restored. The efficiency of this process increases as Ibias → Ic , since
it becomes easier for the supercurrent to form the resistive bridge after being squeezed to
the sides of the wire; though as Ibias → Ic , the dark count rate (false detection counts) also
increases since the superconductive state of the wire is more susceptible to fluctuations.
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Figure 1.1. Operation mode of an SNSPD [4]. (a) A superconducting nanowire is biased with
Ibias near its Ic value above which the wire no longer exhibits zero-resistance. Upon photon
absorption, a localized hot spot with suppressed superconductivity is formed. (b) The small
increase in temperature of the hot spot region causes the hot spot to grow as excited electrons
propagate away from the initial central region, this causes the supercurrent to flow on the sides of
the wire. (c) For a sufficiently narrow wire, the local current density on either side of the hot
spot exceeds the critical current density, causing the resistive region to span away from the center.
(d) This process continues, leading to the formation of a resistive barrier across the section of the
nanowire. At this point an electrically detectable voltage is developed. As the wire cools down,
the electrons relax and the hot spot shrinks; the resistive barrier breaks and the superconductivity
is restored [5]. Figure from Ref. 4.

Early designs of SNSPDs suffered from low system detection efficiencies as they
were based on long and straight nanowires, meaning that the overlap between an incident
photon and a 100 nm wide wire was poor [2]. Nowadays the preferred geometry
employed to efficiently couple light with the active area of the detector consists of
wrapping a long wire segment (~500 μm) into a meander geometry within an area of
optimal overlap with an optical fiber. Fig. 1.2 shows a scanning electron microscope
(SEM) image of a detector fabricated with such a meander geometry, where the nanowire
has been colored for clarity.
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Figure 1.2. Colored SEM image of a NbTiN nanowire wrapped around in a meander geometry
within a circular area of 11 μm in diameter.

1.2 Detection response time
The SNSPD detection response time characteristics are mainly governed by the reset
time (recovery time after one detection event), and by its timing jitter (variation in the
time interval between photon absorption and the generation of an output electrical pulse).
The primary limitation to the maximum counting rate of an SNSPD is the reset time since
it determines when a second photon can be detected. In SNSPDs both the timing jitter
and the reset time are very short, ~60 ps and 10 ns respectively for a detector with an
active area of 10 μm x 10 μm.
The reset time of an SNSPD is limited by the time it takes for the full bias current to
recover into the supercurrent after a detection event. This recovery time is mainly
determined by the kinetic inductance of the nanowire and the load impedance to which it
L
is connected ( τ recovery = K , where L K is the kinetic inductance). The kinetic inductance
50Ω
is proportional to the length of the nanowire divided by the cross-sectional area of the
nanowire. Shorter wires will have lower inductance and result in faster reset times,
though they imply smaller active areas, thus there is a trade-off between maximum
counting rates and overall efficiencies [6,7].
The timing jitter in SNSPDs is not a limiting factor in the counting rate as it is much
lower than the reset time. While the nature of the timing jitter is not particularly well
understood, it certainly depends on both the electrical time constants and the details of the
readout electronics. The time variation between photon absorption and the measured
pulse is mostly produced by the variation in time delay of the formation of the resistive
area, which in turn is caused by width variations along the nanowire and the place where
the absorption takes place in the meander.
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1.3 System Detection Efficiency (SDE)
The system detection efficiency (SDE) is a measure of the probability that an input
photon results in an electrical output pulse, and it is a relevant value of interest of single
photon detectors in terms of practical applications. It can be defined as:

SDE=η coupling ×η abs ×η pulse
where

η coupling

(1.1)

is the optical coupling efficiency between the incident light and the

active area of the detector, η abs the photon absorption efficiency of the superconducting
nanowire, and

η pulse

the probability of electrical pulse generation due to an absorbed

photon. The first factor relies on the fiber coupling technique. The second factor
depends on the absorbing properties of the nanowire (material composition and
geometry), which itself depends on the surrounding layers (i.e., substrate and coating
layers). The last factor is the intrinsic quantum efficiency of the nanowire and it is the
probability that a voltage pulse will be generated given that a photon is absorbed. The
pulse probability depends mainly on the photon energy, the nanowire width, and the
nanowire thickness, so it is extremely important to have uniform nanowires free of
constrictions. Constrictions in SNSPDs are common and they arise either from film
thickness non-uniformities or defects along the wire arising from the fabrication process
[8]. The critical current of the nanowire is set by the segment with the smallest cross
section, thus a constriction will limit the internal efficiency of the detector since the rest
of the nanowire cannot reach its maximum allowed current density.
The main goal of this thesis was to improve

η abs

and

η coupling

at short infrared

wavelengths in SNSPDs fabricated on Si substrates, so the next sections introduce the
background work on how to improve these two factors and summarizes the direction we
took.

1.3.1 Absorption efficiency
The main limitation in the SDE of SNSPDs arises from the low absorption of the thin
meandering wire. Although NbTiN is a good absorber, with a 6 nm thick continuous film
exhibiting about 43% absorption at 1550 nm, this value reduces when the film is
structured into a meandering wire with 50% filling factor. It is about 35% for light
polarized in the direction of the wire, and below 1% for light polarized orthogonal to the
wire. These values arise from how light interacts with the subwavelength and periodic
structure of the nanowire [9].
To circumvent this problem I. Milostnaya et al. introduced for the first time SNSPDs
with an integrated optical cavity and a metal mirror (OC-SNSPD) in order to enhance the
absorption based on the extra reflection due to the presence of the mirror [10].
K. Rosfjord et al. extended the concept of the integrated optical cavity by adding an
anti-reflection coating to minimize reflection losses from the illumination side [11] (see
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Fig. 1.3 for details of their OC-SNSPD). In that report a DE (η abs ×η pulse ) as high as
57% at 1550 nm was demonstrated.
In both works, the authors added an optical cavity composed of a quarter-wave thick
dielectric material and a reflecting metal mirror on top of the detector to enhance the
reflection around a central wavelength of interest, which in their case was 1550 nm.
Although the DE was high, the practical SDE was still low, especially due to the
inefficient coupling achieved when having back side illumination with an optical fiber.
In the next section we will see how the back side coupling can be improved.

Figure 1.3. (a) Schematic cross-section of the SNSPD integrated with an optical cavity and antireflection coating (ARC). The design is meant for back side illumination. Photons which are not
absorbed by the nanowire will have a second chance due to the reflection with the metal mirror.
(b) Cross-sectional transmission electron micrograph of a fabricated device showing the different
layers in the device. (c) Optical micrograph showing a top-view of the optical cavity and mirror
on top of the detector. Figure from Ref. 11.

So far, most of the efforts to integrate optical cavities with SNSPDs have been
concentrated in schemes that require back side illumination (i.e. the optical cavity and
mirror are deposited on top of the detector). Besides the convenience of post-processing,
one of the main reasons for this approach is the difficulty to fabricate high quality and
uniform nanowires on top of an optical cavity. The film thickness employed in SNSPDs
requires good surface quality and lattice match to assure film uniformity [12].
Nevertheless an SNSPD with an integrated optical cavity for front side illumination is
highly desirable due to the simpler methods available to efficiently couple an optical fiber
with the detector [13], and the possibility to integrate with on-chip photonic circuits.
The capability of fabricating high quality NbTiN single photon detectors on Si
substrates [14] is a viable solution to the problem since one can introduce Si compatible
technologies into the SNSPD fabrication process. Already in this direction, it has been
observed in fiber coupled SNSPDs (FC-SNSPDs) built on oxidized Si substrates, that
there is an enhanced absorption and thus an enhanced SDE for photons with a wavelength
of λ = 4nd , where n and d are the refractive index and thickness of the SiO2 respectively
[15]. In that work, the enhancement was due to the extra reflection happening at the
SiO2/Si interface and the cavity like behavior of the quarter-wave thick SiO2 layer,
6
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leading to constructive interference at the surface of the chip at the corresponding
wavelength (see Fig. 1.4). The achieved SDE was 23.2 % at 1310 nm with a dark count
rate of 1000 c/s. In this system, the absorption of the nanowire was not very high since
the extra reflection from just one SiO2/Si interface is not very strong.
(a)

(b)

Figure 1.4. OC-SNSPD on a Si substrate. (a) Schematic of the fiber coupled detector on an
oxidized Si wafer. (b) Detection efficiency as a function of wavelength. The enhancement
around 1300 nm is due to the quarter-wave thickness of the SiO2 layer. Figure adapted from Ref.
15.

In this thesis work we investigated the possibility of improving

η abs

by fabricating

SNSPDs on top of highly reflective substrates compatible with Si technologies and
suitable for front side illumination, specifically we implemented a distributed Bragg
reflector (DBR) as our back mirror.
A DBR is a one-dimensional photonic crystal which has a periodic variation of the
effective refractive index. It is made as a stack of alternate semiconductor or dielectric
layers of high- and low-refractive index, with each layer in the stack having a quarterwave optical thickness. The incident light on the stack undergoes multiple reflections at
the interfaces which results in the creation of a number of light waves with different
phases. Consequently due to constructive interference there is a high reflection band
centered at the target wavelength. The shape of the reflectivity spectrum is determined
by the layer composition and thickness. The refractive index contrast between the two
materials determines the intensity of each reflection and thus it sets the number of layers
needed in the stack to achieve a specific reflectivity value. This type of dielectric mirrors
offer reflectance values above 90% with the appropriate choice of layers, and in the case
of silicon based photodetectors they have already been implemented [16].
It is worth mentioning that during the realization of this thesis, B. Baek et al. reported
SNSPDs based on the same approach, though the full details of the materials used in the
dielectric mirror were not specified [17]. In that work they observed enhanced SNSPD
absorption at 1550 nm but did not report a concrete value for the SDE.
Kavli Institute of Nanoscience
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1.3.2 Coupling efficiency
The coupling efficiency describes the fraction of input light source that is incident on
the active area of the SNSPD. Coupling of light to a detector is typically done via a
single-mode optical fiber (core diameter of ~9 μm). The loss mechanisms include optical
losses in the fiber (attenuation) and the optics used to couple the light (due to absorption
in the optics or their finite size), but the main losses arise from the light incident outside
the active area of the detector (fiber distance and misalignment, vibrations, or the tails of
the optical beam) [6].
According to our research, the highest reported SDE for an SNSPD at 1550 nm was
accomplished by X. Hu et al. by improving the back side optical coupling to ~80% [18].
In their work, a very effective system which included a lens assembly with working
distance longer than the substrate thickness and a low-temperature piezoelectric stage to
align the fiber was implemented. By doing in situ optical alignment, they were able to
achieve 24% SDE at 1550 nm with a dark count rate of ~1000 c/s, representing a big
advance in efficient fiber coupled SNSPDs.
The downside of this approach is that it requires a large and complex system and is
hence unsuitable for application to a multichannel system, furthermore if we want these
detectors to become available to a large community, the cost of each detector would be
too high. In this sense, the goal in this field is to have plug-n-play SNSPDs, where any
end-user with the appropriate electronics and cryogenic system only needs to plug in a
fiber and start counting their photons.
One step closer to this goal was made recently by S. Miki et al. by tackling the issue
of coupling light through thick substrates [19]. Typically the substrates used to fabricate
back-side illuminated SNSPDs (Sapphire, MgO & Si) are ~400-500 μm thick, thus
optical fibers cannot be brought in close proximity to the detector and therefore the need
of a fiber focuser. In the work of Miki, a clever and simple idea to overcome the problem
of the substrate was implemented. They used a mechanical polishing method to reduce
the MgO substrate thickness from 400 μm down to 45 μm. By reducing the thickness of
the substrate they could achieve an optical coupling of ~98 % due to the reduced optical
path between the optical fiber and the SNSPD (Fig. 1.5 (a) shows a schematic of their
packaged device). With this approach they could reach a SDE of 9.5 % at 1550 nm at a
dark count rate of 100 c/s (see Fig. 1.5 (b)).

8
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(a)

(b)

Figure 1.5. OC-SNSPD with reduced substrate thickness. (a) Schematic of the packaged OCSNSPD with reduced distance between the fiber end and the detector. (b) System detection
efficiency as a function of dark count rate for detectors with (circles and triangles) and without
(crosses) an optical cavity. Figure adapted from Ref. 19.

In spite of these achievements, the most convenient and efficient approach to couple
light to an SNSPD is still to place a single-mode fiber in close proximity to the surface of
the chip for front-side illumination. In practice, this approach is rather simple and good
alignment can be achieved at room-temperature and maintained during cool down; it
involves either gluing an optical fiber with the detector [20] or mechanically clamping the
fiber in close proximity with the chip [15].
Unfortunately, until the work performed by B. Baek et al. and the one presented here,
this method was not compatible with SNSPDs that have an integrated optical cavity,
where all the high SDEs have been reported.
The coming chapters present the efforts made to enable front-side illumination fiber
coupling with SNSPDs having an integrated optical cavity, but before that we will
introduce a second project started during the second half of the thesis, namely the
implementation of plasmon antennas to increase the active area of the detectors.

1.3.3 Coupling enhancement with plasmonic antennas
The obvious approach to increase the coupling efficiency is to increase the area of the
meandering wire [21,22]. A large active area will suffer less from fiber misalignments or
piezo-stage vibrations, but also a larger area would enable optical coupling with a
multimode optical fiber (core diameter ~50 μm), desirable for many practical applications.
However, increasing the area of the meander implies an increase in the total length of
the nanowire, which has at least two disadvantages. First, it is more difficult to produce a
uniform nanowire structure (low number of constrictions) over a larger area than over a
smaller one, meaning that the yield of high DE will be limited to the presence of
constrictions [8]. Secondly, an increase in the length of the nanowire leads to an increase
of the kinetic inductance, which will limit the repetition rate of the SNSPD to lower
values [7].
Kavli Institute of Nanoscience
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So, what if we try to increase the active area of the detector without increasing the
length of the nanowire? This might sound like a counterintuitive question, but the area of
the beam and the area of the detector do not need to be the same. One answer to this
question is to use on-chip light focusing techniques by means of surface plasmon
antennas, where light from a wide beam can be coupled efficiently into a narrow aperture
in which the detector resides. This approach was already demonstrated in pioneering
work by T. Ishi et al. (see Fig. 1.6), where a set of concentric rings forming a bullseye
antenna was implemented to concentrate light into a deep-subwavelength Si nanophotodiode. With this technique, an enhancement by several tenfold in the photocurrent
of the photodiode due to the presence of the plasmon antenna was demonstrated [23].
(a)

(b)

Figure 1.6. (a) Schematic cross sectional view of the nano-photodiode with a surface plasmon
antenna. (b) Photocurrent vs reverse bias voltage for a photodiode with (triangles) and without
(squares) a surface plasmon antenna. Figure adapted from Ref. 23.

The key feature of this approach was to make use of surface plasmons (SPs). These
SPs, also known as surface plasmon polaritons (SPPs), are surface electromagnetic waves
that propagate along the interface between a metal and a dielectric [24]. Figure 1.7 (a)
schematically shows the combined electromagnetic wave and surface charge character of
a SP.
Essentially, SPs are light waves trapped on the surface because of their interaction
with the free electron plasma of the conductor, with the field component perpendicular to
the surface being enhanced near the surface and decaying exponentially away with
distance (Fig. 1.7(b)). The interaction results in the momentum of the SP mode being
greater than that of a free-space photon of the same frequency (Fig. 1.7(c)). The resulting
momentum mismatch between the free-space light and SPs of the same frequency must
be bridged if light is to be used to excite SPs along a surface.

10
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Figure 1.7. Basics of surface plasmons. (a) Schematic of SPs at a metal/dielectric interface
illustrating their combined electromagnetic wave and surface charge character. (b) Electric field
perpendicular to the surface as a function of distance. In the dielectric medium above the metal,
the decay length of the field, δ d , is of the order of half the wavelength of light involved, whereas
the decay length into the metal, δ m , is determined by the skin depth of the metal. (c) Dispersion
relation for a free space photon (dashed line) and a SP of the same wavelength (solid line). The
plot shows the mismatch in momentum between the free space photon ( k0 ) and the SP ( k SP ).
Figure from Ref. 24.

Since the momentum and wavevector differ by a constant factor, an equivalent
condition is to say that photons can couple to SPs when the surface-parallel component of
the wavevector of incident light ( k ) matches that of the SPs. The SPs have a complex
wavevector

" , the real part of which is described by the following
k SP = k SP' + ik SP

dispersion relation [25]:

kSP' =

2π

λ

where λ is the wavelength of excitation while
of the metal and

ε M' ε D
ε M' + ε D

(1.2)

ε M' is the real part of the dielectric constant

ε D the dielectric constant the dielectric layer. The condition for real

'
'
is that ε M
kSP
< 0 and ε M' > ε D , a condition that can be fulfilled in a metal. The

imaginary part of the SP wavevector determines the internal absorption. The intensity of
"
the SPs propagating along a smooth surface decreases as e−2kSP x . The propagation
length of a SP is defined as the length after which the intensity decreases to 1/e, and is
then given by
" −1
LSP = (2kSP
)

(1.3)

In the visible region, LSP =22 μm for a smooth Ag film at 515 nm, while at 1060 nm
it increases up to 500 μm [25]. These values can decrease in the presence of defects
(surface roughness) due to scattering losses.
Kavli Institute of Nanoscience
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Since at a given photon energy, the momentum of incident light in air is lower than
that given by Eq. 1.2, a coupling structure is required. A periodically modulated interface
such as a grating between a metal and a dielectric, with a grating constant or period (P), is
able to increase (or decrease) the surface component of the wavevector of the incident
photon by integral multiples of the grating wavevector ( k P ). If the magnitude of the
grating wavevector matches that of SPs in the metal, then it can excite them. This
relationship can be expressed by:
'
kSP
=

2π

λ

ε M' ε D
2π
2π
ε D sin(θ ) + m
=
= kP
'
εM + εD λ
P

(1.4)

where θ is the angle of incidence and m is an integer [26]. From this equation it can be
deduced that for light incident normal to the surface we obtain a simple relation between
the incident wavelength and the required grating periodicity for SP excitation:

P=
where neff =

mλ
neff

(1.5)

ε M' ε D
is the effective refractive index of the metal/dielectric interface.
ε M' + ε D

By implementing this relation, it is possible to enhance the light transmission through
a subwavelength aperture by incorporating a periodic modulation in a metal film [24] and
furthermore, the absorption of a photodector can be enhanced by integrating it with a
plasmonic antenna consisting of a periodic grating [23].
In sight of these accomplishments, it should be possible to design an antenna capable
of guiding and concentrating incident free-space light towards a narrow aperture under
which an SNSPD meander is located.
Later in this thesis I will present the work carried out to explore this approach with
SNSPDs, where we have integrated our SNSPDs with plasmonic antennas made of
periodic silver gratings of two different geometries (parallel and concentric gratings) with
a periodicity chosen for resonant excitation at near infrared wavelengths.

1.4 SNSPD applications
Although their small active area and need of cryogenic cooling represent a
disadvantage for this type of detectors, their high counting rates, short timing jitter, and
low dark count rate at moderate efficiencies, especially in the short infrared wavelengths
(~1–2 μm) where other single photon detectors loose in performance, make SNSPDs
interesting candidates in many applications that work in this wavelength range.
One of the main applications driving the development of high efficiency SNSPDs in
the telecom wavelength windows of 1310 nm and 1550 nm has been quantum
information processing applications such as quantum key distribution (QKD) [1].
Quantum information technologies use individual quantum objects (such as photons) to
12
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encode, manipulate and transfer information. Photons are one of the natural choices for
these applications since their polarization state can be transferred over long distances. In
order to have a reliable QKD system based on photons, the information must be
transferred in a secure way, thus requiring receiving elements (detectors) with very high
efficiencies so that no data is lost or stolen during transfer.
In 2006, R. Hadfield et al. demonstrated a protocol operated with 1550 nm photons
[27]. They used a clock rate of 3.3 MHz in conjunction with a quantum channel
composed of 42.5 km to produce a secure key at a net bit-rate of 10 bits/s and a quantum
bit error rate (QEBR) of 6%. In the same system, an InGaAs SPAD could achieve a rate
of 8 bits/s with a QBER of 9.3% at a distance of 25 km.
The SNSPDs have also been proved useful in basic quantum optics experiments,
including life time measurements of quantum emitters [28], intensity correlation
measurements in single photon sources [29] and operation with quantum waveguide
circuits [30]. The 1550 nm wavelength is also of interest in time-of-flight (TOF) laser
ranging due to a reduced contribution to the overall signal from the solar background,
improved atmospheric transmission and eye safe operation.
In 2007, R. Warburton et al. were able to resolve a 4 mm surface to surface separation
at a range of 330 meters, compared to a previous best result by the same researchers of
1.7 cm using thick junction Si-SPADs with a timing jitter of less than 400 ps [31]. This
was possible in part thanks to the fast instrumental response (70 ps full width at halfmaximum) of their detector, meaning that a 1 cm surface-to-surface resolution could be
achieved. Their resolution was even higher after employing optimized signal processing
algorithms. Medical imaging and biophotonics are also within the envisioned application
for SNSPDs. In medical imaging the low absorption of tissues at short infrared
wavelengths can allow non-invasive imaging, while in biophotonics, the photon emission
rates of molecules and the working time with samples is relatively low so that fast and
efficient photon detectors are essential [32].
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Chapter 2

Absorption Simulations
In this chapter, a description of the simulation method implemented to study the
absorption properties of SNSPDs on different types of substrates is presented.
Simulations of the SNSPD absorption on both oxidized Si wafers and DBRs on Si wafers
were carried out.
As observed experimentally in the SDE of a fiber coupled SNSPD in Ref. [15], a
near-by optical fiber results in a modulated absorption spectra due to the Fabry-Perot like
cavity formed between the optical fiber and the surface of the chip. Furthermore we will
see that it is possible to tune the wavelength position of maximum absorption for
SNSPDs on Si substrates simply by choosing the appropriate thickness of the SiO2 layer.
Later, the potential of using highly reflective dielectric mirrors as our SNSPD support
will be elucidated.
These type of substrates, when choosing SiO2 and Si3N4 as our dielectric layers, can
lead to absorptions above 85 % at 1550 nm in a NbTiN periodic nanowire, almost a factor
of 1.8 higher than the highest possible with an oxidized Si wafer.

2.1 FDTD simulation
As one of the main factors contributing to the SDE in SNSPDs, it is important to fully
optimize the photon absorption of the superconducting nanowire. The absorption of
photons by an SNSPD can be approximated by a plane wave interacting with an infinite
grating [9]. Both approximations can be justified because in general, experiments are
performed with photons at normal incidence and with plane-wave phase fronts (e.g. fiber
coupled detectors), and also due to the geometry of the detectors, where the SNSPD can
be visualized as a periodic array of sub-wavelength strips.
The software used in this thesis is different from that used by V. Anant et al., but the
method used to calculate the absorption of the SNSPD remains basically the same [9].
We used the Lumerical FDTD solutions software [33]. It uses a Finite Difference Time
Domain (FDTD) method for solving Maxwell’s equations in complex geometries. It is a
fully vectorial method that provides both time domain and frequency domain
information.
To simulate the absorption of a periodic grating we have used a two-dimensional
simulation with periodic boundary conditions in the x-direction (to simulate the
periodicity of the nanowire meander), and assumed the wire to be infinitely long (out of
plane direction). The latter is valid since the meandering segments have a length which is
larger than the incident wavelength.
14

Delft University of Technology

A snapshot of the simulation cell with the main objects labeled can be found in Fig.
2.1(a).

Figure 2.1. (a) Snapshot of the simulation working space with the main components labeled.
(b) Schematic of the simulation cell, with a 100 nm wide nanowire inside a 200 nm wide cell.
(c) Extinction coefficient (red) and refractive index (black) of a 10 nm thick NbTiN film.

The simulation cell is defined by the enclosing simulation mesh (in orange), while a
smaller mesh surrounding the wire segment (not visible) is placed as an override region
where we can ensure a constant small mesh step size in nanowire area. In our
simulations, the smallest mesh step size was set to 0.25 nm. Plane waves are injected
from the top of the structure and can have either the electric field polarized along the wire
(TM or p-polarization) or orthogonal to the wire (TE or s-polarization). A group monitor
is placed surrounding the wire segment and allows us to record the electric field intensity
2

( E ( x, y ) ) and the imaginary part of the permittivity ( ε (ω ) ) in order to calculate the
absorption of the wire (field and index monitors). A time monitor is placed inside the
simulation cell to ensure that the simulation has run for a sufficiently long time to ensure
the radiation has left the simulation volume.
A close-up look of the nanowire in the cell is schematically illustrated in Figure
2.1(b) and represents the standard features of our SNSPDs. The simulation cell contains
a 100 nm wide wire with a filling factor of 50% (i.e. 200 nm period), in this case on top
of a Si/SiO2 substrate. The thickness of the NbTiN layer was set to 6 nm. Since the
material database does not include the optical parameters of NbTiN (refractive index and
extinction coefficient), we added the data after an ellipsometry measurement performed
on a 10 nm thick NbTiN film deposited on an oxidized Si wafer, using a J. A. Woolam
Inc. ellipsometer inside our Nanofacility.
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The results are shown in Fig. 2.1(c) and are comparable to those of a 12 nm thick NbN
film reported in Ref. 9.
The total absorption of the nanowire is determined by the integral of the timeaveraged resistive dissipation (power loss) over the cross-section of the wire, normalized
to the power of the incident source. This can be represented by the following expression:
2
1
A = ∫ ∫ ω Im[ε (ω )] E ( x, y ) dxdy
2

1 ⎛ε
⎞
∫ 2 ⎜⎝ 0 μ0 ⎟⎠

1

2

2

E0 dx

(2.1)

where the top and bottom integrals represent the power loss (absorption) in the nanowire
cross section, and the source intensity respectively.
Here, ω is the angular
2

frequency, ε 0 is the permittivity of air, μ0 is the permeability of air and E0 the intensity
of the time averaged incident electric field.

2.2 Results
2.2.1 SNSPDs on oxidized Si wafers
One of the first tasks performed to evaluate the versatility of implementing the FDTD
software to design our substrates was to study an effect observed experimentally in an
SNSPD fabricated on an oxidized Si substrate and which had been fiber coupled [15].
An enhanced detection efficiency (DE) was observed around a wavelength of 1300
nm and furthermore, small oscillations in the DE were measured as a function of
wavelength (see Fig 1.4 (b)). The SNSPD consisted of a 6 nm thick NbTiN film
sputtered onto a Si wafer with a SiO2 layer of 225 nm. The nanowire was 100 nm wide
and had a filling factor of 50%. To assure efficient light coupling, an optical fiber was
brought into proximity to the chip, aligned and mechanically clamped so that the core of
the single mode fiber was within the detector active area and ~35 µm away from the
detector (see the inset in Fig. 2.2). After cryogenic cool down, this distance is expected
to reduce to ~10 µm due to thermal contraction of the components.
In our simulation cell we have reproduced the effect of the close-by optical fiber by
adding a SiO2 slab behind the plane wave source, which is 10 um away from the NbTiN
nanowire. The wire was illuminated with a plane wave having TM polarization; the
absorption spectra is presented in Fig. 2.2. The red curve corresponds to the case of the
detector without the fiber (i.e. free space coupling), while the black curve is the case with
the optical fiber.
The oscillatory behavior is nicely reproduced and consistent with those observed in
experiments. The oscillations arise from the interference taking place at the cavity
created between the fiber and the sample, the distance between them represents the
thickness of the cavity. The period of these oscillations is equal to λ 2 2d , where λ is the
wavelength of the light and d the spacing between the fiber and the detector.
Since the position of a fiber fixed at room temperature changes during cool down, this
effect can be used to estimate the actual fiber-to-detector distance in order to accurately
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estimate the coupling efficiency. This has already been observed and implemented in the
room temperature alignment of fibers to superconducting transition edge sensors [13].
As mentioned in chapter 1, the SiO2 layer serves as a half-cavity for the reflections
occurring at the Air/SiO2 and SiO2/Si interfaces. The enhancement in the DE of this
device can be explained by the absorption spectra observed in this simulation, where an
enhancement with increasing wavelength is also observed. The absorption maximum
happens at a quarter-wave SiO2 thickness ( d = λ 4n ), where n is the refractive index of
the cavity. In our case with n~1.46, the maximum wavelength is observed at ~1310 nm.
This relationship tells us that we can easily change the maximum wavelength
sensitivity of our devices by simply choosing the appropriate Si substrate. To illustrate
this concept, Fig. 2.3 shows the absorption spectra of SNSPDs on Si substrates with
varying SiO2 thickness over a 100 nm thickness range. As expected, the absorption
maximum shifts towards higher wavelengths with increasing thickness.
These results point out the importance of choosing the right substrate for a given
application, for example in quantum cryptography experiments working with the 1.55 µm
telecom wavelength one should make sure to select a Si substrate with a SiO2 thickness
between of 270 nm and 290 nm, where an absorption of almost 48% is expected.

Figure 2.2. Absorption spectra of a SNSPD on a Si/SiO2 (225 nm) substrate. When a detector is
fiber coupled, Fabry-Perot like oscillations arise due to interference between the chip and the
fiber (black curve). The red curve shows the expected absorption spectra without the presence of
the fiber.
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Figure 2.3. Absorption of a SNSPD with 50 % filling factor as a function of wavelength for
varying SiO2 thickness. The absorption maximum shifts towards higher wavelengths with
increasing SiO2 thickness due to the quarter-wave relation of the optical cavity.

2.2.2 SNSPDs on distributed Bragg reflectors
As seen in the previous section, the SNSPD absorption benefits from the extra
reflections occurring at the interfaces of the underlying substrate. In an oxidized Si
substrate though, it is a weak reflection, and it would be desirable to increase it. To do so
we can make use of the available semiconductor processing technologies and fabricate
high reflectivity mirrors by means of dielectric coatings. In our case we had access to
distributed Bragg reflectors (DBRs) especially fabricated for infrared applications [34].
These DBRs consist of SiO2/Si3N4 layers grown by plasma enhanced chemical vapor
deposition (PECVD); more details about the optimized growth can be found in Ref. [34].
We investigated the effect of the number of SiO2/Si3N4 pairs on the absorption of an
SNSPD in order to choose an appropriate substrate for our interests. A schematic of the
unit cell used in the simulation is shown in Figure 2.4(a) for the case of 5 pairs plus a
quarter-wave cavity. The thickness of the SiO2 and Si3N4 layers was 270 nm and 190 nm
respectively, and 6 nm for the NbTiN wire. The width of the nanowire was 100 nm with
a filling factor of 50%. The plane wave source was set to TM mode (light polarized
along the length of the wire).
In Fig. 2.4(b), results for 1 (black), 2 (orange), 3 (green), 5 (blue) and 7 (red) pairs are
shown. Special attention should be given to the right side of the spectrum were a
systematic increase of the absorption maximum as a function of increasing pair number
can be observed. Already at 5 pairs, the absorption reaches a value of ~84 % at 1550 nm,
which is almost a factor of 1.8 higher than the one possible with a Si substrate with a 270
nm SiO2 layer. Increasing the number of pairs to 7 would increase the maximum
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absorption only to ~85.8%. From the technical point of view, this requires 4 more layers
in the stack, making the growth process more complex, so we decided to proceed with the
5 pair DBR substrate.
These high absorption values give a lot of promise to increase the SDE of SNSPDs
fabricated on Si substrates. With the samples reported in Ref. [15], where a maximum
absorption of ~44% is expected at 1550 nm, a SDE of ~10% was measured. Assuming
that the quality of the nanowire would be the same for the SNSPD on a 5 pair DBR, we
can expect a SDE of ~19% at 1550 nm, which would be comparable to the recently
reported values in Ref. [18] for a SNSPD with back side illumination (24 % at 1550 nm).
(a)

(b)

Figure 2.4. Simulation of the SNSPD absorption on top of distributed Bragg reflectors. (a)
Schematic of the simulation cell for the case of an SNSPD on top of 5 pairs of SiO2/Si3N4 plus a
quarter-wave cavity. (b) Absorption as a function of wavelength of an SNSPD with increasing
number of underlying SiO2/Si3N4 pairs (TM polarization).

2.3 Simulations summary
By using the Lumerical FDTD Solutions package to simulate the absorption of
SNSPDs as a periodic array of sub-wavelength wires we were able to study the influence
of the substrate design on the absorption properties of thin NbTiN nanowires.
In the case of SNSPDs fabricated on standard Si wafers, the nanowire absorption
benefits from the extra reflection occurring at the SiO2/Si interface and the cavity effect
enhancement related to quarter-wave thickness of the SiO2. It is possible to tune the
maximum of absorption simply by choosing the appropriate oxide thickness. In the case
of 1550 nm applications, a thickness between 270 nm and 290 nm is desirable.
The absorption of SNSPDs on Si based substrates can be further improved by
fabricating the detectors on top of DBRs. These types of substrates can increase the
maximum absorption up to 85% at 1550 nm for the case of a 5 pair DBR plus a quarterwave
cavity.
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Chapter 3

Experimental
The first section of this chapter presents the fabrication process of SNSPDs and of
integrated plasmonic gratings. The second section describes the experimental setups used
for our measurements.

3.1 Detectors
The devices presented in this thesis have been fabricated on oxidized Si substrates
and distributed Bragg reflectors (DBRs) on Si substrates. The fabrication recipe is based
on previous work at our group [14,35]. The oxidized Si wafers are commercially
available while the DBR wafers were grown by Dr. Wojtek Slyzs and Dr. K. Hejduk at
the Institute of Electron Technology in Warsaw, Poland, using a PECVD technique [34].
The DBRs consisted of alternating quarter-wave thick SiO2 and Si3N4 layers grown at a
temperature of 300°C on a Si wafer. The NbTiN films were sputtered by Tony Zijlstra
and Dr. Eduard Driessen from the Physics of Nanoelectronics group led by Prof. T.M.
Klapwijk at the Kavli Institute of Nanoscience at TU Delft.
The NbTiN growth is carried out at room temperature. Before film growth, the
substrate is sputter-cleaned at 200 W for 2 minutes with 100 sccm of Ar at 6 mTorr. The
NbTiN target is pre-sputtered at 300 W with a mixture of 100 sccm Ar and 4 sccm N2 at 6
mTorr for 4 minutes. The sputtering is carried out under the same conditions but
changing the time according to the desired thickness, the rate is estimated to be ~0.9
nm/s. Before proceeding with detector fabrication, the wafers with the NbTiN film were
diced at DIMES into pieces of 12 mm x 12 mm.

3.1.1 Metal contacts
The first step to fabricate SNSPDs is to define the metal contacts which allow us to
connect the superconducting nanowire to the external electronics. Fig. 3.1 schematically
illustrates the process. We start by spinning PMMA (polymethyl methacrylate), 950K
4% in Anisol, at 2500 rpm with a subsequent baking on the hot plate at 175 °C for 30
min. The thickness of the resist is of ~285 nm measured with a profilometer. When
working with standard Si wafers one can go ahead with the e-beam lithography step, but
when working with the multilayer DBR on Si, we have introduced an additional step to
the standard process. This step consists of spinning a layer of ESPACER 300 [36], a
conductive polymer which minimizes charging effects at the surface of the substrate
during electron beam exposure.
In the second step, we proceed to write the contact metal areas and the alignment
markers by means of e-beam lithography. All the patterns used in this work have been
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designed using Design CAD and transferred to the Electron Beam Pattern Generator
(EBPG) by using the Layout Beamer software of the Nanofacility.
Figure 3.2 shows the standard design we used during this work, with three detectors
in one cell sharing a common ground contact. In general this e-beam step consists of
three different exposures. Two exposures are designated to write the coarse and fine
structures of the contact pads with 50 nm step resolution and a large spot size, while a 20
nm step resolution and a smaller spot size is used to define the alignment markers (20 µm
x 20 µm squares).
After e-beam exposure the chips are taken to the chemical wet bench for
development. A mixture of methylisobutylketon (MIBK) and isopropanol (IPA) (volume
ratio of 1:3) is used, with developing time of 1 minute and subsequently transferred into
pure IPA to stop the development and rinse the sample for an additional minute. PMMA
is a positive resist, meaning that the exposed areas will be removed during development.
When ESPACER 300 has been used, an initial rinsing in H2O is required to wash away
the conductive polymer before developing the exposed PMMA. It is recommended to
inspect the sample with an optical microscope to assure the writing process and
development yielded a satisfactory pattern.
The chip is now ready for the deposition of the metal contacts. During this work we
used two types of metal contacts, the standard Nb/AuPd bilayer used to fabricate
SNSPDs here at our group, and sputtered Rhenium (Re) films. The standard Nb/AuPd
contacts are composed of a sputtered 20 nm Nb film followed by a 70 nm film of
evaporated AuPd. The Re films had a thickness of 50-60 nm.
The last step in the fabrication of the metal contacts is to lift off the excess metal film
by immersing the chips in acetone, preferably at a temperature of 55 °C by means of a
water bath in order to assure the removal of all the organic components of the PMMA.
The bottom left of Fig. 3.1 shows an optical image of a sample at this stage of the
fabrication process, it has a common ground contact and three signal contacts with a
coplanar waveguide design.
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Figure 3.1. Contact metal fabrication procedure. Starting from a substrate with the NbTiN layer
an e-beam lithography step followed by metal deposition and its lift off are carried out to define
the metal contacts and alignment markers on the chip.

Figure 3.2. Standard CAD-design with three SNSPD in one chip. The ground contact is shared
while each SNSPDs has its own signal contact.
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3.1.2 Nanowire meanders
The meandering nanowire is defined on the substrate by means of reactive ion etching
(RIE) using an hydrogen sylsesquioxane (HSQ) mask. A schematic of this process is
illustrated in Fig. 3.3. After the metal contacts and alignment markers are in place we
spin coat the chip with HSQ at 6000 rpm for a thickness of ~70 nm. We used a diluted
solution of HSQ (Fox-12) with MIBK (1:1). HSQ is a negative resist, meaning that the
exposed areas will stay on the substrate after developing. After spinning, the chip is
baked at 90 °C for 10 min. When using the DBR substrates we spin an additional coating
of ESPACER 300 at 2500 rpm.

Figure 3.3. Nanowire meander fabrication procedure. After metal contact deposition the
meandering nanowire is defined by means of e-beam lithography using a negative resist (HSQ).
The pattern is then transferred onto the NbTiN layer by means of dry etching.

We then proceed with a second e-beam exposure in order to define the SNSPD area,
which consists of a 100 nm wide nanowire of wrapped around in a meandering geometry.
The spacing between wires is also 100 nm, resulting on a 50% active area filling factor.
Typically the nanowire is fitted to a 10 µm x 10 µm square area but in order to optimize
the optical coupling we changed the design so the nanowire fits in a circular area of 10
µm diameter (see Fig. 3.3 (a) & (b)).
The benefit of such design not only reflects in optimal light coupling but also in an
increase of the maximum count rate, due to the reduction in the nanowire length and thus
in its kinetic inductance. Thanks to the low dimension and spacing of the meandering
nanowire we have implemented a proximity error correction function when transferring
the CAD pattern design into the EBPG, in order to obtain uniform meanders. The
meander area was written with a 5 nm step resolution.
After exposure, the resist is developed as follows: first the ESPACER 300 is removed
with an H2O rinse, then the chip is submerged into Tetramethylammonium hydroxide
(TMAH) for 6 seconds followed by 15 seconds in an MF322 and H2O mixture (1:10),
and finalized with an H2O rinse and N2 blow dry.
The meander structure is now defined on the sample and ready to be transferred to the
NbTiN film. We then proceed with the RIE step, where our HSQ layer serves as our
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transfer mask. The etching is carried out at the Leybold F1 etcher, where we generate an
environment of SF6 (54 sccm) and O2 (2.5 sccm) gases. A plasma is formed when setting
an RF source to 50 W. The samples are etched for 80 seconds to assure the removal of
the excess NbTiN between meandering wires. Figure 3.4 shows optical and scanning
electron microscope (SEM) images of one of the finalized samples, where one can see the
details of the 100 nm wide meandering nanowire (Fig. 3.4(c)).

(a)

(b)

(c)

Figure 3.4. Fabricated detectors. Optical image of a circular area detector with its metal contacts
(a). SEM images (b) & (c) of the meandering nanowire (100 nm in width).

3.1.3 Plasmon antennas
The fabrication of the plasmonic antennas consists of a two-step process. Fig. 3.5
shows the fabrication steps (left) as well as optical images of samples at intermediate and
final steps of the process (right). First, one defines a continuous metal film; in our case,
we used silver, with a hole or a slit which is aligned to the on-chip detector. Secondly, a
periodic grating of the same metal is deposited onto the continuous film. It is important
that both layers have to be aligned with each other as well as with the underlying
detector.
We fabricated two kinds of samples, one with a parallel grating and the other one
with a bullseye grating (set of concentric rings). For the parallel grating we previously
fabricated meanders with 30 µm long segments, while for the bullseye grating the
meandering detector was fitted to a 3 µm x 3 µm area.
Both steps involved the same fabrication techniques with just some minor differences
in the process parameters. Before depositing the first Ag layer, we spin coat the sample
with a ~10-15 nm HSQ film which serves as an isolation and planarizing layer. We then
coat the sample with PMMA at 2500 rpm and bake at 175°C for 20 minutes. Afterwards,
we performed an e-beam exposure to define the square/circular area having a slit/hole
aligned with the underlying detector. The PMMA is developed with a MIBK and IPA
mixture (1:1) followed by rinsing in IPA and finally an H2O rinse. The Ag layer is
deposited by electron beam evaporation with a thickness of 150 nm and lift-off is carried
out in warm acetone.
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The right hand side of Fig. 3.5 shows an optical microscope image of the sample at
this stage. The hole and slit were 700 nm wide, meaning that at least four meandering
segments of the nanowire are located at this position.
This process is then repeated but with a different e-beam exposure pattern and Ag
thickness of 50 nm, in order to define the periodic gratings onto the first Ag coating. To
avoid Ag film degradation due to oxidation, we spin coated our chips with a ~10-15 nm
HSQ layer. The fabricated gratings were 450 nm wide with a period of 900 nm.
According to equation 1.5 in Chapter 1, this would yield a resonance at around 900
nm for an air/Ag interface ( neff ∼ 1 ), and around 1550 nm for an HSQ/Ag interface

( neff ∼ 1.73 ). The HSQ dielectric constant was that specified for the Fox-12 solution
( ε = 2.9 ) [37], but we note that this value could differ for our diluted HSQ solution.
The final look of SNSPDs with integrated plasmonic gratings can be seen at the lower
right of Fig. 3.5.

Figure 3.5. Plasmon antenna fabrication procedure. The right hand side shows the fabrication
steps schematically, while on the left hand side, optical images of the samples at each step are
shown.
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On the inclusion of ESPACER 300 and Rhenium contacts to the standard SNSPD
fabrication process at TU Delft:
We chose to introduce ESPACER 300 into our recipe after inspecting in the SEM one
of our first fabricated chips which unfortunately had non-working detectors. We
observed large charging effects at the surface of the chip and it was difficult to obtain
high resolution images of the meander structure. Since our substrates have a ~2.57 µm
thick dielectric multilayer, we believe that this was the source of the charging patterns
and thought that this could also affect the performance of our e-beam writing step. The
use of a conductive polymer helps to prevent charging problems in the substrate by
allowing electrons to easily drain out of the surface, furthermore to our knowledge it did
not affect the resolution of the writing process. In our recipe we spun ESPACER 300 at
2500 rpm followed by a short 1 minute bake at 90 °C, the nominal thickness at this
spinning speed is of ~20 nm. These type of conductive polymers have also been used in
the fabrication process of SNSPDs on sapphire substrates [11]
The presence of Rhenium as a contact metal is also new in the fabrication process of
SNSPDs and was included in our recipe mainly due to the availability of materials in our
deposition system (QT-AJA) during the fabrication stage. To our benefit, we obtained
working detectors with this new material. Nevertheless it is worth mentioning that we
encountered a problem with the inclusion of Re in our recipe that affected the yield of our
samples. Specifically, we noticed that the adhesion of HSQ after exposure and
development is poor in the area where the Re is located; we observed several times
peeling of the HSQ area covering the contacts.
Two proposed solutions for this issue are the use of a higher dose during e-beam
exposure and/or the addition of a thin Au layer on top of the Re to promote HSQ
adhesion.
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3.2 Measurement setups
Following sample fabrication, a chip containing multiple detectors is screened in two
different electrical probe stations to determine which detectors are suitable for our
experiments. As a first screening, we measure the resistance of our detectors in a room
temperature probe station. This is an important step to implement when working with
SNSPDs, since at this stage one can easily identify a failed batch of detectors. If
successful one proceeds to screen the superconducting properties of the detectors in a low
temperature probe station (Janis Research). This is a versatile and very useful piece of
equipment which allows one to cool down several samples and screen hundreds of
detectors during the same cool down. The samples are mounted onto a stage which is in
thermal contact to a liquid Helium line and can easily reach temperatures around 4.8 K.
The probe station has six independent arm probes which can be precisely controlled
by means of X,Y,Z micromanipulators. Four arms are dedicated to DC measurements,
one is compatible with high frequency (RF) measurements and the last one is compatible
with optical probing. We used this probe station to measure the detector’s currentvoltage (IV) characteristic, and determine the critical current of the superconducting state.
Typically, for a given set of detectors, those with the higher critical currents are preferred
as they tend to exhibit higher detection efficiencies, most likely due to better nanowire
uniformity.
This probe station also allows performing light detection experiments (implementing
the RF and optical arm probes), unfortunately we had problems with the RF probes and
could not do this type of experiments. After the screening process, a chip containing
several cells with three detectors is sent to DIMES where it is diced into smaller chips.

3.2.1 Electrical read-out setup
The selected SNSPDs are glued to a printed circuit board (PCB) with a twocomponent epoxy (Epoxy Technology, Epo-Tek H70E). The PCB has an SMA-type
coaxial connector used to terminate the 50 Ω transmission line that interfaces the detector
with the measuring setup. The detector’s ground and signal contacts are then bonded
with Au wires to the corresponding PCB contacts. The PCB is mounted on a dip stick,
which is later inserted into a liquid He dewar, and connected to a coaxial cable which has
a termination to the outside of the dewar. This termination is connected to the “AC+DC”
port of a bias tee (Bias-T) by means of another coax cable.
The Bias-T is an important component of the electrical read-out setup, which is
schematically illustrated in Fig. 3.6. To current bias the SNSPDs, a direct current (DC)
voltage source (Vbias) is supplied by a data acquisition (Daq) box to the Bias-T (“Bias in”
port). The Bias-T has a built-in limiting resistor that becomes in series with the detector,
in order to prevent shorting-out the source during the detector’s superconductive state. In
most cases that resistance was 200 kΩ but it could also be changed to 500 kΩ.
The detector’s response signal is obtained by measuring the electric potential
(“voltage”) drop across its terminals. The Bias-T provides two measuring ports that
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allow measuring both the AC and DC components of the detector’s potential drop. The
DC component (Vmon) is monitored by the Daq box through the “Mon out” or “DC” port.
The AC port is connected thru a de-coupling capacitor that blocks the DC component and
provides just the switching AC component (dark counts and photon detection events),
which is then amplified by a chain of amplifiers to provide a suitable signal level to an
oscilloscope or photon counter (Standford Research 400). Control of the Daq box and
data acquisition from the photon counter are performed with a computer controlled
LABVIEW interface.

Figure 3.6. Schematic layout of the electrical read-out setup. A bias current is supplied thru the
Bias-T and the response signal is monitored by DC and AC ports. The DC port monitors the
detector’s potential drop, while the AC port measures the fast voltage pulses resulting from dark
counts or photon detection events. The AC signal is amplified and sent to an oscilloscope or
photon counter.

3.2.2 Optical setups
We have used two optical setups in our measurements. In one of them the SNSPD
illumination is performed with an optical fiber (SNSPDs on DBRs), while in the second
one, free space illumination is implemented (SNSPDs with integrated plasmon antennas).
The backbone of both setups consists of a supercontinuum white light source
(Fianium SC400) coupled to a monochromator (Acton SpectraPro-150), which enables to
perform experiments with a broad wavelength range, from ~400 nm to beyond 2 μm.
The ‘Fianium’ is a high power fiber laser generating supercontinuum radiation in the
400-2400 nm spectral band with an average power of 2 W and spectral density of >1.5
mW/nm. It consists of three main parts: a master source, a power amplifier and a
supercontinuum generator. The master source consists of a low-power fiber laser which
provides light pulses of approximately 5 ps at a repetition rate of 20 MHz. The power
amplifier is based on a double-clad Yb-doped fiber which is pumped by a high power
laser-diode pump module. The supercontinuum spectrum is generated by means of a
highly-nonlinear holey optical fiber. The output beam of the Fianium is coupled into the
entrance slit of the monochromator.
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The SpectraPro-150 monochromator has a focal length of 150 mm. It features an
astigmatism-corrected optical system and interchangeable grating turrets. Fig. 3.7 shows
the schematic illustration of a typical monochromator. The incoming light is focused at
the input slit, and collimated onto the grating by a curved mirror. Light incident onto the
grating is diffracted and collected by another mirror which refocuses the light on the
output slit. The wavelength focused at the output slit will depend upon the position of the
diffraction grating.
In our setup we used a set of two plane ruled gratings (Newport Corporation) with
different groove density and blazing angles, specifically one with 1200 g/mm blazed at
750 nm and the other one with 600 g/mm and blazed at 1.6 μm. The blazing angle
determines the wavelength of maximum efficiency. In our experiments, when working in
the range of the telecom wavelengths (1.3 μm and 1.55 μm) we used the grating blazed at
1.6 μm, while for the visible range we worked with the grating blazed at 750 nm.

Figure 3.7 Schematic illustration of the internal components of a monochromator and the paths of
the light rays.

An important feature to consider when working with diffraction gratings is the
existence of different diffraction orders. Light diffracted at a grating satisfies the grating
equation:

mλ = d (sin(α ) + sin( β ))

(3.1)

where m is an integer and represents the diffraction order, λ is the incident wavelength, d
is the groove spacing, and α and β are the incident and diffracted angle respectively. As
it can be seen, for a given groove spacing, α and β angles, the equation is satisfied by
different combinations of m and λ. For example, for a specific position of the grating at
which λ=800 nm has its first order of diffraction (m=1), λ=400 nm will also have its
second order diffraction (m=2), meaning that this two wavelength will overlap at the
output slit. For this reason we implemented long pass filters after beam collimation at the
output of the monochromator in order to eliminate the higher order contributions in our
SNSPD response.
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3.2.2.1 Fiber coupling setup
The fiber coupling setup schematic layout is shown in Fig. 3.8. Light from the output
slit of the monochromator is collimated by using a plano-convex lens and coupled into an
optical fiber by means of a pair of mirrors and a free-space to fiber coupler (Thorlabs
F810FC-1550). Depending upon the operating wavelength range, long pass filters are
also implemented before coupling (Andover 100fh90-25 to cut below 1000 nm, and
Thorlabs FGL515 to cut below 515 nm).
The SNSPD is mounted on the dipstick and connected to the read-out electronics as
described earlier (Fig. 3.8 contains a simplified version of the read-out electronics from
Fig. 3.6). When testing the SNSPDs mounted on a PCB, the optical coupling was rather
poor since we place the optical fiber far from our detector to ensure that a fraction of the
light spot is uniformly illuminating the detector. For the case of a fiber coupled detector,
the optical coupling between the fiber and the active area of the detector is well defined,
being in our case ~95 %. The optical fiber (typically a single mode fiber) coming from
the optical setup is coupled to the one coming from the detector by means of a fiber-tofiber coupler. To estimate the incoming number of photons in our sample, a power meter
can be coupled to the incoming fiber from the optical setup. In general, power meter
measurements and detection scans were performed consequently to avoid variations of
the input light intensity.

Figure 3.8 Fiber-coupling optical setup schematic layout. The setup comprises the FianiumMonochromator system as our light source, followed by a set of optical elements used to filter
and focus the light into the optical fiber. The fiber is then coupled to a detector placed inside a
He dewar, which in turn is electrically connected to the read-out electronics.
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3.2.2.2 Free space coupling setup
The optical setup used in the experiments with the SNSPDs having integrated
plasmon antennas was more complex; both in terms of the amount of optical elements
used and also in terms of the computer LABVIEW interface. Figure 3.9 shows the freespace coupling optical setup schematic layout. The SNSPDs were glued and bonded to a
PCB and mounted on a X,Y,Z translation stage consisting of piezoelectric elements
(AttoCube), installed on a dipstick, which was used to scan the position of the sample
under illumination. The PCB had an SMA coaxial connector that was connected to the
external port by means of a coax line. A microscope objective (Leitz 100x 0.9NA) was
mounted at a distance of ~2 mm away from the chip. The dipstick was placed in a closed
cylindrical tube, which in turn was evacuated and later filled with Helium gas. On top of
the dipstick lie the electrical ports to control and monitor the elements inside (SNSPDs
and AttoCube). The dipstick also has a built-in optical window at the top to allow
coupling of free space light to the microscope objective. To cool down the sample, the
dipstick is inserted in a He dewar, where thanks to thermal contact of the He gas inside
the tube and the liquid He of the dewar, the sample can reach cryogenic temperatures.
The first stage of the optical setup is the same as the previous one, i.e. until the end
of the out-coupled fiber. To couple free space light to the SNSPD, a portable optical
setup was built on a breadboard and mounted on top of the dewar. In this case the fiber
played the role of the light source in the portable setup. Light was collimated out of the
fiber using a fiber collimation package (Thorlabs F280FC-C) and directed by means of a
beam splitter (BS1) towards the microscope objective which focused the light on the
sample. To control the light polarization, a linear polarizer and a half-wave plate were
implemented. A white light source and a CCD camera are included in our setup to help
knowing the position in the sample.
In these experiments it is extremely useful to know the position of our detector
accurately, since the goal is to study in detail the plasmonic antenna contribution to the
detection response. The CCD camera is not suitable for near infrared wavelength
detection, thus a distinct feature of our optical setup was the implementation of a fiber
coupled SNSPD (FC-SNSPD) with a high SDE in the near infrared wavelengths (~1020%) [15] to monitor the intensity of reflected light from our sample and in that way
correlate the detection response of our test detector (i.e. using a SNSPD as an imaging
system in the near-IR). The light reflected from our sample is guided and collected into a
single mode fiber which is then coupled to the fiber of a FC-SNSPD located in a second
He dewar.
In these experiments we used an integrated LABVIEW computer interface to control
the monochromator, the AttoCube, and monitor the test SNSPD and the FC-SNSPD
simultaneously (LABVIEW application developed by Sander Dorenbos).
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Figure 3.9. Free-space coupling optical setup schematic layout. The setup comprises the
Fianium-Monochromator system as our light source, followed by a set of optical elements used to
filter and focus the light into an optical fiber. The fiber is then used as the light source in a
separate optical breadboard installed on top of our He dewar. Light from the fiber is sent through
an optical window after passing a set of beam-splitters and polarizing elements, and where it is
then focused on our sample by a microscope objective. The detector is mounted on a
piezoelectric stage with X,Y,Z translation. Light reflected from the sample is collected back and
sent to a FC-SNSPD located in a separate dewar to image the sample position during our
measurements. The detection response of both detectors is measured with a two-channel photon
counter.
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Chapter 4

Results
4.1 SNSPDs on DBR substrates
The fabrication of high quality SNSPDs on DBR substrates is challenging. The
superconducting properties of NbN and NbTiN nanowires partly depends on the
microstructure of the starting film, which itself will depend, among other factors on the
nature of the host substrate [12]. The first attempts to grow NbTiN on DBR substrates
were based upon the already established growth process on oxidized Si wafers [14],
where a sputtering time of 5 seconds is typically used to achieve films with 4.5 nm in
thickness (0.9 nm/s growth rate). The superconducting nanowires obtained with these
parameters exhibited low and unstable critical currents (Ic) below 1 μA, hinting that the
film quality was not optimal, with one of the possible reasons being that the film had a
non-uniform microstructure leading to constrictions in the nanowire and thus limiting the
critical currents [8]. In a subsequent batch, the sputtering time was increased to 7
seconds in order to obtain thicker films (~6 nm). Fortunately with this approach we were
able to obtain superconducting nanowires with higher critical currents (~5 μA) and were
able to detect photons. Fig. 4.1 shows the results from the screening carried out at the
low-temperature probe station. The chip contained meanders with three different active
areas labeled as small, medium and large (see figure for dimensions).
This section presents photon detection measurements performed on three detectors
(bold symbols in Fig. 4.1). Two of them, from now on to be called ‘DBR-1’ and ‘DBR2’ (corresponding to traces (32) and (12) in Figure 4.1) were glued and bonded to a
printed circuit board and measured with our dip-stick setup. The third one (trace (15) in
Figure 4.1) was sent to Herriot Watt University in Edinburgh, where it was aligned to a
fiber in close proximity with the detector (~30 μm) and mechanically clamped in place.
From now on this device will be referred to as ‘FC-DBR’.
All the measurements taken on devices DBR-1, DBR-2 and FC-DBR, presented in
the following sections, were performed with the experimental setup described in Figure
3.8. in Chapter 3.
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Figure 4.1. Voltage drop across the SNSPD as a function of bias current for 20 working detectors.
The screening of the detectors was performed in a low-temperature probe station at T~5 K. The
curves in bold symbols represent the measured devices.

4.1.1 Devices DBR-1 and DBR-2
To study the spectral response of our devices we separated our wavelength range of
interest in two regions, below and above 1000 nm, for the reasons already addressed in
section 3.2.2, namely from effects arising from the gratings installed in our
monochromator. For the 500 nm to 1000 nm range we used the grating blazed at 750 nm
without long pass filter (at the time of these measurements we did not have a shortwavelength filter). For wavelengths above 1000 nm we used the grating blazed at 1.6 μm
and a longpass filter to eliminate second-order diffraction contributions in our
measurements.
The power was measured by connecting a power meter directly to the output of the
fiber (Thorlabs S154C and S120C above and below 1000 nm respectively), while for the
detection measurements the fiber was connected with a fiber-to-fiber coupler to the fiber
going inside the dewar. All wavelength scans were performed with 5 nm wavelength step
size. The detection counts and power sensor scans for a given wavelength range were
taken consequently to avoid discrepancies in the efficiency calculation.
Device DBR-1 was operated at a bias current of Ibias=0.8*Ic, were Ic~6.2 μA. At this
bias current the dark count rate was ~450 c/s. Figure 4.2 (a) and (b) show the results of
the two wavelength spectra for this device. The detection counts are plotted with black
symbols while the calculated incident photon number per second from the power meter
scan is plotted in blue.
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To calculate the photon number per second, we have used the following equation:

N photons / s =

P[W ]
eV
⎡J /s⎤ ⎡
⎤
⋅⎢
⋅⎢
−19 ⎥
⎥
E photon [eV ] ⎣ W ⎦ ⎣1.602 ×10 J ⎦

where P is the power measured in Watts and E photon =

(4.1)

1240[eV ⋅ nm]
is the photon energy.
λ[nm]

The high peak at ~1065 nm corresponds to the narrow band seed laser peak of the
Fianium. As it can be observed in these plots, the detection count rate exhibits an
oscillatory behavior that can be distinguished from the features of the incoming radiation
spectra. This oscillatory behavior is determined by the absorption characteristics imposed
by the underlying DBR substrate.
The system detection efficiency (SDE) is calculated as:
SDE =

N count / s − N darkcount / s
N photon / s

(4.2)

where N count / s is the detection count rate, N darkcount / s the dark count rate and N photon / s is the
photon rate at the fiber output. Figs. 4.2 (c) and (d) show the results from the scaling.

Figure 4.2. Device DBR-1 wavelength dependent performance. Detection counts as a function of
wavelength in the range of (a) 500 nm-1000 nm and (c) 1000 nm-1700 nm (black symbols) and
the corresponding power sensor scans (blue symbols). (c) and (d) System detection efficiency
calculated from (a) and (b) respectively.
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The same procedure was carried out with device DBR-2 and the results are presented
in Fig. 4.3. The device was operated also at Ibias =0.80*Ic, where Ic~7.8 μA. The dark
count rate was ~400 c/s at this current bias. As it can be observed, even though the
spectra obtained with the power meter is different from those obtained with device DBR1, the scaling in Figs. 4.3 (c) and (d) result in the same type of oscillations in the SDE.
In both devices, the efficiencies are much lower than what one would expect based on
the simulated absorption values, even if one takes into account the poor optical coupling
achieved with the dip-stick setup, which is expected to be in the order of 0.001%.

Figure 4.3. Device DBR-2 wavelength dependent performance. Detection counts as a function of
wavelength in the range of (a) 500 nm-1000 nm and (c) 1050 nm-1650 nm (black symbols) and
the corresponding power sensor scans (blue symbols). (c) and (d) system detection efficiency
computed from (a) and (b) respectively.

4.1.2 Device FC-DBR
A fiber coupled detector is expected to have a high coupling efficiency (>95%) due to
the effective overlap between the light from the output of a single mode fiber and the
active area of the detector. This means that the scaling between detection counts and
photon number measured at the end of the output fiber should yield an accurate value of
the maximum SDE possible with these detectors.
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The FC-DBR was operated at a current of Ibias=0.9*Ic, where Ic ~11 μA and the dark
count rate was ~100 c/s. The SDE of this device is shown in Fig. 4.4, where the
measurements from the two scans (below and above 1100 nm) were brought together
(black symbols) in the same plot. The dashed line at 1100 nm marks the boundary
between the two scans. The blue symbols mark the last and first point of each scan,
pointing out the small stitching error at the boundary point. The red trace is the simulated
SDE for our device based on the simulations presented in Chapter 2. Since the
polarization of the photons impinging on our detector is random the absorption average
between TM and TE polarizations was used. Furthermore, it is expected that the internal
efficiency (η pulse ) is dependent upon the wavelength of the incoming photons as

η pulse ∝ e−kλ [38], the absorption values were multiplied by this exponential factor with
k = 1 μm-1. The small shift in the position of the peaks between the simulation and the

experimental data can arise from discrepancies in the actual material properties and
precise DBR layer thicknesses versus the ones used in our FDTD simulations.

Figure 4.4. System detection efficiency as a function of wavelength of the fiber coupled SNSPD
on a DBR substrate. The experimental data points are plotted in black while the red trace is based
upon absorption simulations and a scaling factor to account for the energy dependence of the
internal quantum efficiency.

Even though the SDE exhibits the expected wavelength dependency due to the
absorption properties of the nanowire imposed by the DBR substrate, the overall values
are low. At 1550 nm we obtained an SDE of just 0.02%, at least two to three orders of
magnitude lower than expected, assuming that the quality of the nanowires is as good as
in the case of SNSPDs on oxidized Si substrates. Evidently this is not the case, the low
measured SDEs are most likely a consequence of non-uniformities in our nanowires.
Since our fabrication process yields uniform wire widths, our suspicion was that the
growth of NbTiN films on DBR substrates gives rise to films with less uniformity than
Kavli Institute of Nanoscience
Quantum Transport Group

37

those grown on oxidized Si wafers, most probably due to a difference in the surface
roughness between the two types of substrates.
Unfortunately, we did not carry out detailed surface studies in our samples; but the
kinetic inductance measurements on our FC-DBR device carried out by Dr. Michael
Tanner at Herriot Watt University in Edinburgh, support the suspicion about the bad
quality of our nanowires. In short, by measuring the kinetic inductance of the SNSPD at
different bias currents and with a suitable model [8,39], a characteristic value (labeled as
C) can be extracted, and which provides information about the ratio of the constricted
cross sectional area to the unconstricted superconducting cross section of the wire. A
value of C=1 corresponds to a theoretically perfect device (unconstricted), while lower
values imply that there are constrictions present in the nanowire.
Typically, the kinetic inductance in a nanowire is observed to increase as the critical
current is approached, due to the increased current density. In devices with constrictions,
the increase is lower because at high bias the current density in the majority of the device
is still far from the critical current density of the unconstricted segments. Figure 4.5
shows the results obtained in our FC-DBR (red) as well as the results of an SNSPD on an
oxidized Si substrate from a previous batch fabricated in our group (blue). The black
trace represents a theoretically perfect (unconstricted) device. The low value of C
measured in our device is a reliable proof that our detector was highly constricted.
Our FC-DBR device exhibited a value of C=0.3, which was lower than the C=0.67
value obtained for a previously fabricated SNSPD on an oxidized Si substrate. This C
value of the FC-DBR confirms the suspicion of the low quality of our nanowires obtained
with the DBR approach.

Figure 4.5. Normalized kinetic inductance as a function of the normalized bias current. The
black trace represents a theoretically unconstricted device (C=1) while our FC-DBR device
showed a very low C=0.3 value, implying high number of constrictions (red trace). For
comparison the blue trace represents a standard SNSPD on an oxidized Si substrate previously
fabricated in our group, that device had a high C value and also good detection efficiencies.
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4.2 SNSPDs with integrated plasmon antennas
Plasmon antennas were integrated onto previously fabricated SNSPDs on a standard
oxidized Si wafer with a SiO2 thickness of 285 nm. The NbTiN film was sputtered for 7
seconds to obtain a nominal thickness of ~6 nm (same as for the working DBR samples).
This section presents the results obtained on three different samples from the same
fabrication batch. In two of them, the SNSPD consisted of 6 meandering wires 30 μm in
length and 100 nm wide, with a filling factor of 50%. One device has an integrated
plasmon antenna fabricated with the two-step process described in chapter 3 (‘Parallel
grating device’); the second one was just processed up to the first step, that is, a bare slit
without the periodic gratings (‘Slit device’). The third device consisted of a standard
SNSPD with an active area of 3 μm x 3 μm having an integrated bullseye plasmon
antenna (‘Bullseye device’). The measurements where performed with the setup
described in Figure 3.9 in Chapter 3.

4.2.1 Parallel grating device (1st cool down)
Once the position of our grating device was found using the CCD camera, we
proceeded to investigate the spectral response of the detector when the illumination was
incident at the grating area. First we positioned the beam at the center of the device (slit
position) by finding the position of maximum count rate. The piezo-stage is then shifted
several steps in the x-direction away from the slit, to a position within the grating area
(inset in Fig. 4.6). At this point, the detection counts dropped by several orders of
magnitude but still higher than the detector’s dark count rate (~30 c/s). Figure 4.6 (a)
shows the detection count rates for the wavelength range of 1350 nm-1600 nm (black
symbols), where a small resonance peak at ~1480 nm was observed. To determine if the
peak was an intrinsic characteristic of our device, we also carried out the same
wavelength scan while monitoring the incoming power by placing a power sensor after
the polarizer mount, the values were converted into photon rate and plotted in the same
figure (blue symbols). Since there was no peak in the photon power measurement we can
conclude that the resonance was a signature from our device.
Furthermore, the intensity of the peak was polarization dependent. By rotating a halfwave plate we observed a polarization dependent detection rate, with a 90 degree
difference (45 degree on the plate) between the maximum and minimum count rates.
Interestingly, the polarization of minimum count rate at the grating position was that of
maximum count rate when positioned at the center slit. The wavelength dependent
detection count rate for both orthogonal polarizations at the grating position are plotted in
Fig. 4.6 (b). We think the two orthogonal polarizations to correspond to light polarized
parallel (black symbols) and perpendicular (red symbols) to the grating structure, though
we cannot ensure this. One argument in favor of the chosen labeling is that the excitation
of SPPs via a periodic grating is only supported for TM- or p-polarized radiation [25],
though here we observe the narrow resonance for both polarizations. The ideal case
would have been to measure a bare detector (without antenna) on the same chip and
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extract this information by measuring the polarization dependent response of a bare
SNSPD, which is well known to have a periodic behavior having a maximum when the
light is polarized along the nanowires, where the absorption of the incident radiation is
higher [40]. Unfortunately, during our experiments we could not measure multiple
detectors due to issues in our setup.

Figure 4.6. Detection resonance of an SNSPD with integrated plasmon antenna. (a) Detection
counts as a function of wavelength with light incident onto the grating area (black) and the
corresponding photon number spectra taken from a power sensor scan (blue). (b) Closer look at
the resonance for two orthogonal polarizations, which we have labeled as parallel (black) and
perpendicular (red) to the grating orientation.

After these, we performed the same wavelength scans at different positions along the
grating area. At every position we observed a small enhancement of a factor ~3
compared to the detection counts of the nearby wavelengths. Selected scans are plotted
in Fig. 4.7 starting at a distance ~of 4.35 μm up to ~13 μm away from the center of the
device. Closer to the center of the slit we could not observe the resonance as the count
rates were dominated by the light incident on the slit. From the intensity decay as a
function of distance we extracted an exponential decay length (propagation length) of
3.87 μm. This value is low compared to the propagation length of SPs in Ag (>500 μm at
1500 nm). Note that in our case the film is not smooth (it is a grating), so the losses
introduced by the periodic structure and roughness of the film could account for lower
propagation lengths.
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Figure 4.7. Detection resonances as a function of wavelength for increasing distances away from
the slit center. The resonance is observed with a factor of ~3 enhancement compared to nearby
wavelengths. The resonance intensity has a decay length of ~3.87 μm.

Figure 4.8. One-dimensional line scans of detection count rates at an incident wavelength of
1478 nm for polarization perpendicular (a) and parallel (b) to the grating orientation. The blue
traces represent the reflection counts measured with a FC-SNSPD.

To correlate the source of the detection counts as a function of position in the
plasmonic antenna, we implemented a FC-SNSPD to monitor the reflected photons from
the sample, as described in section 3.2.2.2. By using the two channel photon counter we
could simultaneously record detection counts of both our test device and the fiber coupled
device.
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Position dependent scans for the 1478 nm resonant wavelength are presented in Fig.
4.8 for the polarizations perpendicular (a) and parallel (b) to the grating. In both graphs
the blue plot represents the reflection counts measured with the FC-SNSPD. The
topography of the device is nicely imaged with this approach. We can observe where the
step between the SiO2 region (low counts) and the silver region (high counts) takes place,
and also the dip at the center of the scan due to the absence of silver and absorption in our
test device.
From a Gaussian fit, the dip exhibited a full width at half maximum (FWHM) of ~1
μm. The detection counts outside the slit area dropped by several orders of magnitude so
we made use of a logarithmic scale to visualize the detection counts rate features in the
grating area. In both plots, we can appreciate the Gaussian like decay of the detection
counts away from the center of the slit until an interesting ‘tail’ overtakes the decay.
Furthermore the appearance of the tail happens at a distance closer to the slit for the
perpendicular polarization, meaning that the presence of the grating has a higher effect on
the overall detection counts at this polarization. Performing Gaussian fits to the detection
count rate traces we obtained FWHM of 4.2 μm and 5.26 μm for the parallel and
perpendicular polarization respectively, at least four times larger than the expected beam
spot size based on the FWHM of the reflection dip.
To visualize and compare these two plots lets have a look at Fig. 4.9 (a), where both
scans were normalized with the overall maximum count rate (maximum of the
perpendicular polarization) and plotted together with the reflection trace. Even though
the detection count rate is higher for the parallel polarization (black) than for the
perpendicular case (red) by at least one order of magnitude, the detection counts at about
7 μm from the slit center are maximum for the perpendicular polarization. Moreover, the
difference of count rates between the two polarizations vanishes at the position of the last
grating of our antenna, illustrated by the vertical dashed lines (see the inset for the
reference optical image). The latter is yet another proof of the influence and polarization
dependence of the grating in our detection counts.
As observed in Fig. 4.6, the resonance was a narrow one (FWHM~20 nm) and the
detection count rate had no clear polarization dependence outside of the resonance. To
elucidate, this we also carried out one-dimensional line scans for a wavelength just
outside of the resonance (i.e. at 1450 nm). Same as for the case of the resonant 1478 nm
wavelength, we normalized the counts rates to the maximum count rate of the parallel
polarization and plotted them in Fig. 4.9 (b). Opposed to what we observed for the
resonant case, at this wavelength the detection count rate tail appears at the same distance
for both polarizations and it is not dependent on polarization.
For comparison, the resonant and non-resonant traces were brought together in one
plot (Fig. 4.9 (c)), where the traces for each wavelength were scaled with the incident
photon rate measured during the power meter scan (blue plot in Fig. 4.6 (a)). In this
graph it is clear that the presence of the periodic gratings integrated with our SNSPD
gave rise to a resonant and polarization dependent detection count rate response. It is
interesting to realize that although the red trace (perpendicular polarization at 1478 nm)
had the lowest efficiency at the center of the grating/slit, it is the configuration for which
the efficiency was higher at positions were the light was incident only on the grating, as
far as 16 μm away from our detector!
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Figure 4.9. One-dimensional line scans of the normalized detection count rates of an SNSPD
with an integrated plasmon antenna. (a) On-resonance (1478 nm) with parallel (black) and
perpendicular (red) polarization. (b) Off-resonance (1450 nm) with parallel (green) and
perpendicular (orange) polarization. (c) Relative efficiencies for 1478 nm and 1450 nm at both
polarizations (same color code as (a) and (b)). The blue traces represent the reflection from the
device.
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4.2.2 Parallel grating device (2nd cool down)
During the experiments presented in the previous section we had focused on the
influence of the grating on the detection count rate, and only in a small wavelength range.
In a second cool down of our device, we carried out wavelength dependent measurements
of the detection count rates when the light was incident at the center of the grating (i.e. at
the slit position). Figure 4.10 presents the results for the detection count rate (black) and
the photon rate (blue). An enhancement of the detection count rate can be observed
between 1275 nm and 1525 nm, and also in the vicinity of 1100 nm.
To investigate the nature of the peaks, one-dimensional line scans were carried out for
two wavelengths within the observed resonances; specifically at 1100 nm and 1330 nm.
The results are plotted in Fig. 4.11; the black trace corresponds to 1100 nm and the red
trace to 1330 nm. Interestingly, at 1330 nm, the detection count rate vanishes quickly
away from the center position to a count rate comparable to the dark count rate (~10 c/s),
while at 1100 nm the spatial response of the device is similar to the previously observed
at 1480 nm, with the count rate having a considerable amount of counts arising from the
presence of the grating, and vanishing at a position where there is no grating in the metal
film. From the detection count rate decay at the grating area it is possible to extract a
propagation length at this wavelength. Both sides of the line scan were fitted and an
average value of ~8 μm was obtained. This value is larger than the one we observed at
1480 nm but still low compared to that of a smooth Ag film.
An interesting feature in the 1100 nm line scan is the presence of ripples in the
detection count rate at the grating position. The top- left and right insets in Fig. 4.11
show a close-up view of the enclosed rectangles. The periodicity of these oscillations is
comparable to our grating period (i.e. 900 nm). If we are indeed exciting surface
plasmons, then it implies that the resonant excitation of surface plasmons is sensitive to
the position where the interaction between incident photons and the antenna takes place.
The results of these line scans indicate that the nature of the observed resonances in
Fig. 4.10 is not the same for different wavelengths; at 1100 nm there is a clear
enhancement due to the presence of the grating, while at 1330 nm the grating does not
seem to play a major role. As we will see shortly, the cause of this resonance could be
linked to the presence of the central slit.
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Figure 4.10. Wavelength dependent detection count rate (black symbols) for the grating device
when illuminated at the center of the grating. The corresponding photon rate is plotted in blue.

Figure 4.11. One-dimensional line scans at 1100 nm and 1330 nm. Detection count rate as a
function of position across the integrated plasmonic antenna. The insets show a close up view of
the tails to show in detail the oscillations in the detection count rates at the grating position.
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4.2.3 Slit device
As described in Chapter 3, we also fabricated SNSPDs with a Ag film on top
containing just a slit, no periodic grating. This would allow us to distinguish and quantify
the effect of the periodic grating on our device performance. One-dimensional line scans
were performed on the slit device, and indeed a clear difference in the spatial response of
the detector was observed.
Figure 4.12 shows the results of the detection counts for the bare slit (black) and the
grating device (red) at the wavelength of 1480 nm. Both the slit and grating device traces
were normalized to their maximum value to easily compare their shape. The reflection
trace is plotted in blue. The inset shows a close-up of the traces in a logarithmic scale.
As expected, the bare slit device detection count rates are limited to the central region of
the slit. The FWHM calculated for both the slit trace and the dip in the reflection trace
was ~1 μm, while for the grating device trace it was ~4 μm, implying that this
characteristic broadening observed in the grating device is a consequence of the grating.
To quantify the coupling efficiency enhancement which we are aiming at with this
approach, we integrated the normalized traces and obtained a relative enhancement of 2.9
%. Integrating the traces can be seen as if the detector was illuminated over a rectangular
area. Ideally one should compare the grating device with a standard device without a
slit/grating in order to quantify the overall effect of the integrated antenna; unfortunately
we were not able to measure such device for comparison. Nevertheless, we expect the
response shape of such a bare device to be similar to that of the slit device (no counts at
positions outside the detector’s active area).

Figure 4.12. Comparison of detection count rate scans between the bare slit (black traces) and the
slit+grating (red traces) devices at 1480 nm illumination for the case when the count rate was
maximum at the center of the device. The inset shows the log scaled traces from the main plot.
The corresponding reflection image is plotted in blue.
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Slit resonance?

On this device, we noticed an enhancement in detection counts around 1350 nm when
we were positioned at the center of the slit. One-dimensional line scans were performed
for wavelengths between 1260 nm and 1490 nm. Fig. 4.13 shows the results from three
selected wavelengths. As it can be observed, the position of maximum count rate was not
necessarily the same for every wavelength, meaning that a wavelength scan at a fixed
position (slit center) could suffer from this shift. In order to plot the wavelength
dependent detection count rates in the vicinity of the slit, we integrated the count rates
over the line scans, represented by the shaded areas in Fig. 4.13. The resulting spectra is
presented in Fig. 4.14, were a broad enhancement can be observed for the range of 1270
nm to 1370 nm.
All of the line scans exhibited detection count rates limited to the position of the slit
(as opposed to the grating device in resonance), meaning that the increase observed in the
integrated count rate of this device comes mainly from the broadness of the peaks
(compare Fig. 4.13 (a) with (b) or (c)). These results suggest that there could be two
different contributions to the enhancement observed in our grating device, one arising
from the geometry parameters of the slit (width and depth) and the other one being
related to the grating parameters (period, width and depth) [41]. Although, since we
don’t have the measurements of a bare device, it is hard to conclude if this is an
enhancement due to the slit, or if the slit is suppressing the light transmission for the other
wavelengths.

Figure 4.13. One-dimensional line scans of the Slit device. Detection counts as a function of
position for (a) 1420 nm, (b) 1300 and (c) 1350 nm illumination with polarization of maximum
counts. The corresponding reflection images are plotted in blue.
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Figure 4.14. Slit device integrated detection count rates as a function of wavelength. The inset
shows an optical microscope image of a similar device.

4.2.4 Bullseye device
As described in Chapter 3, we have also fabricated SNSPDs with an integrated
bullseye antenna (set of concentric rings). The idea behind this design was that, as
opposed to the parallel grating where the surface plasmon excitation should be
polarization dependent, with a bullseye structure the device response should be
polarization independent, given the illumination is uniform on the antenna. This is not
the case if the photons are incident on a specific position of the grating, and as we will
see briefly, our experimental technique allowed to unveil this feature.
Similar to what we did with the slit device, line scans at different wavelengths were
performed across the antenna, crossing the small hole in the center of the antenna (700
nm in diameter). Detection count rate traces were then integrated and the resulting
spectra is plotted in Fig. 4.15. Again we observe a strong resonance in the wavelengths
around 1350 nm and a small increase in counts near 1100 nm. When looking at the line
scans carefully, the wavelengths that exhibited detection count rates outside of the hole
area were around 1100 nm, exhibiting also the characteristic ripples previously observed
with the parallel grating device.
Figure 4.16 presents the image plots from the two-dimensional scans performed at
1100 nm. These nicely show the polarization dependence imposed by the grating
geometry. For one polarization, one can observe ripples mainly concentrated in one axis
of the image (horizontal in Fig. 4.15(a)), while for the polarization with 90 degree
rotation with respect to the first one, the ripples concentrate on the vertical axis (Fig.
4.15(b)). Line-cuts are plotted next to the image scans (red traces) to easily recognize the
ripples.
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The presence of detection counts and ripples at the grating area for both the bullseye
and parallel grating device at 1100 nm illumination suggest that indeed we are looking at
the plasmon resonance of our designed grating period.

Figure 4.14. Bullseye device integrated detection count rates as a function of wavelength. The
resonance in the wavelength range of 1275 nm-1500 nm is at a similar range as those observed in
the grating and slit devices. The inset shows an optical microscope image of a similar device.

Kavli Institute of Nanoscience
Quantum Transport Group

49

(a)

(b)

Figure 4.15. Two-dimensional scans of the detection count rate for the bullseye device at two
orthogonal polarizations. (a) Ripples characteristic of a grating resonance were observed mainly
on the horizontal axis, while in (b) were the polarization of light was rotated 90 degrees, the
ripples were mainly observed on the vertical axis. Since the signal of the ripples is weak
compared to the center of the device, line cuts marked by the red lines were extracted and plotted
next to the image plots.
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4.3 Conclusions
The spectral response of SNSPDs behaves according to the tailored absorption
properties of the nanowire meander. The latter as already shown in chapter 2 can be
defined by the choice/design of substrate. Three detectors fabricated from NbTiN films
grown onto Si3N4/SiO2 based DBRs were measured. All of them exhibited a wavelength
dependent SDE as expected from the absorption simulation of the detectors, with only a
small difference in the peak position which could be caused from differences in the actual
material parameters of the DBR stack and the ones used in the simulation.
One of the detectors was fiber coupled, meaning that the calculated SDE was near the
highest possible value achievable with these detectors. Unfortunately we obtained SDE
values in the order of 0.02% at 1550 nm, quite low compared to the values obtained in
detectors grown on oxidized Si wafers. The low SDE is likely due to a poor internal
detection efficiency (η pulse ) of our detectors. The low η pulse is caused by constrictions
in our nanowire meander. Kinetic inductance measurements revealed that our FCSNSPD was highly non-uniform, supporting our suspicion about the presence of
constrictions. We believe that these constrictions are mainly a result from thickness nonuniformities in our film and that this could be linked to the type of substrate we used.
Detectors integrated with plasmon antennas showed interesting results. In the parallel
grating device, detection count rate enhancement at the position of the grating was
observed for two wavelengths, 1100 nm and 1480 nm. The effect of the grating at these
resonant wavelengths was nicely visualized with one-dimensional line scans of the
device, elucidating how the detection count rate at the grating area was higher for the
resonant wavelengths than for neighboring wavelengths and remained until the position
at which the grating was present. The spatial response of the grating device at one of the
resonant wavelengths (1480 nm) was compared to that of the slit device (no grating). A
clear difference in the detection count rate spatial response was observed, while in the slit
device the detection counts where limited to the region close to the slit, for the grating
device, detection count were recorded even when the light beam was ~16 μm away from
the detector. A relative enhancement of 2.9 % in the coupling efficiency was calculated.
A device with an integrated bullseye antenna also exhibited an enhancement at 1100
nm illumination, confirming that this resonant wavelength could be linked to the
periodicity of our antennas (both of 900 nm). Although the position of this resonance is
not where we expected based on the grating equation (1.5) presented in Chapter 1, we
note that the actual value of the effective refractive index could differ from the one we
used.
The enhancement of the detection response in our detectors due to the integrated
grating structures is clear. To determine the nature of this enhancement further
investigations are still needed, but our results point in the direction that it could indeed
result from light concentration due to excited surface plasmons.
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Chapter 5

Conclusions and Outlook
5.1 Conclusions
Efforts to increase both the absorption efficiency and the coupling efficiency of
SNSPDs on Si substrates have been realized. The Lumerical FDTD Solutions software
was implemented to simulate the absorption of SNSPDs on various substrates and proved
to be a reliable tool to design and tailor the spectral response of this type of detectors.
Similar to the case of back-illuminated SNSPDs with optical cavities built on top of the
detector, optical cavities for front-illuminated SNSPDs can be achieved by choosing the
right layers underneath the detector. In oxidized Si substrates, where an extra reflection
from the SiO2/Si interface is present it is found that for SiO2 thicknesses between 270 nm
and 290 nm a maximum absorption at 1550 nm can reach up to 48% for light polarized in
the direction of the nanowire. A further improvement of the absorption in SNSPDs can
be achieved if a highly reflective substrate is employed.
Distributed Bragg reflectors based on SiO2/Si3N4 multilayers were successfully
implemented for the first time in the fabrication of SNSPDs. The substrates were
designed according to simulations and consisted of 5 pairs of SiO2/Si3N4 with quarterwave thicknesses and topped with an additional quarter-wave SiO2 layer. The expected
maximum absorption at 1550 nm was of 84%. Three devices were measured and the
spectral response of their SDE was found to behave in close agreement with the tailored
absorption properties of the nanowire meander. Unfortunately the system detection
efficiency values obtained were very low (0.02% at 1550 nm). Constrictions in the
nanowires are the potential reason of these low efficiencies as suggested by kinetic
inductance measurements. The nature of these constrictions could arise from fabrication
defects (e.g., in the meander definition) or from film non-uniformities during growth,
with the latter being the most likely contributor.
Integration of plasmon antennas to concentrate light into our detectors showed good
potential. We successfully integrated SNSPDs with parallel gratings and bullseye
gratings made of silver films. With our optical setup it was possible to correlate detection
count rates with the exact position of the sample by employing a fiber-coupled SNSPD to
record the reflection of our device. Our detectors exhibited enhanced detection count
rates at wavelengths of 1100 nm and 1480 nm when light was focused at the area of the
grating, up to 16 μm away from the center of the detector. Compared to a device without
a grating (only a slit) an enhancement in coupling efficiency of 2.9% was calculated at
1480 nm.
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5.2 Outlook
In this section I will present some ideas of what could be realized in the line of the
work presented during this thesis. While the DBR approach to increase the absorption
efficiency of SNSPDs relies more on a technological improvement of the material layers
employed, the plasmon antenna approach offers a large room to explore different ideas
and achieve its full potential. The underlying properties of the observed enhancements
still requires further investigations; different grating designs should allow one to
understand better the nature of this phenomenon in order to implement this approach in a
real applications.

5.2.1 DBR approach
Increasing the absorption efficiency of SNSPDs looses relevance if the internal
detection efficiency of the detector is poor. Now, if a highly reflective mirror and an
optical cavity are to be implemented in SNSPDs for front-side illumination, special care
needs to be addressed to keep the quality of the NbTiN film as high as possible. One
option is to optimize the growth parameters in both the DBR and NbTiN process to
achieve uniform thin films. Also a lattice matching layer can be introduced after the
DBR growth to improve the growth of NbTiN (e.g. an MgO thin layer [12]). An
alternative direction would be to use a DBR with a high quality SiO2 top layer, for
example using silicon-on-insulator based substrates. The number of Si/SiO2 pairs
required for high reflectivity is less than in Si3N4/SiO2 based DBRs since the refractive
index contrast is higher in the former (Si has a higher refractive index than Si3N4). Once
the issue of film quality on DBR substrates is solved, the potential of a bottom
cavity/mirror substrate can be fully realized. One important step that can be introduced
when testing new substrates is to perform roughness measurements with an atomic force
microscope to correlate the influence of substrate uniformity with the detector
performance.

5.2.2 Plasmon antenna approach
One of the future directions to study the potential of plasmonic antennas integrated
with SNSPDs is to fabricate a ‘multi-device’ single detector element. Figure 5.1 shows a
schematic illustration of the envisioned experiment. In order to test and optimize the
geometrical parameters of the antenna influencing the coupling and absorption
enhancement of an SNSPD, one can start by fabricating an SNSPD consisting of a single
long nanowire in the substrate. It can be for example as long as the standard 10 um x 10
um area detectors (500 μm long). To achieve this, it should be necessary to optimize the
e-beam lithography and etching parameters to achieve a uniform nanowire over this long
spatial range. Given that the superconducting properties of such an SNSPD are
satisfactory, one can then proceed to integrate multiple plasmon antennas with the long
SNSPD and study them in our free space optical coupling setup presented in chapter 3.
One single detector will then act as the sole witness of many types of antennas.
Figure 5.1 shows only a few of the possible configurations. ‘Device-a’ consists of a slit
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wide enough not to influence the detector (i.e. a bare detector), this would be our
reference measurement. Since it is known that a bare detector has a maximum count rate
for light polarized along the wire, it would represent our polarization reference for the
other measurements. To study the effect of a single slit, the gap can be gradually reduced
(b and c) all the way to sub-wavelength slits (in the order of the nanowire width). The
rest of the devices can include different slit configurations with different periodic gratings
(d and e), covering a wide range of parameters (slit width, grating width and height,
period and distance to the center of the slit); this would allow us to better understand both
the individual and the collective effects of the antenna parameters, from which we can
choose the appropriate design for an application oriented detector. FDTD simulations
can also be implemented to find the optimal design of the antenna.

Figure 5.1. Vision of a single SNSPD onto which multiple and independent plasmon antennas
can be integrated.

Further designs can be explored; one idea would be an antenna with two resonant
wavelengths (f), this would be interesting for example in applications working with the
telecom wavelengths of 1.31 μm and 1.55 μm, since one could design an SNSPD which
has a SDE enhancement for both wavelengths. In this same line, one could think of a
multi-element device based on a plasmonic photon sorting approach [42], where a single
chip can contain several detectors with different antennas, each with a specific
wavelength resonance (ideally also able to block neighboring wavelengths). Fig. 5.2
shows a schematic illustration of an envisioned two-element system. Two independent
SNSPDs are integrated with antennas of different resonances set by the grating period.
SNSPD-1 would be sensitive to a short wavelength, say green photons, while SNSPD-2
would be sensitive to a longer wavelength, say red photons. Furthermore, due to the
geometry of the device the overall response would be polarization independent. During
operation of both SNSPDs, depending on the relative count rates of the detectors (and
based on previous calibrations) one could determine whether red or green photons are
arriving at the sample. If successful, this approach could be extended to more elements
and thus more wavelength ‘windows’ can be implemented.
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Figure 5.2. Vision of a two-element SNSPD system. Two independent SNSPDs are integrated
with antennas of different resonances set by the grating period. SNSPD-1 would be sensitive to a
short wavelength (short period), while SNSPD-2 would be sensitive to a longer wavelength (long
period).
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