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Chapter 1

Introduction

1.1 Space Exploration

S
PACE research in the broad sense describes the exploration of the observable uni-
verse starting from the Low Earth Orbit (LEO) where most of the artificial satel-
lites are located further into the deep space such as Solar system, Milky Way and

beyond. First artificial satellites started to orbit the Earth by late 1950s, after the success-
ful development of the chemical rockets earlier within the 20th century. Once the rocket
technology matured enough to deliver payloads beyond the geosynchronous orbit where
the earth’s gravitational attraction becomes insignificant, then the exploration of the Moon
and other planets in the Solar system started. Mariner 2 was the first spacecraft that made a
successful flyby of another planet, namely Venus, and returned scientific data such as sur-
face temperature of the Venus and the measurements of the interplanetary magnetic field
[1]. Furthermore, after the successful landings on the Moon, deep space exploration gath-
ered pace and Voyager robotic probes launched in 1977 to explore the deep space within
the Solar system. These probes made flybys with the outer solar system planets, i.e. gas
giants, Jupiter, Saturn, Uranus, Neptune and some of their moons. By 2012 Voyager 1
probe entered to the interstellar space, becoming the first artificial satellite leaving the So-
lar system by crossing the outer boundary of the heliosphere [2], (see Fig. 1.1).

During the space race era, there had been immense progress in science and technol-
ogy, including in information and communications technology. Scientist and engineers
faced major challenges since each satellite has to be designed with the specific require-
ments depending on its mission target. Communication system is undoubtedly one of the
most important subsystem for all spacecrafts. It is crucial not only for the return of the
scientific data which is the primary goal for all missions but also for the guidance of the
spacecraft during flybys and/or orbital insertion maneuvers. As the satellite technology is
advanced, and the exploration for different planets became possible, the requirements for
communications systems have also been changed. Various different space communication
systems are developed in order to comply with the increased bandwidth demands and also

7



8 CHAPTER 1. INTRODUCTION

Figure 1.1: Number of low energy charged particles (mostly protons) hitting the Voyager
1 spacecraft as a function of time (Day Of the Year). There is a significant drop in Sun-
bound particle detection during September – 2012 which is a strong indication for Voyager
1 entry to the interstellar space. Image taken from [2].

overcome the fading/degradation of the transmitted signal due to the increased distance
between the probe transmitters and the data receivers stationed at the Earth.

NASA has developed a network of large antennas called Deep Space Network (DSN)
in order to support interplanetary spacecraft missions by providing two-way communica-
tions links [3]. DSN consists of three deep-space communications facilities placed approx-
imately 120 degrees apart around the Earth that are equipped with high-gain, parabolic
reflector antennas. With the current technology of the DSN, it is capable of acquiring
telemetry and transmitting commands to the Voyager1 spacecraft which is beyond the lim-
its of Solar system at a distance of more than 135 AU. But the science data rates returned
to earth are only 16 bit/s with S-band and 160-bits/sec with X-band transmitters by using
a 3.7 meter high-gain antenna on the spacecraft.

The RF communication frequencies used by DSN have been shifting toward higher fre-
quencies steadily over the past five decades, and therefore the deep-space communication
capabilities improved drastically. Starting with 900 MHz (L-band) at 1960s, the commu-
nication frequencies shifted to 2.30 GHz (S bands) during 1970s and 8.4 GHz (X-band) at
1980s. During 1990s, NASA developed a new communication system using the Ka-band
frequencies between 26.5–40 GHz band. These frequencies represent the upper part of
the microwave band (300 MHz-300GHz) of the electromagnetic spectrum. Ka-band com-
munication systems have already proven to be useful for deep-space communication and
research, in particular they have been used to probe the Titan’s ionosphere [4]. However
due to the increased demand on capacity, existing RF frequencies, S-, X- and Ka-bands,
are already facing a bandwidth ceiling problem. Therefore, the next logical step would be
to develop communication systems using optical frequencies such as; infrared (300 GHz –
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Figure 1.2: Estimated data-rate of a 4 Watt/22 cm diameter laser flight transceiver as a
function of range by using 5 meter Hale telescope. Blue and red curves shows the night
time and day time performances accordingly. Black curve shows the performance of the
Ka-band performance of the MRO transceiver. Image taken from [6].

400 THz), visible (400 THz – 750 THz) and ultraviolet (750 THz – 30 PHz) bands of the
electromagnetic spectrum [5].

1.2 Deep Space Optical Communication

O
PTICAL communication systems have many advantages over RF systems. The
most important advantage is having extremely wide bandwidth, higher frequency
for the communication link and therefore larger signal capacity. Moreover, these

systems have lower power consumption, more compact designs and extremely high gain
using small terminals compared to the RF systems. Therefore optical communication sys-
tems will play an important role in space exploration in future [7, 8]. First successful
optical communication between a ground terminal and a satellite orbiting another body dif-
ferent than Earth was achieved with Lunar Laser Communication Demonstration (LLCD)
test in October 2013. This communication system used a pulsed laser beam successfully
transmitted downlink data with the record of 622 Mbit/s from a spacecraft (orbiting the
Moon) to the ground station with the distance of nearly 385.000 km. LLCD was a sig-
nificant milestone demonstrating the capabilities of two-way optical communication over
existing RF systems [9]. Furthermore, an advance Deep Space Optical Communication
(DSOC) is currently being developed by NASA that has the capability to improve data
rates at least 10 times compared to the state of the art deep space Ka-band RF systems
as shown in Fig. 1.2. Superconducting detectors are excellent candidates for designing a
ground laser receiver for an optical communication systems. Such a system could in prin-
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Figure 1.3: The basic operation principle of a SNSPD. a) A resistive hot spot is created
by an incident photon. Hot spot grows rapidly due to the increased current density in the
nanowire. b) The supercurrent flow is blocked completely across the width of the nanowire
due to a resistive barrier. Transport properties of the nanowire changes drastically causing a
measurable spike in nanowire resistance. Transition from superconducting state to normal
conducting state happens locally. c) Hot spot is cooled and the supercurrent flow is restored
by an external circuitry which shunts the nanowire.

ciple achieve a symmetric bidirectional communication links that can support 100s Mbits/s
data links from outer planets and few Gb/s links for manned missions to near-earth orbits
and Mars which is crucial for the human exploration [10].

1.3 Superconducting Nanowire Single-Photon Detectors

S
UPERCONDUCTING Nanowire Single-Photon Detectors, SNSPDs, are simple and
very reliable superconducting devices that can be used as single photon detectors
for a wide range of wavelengths and frequencies,[11, 12, 13, 14]. These devices

have immense potential for many different photon detection applications since they have
the ability to cover the waveband from ultraviolet to the far-infrared including optical fre-
quencies [15, 16, 17]. SNSPDs outperform other single photon detectors due to their high
efficiency, low dark counts and excellent timing resolution [18]. Unlike conventional low
temperature superconductors, SNSPDs made out of high− TC superconductors could in
principle be operated at space (T ∼ 30 K) only with passive, inexpensive, and compact
cooling systems [19]. Furthermore, SNSPDs can bring significant cost savings and im-
provements for future optical deep-space network, therefore they are excellent candidates
for the deep-space communication [20, 21].
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In this study, we have used two different high−TC superconducting materials; Magne-
sium Diboride, MgB2, which has the bulk critical temperature, TC ∼ 33K and Molybdenum
Silicide, MoSi, with the bulk critical temperature, TC ∼ 6K to develop SNSPD circuits for
infrared and ultraviolet frequencies accordingly. The basic operation principle of a SNSPD
is shown in Fig. 1.3.

———————————————————————————–



Chapter 2

Superconducting Nanowires

W
E have designed and fabricated MgB2 and MoSi superconducting nanowires. Sam-
ple fabrication was done primarily at JPL/Micro Device Laboratory (MDL) and
measurements were conducted at the Low Temperature Laboratory. For cryo-

genic measurements, the samples were cooled well below their superconducting transi-
tion temperatures and the current-voltage characteristics (IVC) were studied extensively.
In order to investigate the effect of various intrinsic thin film defects such as; weak-
links, narrowing of the nanowire and etc. on the DC-IV characteristics, a resistively and
capacitively-shunted junction model with nonlinear damping is developed to simulate the
transport properties of superconducting nanowires. This model is based on the assumption
that weak-links are formed inside the nanowire due to the granular growth of high− TC
superconducting thin films.

2.1 Experimental Techniques
In this section, fabrication process of nanowires together with the film properties and mea-
surement techniques are described. We have fabricated two kinds of nanowires and similar
fabrication techniques were used for both designs. An overview of the thin film proper-
ties together with the details of the sample fabrication and measurement setup are also
described in this section.

We have designed and fabricated two kinds of nanowires; structured and straight nanowires.
Straight nanowires are designed to study the basic response of the nanowire to the incoming
photons without any consideration of the detection efficiency. On the other hand structured
nanowires have a meandering shape and fill a certain area called "active area" where the
photon source is focused. This compact packing of the nanowire with many meandering
legs together with the underlying cavity increases photon detection efficiency drastically.
Experimental results clearly showed that the shape of the nanowire influence not only the
detection efficiency but also dissipation mechanisms.

12
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Figure 2.1: Fabrication process of MgB2 thin films with two different passivization layers.

2.1.1 Thin Films

It is not possible to develop a generic thin film fabrication process for different high-TC
superconducting materials. Therefore various different fabrication techniques are used for
growing MgB2, MoSi superconducting thin films. In this report we are focused primarily
on MgB2 thin films. We present a summary of the fabrication process rather than a detailed
description. The fabrication technique has a significant influence on the quality of thin
films and many different factors such as deposition technique (PVD, CVD), substrate mor-
phology, chamber pressure etc. can affect the quality of the thin films. Several fabrication
parameters must be taken into consideration in order to fabricate smooth and continuous
thin films. A small calibration error at any of these parameters can cause drastic reduction
on the quality of thin films and even the break of superconductivity.

Different film fabrication techniques were used to produce smooth and continuous
metallic MgB2 thin films. Certain properties of MgB2 makes the fabrication a challeng-
ing process. First of all, it is highly reactive with oxygen therefore thin films have to be a
coated with a passivization layer between the consecutive fabrication steps if it is exposed
to air. Furthermore the passivization layers have to be removed without jeopardizing the
continuity and the quality of films. In most cases Argon ion milling is used for the removal
of the passivization layers. MgB2 normally grows on SiC, MgO and Al2O3 substrates and
it is a challenging process to integrate it with an optical stack in order to increase the ab-
sorption which is a crucial parameter for the detection efficiency.

Single step in situ deposition by using pulsed laser deposition [22], molecular beam
epitaxy [23] and hybrid physical–chemical vapor deposition (HPCVD) [24] are the most
commonly used methods for growing MgB2 thin films. Our samples were prepared with
HPCVD method and have shown high fabrication yield. In this hybrid technique, physical



14 CHAPTER 2. SUPERCONDUCTING NANOWIRES

Figure 2.2: SEM images of the Sample 1 at different zoom levels.

vapor deposition is used for the evaporation of Mg and at the same time, Diborane (B2H6)
is supplied to the chamber as a Boron source by using chemical vapor deposition. HPCVD
is the most effective deposition technique exists upto date and widely used due to easy
fabrication of the continuous superconducting films with low grain size and low surface
roughness. It is also shown that the grain size, surface roughness and even the supercon-
ducting transition temperature is strongly depends on film thickness [25].

Several characterization tools including Scanning Electron Microscope (SEM), Fo-
cused Ion Beam (FIB/SEM), X-ray microanalysis (SEM/EDS) and Transmission electron
microscope (TEM) were used for the analyses of topography, grain size and quality of the
MgB2 thin films. SEM/EDS was used for the elemental analysis and chemical characteri-
zation of the sample. With the aid of FIB/SEM we have prepared a very thin lamella with
the thickness d ∼ 50 nm and used cross-sectional TEM to image various film layers and
layer boundaries in order to get information about the continuity of different film layers.
With these analyses we were able to see the crystal orientation and fringe spacing between
different crystal layers of the MgB2 film. In total, we have analyzed three different samples
that were fabricated with similar techniques. Even though, all three samples had the same
film layers, our analysis showed that there were significant deviation between the samples
regarding their grain shapes/sizes and surface roughness.

SAMPLE 1



2.1. EXPERIMENTAL TECHNIQUES 15

Figure 2.3: SEM image of a rectangular shaped particle on the film surface (a). Grain have
the diameter d ∼ 20nm in average.

Figure 2.4: SEM/EDS elemental analysis and chemical characterization of Sample 1 at
five different points. All results in weight percentage and normalized to 100%.

Sample 1 has a three layer structure and was fabricated on a SiC wafer. Fabrication pro-
cess of this thin film is shown in Fig. 2.1. Intermediate MgB2 layer is only ∼ 15 nm thick
and it is squeezed in between the substrate and a 40 nm thick Au passivization layer. MgB2
layer was thinned from 100 nm down to ∼ 15 nm with Ar ion milling. Fig. 2.2 shows the
SEM images of the Sample 1 at different zoom levels. The sample surface is completely
covered with two different kind of features. The small rectangular shaped particles and the
large wire-like elongated objects. It looks like these defects appear due to some intrinsic
processes/properties of the thin film since they are quite uniform and exist all over the film
surface. Rectangular shaped particles have a coverage density of ∼ 2.54 particles/µm2

and chemical analyses showed that they were grown on the surface during the film depo-
sition rather than deposited later. On the other hand, elongated features have a length of
∼ 10 µm, and a width of ∼ 200 nm. These wire-like features have a much lower coverage
density, ∼ 328 ob jects/mm2, compared to the rectangular shaped particles. Fig. 2.3(a)
shows a rectangular shaped particle with the dimensions ∼ 70nm × ∼ 240nm. Average
grain area of this film is ∼ 350nm2 with a diameter, d ∼ 20nm as shown in Fig. 2.3(b).
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We have used SEM/EDS to do an elemental analysis and chemical characterization of
various micro-features on the surface of this film as shown in Fig. 2.4. Five different points
were chosen for this analysis and Spectrum 1 shows the chemical composition of the large
elongated features observed on the film. Measurements showed that these objects are pri-
marily consist of Carbon ( ∼ 50% weight percentage). Mg,Si and Au are also present
at this point while there is no B detected. Spectrum 2 and Spectrum 5 show the chemi-
cal analysis of relatively smooth film surfaces at two different points. Both measurements
shows very similar results and all the expected elements Au, Mg, B and Si were detected.
We attribute the Oxygen detection to the air trapped inside the chamber. Spectrum 3 and
Spectrum 4 show the measurements conducted at the rectangular shaped objects and their
elemental analysis results are very similar to Spectrum 2 and Spectrum 5. This is a clear
indication that rectangular features were not deposited during the fabrication process but
were grown directly from the film. Furthermore, cross-sectional TEM analysis shown in
Fig. 2.5 clearly shows the orientation of the layered crystalline structure of MgB2 film to-
gether with the fringe spacing of about ∼ 2.12Å.
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Figure 2.5: Cross-sectional TEM images of the Sample 1. Sample consists of
Au/MgB2/SiC layers (a). There is a clear boundary between the amorphous Au layer
and the crystalline MgB2 layer (b) and the crystal orientation of the MgB2 layer is shown
with the arrows (c). Layered crystalline structure of the MgB2 film with the fringe spacing
of ∼ 2.12 Å(c).

SAMPLE 2 & SAMPLE 3

Sample 2 and Sample 3 have exactly the same layer configuration as Sample 1 but these
samples have much thicker Au passivization layers. SEM analyses showed that the film to-
pography of the Au passivization layer strongly depends on the film thickness. Fig. 2.6
shows the SEM images of Sample 2 and Sample 3 with different magnification levels.
These two samples have very different grain sizes/shapes and therefore they have differ-
ent surface features. Since the topography of the film surface is defined primarily by the
thickness of the top Au passivization layer, these samples look very different from each
other. Fig. 2.7 shows the SEM/EDS elemental analysis and chemical characterization of
Sample 3 for five different points. Due to the thick Au passivization layer (∼ 100 nm)
all the measurements show high abundance of Au regardless of which point or feature is
chosen on the film surface.
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a) b)

Figure 2.6: SEM images of Sample 2(a) and Sample 3(b). Sample 2 consists of big circular
grains with a diameter, d ∼ 100 nm, which in turn also consists of smaller circular grains
with a diameter, d ∼ 10 nm. On the other hand Sample 3 shows cracks on the film surface
together with the hexagonal shaped grains with a diagonal length, l ∼ 70 nm.

Figure 2.7: SEM/EDS elemental analysis and chemical characterization of Sample 3. All
results in weight percentage and normalized to 100%. Results clearly show a high abun-
dance of Au (∼ 90%), which means that only top passivization layer was characterized.

2.1.2 Nanowire Fabrication & Measurement Circuit

MgB2 Superconducting Nanowire Single-Photon Detectors (SNSPD) have been fabricated
using Electron Beam Lithography (EBL) and Optical Lithography techniques (OPL). All
the steps of the fabrication process is shown in Fig. 2.8. We can summarize the fabrication
process in three major steps. In the first step, long nanowires (l ∼ 100µm) were patterned
on the ma-N EBL resist, dry etched with Fluorine and coated with the Au/Ti layers. After
finalizing the first step, sample became ready for the OPL process. At the second step
contact pads were defined with OPL by using AZ-5214 resist and dry etched with Ar ion
milling. And in the last fabrication step, the sample was coated with the Si02 passivization
layer.

After the fabrication process was finalized the chip was wire bonded to a printed circuit
board (PCB) and resistance of the nanowire was measured. This initial test gives infor-
mation about the continuity of the nanowire. Samples with a resistance of ∼ MΩ range
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Figure 2.8: Fabrication process of a single pixel MgB2 Superconducting Nanowire Single-
Photon Detectors. The cross section of the chip at different fabrication steps. a) The chip
is coated with 400 nm thick ma-N E-beam resist. b) EBL exposure of a designed pattern
and development. c) Fluorine ICP dry etch in order to remove SiO2 passivization layer. d)
Au/Ti Physical Vapor Deposition (PVD) to create a blanket over MgB2 layer. e) Defining
contact pads with Optical Lithography. f) Ar ion milling. g) Deposition of final SiO2
passivization layer.

at room temperature is an indication for working single-pixel device. After the initial test,
PCB was mounted directly to the ∼ 3 K plate which was in-turn in thermal contact with
the sample. We have used an ICE Oxford dry dilution refrigerator with a base temperature
of, Tbase ∼ 3 K, as a cooling unit.

Fig. 2.9 shows a schematic diagram of the measurement circuit. External circuitry
including voltage source, bias-T and amplifier (T ∼ 300 K) is connected to the sample
(T ∼ 3 K) through long continuous and lossy coax cables that has ∼ 50 Ω impedance.
We conducted two kinds of measurements; DC-IV measurements and photon detection
measurements. For the DC-IV measurements we gradually increase the bias voltage, Vbias,
from zero bias upto a desired final voltage. During the DC-IV measurements, the amplifier
shown in the circuit diagram is not active due to the capacitor inside the BiasT. There-
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Figure 2.9: Schematic diagram of the measurement circuit.

fore by measuring the sample voltage, VSamp, we calculate the current running through the
nanowire, Ibias = (Vbias −VSamp)/Rbias. Photon detection measurements, i.e. pulse mea-
surements, are slightly more complicated than the DC-IV measurements. For this type of
measurements, first we increase the bias voltage up to a value at which the current running
through the nanowire, Ibias, is slightly lower (only couple of percent) than the switching
current Isw. Since the nanowire is still in the supercurrent branch of the IVC, there is no
dissipation and the voltage drop across the nanowire is negligible. In the next step by using
a fiber-optic cable, we shine light (could be at any frequency from far infrared up to the
ultraviolet, depending on the material used to fabricate the nanowire) onto the nanowire.
Incoming photons hits the nanowire and deposit some excess energy; and as a result of
this interaction superconductivity becomes suppressed locally. Creation of a normal re-
gion within superconducting nanowire causes a sudden (∼ 100ps) and drastic increase of
the system resistance, which in turn creates a voltage pulse. This voltage pulse behaves as
an ac signal and goes to the amplifier through the Bias-T where it can be detected.
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Figure 2.10: SEM images of a meandering MgB2 nanowire. Global view of the nanowire
(a) and close-up image of the meandering legs (b).

2.2 Overview of Measured Results

I
N this section DC transport properties of the Superconducting Nanowires are pre-
sented. We have produced and studied many nanowires with different fabrica-
tion parameters and a few of these samples are discussed in detail in this section.

Superconducting nanowires are cooled well below their superconducting-normal transi-
tion temperatures with closed cycle cryogenic systems. The current-voltage characteristics
(IVC) were measured by increasing the bias current step-wise up to the sum-gap voltage
and decreasing back to the zero-bias point. We observed a clear transition from supercon-
ducting regime to the dissipative branch at low bias voltages and to the normal-conducting
state at the sum-gap voltage.

2.2.1 MgB2 Meandering Nanowires
Fig. 2.10(a) shows the SEM image of a meandering MgB2

1 nanowire which has the wire
dimensions 100 nm (width) by 10 nm (thickness). This nanowire consists of 10 parallel
meandering legs with each having ∼ 5µm length therefore total length of the nanowire
is l = 50µm. Fig. 2.11 shows that the superconducting-normal transition happens around
33 K.

Current-voltage characteristics of this sample consists of four distinct parts as shown in
Fig. 2.12. At low bias regime, DC-IV curve shows a dissipation-less supercurrent branch
up to the bias current called switching current, ISw. Once the bias current exceeds ISw, the
phase-slip events start to occur across the nanowire by causing dissipation and a finite volt-
age difference. The dissipative part of the IVC extends between 0 < Vbias < N2∆0 where

1Nanofabrication and low temperature measurements of all MgB2 devices mentioned in this study are
conducted by Dr. Angel E. Velasco.
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a) b)

Figure 2.11: Superconducting-normal transition of 10 nm thick meandering MgB2
nanowire happens at TC ∼ 33 K.

Figure 2.12: Typical current-voltage characteristics of a meandering MgB2 nanowire. Red
arrows indicate the direction of the sweep.

∆0 is the superconducting gap. For this meandering nanowire, the dissipative part of the
IVC consists of many sub-branches and the measured current increases linearly with bias
voltage at each of these sub-branches. When the bias voltage reaches the sum-gap voltage
the nanowire switches to the normal-conducting state completely and the slope of IVC be-
comes equal to the normal state resistance. Finally, when the direction of the current sweep
is reversed and lowered back to the zero-bias point, we observe a return current value, IR,
which is much lower than the switching current. Therefore, IV curve shows a hysteretic
behavior. Observed DC-IV characteristics indicate that due to the granular structure of the
MgB2 thin film, weak-links are formed at the grain boundaries along with the nanowire.

Stepwise Switching to the Normal Conducting State
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We think that this unique zig-zag shape of the dissipative branch is created by the mean-
dering shape of the nanowire. The nature of this process is such that, when the bias current
reaches to the critical current of the weakest link formed between two meandering legs
of the nanowire, one of the legs that has the lowest IC, switches to the normal-conducting
state. This sudden transition from supercurrent to normal-conducting state emphasis itself
as sudden drop in the bias current. At this point all the phase-slips events causing dissi-
pation are localized to a single meandering leg of the nanowire, i.e. branch #1. As we
increase the bias current, we clearly observe increase in the voltage and the slope of this
sub-branch is equal to the normal state resistance of the first meandering leg. If we fur-
ther increase the bias voltage we see another sudden decrease in the measured current at
Voltage ∼ 0.3V which is an indication for the switching of second meandering leg to the
normal-conducting state, branch #2. Since each of these legs have same length and dimen-
sions, the slope of the second branch should be twice as the first one. As we increased the
bias current, this process repeats 9 times more and when the final (tenth) leg became dis-
sipative the nanowire switches to the normal-conducting state completely at the sum-gap
voltage. Since the meandering legs are identical, total conductance of the nanowire should
decrease as the bias voltage is increased and it exhibits an inverse dependence on the num-
ber of normal-conducting legs and branch number, which is also observed experimentally
as shown in Fig. 2.13(a-b). On the other hand total resistance of the nanowire has linear
dependence to the branch number as expected and shown in Fig. 2.13(c-d).

Voltage difference between the two minima of the dissipative part of the IVC, ∆V , in
other words voltage step between consecutive branches, should be equal to the sum-gap
voltage of the all the weak-links located at each leg of the meandering nanowire. Thin
film analyses described in the previous section showed that MgB2 films have the grain size
∼ 100 nm and each meandering leg of this sample is ∼ 5µm long. By assuming that the
weak connection points are formed at the boundaries between the neighboring grains, we
estimate the number of weak-links at each meandering leg as, 5µm/100nm ∼ 50. There-
fore, the expected voltage difference (∆V = N2∆0 with ∆0 = 2.2 mV equal to the first gap
voltage of the MgB2) for each branch is ∆V =50× 2× 2.2=0.22 V. This estimate is good
agreement with the measured ∆V value, which has the mean value of 0.2148 V and the
standard deviation of 0.0305 V.

Furthermore, if we assume that the Josephson junctions are formed at the grain bound-
aries of the nanowire, we can estimate the various physical parameters and compare them
with the literature. The switching current for this sample is approximately ∼ 1 mA. Assum-
ing that this current value is similar to the critical current and by using the Ambegaokar-
Baratoff formula;

IC =
π∆0

2eRJunc
(2.1)

we estimate the junction resistance between the two neighboring grains of the nanowire
film. Our estimate shows that RJunc is around 3.454 Ω for this sample and the total re-
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Figure 2.13: Differential conductance (dI/dV) of the meandering MgB2 nanowire as a
function of bias voltage (a) and branch number (b). Resistance of the meandering MgB2
nanowire as a function of bias voltage (c) and branch number (d).

sistance due to all the grain boundaries on the wire is, RN = RJuncN = 3.454 × 500 =
1.727MΩ. Normal state resistance of this sample is, RTot ∼ 3MΩ at 33 K and RTot ∼ 6MΩ

at 300 K. Therefore, 30% of the normal state resistance at 300 K originates from the
junctions formed at the grain boundaries. We also estimate the resistivity of the MgB2
thin film by using geometrical resistance which accounts for approximately 70% of the
measured resistance; ρ = RGEO ×A/l = (RTot −RN)× d ×w/l = (6MΩ− 1.727MΩ)×
10nm×100nm/50µm = 8.546 µΩ.cm which is also in good agreement with the literature
[25]. Another important parameter Josephson coupling energy, EJ , can also be estimated
from the RJunc. The relation between coupling energy and the critical current is defined as;

EJ =
h̄IC
2e

(2.2)

and the estimated coupling energy is, EJ = 2.054 eV . Furthermore, due to the observed
hysteresis behavior of the IVC, it is safe to argue that EJ/EC ratio should be larger than 1.
Simulations showed that the best estimate for this ratio is EJ/EC ∼ 1.5. By taking into ac-
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Figure 2.14: SEM image of a long straight nanowire with l = 30µm. Wire dimensions are
t = 8 nm thickness by w = 100 nm width.

count this ratio, we estimate coupling energy, EC = 1.37 eV , and also the average junction
capacitance formed in grain boundaries, EC = e2/2CJunc, where CJunc = 0.0584 aF .

2.2.2 MgB2 Straight Nanowires

The design and fabrication of straight nanowires are simpler and more robust compared to
the meandering nanowires. These nanowires are ideal for studying the effects of various
design parameters on the measured current-voltage characteristics and to characterize the
basic response of the nanowires to the incoming photons without any consideration of the
detection efficiency.

Effect of the Film Quality

We have fabricated several straight nanowires with varying film qualities and stud-
ied their DCIV characteristics. Fig. 2.15 shows the DCIV characteristics of three straight
nanowires that are fabricated with similar design parameters but varying film qualities.
AFM measurements showed that these MgB2 thin films has rms surface roughness values
∼ 2.5 nm,∼ 3.7 nmand ∼ 4 nm accordingly. It is quite clear from these measurements that
the film quality has an immense effect on the sample behavior. The switching current of
these samples are suppressed from 1.25 mA (a) down to 0.25 mA (c) as the film quality
degraded. Furthermore the shape of the dissipative part of the IVC is also effected dras-
tically. The first sample, Fig. 2.15(a), which is fabricated with the high quality thin film
does not show a clear slope up to the sum-gap voltage and the current jumps, ∆I, consists
of clear steps at the dissipative branch. As the film quality degraded, we start to see a finite
slope at the dissipative branch and the current jumps become both less frequent and less
severe as shown in the third sample, Fig. 2.15(c). Furthermore, the shape of the return
current branch is also a good indication for the size distribution of the grains. The slope of
the return-current branch increases and the retrapping current value decreases as the film
quality degrades. For the third sample shown in Fig. 2.15(c), the return current level is sup-
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Figure 2.15: Experimental IV curves of three straight MgB2 nanowires. Samples have
similar fabrication parameters but varying film qualities.

pressed highly, IR ∼ 0.05 mA, it accounts for only a few percent of the switching current
of the high quality films, ISw ∼ 1.25 mA, as shown in Fig. 2.15(a).
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Figure 2.16: Experimental DCIV characteristics of a straight MgB2 nanowire at different
temperatures.

Temperature Dependence of Switching Current and Zero-bias Resistance

Switching current is a crucial parameter for the superconducting nanowires and it has
direct influence on the photon detection efficiency. Therefore, it is important to know how
the ISw changes as a function of temperature since the primary goal of this study is to
develop single-photon sensitive detectors based on high−TC superconductors. Fig. 2.16
shows the low bias voltage behavior of a straight nanowire at different temperatures. This
sample has the thickness, t ∼ 8 nm, width, w ∼ 100 nm and the length, l = 34µm. The
critical temperature is measured as TC = 30 K during the cool down process. For the sam-
ple temperatures much less than critical temperature, T < 15 K, DCIV curves shows a
supercurrent branch around zero bias point and a clear jump to the dissipative branch. As
the sample temperature is increased, ISw is gradually suppressed and the separation be-
tween the supercurrent branch and the dissipative branch is disappears, leaving behind a
continuous DCIV curve. And when the sample temperature is increased to a level, which
is close to the critical temperature, T ∼ 25 K, switching current is suppressed highly that
supercurrent-branch becomes indistinguishable from the dissipative branch of the DCIV
curve. Fig. 2.17(a) shows the measured ISw as a function of sample temperature, which
suppressed gradually with increasing temperature and disappeared completely at T = 25 K.

Another parameter we deduce from the experimental DCIV curves is the Zero-bias re-
sistance, R0. For the temperatures close to the base temperature of the cryogenic system,
T ∼ 3K, the current voltage characteristics shows a supercurrent branch around zero bias
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a) b)

Figure 2.17: Switching current, ISw, and Zero-bias resistance, R0, of a straight MgB2
nanowire as a function of sample temperature. Slope of the IVC at the zero-bias point
is estimated by fitting the supercurrent branches to a linear line.

point with a very small slope. By fitting the supercurrent branch to a linear line, we have
estimated the slope of the IVC at the zero-bias point. Fig. 2.17(b) shows the estimated
resistance of the supercurrent branch as a function of sample temperature. Surprisingly,
the estimated resistance value is constant and equal to the R0 ∼ 5 Ω for all the temper-
atures lower than 17.5 K and increases gradually with the increasing temperature. This
temperature-independent ’flat tail’ below the 17.5 K can be qualitatively explained as be-
ing due to an excess resistance which does not originate from the nanowire itself but instead
created by the measurement setup, such as the contact pads, bonding wires or some other
parts of the circuitry. If it were due to the random dissipation happening on the nanowire,
we would have expected to see a strong dependence on the temperature which is not the
case in our measurements.

In order to better understand the relation between the current and the voltage at low bias
regime, we have plotted the superconducting branches of the IV curves in log-log scale as
shown in Fig. 2.18(a). It is clearly shown that the estimated R0 values shown in Fig. 2.17(b)
originates from the voltage bias values higher than the 0.1 mV . Almost all the measured IV
curves regardless of sample temperature converges to the IVC of an ordinary 5Ω resistor
as the bias voltage is increased which is represented as a black dashed line. But there is a
significant deviation from this linear dependence towards to the zero-bias point. We have
plotted the calculated differential resistances in Fig. 2.18(b) for a few different tempera-
tures in order to bring out this deviation. There is a gradual and significant increase in
R0 as the bias voltage is lowered. This behavior could be originating from the nonlinear
response of the nanowire to the increasing bias current but we could not identify the exact
nature of it. Fabricating and measuring the IVCs of intentionally structured nanowires may
help shed some light on the various dissipation mechanisms causing the observed behavior.
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a)

b)

Figure 2.18: Supercurrent branch of the IV curves are shown in log-log plot for various
different temperatures (a). Differential resistance of the supercurrent branch is calculated
for a few different temperatures (b). Black dashed lines represents an ordinary resistor with
R = 5Ω.
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Figure 2.19: SEM images of a meandering MoSi nanowire. Global view of the chip (a), and
zoom to the active part of the nanowire (b). Meandering corners of the nanowire is enlarged
in order to overcome the undesired effects of current crowding (c). Superconducting-
normal transition of 15 nm thick MoSi meandering nanowire happens at TC ∼ 5.8 K.

2.2.3 MoSi Meandering Nanowires
We have also fabricated and measured MoSi 2 meandering nanowires and detailed SEM
images are shown in Fig. 2.19(a,b,c). This meandering nanowire have the lateral dimen-
sions of 15 nm thickness and 75 nm width with the total length of ∼ 750µm. MoSi me-
andering nanowires are much longer than MgB2 nanowires and they also have slightly
different structure. As it can be seen at Fig. 2.19(b), the overall shape of the nanowire is
circular and the active area consists of many meandering legs with very different lengths.

2Nanofabrication and low temperature measurements of all MoSi devices mentioned in this study are
conducted by Dr. Emma E. Wollman.
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a) b)

Figure 2.20: Typical current-voltage characteristics (a) and differential conductance of a
MoSi meandering nanowire (b).

As we pointed out before, the structure of the nanowire is a decisive factor for both the
current-voltage characteristics and the dissipation mechanisms. Fig. 2.19(d) shows that
the superconducting-normal transition of this 15 nm thick MoSi nanowire occurs around
TC ∼ 5.8 K.

DCIV characteristics and differential conductance of this nanowire are shown at Fig. 2.20(a-
b) and red arrows indicates the direction of the sweep. MoSi nanowires shows similar over-
all characteristics as the MgB2 samples. At low bias current regime there is supercurrent
branch with a certain slope, which is followed by a dissipative branch which consists of
many sub-branches. Dissipative part of the IVC stretches up to the sum gap voltage and
for the bias voltages higher than the sum-gap voltage, the sample switches to the normal
conducting state. If the bias current is reversed and swept back to the zero bias point we
observe hysteresis with a retrapping current that is approximately one quarter of the switch-
ing current as it is shown in Fig. 2.20(a). This hysteresis indicates that this nanowire has
an underdamped dynamics. Furthermore, the return current branch shows a flat behavior
with a constant current value from 3.5 V down to the zero bias. This is another indication
for the uniformity of the nanowire, since there is no degradation on the current value due
to the non-uniformity as seen for the MgB2 nanowires in Fig. 2.15.

DCIV measurements are repeated five times for the low voltage regime, Voltage <
0.18 V , as shown in Fig. 2.21(a). Differential resistance, dV/dI, is calculated and plotted
as a function of bias current in Fig. 2.21(b) and the supercurrent branch of the IVC shows
a finite resistance with the average of R ∼ 17.55Ω. The standard deviation at the aver-
age resistance of the supercurrent branch is only 0.0956Ω for five consecutive measure-
ments which amounts only 0.546%. Low bias voltage characteristics and the differential
conductance of the dissipative branches are also shown at Fig. 2.21(c). Surprisingly, the
differential conductance, dI/dV , shows significant amount of deviation for the repeated
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a) b)

c)

Figure 2.21: DCIV measurement is repeated five times for the low bias voltage values,
V < 0.18 V (a). Semi-logarithmic plot of the differential resistance, dV/dI, is plotted
as a function of bias current in order to see the details of the supercurrent branch (b).
Differential conductance of the dissipative branch is also calculated (c).
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measurements. The average differential conductance of the dissipative branch at low bias
voltages could take any value between 10µS < dI/dV < 30µS. This discrepancy between
the five consecutive measurements originates from the process that the different parts of the
wire become normal, when the sample switches to the dissipative branch. That is an impor-
tant indication for the uniformity of the nanowire. If there was a defect causing a weak-link
located somewhere on the nanowire with the critical current density much lower than rest
of the sample, we will expect to see same differential conductance value at the dissipative
branch whenever the sample switches from supercurrent branch to dissipative branch since
the same weak-link will be the first part of the nanowire switching to the normal state for
every measurement.

We have also studied temperature dependence of the supercurrent branch. Fig. 2.22
shows the logarithmic plot of the supercurrent branches for five different temperature val-
ues between 3.0 K < T < 3.8 K. Black dashed line represents the IVC of an ordinary
resistor with the resistance R ∼ 17.5Ω. Measured IV curves converges to this black dashed
line for the bias voltages bigger than V > 0.1 mV regardless of the sample temperature.
But there is a significant deviation from this linear behavior for the bias values close to the
zero-bias point. Surprisingly the discrepancy between the measured IV curves and black
dashed line increases as the system temperature is increased. On the other hand The low
voltage behavior of MoSi nanowire shown here is quite similar to the observed behavior of
MgB2 nanowires shown in Fig. 2.18.



34 CHAPTER 2. SUPERCONDUCTING NANOWIRES

a)

b)

Figure 2.22: Log-log plot of the low bias regime, i.e. supercurrent branch of a MoSi
meandering nanowire for few different temperatures values between, 3.0 K < T < 3.8 K
(a). Differential resistance of the supercurrent branch is calculated for a four different
temperatures (b). Black dashed lines represent the IV curve of an ordinary 17.5Ω resistor.
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Figure 2.23: Schematic diagram and equivalent circuit model of a Josephson Junction.
RCSJ model consists of three elements, an ideal Josephson junction (Cooper pair tunnel-
ing, IS), a resistor (IN) and a capacitor (ID).

2.3 One-dimensional Junction Model

W
E have simulated current-voltage characteristics of the nanowires with a one-
dimensional Resistively and Capacitively Shunted Junction (RCSJ) model. Our
model assumes that due to the granular structure of the superconducting thin

films, weak-links are formed at the grain boundaries. Therefore serially connected Joseph-
son junctions forming a one dimensional chain can be utilized to model the current-voltage
characteristics of the superconducting nanowires.

2.3.1 Josephson Junctions
A Josephson Junction is a three layer device and consists of two superconducting electrodes
which are separated by a thin insulating layer; Superconductor/Insulator/Superconductor.
Due to the high amplitude of the macroscopic wave functions of Cooper pairs at each su-
perconducting electrode, a dissipation-less current, supercurrent, can tunnel through the
insulating layer [26, 27]. Supercurrent, IS, is a function of critical current, IC, and phase
difference between the electrodes, φ , can be written as;

IS = IC sin(φ) (2.3)

This equation (Eq.2.3) describes the DC Josephson Effect. IC is the maximum dissipation-
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less current that can tunnel through the junction and it depends on the geometrical and ma-
terial properties of the junction. On the other hand, when a Josephson Junction biased with
a finite voltage, V , the phase difference across the junction, dφ/dt, increases linearly by
time as shown in Eq.2.4, and the supercurrent across the junction oscillates with a certain
frequency called Josephson frequency, Eq.2.5);

dφ/dt = 2eV/h̄ (2.4)

fJ =
2e
h

<V > (2.5)

Josephson junctions have two characteristic energies. Josephson coupling energy, EJ ,
originates from the fact that even though there is no dissipation for the suppercurrent flow,
there is some energy stored inside the junction due to existing of the current and the volt-
age. In the low temperature limit critical current can be written as IC = π∆(0)/2eRN and
therefore IC is determined only by the superconducting gap, ∆(0), and normal state resis-
tance, RN , of the junction [28]. By using this definition of IC, it is possible to formalize
the Josephson coupling energy as; EJ = RQ∆(0)/2RN as shown in Eq.2.6. On the other
hand the charging energy, EC, describes the amount of energy required to charge one of the
electrodes since the junction is also a capacitor, Eq.2.7.

EJ =
h̄IC
2e

=
h̄π∆(0)
4e2RN

=
RQ∆(0)

2RN
(2.6)

EC =
Q2

2CJ
=

e2

2CJ
(2.7)

However the dynamics of a Josephson Junction is defined by two ratios, the ratio of be-
tween the characteristic energies, EJ/EC (as mentioned previpus paragraph), and the ratio
between the effective damping resistance and the quantum resistance, RQ/Rdamp, where
RQ = h/4e2 ≈ 6.45kΩ. Depending on these two ratios, either the charge or the phase of
the Josephson Junction can be treated as a classical variable.

In this study, we are interested in limit of EJ � EC and low environmental impedance
RQ � Z(w) where the phase difference across the junction can be treated as a classical
variable while the charge fluctuates. Strong fluctuations of the charge causes a supercur-
rent flow across the insulating layer and the situation can be described by the classical phase
dynamics. Therefore, it is possible to use the Resistively Capacitively Shunted Junction,
RCSJ, model as a equivalent circuit model as shown in Fig. 2.23 in order to understand the
classical phase dynamics of superconducting nanowires. Total current across the Joseph-
son Junction can be written as;

ITot = ID + IS + IN (2.8)
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Figure 2.24: Sketch of the IVC of a current-biased Josephson Junction for Q ∼ 2 (
intermediate damping). Josephson Junction switches to the dissipative branch when the
total biasing current exceeds the critical current, ITot = IC (blue solid line). The retrap-
ping current is much lower than the critical current, IRetrapping < IC, therefore IVC exhibits
hysteresis as shown in solid red line.

ITot =C
dV
dT

+ ICsin(φ)+
V
R

(2.9)

Eq. 2.9 can be written in terms of phase, φ

ITot

IC
=

RC
IC

d2φ

dt2 +
1
IC

dφ

dt
+ sin(φ) (2.10)

if we define the scaling factor;

τ =
2e
h̄

RIC (2.11)

and the Stewart-McCumber damping parameter,β

β = Q2 =
2e
h̄

R2CIC (2.12)

than Eq. 2.10 can be written as;

ITot

IC
= Q2 d2φ

dτ2 +
dφ

dτ
+ sin(φ) (2.13)

It is possible to find analytical solutions to this second order differential equation (Eq.
2.13) for different Stewart-McCumber damping parameters, β . Each of these solutions
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Figure 2.25: Phase-space diagram of a single junction as a function of phase (φ ) and
voltage (dφ/dt). RCSJ model with Q = 2 (underdamped dynamics) is used to calculate
phase-space plots for various bias currents, ITot = 0.05 IC (a), ITot = 0.55 IC (b) and ITot =
0.99 IC (c).

represents a different state of the Josephson junction;

In the limit of Q � 1 junction is at overdamped state
In the limit of Q � 1 junction is at underdamped state
In the limit of Q ∼ 1 junction is at intermediate damping state

There is no voltage drop across the junction when the total current is less than critical
current ITot < IC since all the current flow will be through the supercurrent channel. But
when the applied current exceed critical current, ITot > IC, both Resistor and the Capacitor
channels become active and junction switches dissipative state and time dependent solu-
tions appear. Furthermore the IV characteristics and the hysteresis strongly depend on the
damping parameter and Fig. 2.24 shows the sketch of the IVC of a current-biased Joseph-



2.3. ONE-DIMENSIONAL JUNCTION MODEL 39

Figure 2.26: Circuit model of the one-dimensional Josephson Junction Chain.

son Junction for Q ∼ 2 at the intermediate damping state.

It is also possible to visualize the dynamics of a Josephson junction with the help of
phase space plots. By using Eq. 2.10 we have calculated the phase space plots shown in
Fig. 2.25 and these plots show the evolution of a Josephson junction with underdamped
dynamics, Q = 2, and for various bias currents. Areas enclosed by blue lines represent
the basins of attractions for 0-state, i.e. zero voltage state. The dissipative branch of the
IVC is represented by the 1-state attractor. Fig. 2.25(a) shows the phase pace portrait when
the bias current is much lower than the critical current, ITot � IC (ITot = 0.05IC). This
phase space portrait consists of only 0-state attractors and their basins, therefore, the cur-
rent voltage characteristics show a supercurrent behavior. Fig. 2.25(b) shows the phase
space portrait for the bias current, ITot = 0.55IC, which is in between retarpping current
and critical current, IR < ITot < IC. The phase space portrait consists of both 0-state and
1-state attractors, and their basins, therefore the Josephson Junction can switch between
the supercurrent state and the dissipative, which in turn causes a hysteresis behavior. And
finally when the bias current is similar to the critical current, ITot ∼ IC, (ITot = 0.99IC),
as shown in Fig. 2.25(c), basin of attractions for 0-states almost completely disappeared.
Therefore, once the Junction has enough energy it will immediately evolve into the 1-state
attractor, and create a dissipative branch in the IV curve [29].

2.3.2 Junction Chain

We performed simulations of long Josephson Junction Chains using the circuit diagram
shown in Fig. 2.26. Our model assumes that due to the granular structure of the high−TC
superconducting thin films, weak − links are formed at the grain boundaries, therefore
one dimensional serially connected Josephson Junction Chain can be utilized to model the
current-voltage characteristics of the superconducting nanowires. Our chain model con-
sists of serially connected ideal Josephson Junctions which are shunted by a capacitance C
and a nonlinear resistor R. Resistive and capacitive channels become active if and only if
the potential difference across the junction exceeds the gap voltage VGAP = 2∆0/e. Further
details about this model can be found in [30].
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2.4 Simulated Results

W
ITH the help of numerical simulations, it is possible to gain further insight into the
complex dynamics of nanowires by comparing the experimental and simulated
results. We have gained a deeper understanding about various dissipation pro-

cesses created by the distribution of dissipation, i.e. phase-slips by analyzing the measured
DCIV curves.

2.4.1 Uniform Chain
Fig. 2.27 shows the simulated DCIV curve of a Josephson junction chain with N = 360
junctions and EJ/EC = 1.5. In this simulation we have assumed that all the junctions have
identical geometry and therefore the same critical current, IC. The simulated DC-IV curve
consists of a supercurrent branch at low-bias voltages followed by a zigzag shaped dissi-
pative part that stretches between zero bias up to sum-gap voltage, 0 < V < 360 [2∆0/e]
(blue curve). Dissipative part of the IVC consists of many sub-branches and the slope of
these branches increase with increasing bias voltage. For bias voltages higher than the
sum-gap voltage, V > 360 [2∆0/e], all the junctions of the chain switches to the normal
conducting state. At the final step we have reversed the direction of sweep and lowered the
bias voltage down to the zero-bias point. This, descending bias voltage sweep creates a flat
branch with a current value much lower than the dissipative branch and causes a hysteresis.
Our simulation showed that depending on the direction of the sweep, DCIV characteristics
show very different behavior and there is a qualitative agreement between the simulation
and experimental results as shown in Fig. 2.15(a).

In order to gain insight into the complex dynamics of the nanowires, we have stud-
ied various dissipation mechanism by simulating the phase-slip phenomena at Josephson
junction chains. Fig. 2.28 shows the phase-slip distribution, i.e., the distribution of the
dissipation across the Josephson junction chains a function of bias voltage and junction
number. The colors on the histogram plots represent the number of phase-slips happened
at a certain junction for a given bias voltage and for the duration of the simulation run-
time. As shown in Fig. 2.27, for an increasing voltage sweep (blue curve) DCIV curve
shows a zigzag shaped dissipative branch and the observed current-voltage characteristics
is created by the localized phase-slips as shown in Fig. 2.28(a) (blue arrow). This process
occurs as a stepwise regression such that all the junctions switches to a normal conducting
state one by one, when the voltage drop across each junction reaches to the gap voltage
value, VGap = 2∆0/e. Therefore the number of dissipative junctions in the chain at a given
time is directly proportional to the bias voltage. On the other hand, simulations also showed
that the reverse voltage sweep (shown as red curve in Fig. 2.27) creates a constant current
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Figure 2.27: Simulated DC-IV characteristics of a Josephson Junction chain with N = 360
junctions and EJ/EC = 1.5. Blue curve shows the sweep of the bias voltage starting from
zero-bias up to 400 [2∆0/e]. Direction of the sweep is reversed for the red curve. The
sum-gap voltage for this chain is, VSumgap = 360 [2∆0/e].

behavior. It turns out that this IV characteristics can be obtained by a random distribution
of non-localized phase-slips across the chain, meaning that the dissipation is distributed
across the chain uniformly with a process called the phase slip/sticking [30, 31, 32]. In
that branch, the number of phase-slips decreases gradually for all the junctions as the bias
voltage is lowered to the zero-bias point, Fig. 2.28(b).

We made further analysis of these two versions’ of the voltage dissipation by modeling
the phase dynamics of Josephson junction chains. A detailed parameter search and opti-
mization was conducted by using the developed Simulator in order to understand the volt-
age oscillations/propagation happening inside the superconducting nanowires. For each
bias voltage value, shown in Fig. 2.27, we have simulated the voltage oscillations occur-
ring in the chain for a duration of 3 ns with steps of 3 f s time intervals. Fig. 2.29 shows the
color plots of the voltage profile, VJunction (potential difference between the chain junctions
and the ground), as a function of Junction number and simulation time for the bias voltage,
V = 8 [2∆0/e]. Each green circle represents a single phase-slip event. For the increasing
bias voltage sweep, Fig. 2.29(a1), the phase slip events are localized at the weakest junc-
tions. On the other hand, for the decreasing bias voltage sweep, Fig. 2.29(b1), phase-slip
events are happening randomly across the chain and every phase-slip event is followed by
a phase-sticking, leading to a non-localized dissipation pattern. These two distinct modes
of dissipation can exist through the chain for the same bias voltage. Fig. 2.29 (a2& b2)
shows the simulated average voltage across the Josephson junction chain for the duration
of 3 ns simulation time. Average voltage profile has either step-like shape or gradual de-
crease depending on the direction of the voltage sweep.



42 CHAPTER 2. SUPERCONDUCTING NANOWIRES

Figure 2.28: Phase-slip distribution across the Josephson junction chain as a function of
bias voltage and junction number for increasing voltage bias (a) and decreasing voltage
bias (b). Blue and red arrows indicate the direction of the sweep.

2.4.2 Distributed IC

Superconducting nanowires has granular structure and SEM analysis showed that there is
a significant amount of variation in grain size distribution. This variation originates ei-
ther from the deposition techniques or from the EBL patterning process. But regardless of
which fabrication techniques are used, preparing a very smooth and continuous nanowire is
a challenging task. It might be possible to control the thickness of the nanowire quite accu-
rately by using low deposition rates, ∼ 0.5Å/s. However due to the electron beam/optical
patterning and the lift-off processes, nanowires tend to have very rough edges as shown
in Fig. 2.10, which will translate to a wide size distribution for the contact area between
two neighboring grains of the nanowire. Therefore the weak-links that are formed at the
grain boundaries have a IC distribution depending on the fabrication methods and the film
quality. Current voltage characteristics and the phase dynamics of the Josephson junction
chains with varying critical current values are simulated in order to shed some light on the
phase dynamics of the superconducting nanowires with varying film qualities and grain
sizes. In these simulations we have considered the situation that the Josephson junctions
forming the chain does not necessarily have exactly the same IC values. In other words,
random IC values are assigned to the junctions creating a Gaussian distribution with a par-
ticular mean, µ , and standard deviation, σ , values.
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Figure 2.29: Voltage profiles, VJunction and the phase slip distribution (green points) across
the Josephson junction chain for the bias voltage, V = 8 [2∆0/e]. Figure (a1) shows the
increasing bias voltage behavior (blue curve in Fig. 2.27) and the figure (b1) shows the
decreasing bias voltage behavior (red curve in Fig. 2.27). Color of the contour plots repre-
sents the simulated potential difference between the chain junctions and the ground. Figure
a2 & b2 shows the simulated average voltage across the chain for the duration of 3 ns sim-
ulation time.
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Figure 2.30: Simulated DCIV curves for the Josephson Junction chains for various critical
current distributions.

It is possible to compare the simulated results shown in Fig. 2.30 with the experimen-
tal results shown in Fig. 2.15. Measured DCIV curves of three MgB2 straight nanowires
with similar geometry (length, width and thickness) but with varying film qualities and
grain sizes are presented in Fig. 2.15. Sample 1 (Fig. 2.15-a) has switching current value,
ISw = 1.25 mA, and a flat return-current branch. This sample does not have any constric-
tions in the nanowire since the switching current value is not suppressed and it is higher
than the average of the dissipative branch. Fig. 2.30 (a1) shows the simulated DCIV curve
of a chain with similar experimental parameters as Sample 1. Simulated chain consisting
of 360 junctions, which also represents the number of grains in the nanowire. For the
simulation we have assumed that the IC of the junctions shows a normal distribution with
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µ = 0.975 IC and σ = 0.01 as shown in Fig. 2.30(a2). There is a qualitatively good agree-
ment between the experimental and simulated results.

On the other hand, Fig. 2.30 (b1 & c1) shows the simulated DCIV curves with the
µ = 0.875 IC (σ = 0.0375) and µ = 0.75 IC (σ = 0.075) values, respectively. These
simulations show how the current voltage characteristics of junction chains change as the
critical current distribution is spreads out towards to 0.5 IC. The switching current values
become suppressed drastically, and the over-all shape of the dissipative branch changes.
Furthermore the slope of the return current branch increases, which in turn, pushes the
retrapping current value further down, as the IC of the junctions becomes more distributed.
We observe similar current voltage characteristics experimentally as shown in Fig. 2.15 (b
& c). Sample 2 (b) has a constriction somewhere in the nanowire and the switching current
value is suppressed down to the ∼ 60% of the Sample 1 as the quality of the nanowire de-
cayed. Moreover, the return current branch shows a gradual decay when the bias direction
is reversed which is also a clear indication for the uneven size distribution of the nanowire
grains.

For the last simulation, Fig. 2.30 (d1 & d2) we have assumed that the junctions have
very different critical current values and they show a normal distribution with µ = 0.5 IC
and σ = 0.15. In this simulation, chain junctions can have any value between 0 to 1 IC.
Simulated IV curve is somehow similar to the experimental results shown in Fig. 2.15(c).
The switching current of this nanowire is suppressed almost completely, ISw ∼ 0.3 mA and
both dissipative branch and the return current branches show clear slope as the bias voltage
is tuned. For this sample, the retrapping current is suppressed so much that it is almost
equal to zero, IRetrap < 0.05 mA, which is also reproduced in the simulation.

2.4.3 Constrictions
A narrow constriction located somewhere along the nanowire can act as a weak link and
it can suppress the switching current drastically. As an example, Fig. 2.31(a) show SEM
image of a straight nanowire together with a narrowed grain of MgB2located in the center
of the wire. These kind of contractions represent a common fabrication issue that causes
the suppression of the IC drastically. Critical current distribution of a Josephson junction
chain representing this nanowire is shown in Fig. 2.31(b). Due to the multi-step complex
fabrication process of the nanowires, different kinds of constrictions with various shapes
and properties can arise. Another very common fabrication defect is the partial-narrowing
of the nanowires due to the uneven distribution of the exposure dose during e-beam or op-
tical lithography processes. Fig. 2.31(c & d) shows the IC distributions that are associated
with two different kinds of narrow constrictions.

In total, we have simulated DCIV characteristics of three junction chains with differ-
ent kinds of constrictions as shown in Fig. 2.32. Simulated chains have exactly the same
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Figure 2.31: a) SEM image of a straight nanowire together with a fabrication defect, de-
formed grain, that is located in the middle of the nanowire. Switching current of this
nanowire will be suppressed due to the constriction which effectively acts as a weak-link.
b) IC distribution of a Josephson junction chain representing this nanowire. Improper cal-
ibration of e-beam or photo lithography exposure parameters during the patterning pro-
cesses can cause narrowing or widening of the nanowire. c) This situation is represented
with a chain where a group of junctions have gradually decreasing and increasing IC val-
ues. d) A group of grains making up a considerable part of the nanowire can have lower
critical current values compared to the rest of the chain due to fabrication error.
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length, N = 360 junctions, but varying critical current distributions. Fig. 2.32(a) shows the
simulated IV curve of a chain, where the middle junction has constriction and suppressed
critical current value compared to rest of the chain, IMiddle

C /IMax
C = 0.5. The overall DCIV

characteristics is not effected by the single weak-link and therefore IVC of this chain is
very similar to the simulated characteristics of a uniform chain shown in Fig. 2.27. But
the current-voltage characteristics at low bias regime, V < 2∆0/e, is effected by the weak
junction. Since the behavior of the chain around zero bias point is effectively defined by
the weakest-link and the rest of the chain acts only as a high impedance environment, we
observe a sharp decrease in current around V ∼ 2∆0/e due to the localization of the dissi-
pation to the weakest-link.

As mentioned earlier, improper calibration of the exposure parameters can cause un-
even distribution of exposure dose during the e-beam or photo-lithography processes. These
kinds of fabrication errors generally leads to long and narrow constrictions covering a con-
siderable part of the nanowire with gradually increasing or decreasing critical current val-
ues. Fig. 2.31(c) shows the critical current distribution of a chain when approximately a
quarter of all junctions, N = 90, have suppressed IC values. Fig. 2.32(b) shows the sim-
ulated current-voltage characteristics for this chain. We clearly see a gradual change in
current running across the chain for the bias voltages less than V < 90 [2∆0/e] regardless
of the direction of the sweep. This is an expected behavior since, the weakest junctions
were switching to the dissipative regime one by one as the bias voltage is stepped up. On
the other hand, the high bias behavior is very similar to the uniform chain and shows a flat
return current branch down to the, V ∼ 90 [2∆0/e].

In another probable situation, a group of grains making up a considerable part of the
nanowire can have lower critical current values due to same fabrication issues. As an
example, it could be that one of the legs of the meandering nanowire have lower width
or thickness compared to the other meandering legs. Fig. 2.31(d) shows the IC distri-
bution of a chain when a quarter of all junctions, N = 90, have suppressed critical cur-
rent values, IC/IMax

C = 0.5. Simulated current voltage characteristics for this chain is
shown in Fig. 2.32(c). There is a step like change in current flow around the bias voltage
V ∼ 90 [2∆0/e] regardless of the direction of the sweep. This step-like feature indicates
that all the weak junctions were switched to the dissipative branch before the normal junc-
tions and the bias voltage, V = 90 [2∆0/e].
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Figure 2.32: Simulated DCIV characteristics of a long Josephson Junction chains (N =
360 Junctions) with three different kinds of constrictions. Insets show the schematic dia-
gram of the nanowires and constricted junctions are colored in red. Detailed critical current
distributions are shown in Fig. 2.31 a) A single junction located in the middle of the chain
has suppressed IC compared to rest of the chain, IMiddle

C /IMax
C = 0.5. The overall IV char-

acteristics is not effected by the single weak-link and simulated behavior is similar to the
simulated characteristics of a uniform chain. b) A quarter of all junctions have gradually
decreasing and increasing critical current values. This defect emphasis itself as a gradual
change in current running across the chain for the bias voltages less than V < 90 [2∆0/e].
c) A considerable part of the chain, N = 90 Junctions, have equal and suppressed criti-
cal current values, IC/IMax

C = 0.5. IVC shows a step like feature around the bias voltage
V ∼ 90 [2∆0/e] which is an indication for switching to the dissipative branch for the weak
junctions.
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Conclusions

3.1 Summary and Future Work

I
N this study we have primarily focused on the phase dynamics and current voltage
characteristics of MgB2 and MoSi high− TC superconducting nanowires. Re-
sults of experimental studies as well as modeling/simulations were presented in

order to give a complete picture how the phase dynamics of superconducting nanowires
are effected by various fabrication parameters. The current-voltage characteristics of su-
perconducting nanowires were studied extensively. We have gained a better understanding
about the nature of these systems and the underlying processes causing observed novel
behaviors. This knowledge and gained experience can be utilized for the development of
"Deep Space Optical Communication" system.

We have designed and fabricated many nanowires with different length, width and film
thicknesses in order to study the effects of various dissipation mechanisms on the observed
current-voltage characteristics. Superconducting nanowires were cooled well below their
superconducting-normal transition temperatures with closed cycle cryogenic systems and
IVCs were measured by increasing the bias current from zero up to the sum-gap volt-
age and decreasing back to the zero-bias point in step-wise manner. IVCs consists of a
superconducting branch at low bias values and nanowire undergo a local superconducting-
normal transition when the current value exceeds the switching current, Ibias > Iswitch. The
dissipative branch of the IVC extends up to the sum-gap voltage, Vsum−gap = N2∆0, when
the superconductivity is suppressed completely across the nanowire due to the high bias
values. We also have observed a relatively smooth return current branch when the di-
rection of the sweep was reversed and the current was lowered back to the zero-bias point.
Return current values were always lower than switching currents, IR < Iswitch, and the IVCs
show clear hysteresis. Fig. 3.1 shows the different branches of a simulated IV characteris-
tics. We conclude that the observed behavior of superconducting nanowires were primarily
determined by the experimental parameters, such as cross-sectional area, normal state re-
sistance and the critical current values.
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Figure 3.1: Simulated current voltage characteristics of a long Josephson junction chain
showing different branches of the IVC.

We have successfully modeled the observed IV characteristics with a "One-dimensional
Josepshon Junction Chain" model. With the simulation we have gained access to the spatial
and temporal distribution of phase slipping and phase sticking events namely distribution
of the dissipation across the chains. Simulations revealed the existence of two distinct
dissipation modes, localized and distributed, due to the interactions between the various
defect points along the chain length. Analysis also showed that the shape of the simulated
IVCs were determined primarily by the competition between these two dissipation mech-
anisms. These simulated results have shed light on discrepancy between the measured
current voltage characteristics of meandering and straight nanowires.

Regarding with future studies, we think that intentionally structured nanowires and
one-dimensional Josephson junction chains (JJC) are interesting systems to study. A JJC
can emulate an ideal superconducting nanowire when the chain is long enough and uni-
form enough to hide its discrete nature. In this sense JJC can be thought as artificial
nanowires with great freedom of design. In principle the current voltage characteristics
of these one-dimensional systems should be very similar to the nanowires mentioned in
this study. Therefore the Josephson Junction chains have the potential to be used as single
photon detectors namely, Josephson Junction Single Photon Detectors (JJ-SPD).
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Demirbaş, Rabia Akan and Bejan Hamawandi during special occasions at Stockholm and
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Chapter 4

Supplementary

4.1 Populärvetenskaplig Sammanfattning (Swedish)

I
BÖRJAN av förra seklet introducerades kvantfysiken till den vetenskapliga världen
för första gången. Denna utveckling orsakade inte bara stor uppståndelse, utan
framkallade också ett enormt intresse inom forskarvärlden. Som en framväxande

vetenskapsgren har kvantfysik ansetts vara en av de viktigaste vetenskapliga landvinningarna
på 1900-talet. Den betydelse som kvantfysik har fått det senaste århundradet kan tillskrivas
det faktum att den inte bara bidragit till ett nytt särskilt område inom fysik. Denna upptäckt
har även bidragit till att inkorporera ett radikalt nytt perspektiv och tolkning av fysiken som
vetenskap. Till skillnad från det klassiska perspektivet inom fysiken, som vanligtvis följer
sunt förnuft och vanliga upplevelser av det dagliga livet, bidrar kvantfysiken till att ge en ny
bild av den fysiska världen som är bortom enkla mänskliga föreställningar. Dessutom ger
kvantfysik och dess nya perspektiv oss nya möjligheter att utforska och förstå beteendet hos
materia. Med hjälp av kvantfysik har det blivit möjligt att förstå det fenomen som kallas
"supraledning", också det upptäckt i början av 1900-talet. Supraledning innebär att vissa
material visar exakt noll elektriskt motstånd och utvisar magnetfälten helt när de kyls ner
till mycket låga temperaturer. Upptäckt har supraledning förbryllat forskarvärlden. Sedan
dess har många elektriska kretsar som är verksamma inom kvantfysikens lagar utvecklats.
Med denna utveckling har också många nya tillämpningar uppfunnits. Det är omöjligt att
bygga och driva dessa enheter enbart med kunskap i klassisk fysik. Det mest framstående
exemplet på en sådan tillämpning är så kallade kvantdatorer och supraledande enskilda fo-
tondetektorer.
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Figure 4.1: Jet Propulsion Laboratory är federalt finansierade forsknings och utvecklings-
center och NASA fältcentrum ligger i La Cañada Flintridge, Kalifornien.

4.2 Djuprymds-Kommunikation (Swedish)

Jet Propulsion Laboratory (JPL) i Kalifornien har utvecklat en rad rymdfarkoster som utför
olika aktiva uppdrag. Bland dessa kan nämnas Curiosity strövaren som är stationerad på
Mars samt Cassini och Juno som ligger i omloppsbana runt Saturnus respektive Jupiter.
För att dessa rymdfarkoster skall kunna utföra sina uppdrag krävs ett så kallat "Djuprymds
Optiskt Kommunikation System" (DSOC). För att förbättra kapaciteten och ersätta den
befintliga radiofrekvens-tekniken (RF), har NASA/JPL utvecklat den här nya tekniken.
DSOC-systemet består av två huvudkomponenter. Den första av dessa komponenter är en
för rymdfärder kvalificerad fotonräknande detektorgrupp för rymdfarkoster medan den an-
dra är en högeffektiv fotonräknande detektorgrupp för den markbaserade mottagaren. För
att uppnå detta ändamål som möjliggör en datakapacitet som är hundra gånger starkare än
nuvarande system för rymdkommunikation med radiofrekvenser, har NASA/JPL utvecklat
ett system med så kallade "Supraledande Nanotrådar Enskilda Fotondetektorer"(SNSPD).

Supraledande nanotrådar (SN) använd redan som enskilda fotondetektorer och de har
överträffat liknande teknik. Dessa enheter har hög verkningsgrad och utmärkt tidsupplös-
ning och utgör därför den mest lovande tekniken för att uppfylla kraven för djuprymdsop-
tisk kommunikation. Att konstruera och mäta så små och ömtåliga enheter är en verk-
lig utmaning som dessutom kräver toppmodern teknik. Enheterna är extremt små i stor-
lek, nästan hundra nanometer gånger tio nanometer och kommer att tillverkas i helt slät
kiselkristall. Som jämförelse är en nanometer endast en miljondels millimeter. Det är
omöjligt att se sådana små enheter med blotta ögat eller med ett vanligt optiskt mikroskop.
Därför använder vi speciella mikroskop som kallas elektronmikroskop för att kunna visu-
alisera dem. Om vi antar att den genomsnittliga storleken av en människas tumnagel är en
centimeter stor, skulle det vara möjligt att placera två miljarder nanotrådar bredvid varan-
dra på en enda tumnagel. Efter att ha byggt dessa enheter kommer vi att genomföra vi



4.2. DJUPRYMDS-KOMMUNIKATION (SWEDISH) 57

Figure 4.2: En av de kryogena testsystem ligger vid låg temperatur laboratorium i JPL
tillsammans med 16 kanaler RF kopplingsdosa. Detta system används för prestandatester
av enskilde foton detektorer och har bastemperaturen ∼ 3 Kelvin.

våra mätningar vid mycket låga temperaturer, t.ex. 0,03 Kelvin. Rumstemperaturen är ca
23 Celsius, vilket motsvarar 300 Kelvin i absolut skala. Som jämförelse kan man säga att
temperaturen i den intergalaktiska rymden är cirka 3 Kelvin på grund av den kvarvarande
värmen från Big Bang. Detta innebär att energitätheten i rymden endast är en hundradel
av rumstemperaturen. Med andra ord är vår värld cirka hundra gånger varmare än den in-
tergalaktiska rymden. Temperaturen vi genererar med Kryogena system i våra laboratorier
för att mäta supraledande kretsar är däremot cirka 0,03 Kelvin. Denna temperatur är så
låg, att även den värme som kvarstår från Big Bang, som fyller hela universum, är hundra
gånger varmare än så. Med andra ord är rumstemperatur och vår värld tiotusen gånger
varmare än den temperatur som krävs för supraledande mätningar. Syftet är ökad kunskap
och tillämpningar av dessa kretsar för djuprymds-kommunikation.
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a) b)

Figure 4.3: a) PCB used in 16 Channel RF Switch box is ready to connect to the Electro-
Mechanical switches. b) Switch box is integrated to the cryogenic system after testing.

4.3 16 Channel RF Switch Box

W
E have designed and constructed a 16 Channel RF Switch box in order to im-
prove the performance of the existing cryogenic measurement systems. For this
purpose first we have designed a Printed Circuit Board (PCB) to control and

integrate two Electro-Mechanical coaxial switches (1P8T- Single Pole Eight Throw) to a
single RF line by using a SPDT (Single Pole Double Throw) Electro-Mechanical coax-
ial switch. Both PCB and all three RF switches are controlled by the computer through
a 32-channel digital I/O module. We have used Transistor–Transistor Logic (TTL) class
as a standard for our circuitry. Therefore all the Integrated Circuits (IC) including 3-to-8
line decoders, octal buffers, voltage regulators and digital I/O modules are compatible with
this standard. Fig. 4.3(a) shows the completed PCB together with ICs. Both PCB and the
RF switches showed optimal performance during the electrical tests. Fig. 4.3(b) shows the
completed switch box after it was integrated to the cryogenic system.

———————————————————————
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