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Abstract

Superconducting nanowire single photon detectors (SNSPDs) are the state-of-the-art
technology for time-resolved single-photon counting from the ultraviolet (UV) to the
near-infrared. The recent discovery of single-photon sensitivity in micrometer-scale
superconducting wires is a promising pathway to explore for large active area de-
vices with application to dark matter searches and fundamental high-energy physics.
On the other hand, incorporating a micron-scale wires as photo-sensitive element in
SNSPDs can lead to significant improvements in their speed, footprint, and fabri-
cation yield. However, the current application of Superconducting Microwire Single
Photon Detectors (SMSPDs) has resulted in a decline in the detectors’ intrinsic de-
tection efficiency. The issue of low detection efficiency can be addressed through
utilization of high-resistivity films. In this work the optimization of sputtering and
fabrication process, based on optical lithography, for highly-resistive NbTiN are pro-
posed. In this work, a single pixel detector, 300 x 300 pm? SMSPD with 1 pm-wide
wires fabricated from high-resistivity NbTiN film (409 p€2 cm, with critical temper-
ature comparable to bias-sputtered NbN) using maskless optical lithography. The
device made from different thicknesses and critical temperatures of NbTiN did not
show saturated internal detection efficiency at 3 K. By further optimizing the pro-
cess techniques presented in this work, a viable pathway exists to realize large-areas

devices with saturated internal detection efficiency.
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Chapter 1
Introduction

In the field of photonics, single photon detectors (SPDs) have emerged as indispens-
able tools, revolutionizing a wide range of applications by enabling the detection of
individual photons. In the last decades, such level of resolution has opened up new
frontiers in areas such as quantum communication [1|, deep space communication
[2], and sensing [3]. Among the various types of single photon detectors, the Su-
perconducting Nanowire Single Photon Detectors (SNSPDs) have gained significant
attention due their exceptional performance and today they represent the state-of-

the-art for single photon detection in cryogenic setups.

The ability to detect and manipulate individual photons is of paramount importance
in several cutting-edge technologies, such as quantum communication technologies,
[4] and quantum computing. In quantum communication, SNSPDs allowed for sev-
eral long-distance records for quantum key distribution [5, 6, 7]. In addition to
quantum communication, single photon detectors find widespread use in optical

imaging and biomedical imaging |8, 9].

1.1 Necessary theoretical background on supercon-

ductivity in nanowires and SNSPD

Before continuing with the main content of this work, a theoretical knowledge on
superconducting nanowires (SNs) is provided for non-expertises, to allow best com-
prehension of this work and explain why SNSPDs play a fundamental role in single
photon detection and why today they represent one of the most appealing technol-

ogy in this field.



1.1. Necessary theoretical background on superconductivity in nanowires and
2 SNSPD

1.1.1 Superconductivity in nanowires

Superconducting nanowires (SNs) behave as a common metallic wires, when they
are in their normal-state, i.e. above critical temperature, T.. When they are cooled
below their T, the resistance drops to zero, for low bias currents. An example of
I-V curve is shown in Figure 1.1. This typical curve exhibits a pronounced hystere-
sis and the SN can be found in two distinct states: a superconducting state (SS)
when the bias current is sufficiently low and the Joule-heated normal state (JNS).
The SS is characterized by zero voltage drop across the ends of the SN, for working
temperature lower than T,. As the current is increased above a threshold value,
which is commonly referred as critical (or switching) current, 1. or I, the voltage
experiences a jump-wise transition to its normal state due to Joule heating effect.
The resistance in its normal state is given by the Ohm law, R, = Rsl/w. Where [
and w are the length and the width of the wire, while Ry is known as sheet resistance
and it is equal to Ry = p/d, where p is the resistivity of the film and d is the thick-
ness. The value of 1. depends on different parameters, such as working temperature,
material and geometry of the SN, generally the critical varies from 10 pA up to few
mA. The transition from JNS to SS occurs at a lower current, which is referred to
retrapping current, I.. I, is always lower than I. because, as the switching to JNS

happens, the Joule heating increases from zero to a value of R, I?, thus increasing

cH

the temperature of the wire much above T.. Then, to bring the wire back to its SS

the bias current needs to reach lower values than I..

1.1.2 Single photon detection in micrometer-wide wire

Since the discovery of superconducting nanowires single photon detectors in 2001,
[10, 11|, a complete theory of detection has not been presented yet. In Semenov et al.
work a model for photon detection was published and generally referred as hotspot
model. In this model, a single incident photon, with energy E,, = hw =~ 1 eV is able
to break a Cooper pair if F,, > A, with A the superconducting gap, leading to the
formation of an excited electron or quasiparticle. The relaxation of this excited elec-
tron leads to a cascading process, converting into energetic phonons. This ensemble
of energetic phonons will down convert into a state of multiple thermalized electrons

and phonons. This phenomenon leads to the formation of a resistive state, which is
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Figure 1.1: Example of an I-V curve in a superconducting nanowire. Image taken
from a NbTiN nanowire. Larger arrows are used to indicate the direction of the
ramping of the current, highlighting the hysteretic behavior of the curve

generally referred as hotspot. The hotspot pushes the current to flow on the sides
of itself and if the current density exceeds the critical current density, a completely
normal-state region is formed within the wire. This normal-state region produces a
voltage pulse, whose height is then equal to the product between the current flowing
in the wire and the resistance of the hotspot (generally, in the order of 10 k€2). This
pulse can be read using conventional electronics apparatus, such as oscilloscopes. As
the current leaves the nanowire, the hotspot will cool down, resetting the detector
with an exponential dynamic. The reset time is generally in the order of few ns up
to hundreds of ns. Artistic schematic of the hotspot formation and pulse reading is

shown in Figure 1.2.

Since, the size of the hotspot depends on the photon wavelength and the detection
depends on the diameter of the generated hotspot, a cutoff in the detection wave-
length is supposed to be inversely proportional to the width of the wire. This has
been experimentally proved by Lusche et al. [13|, this indicates that the wire width
needs to be similar to the size of the hotspot generated upon photon absorption.

This has pushed for years the fabrication techniques to pattern wires below 50 nm
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Figure 1.2: Artistic representation of hot-spot formation in superconducting
nanowire. Image readapted from Natarajan et al., Superconducting nanowire single-
photon detectors: physics and applications [12]. In this representation at time 77 the
pulse is generated by the bias current flowing through the resisitive barrier. Time
Ty is the recovery time, at the end of this cycle a new photon can be detected.

width [14] in order to increase the cut-off detection wavelength. In recent years, the-
oretical works suggested single-photon detection in micrometer-wide single photon
detectors [15] and it was subsequently followed by multiple experimental verification
[16, 17, 18]. Early models of photon detection were, thus, limited since they did not
take into account vortex-assisted detection, while time-dependent Ginzburg-Landau
models for photodetection proved that it can be mediated by the creation of vor-
tex and anti-vortex pair. Applying kinetic-equation models for electron and phonon
distributions, single photon sensitivity was predicted in micrometer-wide wires, [15].
Micrometer-scale features allow for fast high-yield production in photolithography-
based foundry processes, enabling for large area single photon detectors, which are
fundamental for low photon flux applications on wide areas, in particular deep-
space and quantum communications, but also for dark matter detection [19] and
high-energy physics. Not only using micron-wide-wire SNSPD (which are also re-
ferred as Superconducting Microwire Single Photon Detector, SMSPD) fabrication
may lead to faster production, but, wide-wire single photon detectors allow a signif-
icant reduction of the kinetic inductance of the device, which in turns increases the

maximum count rate and reduces the jitter time.
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Unlike the other technology used in single photon detection, such as photomultiplier
tubes (PMT), single photon avalanche photodiodes (SPADs) and Transition-Edge
Sensor (TES), SNSPDs can combine high detection efficiency, high timing resolution,
and low noise in the same detector design, at the expense of lower operating tem-
peratures. In particular, the records for highest system detection efficiency (SDE),
highest count rate, lowest dark count rate (DCR) and lowest jitter time, which is
the uncertainty on the arrival time of the electrical pulse on the readout timing
resolution are held by SNSPD. For SDE in 2020, D. V. Reddy et al. demonstrated a
SNSPD with an efficiency of 98 % [20] and in 2021 J. Chang et al. reported a SDE
of (99.5 T95.%) [21]. For jitter time, in 2020 B. Korzh et al. demonstrated single
photon detection with 2.6 ps jitter time in visible region and 4.5 ps in 1550 wave-
length [22]. The lowest dark counts were obtained by J. Chiles et al. with a DCR
of 6 x 107 counts/s [17]. In 2023, 1. Craiciu et al. demonstrated an SNSPD with
1.5 Geps count rate at 1550 nm wavelength [23]. A visual comparison of holding

records for each figure of merit, measured at 1550 nm, is shown in Figure 1.3

System Detection Efficiency
98% (NIST 2020)

1/jitter [ps]

count rate [Mcps
[Meps] 4.5 ps (MIT/JPL 2019)

1.5 Geps (JPL 2023)

1/dark counts [s/counts]
1/107 ps (MIT 2021)

Figure 1.3: Comparison of main figures of merit, measured at 1550 nm wavelength,
for SNSPD, photomultiplier tube (PMT), Transition-Edge Sensor (TES) and single-
photon avalanche detector (SPADs)

However, realizing a single device having high performances in all these metrics
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remains a significant challenge, since enhancing one of the metrics results in deteri-
oration of one of the others. Not only these device have shown appealing properties
in single-photon sensing, from UV (250 nm) [24] to infrared (> 10 pm) [25], but
lot of research has produced in the design and realization of novel techniques for
pixel-level readout [26] and fabrication of large array of SNSPD array, reaching up
to 400 kpixels array, with a footprint of 4 x 2.5 mm?, with a spatial resolution of 5
X b pm [27].

SNs are not only a cutting-edge technology in the field of photonics, but they have
emerged as a promising technology in digital electronics [28, 29|, microwave tech-

nologies [30] and neuromorphic computing [31].

1.2 Thesis objective

Recalling the necessary requirement for hotspot creation, E,, > A and rewriting
the superconducting gap as A = 1.764 kgT,, according to Bardeen — Cooper —
Schrieffer (BCS) theory, it is immediately possible to notice one big trade-off in
SNSPDs technology. Since a higher T, is desired for operating the devices at higher
temperatures, thus reducing the complexity and the cost of cooling equipment, on
the other hand a lower T, guarantees a better sensitivity in mid-infrared regime. At
this stage, state-of-the-art NbN and NbTiN allow for best performances in detec-
tion efficiency and time resolution when working at 2.2 K and above. In the last
years, many advancements have been done in the field of optimization of SNSPDs,
as the many records that this technology holds, but a clear correlation between
normal-state properties and device performances has not been found yet. In 2021,
Zolotov et al. showed a correlation in their data between the sheet resistance of the
sputtered NbN films and the detection performances of fabricated results, showing
a proportionality between the film property and the metric of the device [32]. This
result has paved the way for the research in combining high R, and high 7., opening
the research in superconducting thin film material sputtering and post-processing
techniques.

In this work, the optimization for high resistivity superconducting thin film process-
ing is reported, involving magnetron sputtering deposition of NbTiN thin films, by
sputtering Nbg 5 Tig 5 compound target in a nitrogen-rich atmosphere and fabrication
technique based on maskless optical lithography. The usage of this target instead of
the more common Nbg ;Tig 3 has led to the sputtering of superconducting thin films
with a T, of the films close to the the usual NbN, but with a higher resistivity. This
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is expected to lead to better performances in final devices, in particular in larger

plateau in the saturation of the photon count rate.

The e-beam lithography is a technique that was deeply optimized in the years for
patterning superconducting nanowire, but it suffers from relatively low speed of pat-
terning, which becomes more relevant when moving towards wafer-scale processing.
Indeed generally some hours may be needed for properly patterning thin films, while
with a maskless optical lithography equipment, such as Heidelberg MLA150, present
in MIT .nano facilities, it is possible to expose a 100 mm wafer within 20 minutes. In
addition to that, the processing proposed in this work for optical lithography do not
require hazardous chemical handling, for example Tetramethylammonium Hydrox-
ide (TMAH) which is required for development of Hydrogen silsesquioxane (HSQ),
a negative-tone resist commonly used for high resolution patterning, below 18 nm.
The main limitation of the tool is represented by the resolution limit, nominally 1
pm, this means that this do not represent an alternative to e-beam manufacturing
for nanometer-scale fabrication, but thanks to recent experimental proof of single
photon sensitivity in micron-wide-wire devices, maskless optical lithography is ex-
pected to play a significant role in large-area device fabrication for fast wafer-scale

processing.

The order of the chapters in this work follows the suggested path for superconduting

nanowire technology when working with new materials.

1. Thin film deposition and characterization
2. Fabrication techniques

3. Single wire and detector performances characterization

Following this order, the following thesis is organized as follows:

e Chapter 2: Thin Film Sputtering and Characterization. It is explained
the process for magnetron sputtering and characterization setup for supercon-
ducting thin films. Later on, superconducting properties, as a function of
deposition parameters are analyzed, in particular bias power and deposition
pressure. Finally, the main optical properties, analyzed by Variable Angle
Spectroscopy Ellipsometry, a technique that will be explained further, and

the extraction of A and B parameters for thin superconducting films, whose
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meaning is explained further as well.

Chapter 3: Fabrication technology of superconducting microwire
single photon detectors. It will be explained the fabrication steps for
superconducting-nanowire technology, involving maskless optical lithography.
The optimization of optical lithography and reactive ion etching (RIE) process
for micron and sub-micron scale patterning will be proposed for complete and

reliable photoresist removal.

Chapter 4: Photon-detection and electrical characterization of su-
perconducting microwire. The experimental setups, involving mainly cryostats
working below liquid-helium temperature and apparatus description for dip-
stick probe in liquid-helium dewars, for characterization at 4.2 K. Then main
results for photon-detection and electrical characterization of NbTiN based
microwires are proposed showing the first NbTiN-based SNSPD realized in
the group, but whose count rate does not present saturation in internal detec-

tion efficiency.

Chapter 5: Conclusion and future outlooks. A summary of the re-
sults reached in this work are proposed. Possible future material deposition
techniques and strategies are proposed for improvement of NbTiN thin films.
Characterization techniques will be proposed to analyze the effects of deposi-

tion parameters at atomic scale.



Chapter 2

Thin Film Sputtering and

Characterization

The NbTiN films were prepared by RF magnetron sputtering technique using AJA
International ATC Orion Sputtering System. The magnetron sputtering technique
differs from traditional sputtering by the usage of magnets, which force, through
a magnetic field, the Ar™ ions on a longer path (spiral instead of straight lines),
thus increasing the ionization rate in the deposition chamber, which results in an in-
crease of the deposition rate at lower Ar pressure. In this work, the target used was
a Nbg5Tigs target, sputtered in a nitrogen rich atmosphere, thus the bombarded
Nb and Ti will react with the nitrogen injected in the chamber and then deposit on
the desired substrate.

Each deposition is made of six consecutive steps:

e Spark of the plasma. The power is increased gradually until a fixed set-
point, which is necessary to completely spark the plasma. This appears as a
bump in the voltage between the cathode and the anode and by the appearance
of typical bright color of plasma inside the deposition chamber. In this step
the pressure is set to a high level to facilitate the sparking, generally around
40 mTorr, which is much higher than the pressure used during the sputtering

of the target. In this stage only Ar is injected in the main chamber.

e Lowering of the pressure. Once the plasma is correctly sparked and stable,
the chamber pressure is lowered to the operating pressure, generally between 2

and 4 mTorr, depending on the sputtered material and the desired deposition

9
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2.1. Measurement setup

rate. The Ar flow is kept constant for 2 minutes, in order to have a uniformity

of the plasma inside the chamber.

Introduction of active gas. In this stage the conditions of the previous step
are kept constant, but the active gas is injected and the flow is kept constant
for 3 minutes, in order to have a uniform gas distribution before proceeding

with the next steps.

Power ramp-up. Now that the pressure of the chamber and the gas are
uniformly distributed in the chamber, the RF power is gradually ramped up
to the nominal value for the sputtering. Once power is arrived at set-point,
the power is kept constant for 2 minutes, this is performed to both stabilize
the plasma at the RF power set-point and to sputter the superficial layer of

the target, in order to sputter a target as pure as possible.

Sputtering. At this stage the shutter covering the target is opened letting
the sputtered material go towards the sample. The time for the shutter open

is defined according to the desired thickness.

Shut-off of the system. The shutter is now closed, power is gradually set

back to zero and pressure is set to non-sputtering conditions.

The tool used throughout this work belongs uniquely to our group and whose use is

uniquely dedicated to depositions of superconducting films (mostly NbN and MoSi),

in order to avoid contamination with other materials. The system is made of a main

sputtering chamber and a load lock, which is used to load and unload the samples,

without venting the main chamber, allowing for extremely low pre-sputtering pres-

sure (between 5 x107? and 1 x107® mTorr), thus limiting the contamination of the

films from external impurities.

2.1 Measurement setup

In the following sections the description of the setup, equipment and methodology for

measurement of sheet resistance, R, critical temperature, T, and thickness, d will be
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explained. For these measurements three different equipment are needed: a room-
temperature 4-probe multimeter, a dedicated dip probe for cryogenic measurement

of the critical temperature and an ellipsometer setup.

2.1.1 Sheet resistance

The sheet resistance of thin films is measured using a 4-probe setup, this config-
uration allows to remove the contact and wire resistance, which would affect the
measurement.

A correct measurement consists of two measurements, differing from each other by
the rotation of the sample by 90 degrees, after collection of the two values, namely,
R1 and R2, it is possible to evaluate the sheet resistance of the films through the

following formula:

R. (2.1)

In the formula, R is the average between the two measured resistance R1 and R2
and c is a correction factor which depends on the geometry and shape of the sample,
for infinitely large rectangular films it is equal to 1. From the sheet resistance it is

possible to evaluate the resistivity, p, of the film as it follows:

p=Rsd (2.2)

In the formula, d is the thickness of the film.

2.1.2 Ciritical temperature

In order to evaluate the critical temperature it is necessary to measure the resistance
of the film as a function of the temperature. For this task, a dedicated dip probe
was used, which allows for fast evaluation of R(T) curves of two sample dies at the
same time. The probe is made of two printed circuits boards (PCBs), which, during
operations are placed one on top of the other. The sample die is placed on the
bottom one on region plated with electroless nickel immersion gold, with a diode-
based temperature sensor. On the top PCB four pogo-pins per each chip are placed,
in order to both measure the resistance using a four-probe technique, as explained in

Section 2.1.1 and to hold the chip during the measurement. The four pogo-pins are
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then connected to the lower PCB, through a connector and the four signals for each
chip are then sent to an external multimeter, through a feedthrough, to measure the
resistance. The measurement is run using a Python code, which allows for setting
the multimeter on 4-wire setup and sampling the resistance once each second for
both mounted dies. The current is set to 100 pA to avoid self-heating phenomenon
and guarantee a low uncertainty on the measurement. While the measurement
runs, the operator has to lower the probe down into the dewar in order to cool
down the chips, or raise it up for warming it up. On both directions, the speed is
generally low in order to cool down and warm up properly the chip avoiding big
jumps in temperature. The temperature decreases by lowering the probe down into
the dewar until liquid helium is reached, thus reaching 4.2 K temperature. Then,
this tool do not allow for critical temperature measurement of very low-7, materials,
such as thin MoSi or WSi, but it is perfectly suited for NbN, NbTiN and high-T,
materials such as MgBs or Yttrium Barium Copper Oxide (YBCO).

2.1.3 Thickness and optical constants

The measurements of the thickness of the films and optical constants (refractive
index, n, and extinction coefficient, k) were realized using an ellipsometer setup, in
particular the tool is SE2000 from Semilab. The complete description of the working
mechanism of an ellipsometer and the meaning of the parameters is explained in the
Appendix in Chapter A.1. The working mechanism description is limited to our tool
and brief explanation of main analysis parameters, such as ¥ and A, is provided

but it is not meant to be a complete guide on ellipsometry.

Since this mechanism relies on optical properties of the film it is necessary that
all the contaminating particles are removed and, since the ellipsometer was in
MIT .nano facilities and the sputtering system is outside of it, the contamination
is almost inevitable during the transportation from the chamber to the characteri-
zation tool. For this reason, prior to any measurement the samples are cleaned in a
non-destructing way, by sonication for 3 minutes in acetone and 3 minutes in [PA

and dried with a Ny gun.

The first step is the measurement of ¥ and A values, as a function of the impinging
wavelength, which are measured in the visible and near infrared (NIR) spectrum of
the electromagnetic radiation, from 240 nm up to 1700 nm. This measurement is
repeated for different angles in particular 45, 50, 55, 60, 65, 70 and 75 degrees, this
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is made to create a unique data set. For this reason, this method is called Variable
Angle Spectral Ellipsometer (VASE). The measurement of W and A is considered
as exact (within the uncertainty of the tool). On the other hand, ellipsometry is an
indirect method, this means that the measured ¥ and A data cannot be converted
directly into thin film optical properties, but an analysis model is necessary. The
necessity of a model for fitting the experimental data is the major weakness of this
technique and the one which is responsible for uncertainty or errors in the measure-
ments. In addition to that, since this technique is unique, the (reasonable) values
which best fit the experimental data, by least-square minimization, are considered
as exact. Then, the most important part in ellipsometry analysis consists of finding
the proper model for fitting the experimental data to get the optical constants and
thickness of the films. The first step was a literature check for understanding the
best model for fitting experimental data from ultra-thin absorbing films. Indeed,
the ability of the superconducting films of absorbing the radiation in all the used
spectrum and extremely low thickness of the films makes this choice fundamental.
In Lucy Elizabeth Archer’s thesis, [33], which is focused on studying optical prop-
erties of thin films of NbN using the same experimental setup, the model chosen is
the Drude model, which generally used for absorbing material in NIR and visible
range, with it the Lorentz model was used. These two analysis models were used in
combination with a third model, called IR Tuil, used simultaneously to fit at best
the data (this last is not present in the work of Lucy Elizabeth Archer, probably
because it is a recent upgrade and it was observed to result in a better fitting of the
data).

The first part of the simulation consists of providing a structure to the software, in
particular a Si wafer as a substrate, on top of it a 300 or 100 nm thick SiO, layer
(a good approximation for the thickness of the oxide layer was measured with an
ellipsometer setup before sputtering the films, in order to have a reference for future
measurements) and NbTiN layer, whose thickness, n and k parameters are unknown.
From an initial guess of the thickness of NbTiN film, generally around 5 nm, the
software automatically tries to fit the experimental data with the parameters of the
model (E, and Er for the Drude model, f, Ey and I' for Lorentz model and A for
the IR Tail model).

From the fitting of the ellipsometer data, in particular E,, and Er, it is also possi-

ble to recover some useful normal-state parameters, such as the conductivity, o or
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equivalently the resistivity, p and R, of the superconducting thin film, following the

equations:
€0Eg
_ 2.3
T Bk (2.3)
1 Erh
= — = . 2.4
=T am (2.4)

At the end of the fitting, if the measurement of the oxide layer is sufficiently close
to the one measured in our own ellipsometer setup (generally within 1 nm) and if
the electrical parameters estimated by the measurement are sufficiently close to the

values measured with the 4-probe setup, the measurement is considered correct.

2.2 Target poisoning

The sputtering power is generally limited by two main factors: plasma stability
and poisoning of the target. The first one is due to the formation of too energetic
plasma, this can be noticed since the plasma starts to be unstable, turning on and
off continuously. The second one, poisoning of the target, appears when the plasma
power is so high that not only we sputter the Nbg 5Tiy 5 target, but also the already
deposited superconducting films. The minimum power for poisoning can be found
through a jump in the RF voltage as a function of the power injected into the
target, since the trend of voltage versus power is generally linear. For this task,
a linear sweep of the power was performed to monitor the variation of RF voltage
with respect to the power provided by dedicated RF gun. Generally, the power is
set to the maximum power that guarantees stability of the plasma and avoid target
poisoning. In our tests, no target poisoning was observed, but starting from a RF
power of 120 W the plasma started to become unstable. For this reason to guarantee
a constantly stable plasma and no target poisoning a RF power of 100 W was set

throughout this work.
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2.3 Results

The normal state and superconducting state properties strongly depend on the sput-
tering conditions in the chamber, among all, chamber pressure, Ny and Ar flows,
substrate temperature, RF power, bias and many others but also on the substrate
material, for example SiOq, SiN,, Si, MgO or even 2D materials [34]. MgO sub-
strates are generally used with NbN, since MgO provides the best lattice matching
with NbN, leading to an increase of critical temperature. In this work only SiO5 on
Si substrates were used, since it is was shown that it guarantees the best device-level
performances, if compared to the other Si-based substrates [34] and this material
is widely used in photonics integrated circuits for quantum applications. In Sec-
tion 2.2 the maximum power which safely allows to work without plasma instability

and target poisoning is around 100 W, this power will be used for all the depositions.

2.3.1 Non bias-assisted sputtering

It was shown, using the same magnetron sputtering system of this thesis, by Dane et
al. that by applying a bias during the sputtering of NbN, substantial changes appear,
above all an increase of the critical temperature and the lowering of the resistivity
of the sputtered NbN films [35], showing an optimal point for critical temperature
using a Ny flow of 6 scem. The Ny flow has been shown to strongly change the prop-
erties of the sputtered films, generally showing a dome-shaped curve in the critical
temperature with respect to the nitrogen content. A similar study has been recently
published by Pratiksha Pratap et al. by studying epitaxial growth of NbTiN on MgO
substrates and the different superconducting and physical properties of the films de-
pending on the Ny flow [36]. The usage of the bias is extremely useful because
it allows for increase of the critical temperature without requiring an increase of
substrate temperature, which can be useful for deposition on temperature-sensitive
material, such as polymers, and at the same time it does not require long cooling
time of the chip carriers. Firstly, the sputtering time was left unchanged for all the
samples and equal to 300 seconds, in this way it was possible to cvaluate a starting

point for the critical temperature and resistivity of the films.

In Figure 2.1, the sheet resistance and the critical temperature was shown, it is
possible to notice that increasing the nitrogen flow the sheet resistance increases,

this is due to the fact that the resistivity is expected to increase as the nitrogen flow
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increases, since the more nitrogen is inflated in the chamber the more interstitial
N atoms are expected to be present, thus the films tend to be less-metallic. It is
noticeable to mention that also 9, 10, 12 and 15 scem were tried as nitrogen flow, but
all of them did not show superconducting transition before 4.2 K (9 scem reached
the half of the transition in R(T) but zero-resistance was not verified). From these
values it can be noticed that the sheet resistance of these films is promising, since
it is possible to get values higher than 1 k2/sq. On the other hand, the critical
temperature for the films are not optimal, if compared to other groups’ results, in
which it was shown results of highly-resistive thin films, but with critical temperature
around 8 K, such as recent results of Zolotov et al. [37], in which they sputtered NbN
using very large flow of Ny, but to keep sufficiently high the critical temperature they
sputtered on a heated substrate, 300 °C and using a bias. Using the ellipsometry
the thicknesses of the films were evaluated, and thus the deposition rate, showing
generally a plateau in deposition rates for Ny flow higher than 5.5 sccm saturating

to a rate below 1 nm/min, Figure 2.2.
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Figure 2.1: Sheet resistance and critical temperature for NbTiN thin films with
0 W bias. In this case films were grown using same deposition time and not same
thickness, thus they do not result is same thickness. Nitrogen flow > 9 sccm are not
shown since T, < 4.2 K

The lowering of the critical temperature as the nitrogen flow increases was also
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Figure 2.2: Deposition rate for non-bias assisted films, showing an abrupt drop in
correspondence of 7 scem of Ny

verified by Pratiksha Pratap et al, [36], confirming the dependence of the critical
temperature with nitrogen content for non-bias-assisted NbTiN films. In particular
they obtained an optimum for 7T, in correspondence of a Ny partial pressure equal
to 7 %, that using 40 sccm of Ar corresponds to 3 sccm of No. This may result in an
optimum for simple T, but it would imply a low resistance. For this reason, alterna-
tive techniques were investigated for reaching sufficiently high 7T, without sacrificing
the resistivity and this will be the subject of the following chapters. Since, it was
possible to observe that the voltage in the chamber in not affected by the Ny flow,
the ionization rate is not expected to change significantly, thus the large drop in
the deposition rate is suggested to be caused by a lower reaction rate between the
active gas and the sputtered Nb and Ti, this may also lead to less cristallographic
order, affecting the final microscopic properties of the films. This is expected to be
the cause for the very low T, for nitrogen-rich films, then in the future chapters the
bias will be used to allow for higher nitrogen flows without sacrificing the resistivity
of the film.
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2.3.2 Effect of bias and pressure

In the work of Dane et al. [35] it was demonstrated an increase of T, by using a
50 W bias during the sputtering, but this also resulted in lowering the resistivity
of the films. Thus, the effect of the bias on T, and R, was studied, trying to find
an optimum bias power in order to limit the reduction of the resistivity, but still
resulting in an increase of the critical temperature. Thus, a second experiment was
performed keeping fixed the nitrogen flow, in particular 7-nm-thick films were sput-
tered injecting 7 sccm of Ny flow and 26.5 sccm of Ar. The bias was swept between
0 and 50 W in a 2.5 mTorr sputtering pressure, results are shown in Figure 2.3.
It was noticed that the 7. is dependent on bias applied showing a proportionality
between the two. On the other hand, the sputtered films, also for low bias, under-
went a large decrease in resistivity (close to 40 %). In addition to the sweep of the
bias, the effect of the pressure was observed. For this experiment three couples of
samples were sputtered using 2.5 and 3 mTorr sputtering pressure, the samples were
sputtered using the same deposition time, which resulted in comparable thicknesses
(difference lower than 0.5 nm were measured with VASE technique), thus the sam-
ples can be safely compared. Results are shown in Figure 2.4. The resulting critical
temperature was increased by a significant amount by lowering down the pressure
down to 2.5 mTorr instead of 3 mTorr. Using 26.5 sccm of Ar and 4, 7 and 9 sccm as
Ny flows, which were used as a reference for low-, medium- and high-nitrogen flow,
showing an increase of about 0.5 K for 7 and 9 sccm Ny flow. At the same time,
the change of pressure is not responsible for major differences in thickness. This
could be resulting from a higher crystalline order in the material, induced by lower

pressure leading to a more uniform arrangement of nitrogen atoms in the film.

Using a 9 scem of Ny flow a large resistivity, 416 pQ2 cm, was observed, which
represents an increase of about 100 pQ2 ecm with respect to 7 sccm Ny flow, but at
the same time the film was featured with a high critical temperature for a 8-nm-
thick film. To provide a comparison to this result, the resulting film shows a critical
temperature close to the optimized-bias-sputtered NbN for the same thickness, but
at the same time a higher resistivity was observed. The resistivity can be compared
to the results obtained in the group for nitrogen-rich NbN for wide wire single photon
detectors, 390 nQ2 cm [38].
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Figure 2.3: Effect of the bias on superconducting properties of magnetron sput-
tered 7-nm-thick NbTiN films. The films were sputtered all in the same conditions,
by only sweeping the bias. Top: Effect of the bias on 7.. Bottom: Effect of the
bias on the resistivity

2.3.3 Optimization of bias-assisted sputtering

For non-bias assisted deposition for a nitrogen flow below 9 scecm, 5-nm-thick films
still show a superconducting transition above liquid helium temperature in absence
of an additional bias, for higher nitrogen content the transition temperature was
still below the liquid helium temperature. On the other hand, these films were the
most interesting since they are featured with the highest resistivity, due to the large

concentration of interstitial nitrogen.

From the good results on optimization of critical temperature by lowering the sput-
tering pressure and using 50 W bias power, the effect of nitrogen content was studied
by keeping a 50 W bias and a sputtering pressure of 2.5 mTorr, with an Ar flow

of 26.5 sccm. As a first attempt, the sputtering process were performed using the
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Figure 2.4: Effect of the sputtering pressure on critical temperature for three
different nitrogen content. For each couple of samples the deposition time is equal
in order to ensure equal thickness.

same sputtering time, 4 minutes, using 4, 5.5, 7, 8.5, 10 and 11.5 sccm of Ny. From
this first set of films it was possible to extract the effect of the different nitrogen
concentrations on resistivity and deposition rate of the films. The corresponding

results are shown in Figure 2.5 and 2.6.

According to experimental values, the resistivity of the film show a linear dependency
with the nitrogen flow, the fitting parameters can be extracted and it is shown that

the resistivity follows the equation:

p=29.7 N, flow + 188.7 (2.5)

In the equation p is measured in pf2 cm, while the Ny flow in sccm. As contrary
of the resistivity, an inverse proportionality between the deposition rate and the
nitrogen flow can be observed. Thus, the higher the nitrogen content the lower the
deposition rate. This result is very similar to results obtained with NbN, where the
deposition rate is between 3 and 6 nm/min, and in correspondence of the optimum
for critical temperature it is around 4 nm/min. This trend can be caused by an

increasing reaction time of the active gas with the sputtered Nb and Ti, this linear
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Figure 2.5: Resistivity of sputtered films, deposited using 2.5 mTorr deposition
pressure
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Figure 2.6: Deposition rate versus nitrogen flow

regime suggests that the additional bias during the deposition favors the reaction

of the nitrogen, thus not resulting in big jumps in the deposition rate. Secondly,
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once the sputtering rate is known, the deposition times were tuned accordingly, to
sputter for each of the nitrogen flow one 5-nm-thick film. This was further verified
by ellipsometry measurement, showing that each of the films were within 0.2 nm of
error with respect the nominal 5 nm thickness (the thinnest was 4.8 nm while the
thickest was 5.2 nm), this difference is generally in the same order of magnitude of
uncertainty of the tool and it is not expected to play a significant role. R(T) curves

for different Ny flows are shown in Figure 2.7.
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Figure 2.7: R(T) of superconducting thin film as a function of nitrogen content in
the chamber

It is possible to observe that higher-Nj films are more resistive (or less metallic)
than Ns poor films. The resulting 7T, are shown in Figure 2.8. It is possible to
observe a maximum of critical temperature in correspondence of 5.5 sccm nitrogen
flow, corresponding to a value of 7 K. It is worth to be mentioned that this result
is very close to the one obtained for NbN, where the maximum point was measured
with 6 sccm. In that case the T, of the resulting film was equal to 7.8 K, thus
resulting in a film with a 7, 0.8 K higher. It is also possible to observe a central flat

region around the optimum point and then an abrupt drop of T, for Ny flow larger



Chapter 2. Thin Film Sputtering and Characterization 23

than 10 sccm. Since, for high-efficiency SNSPDs both a high resistivity and a high
critical temperature are recommended, a general parameter that can be taken into
account is the product pT,(Ns), Figure 2.9. The resulting curve pT.(Ny), show a
dome-shaped curve with a maximum in correspondence of 10 sccm of Ny flow and its
value is strongly affected by the N5 content showing an increase of 51 % from 4 scecm
to 10 scem. This suggests that the different Ny content in the film is responsible for

significant variation in the film properties.

To provide a fair comparison between the two materials, the values for p and T, were
extracted from Dane et al. work [35] and the product pT, is compared as a function
of the N, content, with the results in this work. The results are shown in Figure
2.10. It is possible to notice that the product pT. is generally higher in NbTiN, with
respect to both the two NbN film sets. All the films have a thickness of 5 nm and

the results are cropped in order to be in the same range of Ny flow.
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Figure 2.8: T, dependence on nitrogen conten for 5-nm-thick NbTiN films, showing
an optimum in correspondence of 5.5 sccm No flow.
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Figure 2.9: pT. product as a function of nitrogen flow evaluated for a set of 5-nm-
thick NbTiN thin films.
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Figure 2.10: Comparison of the figure of merit pT, as function of different Ny
content between NbN and NbTiN. All the films have a thickness of 5 nm and were
sputtered with the same sputtering system.
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2.4 Dataset analysis

From the dataset collected for NbTiN thin film deposition, it was possible to observe
some main correlations between the superconducting thin films metrics. First of all,
as a main interest the correlation between the sheet resistance and the critical tem-
perature, which are the two of the most important parameters when working with
SNSPDs. For conventional metallic superconductor the critical temperature results
to be independent from the sheet resistance, this has demonstrated to be false in
NbN, [32] and in many superconductors used for SNSPD fabrication. Result can be

shown in Figure 2.11
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Figure 2.11: Dataset collection (35 samples) for relation between sheet resistance
and critical temperature in NbTiN sputtered from Nbg5Tiy 5 target

From this result it is possible to observe one of the main limitation in performances
for SNSPDs: for high-performance devices a higher sheet resistance is desired, but
as the sheet resistance increases the critical temperature decreases, thus limiting
the working temperature for final devices. Some similar results have been obtained
in the study of NbN by previous members of the group, which were studied and
published by Y. Ivry et al. [39]. Also in this case, the scatter in the graph is too
large to allow a confident fitting to any model for T.(Rs). As in the study of Ivry,
the possible origin for this scattering of the data is the low quality of the grown

films, in terms of cristallinity and strain, induced by the lattice mismatch with the
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substrate. Indeed, in order to enhance the cristallinity order and the minimize the
strain induced by lattice mismatch with the substrate, Y. Ivry et al. deposited NbN
on heated MgO substrates (800 °C), instead of Si or SiOy, since MgO shows minimal
lattice mismatch with NbN.

Y. Ivry et al. observed that the parameters d, R, and T, do not have a scaling method
between each other (i.e. Ry(d), T.(R,) and other combinations), then, known the
suppression of T, with reduced thickness d and increased disorder (or increasing R)
the scaling of the product d7,. as a function of R, was observed for a wide set of
different superconducting (~ 30) thin film materials showing a clear trend in the
function dT.(R;) [39]. The relation was demonstrated to be:

dT, = AR;®. (2.6)

From this equation A and B are fitting parameters. From observation that B is
generally very close to 1 and given p = dR;, then the Equation (2.6) can also be

rewritten in a reduced form:

s

7 T.= AR;® = pT, ~ constant. (2.7)

It was further demonstrated that a trend between the parameters A and B, implying
that they may be determined by the granularity of the thin film. In this work, data
were collected and A and B parameters were extracted, using MATLAB software
resources, resulting in A = 3.5 x 10* and B — 1.03. The fitting function is plotted
with the measured data in Figure 2.12. These results were then added to the results
of Ivry in Figure 2.12, showing that NbTiN is added among all the other studied

superconductors, Figure 2.13.

It is possible to notice that some of the points do not match correctly the fitting func-
tion, this effect can be due either due to the lattice mismatch with the film, which
may alter the cristallinity order or presence of some impurities may be responsible
for that. Beside the presence of some points, mostly present on left-hand side of the
graph (low Ry), it is possible to notice that for high R the fitting improves, despite
all the different sputtering conditions (mainly pressure, bias and nitrogen flow). In

Chapter 2.3.3 it is demonstrated that the product pT, is altered and strongly in-



Chapter 2. Thin Film Sputtering and Characterization 27

100 :
® Experimental results
9 sccm — Fitting function

80 r i
e
g 60 T |
&~
~3

40 r .

20 14 scem 5.5 sccm

400 600 800 1000 1200 1400 1600
R (Q / SQ)

Figure 2.12: Experimental results for d7,.(Rs) for sputtered NbTiN. Most of the
point represent films grown in different sputtering conditions, specifically pressure,
bias power and Ny content. It is highlighted how the two major off-points sputtered
using 50 W in 2.5 mTorr working pressure lays below the fitting function are sput-
tered with lower N, flow, while the two major off-points above the fitting curve are
the one sputtered with higher N, flow

fluenced by the nitrogen content in the film. In order to have a better picture of
the film properties more films are suggested to be sputtered in low R regime (<
400 Q/square down to around 100 €2/square), in order to have a clear picture if the
the off-points are due to stochastic variations of the films or if there is a relation
between film properties and the parameters A and B. Thus, further experiments
should be performed to verify a dependence between the fitting parameters of A and
B and N5 content in the resulting film, since it is possible to notice that especially
in low-R, range the dispersion of the points becomes more relevant. In particular,
if only bias-assisted sputtered NbTiN are taken into account, high-Ny content films
lies over the fitting function, while the low Ny points are more favorable to sit below
the fitting function. This suggests a dependence of A and B parameters with N.
Since it was also observed that higher A values are obtained for high granularity of
the films, which for NbTiN might be caused by the additional interstitial N atoms.
This may agree with the results obtained in Chapter 2.3.3 for the product pT., which
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Figure 2.13: Comparison between the results obtained for our samples of sputtered
NbTiN with the results obtained from Ivry et al. in their study

is expected for a material to be almost constant and close to A parameter, according
to Equation 2.7, while in our set of data a large dependence on Ny flow was observed
showing a dome-shaped curved, then either a dependence of A or B (or both A and
B) is expected to be present. This needs to be performed to verify that the off points

in the graph are due to not stochastic variation of thin film properties.

2.5 Optical Characterization

Due to the difficulty in being able to verify the results from ellipsometry, the analy-
sis started with a literature review of results for optical characterization of NbTiN
thin films. In particular, one of the most complete work was published by Archan
Banerjee et al., [40], where they analyzed the complex refractive index of, among
other materials, NbTiN using variable angle spectroscopy ellipsometry (VASE). The
results they obtained showed a general increase of both n and k with the impinging
wavelength. In this study they used a constant current magnetron co-sputtering of
Nb and Ti in Ny and Ar atmosphere, for this reason some differences are expected

to be present, since the sputtering technique is different and also thickness of the
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films may be relevant for this study, indeed this was used as a reference.

In our study the dependence of the room-temperature optical constants with the
nitrogen content is shown in Figure 2.14. Some trends are possible to be observed,
in particular, for what concerns the refractive index, it is possible to observe a local
maximum in a range close to 300 nm wavelength, which is a near ultraviolet (NUV)
frequency range, the value of the peak is generally independent from the nitrogen
content. On the whole, up to ~ 800 nm the refractive index of poor-nitrogen films
is lower than nitrogen-rich thin films, thus showing a lower reflection of visible light.
After ~ 800 nm, then in near infrared (NIR) region, this trend is inverted and
generally, nitrogen-rich films experience a lower n, contributing to a lower reflection
of NIR electromagnetic radiation. Instead, all the films show a point of maximum
of k, in the region between 375 and 400 nm (NUV region), the height of the peak
is globally equal for all the Ny contents and then, the higher the nitrogen content
the higher the &, both in visible and NUV regime, thus nitrogen-poor films have a
lower absorption of visible and NIR radiation. This is the proof that addition of
Ny in the film can significantly modify the atomic structure, influencing the optical
properties.

All these results are valid for room-temperature NbTiN and not verified at cryogenic
temperature, thus it is not possible to ensure a priori that the absorption (or the
reflection) is enhanced (or minimized) also in cryogenic setup for single photon de-
tection applications, and further study should be performed to check if the optical
parameters play a dominant role in the metrics of final devices. Furthermore, reflec-
tion and absorption studies are valid only for simple designs of a SNSPD patterned
on a specific substrate, but today high-SDE devices are characterized by embedding
the SNSPD in an optical cavity (realized by stack of dielectric layers with different
thicknesses, mainly Si, SiOg, TasO5) with a reflecting mirror (that for 1550 nm is
commonly made of a gold mirror) to maximize the absorption on the device layer

and then the maximum count rate (or, alternatively, the detection efficiency).
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dependence of the optical constants with the impinging wavelength is evaluated
using VASE technique



Chapter 3

Fabrication technology of
superconducting microwire single

photon detectors

The fabrication of single photon detector is a one-layer process, i.e. it is made of a
thin film deposition, lithographic patterning and etching for transferring the resist
pattern on the superconducting thin film (in this case, sandwiched structures, design
of optical cavities or suspended devices are not involved). On the other hand, the
choice of chemicals and tools must preserve the superconducting properties of the
films. An example is the O, asher, which uses Os plasma for the stripping of the
resist and often used for resist stripping on semiconductors, but this technique is
not compatible with superconducting thin film processing, since it was shown that,
upon ashing directly the superconducting film the T, was significantly reduced and
the R, was increased, affecting the yield of the final devices. The O5 asher solution
could be used, for example, in case of application of a Si capping layer on top
of the superconducting layer, but this would make the fabrication process longer
since the silicon behaves as an insulator, not allowing for proper ohmic contacts
(this leads to an additional lithographic and etching step, making the fabrication
process much more complex). For this reason, generally baths in heated N-Methyl-
2-pyrrolidone (NMP) are preferred. In addition, to ensure optimal quality and long-
term repeatability of sputtered film compounds, the introduction of polymers in the
reaction chamber is not allowed, thus precluding the possibility of performing lift-off
techniques for realization of superconducting devices. In the following chapters the

steps required for fabrication of superconducting nanowires are explained in details.

31
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3.1 Pre- and post-deposition cleaning

The starting point for the fabrication of SNSPDs is a SiO5 on Si wafer, realized by
thermal oxidation, which is priorly cleaned using RCA standard cleaning and pi-
ranha solution and it is necessary to remove all the contamination which may alter
the quality of the superconducting films or diffuse in the sputtering chamber, thus
contaminating the sputtering system. This harsh cleaning procedure is not compat-
ible with superconducting thin film processing, then they can be run only before
the deposition of superconducting films. After this first pre-deposition cleaning step
the wafer is covered with photoresist and diced in 10x10 mm? chips, the use of pho-
toresist is uniquely to avoid the presence of debris on the final layer. Before the
sputtering of chips it is mandatory to remove the resist which is spun prior dicing

of the SiO4/Si wafer, for this task the following cleaning procedure is run:

e Sonicated bath in Acetone for 5 minutes;
e Sonicated bath in Isopropyl alcohol (IPA) for 5 minutes;

e Blow dry with Ny gun.

2 and the removal

After the cleaning of the starting wafer, the dicing in 1 x 1 cm
of the resist (i.e. pre-deposition cleaning), the chips can be put into the sputtering
chamber and the sputtering of superconducting film may occur. Since the sput-
tering system is located outside of the cleanroom, it is inevitable the contact of
the chips with the external environment, making cleaning procedure highly recom-
mended before performing the following steps (i.e. post-deposition cleaning). The
aforementioned cleaning procedure may be repeated every time it is necessary. The

artistic schematic of the overall fabrication process is shown in Figure 3.1.

3.2 Optical Lithography

Since the first realization of a working SNSPD, several optimization techniques have
been studied for patterning SNs, the dominant one is e-beam lithography (EBL),
which is the only tool available that is capable of realizing features below 100 nm
at non-foundry research level, thus without involving extremely expensive DUV or
EUV lithography steppers, light sources and hard masks, which are required for
commercial-scale lithography tools. In recent years, alternative techniques arose,

such as He' ion patterning, which allows for direct writing on superconducting films
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Figure 3.1: Artistic representation of the process flow required for fabrication of
superconducting nanowire single photon detector

[41]. These two techniques suffer from the problem of slow patterning time, this is
inevitable for high-precision at sub-100 nm level and EBL represents the best tech-
nology for small-area pixels with wire width below 100 nm. For designs which do not

require such level of resolution, alternative techniques have been developed for years
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and multiple works on optical lithography for patterning SMSPDs have been pub-
lished. Most of them involve i-line steppers or laser lithography and they have shown
the possibility to pattern photo-sensitive SMSPDs and microstrips [42, 43, 44|. The
usage of optical lithography allows for overcoming problems related to fabrication
of very-large-scale single-pixel SNSPDs, such as stitching problem: the writing area
of a single field for Elionix HS50 and HS125 are 500 x 500 pm?, this means that for
writing a 1 x 1 mm? pixel 4 exposure fields are required, then lowering significantly
the final yield, this problem is not present is maskless aligner tools or in traditional
UV lithography tools. The tool used throughout this work is the Heidelberg MLA
150, which is an optical maskless aligner, thus not requiring the using of masks for
patterning, whose realization is the most time-consuming and expensive part in opti-
cal lithography. In this case, thanks to an array of digital micromirrors it is possible
to expose a binary pattern on a common UV-sensible photoresist using a 375 nm
or a 405 nm laser, then commonly available photoresists can be used. This tool is
generally faster than an EBL tool, and it allows for wafer-scale patterning in around
20-30 minutes, versus the hours which is generally demanded by our processes for
SNSPD patterning at wafer scale. At the same time it does not suffer from stitching
problem which can be detrimental for mm?-area patterning using EBL tools. Our

standard process is the following:

1. Solvent cleaning Solvent clean the substrate, check Chapter 3.1 for full de-

scription.

2. Pre-spinning heating Substrate heated at 110 °C for 60 seconds, this step
is performed to to remove any adsorbed moisture or contaminants from the

surface which may result in detrimental effects.

3. Resist dispense and spinning The photoresist AZ 3312 is dispensed on the
substrate, covering 3/4 of the entire diameter. Then it is spun at 5000 rpm for
60 seconds using maximum acceleration. This high rotating speed is generally

performed for ensuring a thin and uniform resist.
4. Soft-Baking (SB) Bake at 90 ° C for 60 seconds on a hot plate.

5. Exposure Expose with either 375 or 405 nm line, using a dose of 260 mJ/cm?
for both the laser lines. Generally a dose test, ranging with a + 50 % the nomi-
nal value, with proper step, on dummy chip is recommended before patterning

good dies.
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6. Post-exposure baking (PEB) Bake at 110 °C. This step is generally per-
fomed to make the resist more resistent to etching and avoid burning. Not

required in case of lift-off.

7. Develop Photoresist is developed in AZ 726 MIF developer for 60 seconds at
room temperature. Subsequently it is submerged in three baths of water to

stop the developing.
8. Dry Dry the sample die with Ny gun.

9. Inspection Optical microscopy inspection to check for under-development.

3.3 Reactive Ion Etching

After the patterning of the resists with different geometries the etching step is needed
to be optimized to allow for optimal replication of openings in the resist. Indepen-
dently from the used recipe, the first step is the cleaning of the chamber. In this
stage an NF3 plasma is striked in the main chamber and kept constant for 2 minutes,
this step is performed for the removal of major contaminants, especially fluorine-
based residues. Secondly, a conditioning step is run, performed with the same recipe
of the etching process, for a time of about 5 minutes. After this conditioning step,
the load lock can be vented and the samples are loaded in it, and the etching occurs.
For this step two different technique were tried, the first one consists of one single
etching step, whose length is set prior to loading the samples, this recipe is also re-
ferred as NBN _ETCH. The second solution consists of dividing the etching steps
in multiple short (in the order of 20 seconds) runs, divided by a cooling step, both
the cooling step duration and the plasma on-time can be tuned. Due to the presence
of a cooldown step, this recipe is referred as NBN COOL. The parameters were
tailored to guarantee an etching rate of ~ 2 min/minute (the time considered is only
the time in which the plasma is on, the cooling down time is only additional time).
Thus, if the film has a thickness of 6 nm, a 3-minute-long etching process is required,
this may divided in six 25-second-long etching steps, in between each etching step
a cooling step is performed to cool down the sample. It is also a good practice to

add some over-etching steps, to guarantee a full etching of the superconducting layer.

The main problem in the NBN ETCH is that the high-energy CF, plasma reacts
with the photoresist, which makes it very hard to be stripped upon etching, resulting
in undesired layers of residual resist on top of the features. The NBN COOL is
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an optimized etching recipe which reduces the burning of the resist, thanks to the
cooling between each cycle and the reduced on-time of the plasma, thus limiting the
reaction of the resist only with the most superficial layer of the resist, this makes the
stripping step much easier without affecting the final result. An additional solution
to improve the heat dissipation is placing some drops of Santovac thermalization oil
below the chip, the oil works as thermal contact with an underlying dedicated Si
wafer and helps to dissipate faster the heat from the chip to the underlying wafer.
The plasma bias power is set to minimum needed to correctly strike the plasma
(25 W instead of 100 W), thus minimizing the reaction of the CF, plasma with the
photoresist and the heating of the photoresist. All the other parameters are defined
in the Table 3.1.

NBN ETCH NBN COOL

e Pressure: 2 Pa e Pressure: 1 Pa

e CF, flow: 30 scem e CF, flow: 30 scem

o Ar flow: 0 sccm e Ar flow: 0 sccm
e ICP power: 0 W e ICP power: 0 W
e Bias: 100 W e Bias: 25 W

Table 3.1: Comparison of etching parameters between the two etching recipes,
highlighting the difference of bias power, thus resulting in a less energetic plasma.

3.4 Resist stripping

After either etching procedures of NbTiN layer the stripping of the resist was per-
formed in a bath of N-Methyl-2-pyrrolidone (NMP) for 5 hours at 70 °C and left
at room temperature overnight. At the end of the stripping procedure, to stop the
stripping, acetone is sprayed on the sample die, to remove the NMP, and then son-
icated in acetone for 5 minutes and in TPA for 5 minutes and dried with Ny gun.
After this step, the process is completed and the chips are inspected using scanning
electron microscopes (SEMs). One of the main obstacles in this fabrication process
is the resist burning, due to the reaction between the CF4 plasma and the photore-

sist, which leads to detrimental effects in fabrication processes, as it is possible to
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Figure 3.2: Optical and SEM images showing the presence of burnt resist and
some lateral spreading of the resist during the stripping.

observe in Figure 3.2. The plasma used in the chamber, by reacting with the pho-
toresist makes the stripping of the resist extremely hard with NMP, for this reason a

lot of the effort was made in finding a solution to this problem, based on NMP baths.

3.5 Fabrication optimization

In the following chapter the techniques for the optimization in the etching step to
avoid the burning of the resist are provided with major results for dose optimization
using maskless optical lithography and the technique of overexposure to pattern

features below resolution limit.

3.5.1 Etching recipe optimization

The first trial of etching was performed using a unique cycle with NBN ETCH
recipe in CF, plasma, time was taken according to an etch rate of ~ 4 nm/min
measured for NbN. Clear evidences of burnt resist occurred, then this recipe was
abandoned in favor of slower but less aggressive etching NBN COOL, which has
reported better results for NbN and MoSi etching. Multiple combinations of plasma
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on-time, cooldown time and Santovac usage were tried, the full list of trials is ex-

plained below.

1.

Usual NBN COOL recipe During this step, the recipe commonly used
for etching of NbN using e-beam resist was performed, in particular 25 second
of CF, active plasma and 120 seconds of cooldown step. The resulting film

showed clear evidence of burnt resist.

. Long cooldown and no PEB Cooldown and post-exposure bake were be-

lieved to be the major responsible for resist burning, then removed from the
lithographic process flow and the cooldown step was lengthened to 300 seconds

instead of 120 seconds. Strong evidences of burnt resist were on chip.

Long cooldown, no PEB and Santovac oil Cooldown was left at 300 sec-
onds and PEB removed, but now the Santovac thermalization oil was added.
This resulted in an improvement of the removal of the resist and few areas of

the chip were free of the resist, but yet not sufficient.

Long cooldown, no PEB and Santovac oil re-change All the param-
eters were left unchanged with respect to the previous process, but now the
Santovac oil was changed each two operation cycles. This was performed to
have always the best thermalization with the underlying wafer. Not significant

changes were visible with respect to process without Santovac change.

Long cooldown, PEB present, Santovac oil and short plasma on-time
For this recipe the PEB step was performed, in order to strengthen the resist,
the Santovac was not changed during the process and the plasma on-time was
reduced to 18 seconds, instead of 25. For the first time, the totality of the
burnt resist was removed. To verify the correct operation of this process, this
same identical recipe was performed with 18 seconds and 20 seconds on-time

plasma and in both cases only few traces of resist were left on the sample die.

3.5.2 Micron-scale-patterning

Before starting with trial-and-error optimization of the exposure parameters, as pre-

liminary step the datasheet provided by the manufacturer was read. In particular
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AZ Electronic Material, manufacturer of the used photoresist, provides a suggested
process using i-, h- and g-line wavelengths, which means 365 nm, 405 nm and 435
nm wavelengths respectively. The tool is provided both with 375 nm and 405 nm
laser, which means that g-line data are automatically excluded from the choice. As
positive tone resist we used AZ 3312. The recommended recipe for a i-line exposure,
which corresponds to a wavelength of about 365 nm, which is approximately the
same laser line present in the MLA (375 nm) and consists of four consecutive steps:
a soft bake (SB) at 90 °C for 60 seconds, exposed with desired dose, post-exposure
bake (PEB) at 110 °C for 90 seconds and development using the AZ 300 MIF or AZ
726 MIF for 60 seconds at room temperature.

The first step in the optimization for lithographic patterning was the realization of
layout which could be useful as a starting point. The layout was realized through
PHIDL package in Python with a total footprint of 200 x 400 pm?. The layout
is mainly composed of stars, straight vertical and horizontal lines, meandered mi-
crowires, squares and circles which can be compared to analyze, as a function of
lithographic parameters, the minimum size that can be safely patterned on NbTiN
films after CF4 RIE. After the definition of a suitable layout, a dose and defocus test
was performed. The defocus is the variation of the height of the stage with respect
to the focal plain of the optics system, a positive value means that stage is higher
than optimum focal plane (then, closer to the optics), negative values that the stage
is below the optimum focal plane (then, further from the optics), zero means at focal
plane.

The first trial was performed on a wide spectrum of doses, in particular from 125 to
350 mJ/cm?, with a 25 mJ/cm? dose step, defocus was kept between -3 and +3 (a
+/- unity is a fixed height difference from focal plane), with unity increment. Be-
fore etching, the patterned features were then inspected through SEM. After a first
inspection, the doses which did not causes evident under-exposure or over-exposures
were measured more in details. Examples of under- and over-exposures are shown
in Figure 3.3, where for very low doses features are not open and indeed upon etch-
ing it acted as mask without allowing for etching of underlying film. For severe
over-exposure the feature are clearly smaller or not present on the resist. For 375
nm linewidth, the best doses recorded are 250, 275 and 300 mJ/cm? with 0 defocus,
whose some features’ size is analyzed in Table 3.2 and some images of the results

(resist still present on top) are shown in Figures 3.4, 3.5, 3.6.

After this preliminar step, a new dose test was run, this time using as a layout
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Figure 3.3: Optical micrograph of dose test patterns after development. In blue
NbTiN layer, in white AZ3312 photoresist. (a) Dose: 350 mJ/cm? Defocus: 0.
Example of over-exposure: it can be noticed by the absence of the horizontal lines,
which are present in (b) which shows an example of good exposure, with a dose
of 275 mJ/cm? and defocus 0. (c) shows the test structure exposed with a dose of
125 mJ/cm?; in which it is clear the diffraction pattern made by the undeveloped
photoresist. All three images are taken with the same filter of optical microscope to
highlight the presence of refractive patterns in undeveloped resists

Dose 0.9 pm width 1 pm width 4 pm spacing 1 pm width 2 pm spacing

250 1.075 1.138 3.853 1.07 1.93
275 0.807 0.888 4.127 0.83 2.17
300 0.668 0.859 4.332 0.709 2.381

Table 3.2: Table of linewidths and spacings measured with SEM appartaus, the
headings represent the size in the digital layout. Used for dose comparison using
375 nm wavelength laser of Heidelberg MLA150

a set of SNSPDs and microwire. In this case, the structures are SNSPDs, whose

linewidth varies from 0.8 up to 3 pm and nanowires whose width varies from 0.7 up
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WD = 45mm Mag= 25.18 KX Time :20:02:07 WD = 44 mm Mag= 928KX Time :19:49:54

(a) (b)

Figure 3.4: Vertical and horizontal lines patterned using a dose of 250 mJ/cm?
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Figure 3.5: Vertical and horizontal lines patterned using a dose of 275 mJ/cm?
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Figure 3.6: Vertical and horizontal lines patterned using a dose of 300 mJ/cm?

to 5 pm. In previous paragraphs it was shown that a good value for dose is around
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250 mJ/cm?, then a denser dose sweep was performed with & 25 % was tried, i.e.
from 200 up to 320, divided in 15 steps, which means one each 8 mJ/cm?. This
experiment is performed on both 375 nm linewidth and 405 nm linewidth, in order
to check possible dose variation depending on the used laser line, showing that the
best doses for the two lines are: 260 mJ/cm? for 375 nm and 260 mJ/cm? for 405
nm. With these doses it is possible to safely pattern features around 900 nm and
slightly smaller. It is important to highlight that the resolution limit of the tool is
1 pm.

3.5.3 Sub-resolution limit pattering

After the dose test experiments on 375 nm and 405 nm wavelength, it is possible
to notice that generally the best dose is 260 mJ/cm?, and 260 mJ/cm? for 405 nm
laser wavelength, but for specific designs it is always recommended to run a dose
test around these two central values, in order to tune the proper process parameters
according to the interested geometry. From the results obtained in Chapter 3.5.2
Table 3.2, it is possible to observe, that if the dose is not much higher than the
optimum, the effect of over-exposure can be used to print features that are smaller
than the layout size, but keeping the pitch constant, in the case of fabrication of
SNSPD, thus reducing the fill factor. In case of patterning a single wire it simply ap-
pear smaller than the expected size in the layout. It was believed that this solution
can be implemented to pattern features that are far below 1 pm without requiring
high-resolution tools. It is important to add that over-exposure is a purely random
process and strongly dependent on local thickness of the resist, then it is very hard
to predict in exact way the final feature’s size known the layout. As a proof of this
concept, using a 405 nm linewidth some large-area SNSPD, with features smaller
than 1 pm and a filling factor of 0.33, and sub-micron-width nanowires were pat-
terned using a dose of 275 mJ cm ™2, which is generally beyond the optimum for this
line. After etching step, the width of the wires were measured in multiple locations
of the same device, in order to provide a dispersion in linewidth. The results are
shown in Figure 3.7, 3.8 and 3.9. Before describing the results it is important to
notice that the use of over-exposure is the only way to reach resolution in the order
of 0.5 ym and that the wires with 1.25 and 1.5 pm width were close to the edges of
the film, thus the result can be affected by irregularity of the film, mainly thickness

in-homogeneity.

It is possible to notice instantly that also for large features the patterned wires are
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smaller than layout size, even if the layout size is much larger than resolution limit
of the tool, this highlights the fact that the ability to produce sub-micron patterns
relies on the ability to over-expose the resist. Secondly, it is possible to notice that
using over-exposure the actual resolution limit starts to get closer to the resolution
limit of the resist, which is around 500 nm and not of the tool anymore, which
is around 1 pm. In some cases the patterned features were even smaller than the
resolution limit of the resist, but with a large variance in the feature’s size. Some
groups have declared to reach a 0.4 pm linewidth /spacing using a 0.5 pm-thick resist,
which is twice thinner than the one used in this work, then possible improvement
in this alternative patterning technique could be focused on using thinner resists in
order to further optimize this process. This result is the proof of the possibility for
further optimization of this process for safely patterning features as small as 500
nm, but the process requires to use very thin positive resist (commercially available
UV sensible resists are AZ 1505, which can guarantees positive-tone resists as thin
as 400 nm or AZ ECI 3007 and AZ 701 MiR, which upon sufficient dilution can

guarantee final resist thickness around 200-300 nm).
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Chapter 4

Photon-detection and electrical
characterization of superconducting

microwire

4.1 Design and fabrication

Using the optimized recipes for patterning using optical lithography tool, different
configurations of straight and meandered wires were designed using Python packages
PHIDL and QNNPY. One important parameter in the design of SNSPD is the reset
time, 7,, which is defined as 7, = Li/Ry, where Ly is the kinetic inductance of
the nanowire, while Ry, is the load resistance of the wire. If the reset time is too
fast the device will be unable to self reset. For this reason, to avoid latching two
viable solution are generally used, increasing the inductance or reducing the load
resistance. The inductance can be increased by an inductor in series to the wire, this
is done by patterning a meandered wire, whose width is sufficiently larger than the
width of the nanowire (generally, three times larger is sufficient) in order to inhibit
the generation of pulses, which may influence the photon count rate (PCR). The
inductance can be tuned by evaluating the sheet kinetic inductance of the film from
the formula £ ~ 1.378 R, /T, (the result is in pH/square). Once Ly is known, it is
possible to design at the same time both the total area of the inductor (i.e. the total
number of squares) and the load resistance of the wire, generally by using a shunt
resistor, which can be soldered in the PCB between the pad and the ground pads in
the PCB, or alternatively using in-line shunt resistors. General values for 7. that do
not lead to latching are between 10 and 100 ns. The choice of the shunt-resistance,

R, and the series inductance Lj not only allows for tuning the 7., but also the

47
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final device performances can be affected. Indeed, a large series inductance may be
responsible for the reduction of the slew rate on rising edge of the pulse, and at
the same time increasing the reset time, thus limiting the count rate. In the same
way, the choice of the shunt-resistor is subject to a trade-off: a small shunt-resistor
prevents from latching and increases the current range, however it can degrade the
performances by lowering the count rate and increasing the jitter, since the lower
the shunt resistance the lower the pulse and higher the reset time. Wang et al. [45]
studied the effects of the shunt resistors and series inductance on bare microbridges,

demonstrating that:

e In absence of a series inductance (resistance range between 20 and 2 ), the
reduction of the shunt resistor leads to a decrease of the DCR or, alternatively,
an increase in the the bias current range. Same results were obtained with the
presence of a fixed series inductance. On the other hand, a smaller shunt
resistor reduces the pulse height and increase the exponential decay time,

degrading jitter and count rate of the device.

e Two identical bridges (same width and critical current) were tested with and
without a series on-chip inductor. The presence of a series inductor improved
the stability by preventing latching mechanism, from the values provided the

reset time is about 50 ns.

On the other hand, as highlighted by the authors themselves, in the studied no opti-

mal combination of R, and L; was estimated or a theoretical model was extracted.

4.2 Experimental setup

4.2.1 Cryogenic setup

Once the chip has been fabricated, and checked for absence of detrimental fabrication
errors, it needs to be mounted on a cold head of a cryostat. The cold head is the
central cooling component of a cryostat and designed for the maximum cooling
power and lowest temperature to a single mechanical stage. The cryostats used in
this work are a single shot He-3 cryostat, with a base temperature of 300 mK and
3 K, manufactured by Janis, and a cryostat manufactured by ICE Oxford, which
has a large 1.3 K stage. For correct measurements a proper thermalization must
be ensured and as many as possible electrical connections must be provided. For

this task, ad-hoc PCBs have been designed during the years for guaranteeing a
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proper number of electrical connections and good fit with the stage of the cryostat.
The sample die is mounted to the PCB with GE varnish on a region plated with
electroless nickel immersion gold, subsequently each of the contact pad realized on
the chip are connected to pads in the PCB through wire bonding. The unpatterned
region is wire-bonded to the ground connection through multiple wire to allow a
more stable value of the ground on the entire chip. Each PCB for the cryostat is
featured with push-on RF connectors, which allow for pulses readout. Once the
PCB is mounted to the cold head of the cryostat, the die samples are illuminated
via free-space coupling from a fiber mount designed to fit the PCB footprint, using
a visible eye-safe laser. This step is required for aligning the light beam with the
sample die before sealing the cryostat. Before sealing and cooling the cryostat, the
electrical resistances are measured to check for electrical disconnections or grounding
of a device. At this stage, the cryostat is sealed and cooled down for at least 24
hours until the base temperature is reached.

Beside the two cryostats for higher temperature measurements, a dip-stick probe
was used. The principle for thermalization is exactly identical, the only difference
is that it is a probe that can be submerged into a liquid helium dewar, thus used
for measurements at temperature of 4.2 K or higher. The main advantage of this
setup is that it does not require the long time vacuum and cooling time of the
cryostat and the probe is equipped with 28 RF output lines, which are used to
monitor electrical signals from the devices (for the ICE Oxford and Janis stage
"only", respectively, 8 and 6 RF connectors are available), a diode thermometer is
mounted for a correct temperature measurement, an optical fiber runs along the
probe for optical measurements and a magnet is mounted for measurements that
require the presence of a magnetic field. This probe allow for faster measurement
since it is necessary only the time for pumping it down, which is generally couple of
hours and then it can be submerged in liquid helium for measurements. In both the
case of the cryostats and the dip-stick probe all the measurements are run through

dedicated Python codes, which controls the measurement equipment.

4.2.2 SNSPD measurement setup and process flow

For optical characterization, a sub-picosecond fiber-coupled mode-locked laser was
used with wavelength of 1550 nm (ThorLab S1FC1550) and 780 nm (ThorLab
S1FC780). The single-mode optical fiber, which is coupled to the laser, runs along
the cryostat and the fiber is manually aligned before sealing the cryostat, this step

is performed by coupling a low-power eye-safe visible laser to the input of the fiber
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and observing if the chip is entirely impinged by the laser spot. Once the beam
is aligned to the chip, the cryostat is closed and the room temperature resistances
are measured, in order to ensure that there are not errors in the electrical connec-
tions before cooling down the cryostat. Each of the device were biased using a low
noise voltage source (Yokogawa GS200) and a room-temperature bias resistor, gen-
erally in the order of 10 - 100 k2, while the RF output signals were carried out by
stainless-rigid coaxial cables. The DC and RF signals were decoupled using a bias
tee (ZFBT-6GW139 from Mini-Circuits). The output RF signal is then amplified by
a low-noise amplifier (LNA), LNA-2500, before being connected to the oscilloscope
(LeCroy WaveRunner 620 Zi) or a counter (Agilent 53230A). The choice of the am-
plifier is a vital part of the setup, since it is generally the component that introduces
the largest amount of noise on the RF signal and it is necessary that it is low-noise
within a large bandwidth (typically from DC up to some GHz). In some setups, it
is also possible to integrate cryogenic amplifiers in the cryostat for further reducing
the electrical noise (noise < kT), generally made of a two-stage amplification with
DC-coupled HEMT and SiGe LNA. In our setup, an in-line shunt made of a 50 Q

and 1.2 pH was present. An artistic schematic of the full setup is shown in Figure 4.1.

After measuring the critical currents and checking that the normal state resistance
is coherent with the one measured before cooling down, it was time for checking the
photon-counting ability of the devices. Using an oscilloscope the trigger was set to a
level that allow not to collect noise floor from the electronic setup while visible dark
counts are measured. The bias current is kept in a level that allows for measuring
some dark counts, generally ~ 0.9 I.. The output is monitored using a 50 2 coupled
oscilloscope. The shape of the pulses tells us if the device is self-resetting, if it is not,
the device is not able to sustain dark counts and will latch after some counts. The
height of the pulse is equal to the product between the bias current and the hotspot
resistance, I, Ry, with Ry, ~ 10 k€2, generally the higher the pulse the easier the
distinction with the noise floor. The shape of some pulses is then stored, in a way
that reset time can be measured. From the shape of the pulses it is also possible
to resolve photon number [46]. If it is possible to distinguish a pulse from the noise
floor, it is rapidly checked if the device is able to count photon, by turning on the
laser and biasing the device close to its critical current. If when the laser is on, more
pulses appear in the oscilloscope, the device is sensitive to photons and the RF
output signal can now be connected to the counter. Between the RF output of the
SNSPD and the input of the counter a large-bandwidth low-pass filter (bandwidth
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from DC to a frequency much larger than maximum count rate) is connected for
filtering out the noise on the pulse. The usage of a low-pass filter is recommended
because the counters injects some noise in our measurement and it is desired to filter

it out.

Laser diode Q Attenuator Q
(A= 1550, 780 nm)

Integrated device

Bias tee L

Counter <

Oscilloscope

In-line shunt ~ Rs SNSPD |

..............

Voltage source

PCB

Figure 4.1: Schematic representation of the setup used for SNSPD characteriza-
tion. Ly and R, are the series inductor and the integrated shunt resistor, if present.
In blue it is highlighted the the chip which is on the PCB and it is in the cryo stage.
The in-line shunt is made of only a 50 €2 resistance and a 1.2 pH inductance. Then
the bias tee, which for our setup is a ZFBT-6GW from Mini-Circuits. The bias
resistor is 100 k2 and used to bias the setup with the correct current.

Once organized the setup, it is important to set the voltage threshold for the counter,
any pulse that overcomes the threshold will be considered as a count, than in order
to measure only the pulses originating from our SNSPD a threshold sweep is per-
formed, starting from 0 V up to voltage values above the pulse. In this way, for very
low values of the threshold, both the noise and the pulses will be considered, then
the count rate will be very high. Increasing the voltage threshold the count rate
will decrease following a gaussian dispersion. When the threshold level is correct
no noise is collected by the counter but only the pulses, this region is character-
ized by a plateau of counts. If the threshold is then too high no pulse and noise
will be registered, leading to a zero count rate. This process is run with the light
on and light off (using the blocking function of the optical attenuator), in order to
appreciate in both cases a variation of photon counts. The threshold of the measure-
ment is then placed in correspondence of the plateau, generally keeping sufficient

margin from the noise floor. At this stage, the PCR measurement is run through
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a Pyhton code, which once set the threshold level, used by the counter, ramps up
the bias current up to critical current and for each value of current it counts the
pulse generated upon photon absorption. When using the 1550 nm wavelength,
the code runs firstly the total count rate for a certain attenuation, then it blocks
the light, using the optical attenuator, which fully blocks the radiation coming out
from the input fiber. For shorter wavelength this process is run by the operator
by manually turning on and off the laser. In this way it is possible to count the
real pulses as the subtraction between the total counts and the dark counts. To
ensure that the device is correctly working in single photon regime, the attenuation
is ramped from 0 dB (same optical power from the laser diode) up to an attenuation
value that allows for small number of counts (generally around 10 - 20 dB), for cach
value of attenuation the count rate is measured for a fixed current generally close
to I.. If the count rate is linear with attenuation and the count rate is halved each

3 dB of attenuation than it is sure that the device is working in single photon regime.

4.3 First results

The first measurements in dip prob was performed with a sample with one of the
highest sheet resistance, 1.3 k{2/sq despite a low T, of 5.5 K. Firstly, the chip was
mounted on the dip-stick probe and submerged in liquid helium (T = 4.2 K). This
first test did not lead to any significant result, indeed all the microwires seemed to
behave as a resistor, whose resistance is close to 100 k) and not as a supercon-
ducting microwire, suggesting that operating temperature is too high for correct
operations. Due to problem in measuring the performances of the device in the dip
probe, a second attempt was were then run in ICE cryostat, which allowed to cool
down the sample down to a base temperature of 1.3 K. I-V sweeps were run then at

temperature of 1.3 K and results are shown in Figure 4.2.

The results show a very small critical current, from 0.7 pA up to 14 pA, while much
higher currents were expected, suggesting that something went wrong during either
sputtering of the film or fabrication or storage. Most reasonable solution is that
these samples were deposited little time after the opening of the main chamber,
which may have caused oxidation or degradation of the NbTi target, resulting in
a very low quality film. The alternative hypothesis is that the fabrication or the

storage of the film altered the properties, this suggests that in future it is always
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Figure 4.2: Full I-V sweep of microwire. Inset Zoomed portion of the I-V curve

for wire widths of 1, 1.5 and 2 pm

better to complete the fabrication process (lithography and etching) and measure-
ment as close as possible to the sputtering of the films, since the contact with air
may deteriorate easily the film, for example by formation of the oxide on top of
it. Upon I-V curves measurements, the chip was coupled with three different laser
lines, 1550 nm, 780 nm and 406 nm, but in none of the cases photon sensitivity
was observed. Secondly, since all the microwires had the same length, the overall
resistance of the wire should depends on the number of squares that a wire is made
of. For this reason, the resistance of 20 pm-wide is significantly smaller than 1, 1.5
or 2 pm-wide. This is not true for example for 12.5 pm-wide wire, which shows a
resistance comparable to the much smaller wires, suggesting possible fabrication-
related errors. Another interesting result is the absence of hysteretic curve for all
the widths but 20-pum-wide wire. On the other hand, it is possible to notice that as
expected the critical current is proportional to the size of the wire, this is correct

with SN theory.
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4.4 Micron-wide NbTiN SNSPD

After the first results, two films were prepared and patterned using the recipe de-
scribed in Chapter 3.5.3 for the realization of different devices. From now on they
will be referred as Film 1, which is 8nm-thick film, 7, of 9 K and R, of 513.2
Q) /square, and Film 2, which is a 5-nm-thick films, 7, and R, were 701.8 €2/square
and 7 K, respectively.

4.4.1 Film 1

On Film 1 both SNSPDs and microbridges were patterned. In particular three mi-
crowires, in this case two 1-pm-wide wires, one of the is shunted with the 50 Q - 1.2
11H in-line shunt, while the second one not, the third one is a 1.5-pm-wide wire. The
two 1-pm microstrips were used to study the possible effects of shunt resistors on mi-
crowires, without using an on-chip series inductor. On the other hand, two SNSPDs
with a linewidth of 1 pm and one with a linewidth of 550 nm were tested, using
the Janis cryostat. First, critical current measurements were performed for checking
that sputtering and fabrication did not lead to catastrophic failure of superconduc-
tivity of the wires. The results are shown in Table 4.2. It is possible to notice that

the shunted microstrip has a larger 1., this verifies the results obtained by Want et al.

Width Shunted 1. 1, 1./1. R,

1 pm No 25.2pA 142pA 056 33 kQ
1 pm Yes 28.2 ptA  28.2 pA 1 49.1 Q
1.5 pm No 50.5 pA  23.7pA 047 21.1 k2

Table 4.1: Table for critical current measurement for microwire at 3 K. R, is the
normal state resistance.

The straight microwires appeared to be extremely latching, so the PCR measurement
is inhibited. Generally, the shunted device appeared to work better, indeed it was
the best one within the microwires, but the reset time was still too low, suggesting
that a series inductor is required for correct operations, thus reducing the reset
time 7, = (Linductor + Lr)/Rr. Within the three SNSPDs, the one with smaller

linewidth appeared not to be working correctly, showing a switching current of about
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Figure 4.3: Pulse shape recorded from 1 pm linewidth SNSPD, detector area of
200 x 200 pm?

2 nA, probably due to some fabrication defects. For the working SNSPDs, one was
resulting in latching at high bias current, while the second one (which is larger) was
optically characterized following the procedures explained in Chapter 4.2.2, using a
LPF from DC to 48 MHz, given a reset time 7,. = 110 ns, in this way part of the noise
is filtered out but, the bandwidth is about 5 times the maximum count rate. Results
of the photon count rate (PCR) were obtained using 1550 nm and 780 nm laser. The
results showed an initial increase of the count rate with the bias current, but still far
from saturation. For a clear visualization of the results, the bias current, Ij;,, was
limited to the values before device started latching. As expected, the sensitivity at
780 nm is higher than 1550 nm, but it is also possible to observe that the knee of the
PCR curve at 3 K and in absence of shunt resistor is around 0.9 .., this phenomenon
can be caused by multiple causes, mainly constriction within the device. Results
are shown in Figure 4.4.

After this measurement the temperature was lowered to 300 mK, to study the
temperature-dependence of the devices. All the microwires showed an increase of

the critical current, up to double of the 3 K. On the other hand, the good-working

SNSPD did not show any increase of the critical current and the count rate was in-
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Figure 4.4: Photon count rate for a 1 pm wide SMSPD. The PCR is evaluated for
both 1550 nm and 780 nm laser. The bias current, Ip;,, is limited to the values thet

did not make the devce latch.

hibited, this could suggest a misalignment during the transition to 300 mK with the

optical fiber (when the cryostat was re-opened the fiber was loosened and this might

have caused a loss of alignment between the device and the chip). The smaller

device, on contrary showed a very large number of dark counts from oscilloscope

monitoring and latching mechanism, which prevented it from being characterized.

Width Shunted

I’I“/IC Rns

1 pm No
1 pm Yes
1.5 pm No

525 pA 221 pA 042 33 kO
40 pA 084 4910
247 pA  0.28 21.1kQ

Table 4.2: Table for critical current measurement for microwire at 300 mK. R, is

the normal state resistance.
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4.4.2 Film 2

After showing that the straight wires were able to count photons, but due to the
absence of any inductance, latching mechanism occurred for low current level, a
new device was designed. Due to the low sensitivity of the films to the infrared
radiation new films were sputtered using thinner films, in this case 5 nm, since it
was shown that thinner NbTiN film show better sensitivity in mid-infrared regime
[47| and with a sufficiently high critical temperature, in order to be able to be used
in our cryostats. Rs and T, were measured and equal to 701.8 /square and 7
K, respectively, from here it is possible to estimate the kinetic inductance of the
film, Ly ~ 100 pH/square. Two couples of straight microwire were patterned (i.e.
two 1.5-pm-wide microstrips and two 2-pm-wide microstrips), all four detectors are
connected in series with an on-chip 450 nH inductor. Each of the microstrips were
shunted with 10 and 20 Q. The inductor consists of a 500 x 500 pm? (approximately
4488 squares) meandered 5.5-pm-wide wire with a filling factor of 50 %, a picture of
the final device is shown in Figure 4.5. Then, two couples of identical devices were
shunted with different shunt resistances (10 and 20 2), leading to reset times of 22.5
ns and 45.0 ns.

Beside the four microstrips two meandered SNSPDs were patterned with a wire
width of 1.8 pm and 2.2 um, over an area of 650 x 650 pm? and 800 x 800 pm?
with a filling factor of around 40 % to avoid large current crowding effects. The two
SNSPDs are also much larger in area than the device patterned on previous film.
This design choice was taken to counter the latching phenomenon of the previous
devices by increasing the inductance of the wires. The first one was shunted with a
20 Q2 resistance, while the latter on was shunted with the in-line 50 Q2 - 1.2 pH shunt.

Unfortunately, also for this device once cooled down to the base temperature of 3 K
all the devices worked as a resistor, whose value is the equal to the shunt resistor,
despite T, was measured and equal to 7 K. In addition, in order to ensure problems
in sensitivity of the multimeter, a second multimeter was used. In order to remove
any measurement-dependent issues, it was tried to check for photon sensitivity of
each of the device using the oscilloscope but no pulse was observed for any of the
device, confirming in this way that all the patterned devices were resistors. As for
the case of the first tested device, the films were patterned after the re-closing of
the chamber. Then, it is believed that either a 5 nm thickness is too small and the
deposition techniques need to be improved (for example using heated substrates)

for ensuring correct operation, due to excessive lattice mismatch or other defects
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Photoresist (AZ 3312)

B nbTiN OUT

Figure 4.5: Micrograph of a micron-wide wire with a series 450 nH inductor,
realized by patterning a 5.5-pm wide meandered wire on an area of 500 x 500 pm?
highlighted by the black rectangle. Image was taken with photoresist on top of the
structures to increase the contrast. Inset: SEM image of a 1.5 ym wide microstrip,
the length is 50 pm, the image is taken at the end of the process, then the dark grey
region represents NbTiN while light grey is the underlying SiO layer.

that make it more sensible to the humidity or contamination in the lab, leading
to severe constrictions. It is hard to believe that it is a design problem since no
critical current was observed for a film with a 7, which is more than the double
of the working temperature. Alternatives, which are not film-dependent are a bad
spreading of the GE varnish or bad mounting on the cryogenic stage, these were

checked after the measurement and no significant errors were present.
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Conclusion and Future Outlook

5.1 Conclusion

In this work a process for deposition of superconducting NbTiN thin films by mag-
netron sputtering is proposed. For this work a Nbq5Tigs target was used in AJA
International ATC Orion sputtering system. Resulting films showed a T}, that is com-
parable with the room-temperature deposition of NbN but with a higher resistivity,
which has been demonstrated to be an important parameter for high-performances
SNSPDs. The effect of pressure and bias are analyzed showing that lower pressure
enhances the T, of the films, without affecting the resistivity of the films, on the
other hand the bias power leads to an increase of the T, but with significant low-
ering of the resistivity. The influence of Ny variation has been studied proving a
significant change in the resistivity of the films and T,, showing a linear trend in
the resistivity of the film with the Ny flow. Ny flow optimization for T, has been
performed, using a set of 5-nm-thick films, showing a peak for a flow equal to 5.5
scem and an abrupt decrease for flows > 10 sccm. The Ar flow was set to 26.5 scem.
In addition, optical parameters have been studied for 5-nm-thick films showing a
significant change in the optical properties of the film depending on the N, flow
suggesting variation in crystalline order of the film. The d, T, and R, of the film
were then fitted in a model which is valid for thin superconducting films, which links
the d, T, and R, in the equation dT, = ARP. Parameters A and B were evaluated

showing a possible dependence with Ny flow (and then with interstitial N atoms).

A process for patterning sub-micron features has been developed, requiring both
an optimization of dose and defocus given the thin positive-tone resist A7Z 3312.

Subsequently, an etching process has been developed for the complete removal of

99
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residual resist, showing that post-exposure baking and thermal sinks are necessary

for avoiding the burning of the photoresist.

At the end, a full electrical and optical characterization process for NbTiN micron-
wide SMSPD wires in cryostats, using 1550 nm and 780 nm. The fabricated devices
did not show a saturation in internal detection efficiency but it is possible to show

that it is possible to realize single-photon sensitive large-area micron-wide structures.

5.2 Future experiments

5.2.1 Heated depositions

Another technique that was in plan was to sputter on heated samples, still using a
bias, the temperature is supposed to increase the diffusivity of the sputtered ma-
terial once the surface is reached, and, on the other side, the high temperature of
the chamber close to the chip increases the reactivity of sputtered Nb and Ti with
the nitrogen in the chamber, decreasing the interstitial N atoms or vacancies in the
film, resulting in a more uniform film and favoring the crystalline order. For this
reason, the resistivity of the film is expected to be lower, but on the other hand the
critical temperature should go up. A trade-off between the temperature needed for
enhancing sufficiently the critical temperature and the resistivity might be found.
This technique can also be used for ultra-thin superconducting thin films, since 5-
nm-thick films resulting in inability to realize a working SNSPD.

This experiment was not possible due to failure in the controller for the substrate-

heating system.

5.2.2 Material characterization

Some deeper analysis in structure changes, due to Ny concentration in the film may
be run in future, for example by employing X-Ray Diffraction (XRD) techniques for
estimating the size of the crystals in the films, since NbTiN is a polycristalline film,

and evaluate possible effects on crystalline order due to low- or high-N, content.
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Appendix

A.1 Ellipsometry

Ellipsometry is a technique for measurement of thickness and optical parameters of
thin films such as complex refractive index (n +ik) or dielectric function. This ver-
satile tool enables the characterization of composition, roughness, thickness (depth),
crystalline nature, doping concentration, electrical conductivity, and various other
material properties. It exhibits high sensitivity to changes in the optical response of
incident radiation when interacting with the investigated material. This technique
relies on measurement of the change in polarization due to reflection or transmis-
sion of a material, specifically along the s- and p-directions. The s- and p-directions
are two orthogonal basis vectors used to express polarization states, where the p-
direction is defined by the plane of incidence (the plane that contains incident and
reflected beam and the vector normal to the sample surface. The s-direction is
defined as the direction perpendicular to the p-direction, such as p-direction, s-
direction and direction of propagation define a right-handed Cartesian coordinate
system. From here, it is possible to define any totally polarized electromagnetic
radiation, by defining the component of the electric filed along p- and s-direction,

which are in general complex number, known as Jones vector.

Eo|" (A1)

Eq

With the light expressed as a Jones vector, all light operations can now be repre-

sented using 2 x 2 transfer matrices, referred to as Jones matrices. This approach
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facilitates the evaluation of optical components’ effects within the instrument. Be-
fore reaching the sample, the light passes through a polarizer, ensuring the knowl-
edge of its polarization state. Upon reflecting off the sample, the light encounters a
continuously rotating analyzer before reaching the detector. The detector observes
a sinusoidally varying intensity of light, dependent on the polarization state of the
light reflected from the sample. To determine the intensity of light incident on the
detector, the evaluation of the electric field is necessary, as intensity is proportional
to the electric field of the light. To accomplish this, the Jones formalism is em-
ployed. By using the Jones formalism and considering the sample isotropic and
not too rough, the beam of light incident on the detector, EFp can be expressed as

follows:

Ep = |Analyzer matrix|[Sample matrix| [Polarizer matrix||[Input beam| (A.2)

where
cosP —sinP
Polarizer matrix = (A.3)
sinP  cosP
R, 0
Sample matrix = (A.4)
0 R
10 cosA  sinA
Analyzer matrix = . (A.5)

01 —sinA cos A

From here it can be shown that:

R, cos Pcos A = Rysin Psin A
Ep = (A.6)

0

From this equation it is possible to define the complex ellipsometry ratio, p:
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