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It is important that measurements produce predictable and reproducible results irrespective of
time and location. This is enabled by the International System of Units (SI), which is realized
through primary standards: devices that can either measure or produce a known value of a quantity
without calibration against any other standard for quantity of the same kind. This thesis explores
quantum standards for the ampere and the kelvin, and devices that are byproducts of this research
or enablers for the devices spawning from it.

Coulomb blockade thermometer (CBT) was investigated as a possible realization of the kelvin at
low temperatures. We constructed a setup, where temperature could be determined through
Boltzmann constant and traceable voltage measurements. The CBT was also compared to the
PLTS-2000 temperature scale and to two other Boltzmann constant based primary thermometers.

Two different quantum phenomena were studied in the context of the ampere: single-electron
tunneling in superconductor -- insulator -- normal metal (NIS) junctions and quantum phase slips
(QPS) in superconducting nanowires. We observed QPS in novel material: molybdenium silicide
(MosSi). It has been theoretically predicted that high normal state resistivity would be beneficial
for the QPS based current standard. This resistivity can be achieved in MoSi.

Since the novel standards for the ampere would produce relatively small currents (up to
nanoampere), low frequency noise can increase the measurement times from hours to weeks. On
the other hand, high frequency noise can initiate unwanted tunnelings and degrade the accuracy
of devices. The low frequency noise problems were tackled by proper cabling and two filters were
characterized in the high frequency range by NIS based detectors.

Finally we utilized the understanding of NIS systems, based on research aiming at realization of
the quantum current standard, in two other applications: noise detectors and coolers. We
demonstrated NIS-based cooling of a mm-scale object by silicon-aluminium junctions. The cooling
was enabled by phonon transmission bottleneck. We also analyzed by simulations that electric
cooling from 1.5 K to 100 mK is a realistic goal.
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On téarkeda, ettd mittaustulokset eivit riipu paikasta tai ajasta. Tima varmistetaan kayttamalla
kansainvalistd mittayksikkojarjestelmaa (SI), joka on toteuteuttu primadristen mittanormaalien
avulla. Namé& normaalit ovat laitteita, joilla voi mitata tai tuottaa mittayksikk6a vastaavan suureen
arvon, ja joita ei tarvitse kalibroita toista saman yksikon toteutusta vastaan. Tassa vaitoskirjassa
tutkittiin mahdollisuutta luoda kvanttimittanormaalit kelvinille ja ampeerille. Lisdksi kehitettiin
laitteita, jotka liittyvét tdhan tutkimukseen tai ovat sen mahdollistajia.

Coulombin saartoon perustuvaa laimpomittaria tutkittiin mahdollisena primaarisena
mittanormaalina kelvinille: Sille rakennettiin mittausymparisto, jossa lampotila voitiin maarittaa
Boltzmannin vakion ja jéljitettdvasti mitatun jinnitteen avulla. Lisdksi sitd verrattiin PLTS-2000
lampotila-asteikkoon sekd kahteen muuhun Boltzmannin vakioon perustuvaan primiiriseen
lampomittariin.

Ampeerin kvanttimittanormaalitutkimukseen sovellettiin kahta eri ilmiota: elektronien
tunneloitumista suprajohde - eriste - normaalimetalli (NIS) -liitoksissa ja kvanttivaihehyppyja
suprajohtavissa nanolangoissa. Vaitoskirjan aikana jalkimmaisia havaittiin uudessa materiaalissa,
molybdeenisilisidissi. Teoreettisesti on todistettu, ettd suprajohteen korkea normaalitilan
resistiivisyys on edullista kvanttivaihehyppyihin perustuvien normaalien toteutukselle. Tallainen
resistiivisyys voidaan saavuttaa kyseisessa materiaalissa.

Virran kvanttimittanormaalin aikaansaamat signaalit ovat pienia (suurimmillaan nanoampeereja)
ja tdstd syystd ylimaardinen kohina voi kasvattaa tarkkoihin mittauksiin tarvittavaa kestoa
merkittavasti. Toisaalta taas, jos kohinafotonien energia on suuri, ne voivat rikkoa Cooperin pareja
tai aiheuttaa epatoivottuja tunneloitumisia, mika heikentaa laitteiden tarkkuutta. Ensimmaéinen
naista ongelmista ratkaistiin mittauskytkennén johdotusta parantamalla ja jalkimmaisté varten
tutkittiin kahta kohinasuodatinta.

NIS-liitoksiin perustuvien laitteiden, mm. kvanttivirtanormaalien, tutkimuksessa saavutettua
tietamystd hyodynnettiin kahdessa sovelluksessa: kohina-antureissa ja jadhdyttimissa.
Jalkimmaisia kaytettiin jadhdyttdmaan millimetriskaalan piisiruja. Niissa jaahdytys perustui
fononien liikkuvuuden rajoittamiseen toisin kuin aiemmin tutkituissa NIS-jadhdyttimissi. Samassa
yhteydessi todettiin simulointeja apuna kiyttéen, ettd jadhdytys 1,5 K:sti aina sataan millikelviniin
asti on saavutettavissa oleva padmaara.

Avainsanat kvanttifysiikka, mittatekniikka, tunneliliitokset, kvanttimittanormaalit, kelvin,
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Preface

I started my graduate studies almost exactly five years ago in Centre for Metrol-
ogy and Accreditation (MIKES). However, most of the work related to this thesis
was carried out after MIKES merged to VIT Technical Research Centre of Fin-
land Ltd at the beginning of the year 2015. Working at VI'T has brought its
benefits: It has provided synergies and collaborations that would have otherwise
been hard to obtain, and for that I am grateful.

This thesis was supervised by professor Jukka Pekola from PICO group at
Aalto University. I would like to thank him for believing in me, making this
dissertation possible and supervising my thesis.

Even though my graduate studies started in late 2013, my journey into the
world of metrology began already in summer 2010, when I came to MIKES
as a summer student. From that summer onward Antti Kemppinen has been
my mentor into the world of quantum current standards and low temperature
measurements in general. That has been an interesting journey but not always
an easy one. However, I appreciate that Antti has always found the time to be
interested in my work. Without you the journey would have been much harder.

At the beginning there were just me and Antti Kemppinen, and sometimes
Antti Manninen, doing the quantum current research. However, when time
passed, Janne Lehtinen joined the group only to slip into more fabrication
oriented work a few years later. Recently, I have also had the pleasure to
partially supervise the master’s thesis of Sahin Dursun and collaborate with
Jaani Nissild and Pekka Immonen.

In a metrology institute, quality is a key factor, and as a group leader Antti
Manninen is the gatekeeper of quality in electricity. I do believe that all the hard
question Antti has asked have made me a better researcher and my publications
much better. On the other hand, Janne Lehtinen has always been easy person to
talk to and he was also the one who introduced me to nanowires. Both excellent
merits. From other quantum electronics people at MIKES, Jaani always has
more ideas than time. Despite all that he did a fine job supervising one of my
special assignments. Lately I've had the pleasure to work with Pekka and be
subject to his quiet knowledge of low temperature measurements. However,
despite all the excellent mentors, one can never truly master a subject before
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she needs to explain it to others. This summer I was presented this opportunity
as I watched Sahin Dursun’s first steps into cryogenics. Sahin, it has been a
pleasure to work with you.

During my years at MIKES and VTT, I have had the opportunity to collaborate
with some brilliant minds. One of such person is Mika Prunnila, a master of
semiconductor technology among other things, who has had the patience to
guide me through some pitfalls when submitting to high-end journals. I was also
fortunate to briefly work with professor-to-be Ville Maisi, as he co-instructed my
master’s thesis.

My PhD thesis would not have been possible without all of my co-authors.
With some of you I have had the opportunity to collaborate closely and the rest of
you I'd like to learn to know better. Thank you, Ossi Hahtela for introducing me
to low temperature thermometry, Matthias Meschke for helping me during the
early stages of my thesis and Dmitry Golubev for inventing theory for us. Thank
you Leif Gronberg, Andrey Shchepetov, Andrey Timofeev and David Gunnarsson
for your sample fabrication expertise and that I could analyze your brilliant
cooler samples. Some of my research would not have been possible without
the low-noise expertise of Dietmar Drung and his graduate student Christian
Krause. I’d also like to thank all the rest of you: Leif Roschier, Jari Penttil4, Jost
Engert, Alexander Kirste, Aya Shibahara, Andrew Casey, Lev V. Levitin, John
Saunders and Sergey V. Lotkhov.

At the beginning of my thesis, I spent plenty of time in cleanroom and got
familiar with people from PICO and QCD groups as well as some cleanroom
staff. I'd like to than all of you for all the supplies I was able to borrow and all
the help I've got in cleanroom, bonding, Python, soldering, asking autographs
from von Klitzing and research in general. Oh, and of course for all the nights
spent in bars after Physics days. Special thanks to Elsa Mannila, who made me
some samples.

Even though I have spent plenty of time in cleanroom my desk has always
been located at Tekniikantie 1. There I have had the pleasure to meet some
brilliant metrologists and sometimes hear interesting stories about e.g. house
renovating projects and history of MIKES, including how it acquired it hydrogen
masers. I've also got plenty of help with e.g. PADS, Comsol and other software
as well as finding noise sources in my setup. My work would have been much
harder without the two workshop at Tekniikantie 1: the mechanical one and the
one related to electricity, and great thanks goes to their maintainers.

Getting funding for basic research is not always quaranteed in Finland, and
therefore I'd like to thank Wihuri foundation, Academy of Finland (project
QuMOS), and European metrology programmes EMPIR and EMRP which are
funded by EU and participating countries (projects e-SI-Amp, MICROPHOTON
and Qu-Ampere), for enabling my work, and Martti Heinonen for taking the
leap of fate and offering me permanent employment.

As fulfilling as it is to do research, there is still life outside the lab. My graduate
life would have been much more empty without all the stories, mangas, books,
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poetry nights, DnD sessions, console (and computer) game sessions, musical
and anime watchings, sitsit, wappus, assemblys, new year parties, sauna nights,
triple birthdays and all the other get-arounds just to name a few. I would like to
thank all of you who have made these events possible, but especially Onerva,
Milja H., Olli, Matti, Eetu, Aino, Anssi, Suvi and Antti. I'd also like to thank
my dear parents Pentti and Sirpa, who have been a great support for me during
my life. Its good to know that there is always a number to call if I don’t know
something and almost always a room for an overnight quest at their cottage.

Last but not least, I'd like to thank my beloved husband Jani Saarenpia.
Thank you for supporting me during my graduate years and all the others before
that (over ten years and counting!). Thank you for always listening, sharing
a similar view of the world and often understanding what my work is about.
Thank you for just being there.

Espoo, October 24, 2018,

Emma Mykkénen
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1. Introduction

This thesis was inspired by two concepts: metrology and tunnel junctions. Metrol-
ogy is the science of measurement and its application. It is needed to ensure
that measurement results are reproducible at different instants of time and
in different locations. The basis of metrology is the International System of
Units (SI) maintained by the International Bureau of Weights and Measures
(BIPM) and national metrology institutes (NMIs) [1]. The SI is utilized through
measurement standards: stable devices that can controllably and reproducibly
either produce or measure a value of quantity. If these standards do not need
any calibration against any other standard for quantity of the same kind they
are called primary standards and are a realization of the SI.

At the moment the SI is changing to a more fundamental direction: it will be
defined by invariants of nature most probably in May 2019 [2, 3]. This thesis
takes part on the research related to this change and explores two of the seven
SI base units: the kelvin, which will be linked to the Boltzmann constant, kg,
and the ampere, which will be defined by the elementary charge, e. It also
investigates devices that are byproducts of the research of these two or devices
needed to enable them.

Tunnel junction and related theory are heavily utilized in this thesis. In
Publication II we present a traceable measurement scheme and verification
for Coulomb blockade thermometer (CBT) [4], a device which utilizes arrays of
tunnel junctions between normal metal electrodes (NIN junctions), and where
tunneling probability into a small volume between junctions is affected by the
number of electrons in it. We also perform an intercomparison between CBT and
two other thermometers (Publication III), an important method in metrology to
verify the correct performance of devices.

The Coulomb blockade has a key role also on one of our two approaches to
develop a standard for the ampere: Tunnel junctions between normal metal and
superconductor (NIS junctions) are well understood and relatively simple in
design [5]. They can be used to produce current, I =ef, related to elementary
charge e and frequency f. They are, however, prone to tunneling of excess
electrons or missed tunneling events and one cause of such events, quasiparticle
formation in superconducting electrode, will be further discussed in this thesis

11



Introduction

(unpublished data in section 4.2).

The physics behind NIS junctions is based on an approximation, the first order
perturbation theory, and needs corrections to describe the error mechanisms.
Devices that would be based on more fundamental physics, gauge invariance
for example, would be more likely free of such errors, and superconducting
nanowires are dreamed to be such devices. No consistent theory exists for them
yet, but it has been proven that if tunneling of flux through them is coherent,
they are an exact dual to Josephson junctions [6]. Josephson junctions are
devices, where Cooper pairs tunnel through a weak link [7] and which are gauge
invariant and experimentally verified to be independent of material parameters
down to the relative uncertainty of 1071 [8]. In Publication VI we do a research
aiming at finding a perfect material for the future nanowire current standard.

Especially the NIS based current standards, but also other superconducting
devices, suffer from high temperature and environmental noise. In addition,
noise can also have a detrimental effect on low-uncertainty low-current mea-
surements. These will be the topic of the remaining three publications of this
thesis. Publication I is a study of cables aiming at decreasing measurement
noise, and as such it is directly linked to improving the performance of all possi-
ble realizations of quantum current standard. Publication IV and Publication
V utilize the NIS-junctions as noise sensors and coolers, respectively, and are
byproducts of the study aiming at creating a NIS-based standard for the ampere.
Publication IV provides, on the other hand, also supporting equipment for this
standard since it studied the performance of two different noise filters.

In this thesis, we are mostly interested in temperature range from 20 mK up
to about 3 K. We used aluminium as the superconductor in all the NIS-devices of
this thesis, as it can produce stable native oxide and is commonly used to make
tunnel junctions. It has a critical temperature of about 1.2 K (or higher in thin
films), which sets the upper limit for the operations range of these devices. The
research related to nanowires was extended up to little higher temperatures of
about 3 K. The lower limit of our measurements is about 20 mK, which is set by
the base temperature of the *He/*He dilution refrigerator used to cool down the
samples of this thesis. This temperature is sufficient for our purposes.

There are several ways to realize a thermometer in 20 mK - 3 K range. The SI
defines the temperature through the international temperature scale ITS-90 [9]
and its provisional low temperature extension PLTS-2000 [10]. From these
the former is determined through melting and triple points of materials and
it extends from 1357.77 K down to 0.65 K. The latter is based on properties of
helium and ranges from 1 K to 0.9 mK. These scales are somewhat cumbersome,
and especially the latter is difficult to realize in practice. However, for example
different thermometers based on e.g. noise current in resistors [11, 12] operate
in our temperature regime. Also CBT can be used in this temperature range as
it has operation regime spanning from 4 mK [13] to 60 K [14].

All the present attempts to link the ampere to elementary charge need low
temperatures [15]. They utilize quantum physics to generate current I = ef,

12
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where frequency f can be extremely precisely determined with atomic clocks.
Since the ampere is the base electric unit in the SI, all other electric units should
link to it. However, its present definition is hard to realize experimentally [16]
and in practice, the electric metrology is based on quantum standards of the volt
and the ohm. They utilize Josepson effect [6, 17] and quantum Hall effect [18]
and produce values of the quantities comparable to K.j_g9 = h/2e and Rg_g9 =
h/e?, respectively. Here h is Planck’s constant. In addition of being easier to
realize than the present definition of the ampere, they are also internally very
consistent. The best intercomparison results between two Josephson elements
have relative uncertainties of about 10™1° [19] and consistency of quantum Hall
standards has been tested down to relative uncertainty of 10710 [20, 21]. The full
potential of this consistency has yet to be utilized, however, since the correctness
of these effects related to the present SI has not been verified below relative
uncertainty of about 1078, A realization of a quantum current standard would
thus have a two-fold purpose: It would, of course, be the direct realization of
the future SI and could be used to calibrate devices with currents in the range
of 10 fA...1 nA. In addition, it could be used, through Ohm’s law, to verify the
correctness of Josephson and quantum Hall effects. Though, to do this, currents
of at least hundreds of picoamperes and relative uncertainty below 1078 are
needed [22], and these have not yet been simultaneously realized [15]. The best
results so far have been obtained with semiconductor quantum dots [23, 24] and
have reached relative uncertainties of about 0.16 parts per million (ppm) for
current of about 100 pA and 20 ppm for 1 nA, respectively.

The refrigeration to the sub-K temperatures needs cryoliquid based equip-
ment, which are large and expensive. These problems could be overcome with
electronic coolers, but no practical device yet exists for our temperature range.
Low temperature electric refrigeration has been studied in various quantum
devices, for example, quantum dots [25], single ions [26], microelectromechanical
systems [27], piezoresistive elements [28], cold atoms [29] or Coulomb blockade
devices [30]. Here, however, we use aluminium based NIS-junctions, which
have optimal operation around 300 mK and have been successfully used to
cool mm- to cm-scale objects [31, 32, 33] from around 300 mK to 250-200 mK.
The NIS junctions cool the normal part of the device, which is traditionally
connected to a membrane cooling platform with cold fingers. The payload on the
platform is refrigerated by phonon interaction. These devices work against the
electron-phonon coupling in the cold finger, which is exponentially suppressed
at low temperatures. This hinders the cooling at low temperatures due to too
weak contact to the refrigerated object and at high temperatures because of too
good contact to the substrate phonons. In Publication V we present a NIS-based
cooler, which operates directly against the phonon interface conductance of the
junction and that of the aluminium leads. We also study by simulations the
effect of cascading junctions and ways to further hinder the heat leaks from the
environment.

Especially the NIS-junctions [34], but also other superconducting devices [35,

13
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36, 371, are sensitive to electromagnetic environment. At one point, the envi-
ronmental noise was the limiting factor of NIS based quantum current stan-
dards [38] but filtering the noise and shielding the sample from it has improved
the situation [38, 39, 35, 40]. Two on-chip filters are also studied in Publication
IV. On the other hand, the noise sensitivity of NIS junctions can be used to our
advantage, since they can be used as noise sensors [39, 41, 42, 43]. This was
utilized also in Publication IV.

This thesis is organized as follows: Section 2 gives an overview of the theoreti-
cal background of the tunnel junction devices, section 3 discusses experimental
methods, noise filtering and sample fabrication, section 4 introduces the quan-
tum metrological devices studied in this thesis and section 5 discusses two
applications — noise detection and cooling — that are byproducts of the research
of NIS-junctions.

14



2. Theoretical background

2.1 NIS and NIN tunnel junction devices

This section introduces theory for both NIS (normal metal — insulator — super-
conductor) and NIN (normal metal — insulator — normal metal) junctions. Even
though they are different in some very fundamental ways, most of the tunneling
theory for both can be derived starting from the same equations.

2.1.1 Tunneling rate and current

A tunnel junction consists of an insulating barrier between two metallic elec-
trodes, as shown in figure 2.1. If the barrier is thin enough the wave functions

4

T5, n, electrode 2—

Figure 2.1. Schematic figure of what a tunnel junction can look like.

of electrons in the two electrodes can overlap and tunneling across the barrier is
possible. The tunneling rate through such a junction, I', can be obtained from
first order perturbation theory [44]. It depends on the junction transparency
(or its tunneling resistance R7), voltage V over it, and the properties of the
electrodes. When an electron moves from the left lead to right (-) or vice versa
(+) the tunneling rate is [44]

1

I'(xeV)=
(e) e2RT

foo dEni1(E)f(E,T1)na(¥eV —E)f(FeV —E,Tg), (2.1

where e is elementary charge, and T); is the temperature and n;(E) is the relative
density of states of electrode ;. Here we have chosen the Fermi energy as zero
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energy. The particles that tunnel through the junction are fermions and follow

Fermi distribution 1

" 1+exp(E/kgT)’
where kp is Boltzmann constant. When tunneling from the left electrode to the
right, term n1(E)f(E,T1) tells the density of electrons on the left side of the
junction and no(—eV —E)f(—eV —E,T3) =no(E +eV)[1- f(E +eV)] the density
of vacant states on the right (and vice versa with reversed tunneling direction).

f(E,T) (2.2)

Here we have assumed that the density of states is symmetric i.e. n(E) = n(—E)
and used the equality f(E) = 1 - f(—E), which holds for Fermi function. The
current through the junction can be calculated as the difference between the
tunneling to left and to right and is

I=e[l'(eV)-T(-eV)]. (2.3)

For NIN junctions both of the densities of states are usually approximatively
constants i.e. n1(E) =ng9(E) = a, where a = 1 with our normalization. Then, as
long as T1 =Ty =T, equation (2.1) has a solution

A%

1
Tnin(eV) = ,
NNV ) = e T exp(—eVIkpT)

(2.4)

and the current becomes (see equation (2.3)) I(V) = V/Rp. This indicates con-
stant resistance over the whole voltage span. However, experiments show that
this is not always true, since e.g. finite barrier height [45] and dynamic Coulomb
blockade [44] can alter the resistance. These can have detrimental effect es-
pecially to CBT, and special care needs to be taken in sample fabrication to
minimize their effect.

a) 1 2 b) 1
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Figure 2.2. a) Energy diagrams for electrodes 1 and 2 in a NIN junctions. b) Energy diagrams
for electrodes 1 and 2 in a NIS junctions. Electrode 1 consists of normal metal and
electrode 2 of superconductor. The superconductor energy gap A blocks the electron
transports to certain energy levels. c¢) IV-curves of NIS junction at two different
temperatures (blue cold, red hotter) and the black line corresponding to I = V/Rp.

The densities of states are more complicated in case of NIS junctions. In
superconductor most of the electrons are paired as bosonic Cooper pairs, which
cannot live in the normal metal electrode. Forming a Cooper pair will bind
energy and therefore breaking a pair will need it. In NIS junctions most of
the current across the junction is thus carried by thermally exited electron-
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or holelike quasiparticles. However, the Cooper pair binding energy, A, will
create a band of forbidden energy levels around Fermi energy, which alters the
relative density of states of these quasiparticles (see figure 2.2b). In case of ideal
superconductor this density is [46]

nS(E)=Re(|E—|). (2.5)
E2 A2

Its effect on tunneling events is illustrated in figure 2.2b and on the current
in figure 2.2¢c. From figures 2.2b-c and equations (2.1) and (2.5) one can see
that when temperature is low, the tunneling rate and current are negligible in
the energy gap (i.e. in region where eV < A). This effect is, however, smeared
and will be eventually destroyed when temperature rises and more and more
electrons have enough energy to overcome the energy gap.

In most of the publications of this dissertation we did observe some leakage
current in energy gap even at low temperatures, and equation (2.5) was not
sufficient to describe the current characteristics. Therefore more complex model
by Dynes [47, 48] was used:

. (2.6)

E/A+i
NDynes(E) = ’Re ( 2l )

V(E/A+iy)?2 -1

Here y is a Dynes leakage parameter, which can be determined as the ratio

between the asymptotical resistance and the resistance in the energy gap at zero
temperature, y = R7/Rgap. The model (2.6) was first developed to describe the
unidealities of the superconductor but later it was noticed that similar leakage
can also originate from photon assisted tunneling [38].

2.1.2 Coulomb blockade and master equation

In the previous section we neglected the energy associated with electron tunnel-
ing through the junction. This energy is related to the energy needed to charge
a capacitor with a single electron, the so-called charging energy, E, = ¢2/2C, and
can become significant when temperature, 7', and capacitance, C, are low, i.e.
kpT < E.. If, in addition, the volume of at least one of the electrodes connected
to the junction is small and the electrode is isolated, this energy can cause a
situation, where tunneling of an electron into this isolated island can make
further tunneling events energetically unfavorable [49, 50, 51]. This effect is
called Coulomb blockade and it was present in all other publications and data,
where NIS and NIN junctions are utilized, except for Publication V.

In this section we will study the situation of figure 2.3, where the isolated
island is formed by connecting two tunnel junctions close to each other. The
charge state of the island affects the overall electron transport and therefore
the model of figure 2.3 contains also a gate electrode, which is capacitively
coupled to the island and is used to contol its potential. This type of structure is
referred as single-electron transistor (SET). The theory presented in this section
is applicable to any of the combination of SINIS, NISIN and NININ, where the
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Figure 2.3. A network model of a structure with two tunnel junctions and a gate electrode [52].

innermost N or S represents the super- or normal conductivity of the island and
outer N or S that of the electrodes.
The base energy of the island in the absence of bias voltage is

Eaw(n)=E.(n—ng), 2.7

where n is the number of excess electons in the island and ng = V;Cy/e is the
gate charge caused by the gate voltage, V,, and capacitance between the gate
electrode and the island, C. The characteristic energy needed to charge the
island with a single electron, the charging energy, E. = ¢2/2Cs, is dependent on
the sum of all capacitances in close vicinity of the island, i.e. Cs =Cg+Cg +
Cr, + Cy, where Cy is the self capacitance of the island, and Cy, and Cg are the
capacitances of left and right junction respectively.

When an electron tunnels into (+) or out from (-) the island through junction
i, the potential of the island changes from E.,(n) to Eq(n + 1) and energy
OE* =E(n)—E g (n+1) is transported. When voltage V; is applied over junction
i we get the net change of island energy

OE} = 2B (n—ng£1/2) % e(V; —v), (2.8)

where the term v comes from the unequalities of capacitances and voltages
over the two junctions and is v=(C.V + CrVgr)/Cs, where Vi, and Vy are the
voltages of the left and right junction, respectively.

In section 2.1.1 the current could be obtained from equation (2.3). However,
when consideration of multiple different charge states is needed things are more
complicated. In finite temperatures the probability of a charge state n, P(n,t),
can be obtained using orthodox theory [15, 44]. In orthodox theory electrons
tunnel one by one. With this assumption we obtain master equation

dP(n,t
% = TpnP, )+ TP+ 1,0+ Tho1,P(n—1,0),  (2.9)

where

1—‘n,n = 1—‘n,n—l + 1—‘n,n+1 (2.10)
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presents the transition rate out of state n and
Tpnt1=TGE[(n)+T(GER(n)) (2.11)
Inn-1=TOGE;(n)+T(6ER(n)) (2.12)

the transition rates from state n to n+1 or n — 1. Here the tunneling rate is
obtained from equation (2.1). With these assumptions, the current becomes:

I=e) [T(6E}(n)-T(8E; (n)]| P(n,t) (2.13)

The currents of NIN and NIS junctions are presented in figure 2.4. Two distinc-
tive border conditions arise from the discussion of this section: When ng = 1/2,
we obtain the red curve of figure 2.4. This situation is referred as gate open,
since the potential of the island is between two charge states and the tunneling
energy is at its minimum. On the other hand, the situation with ng =0 is
referred as gate closed and has the largest voltage region where current is small.
All other IV-curves fall between these two curves.
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Figure 2.4. The IV-curves for NIN (a) and NIS (b) junctions in presence of Coulomb blockage.
The figures are calculated for E; =A and y = 107%. The red curve presents the case
ng = 1/2 and blue curve the case ng = 0. All other IV:s fall between these two curves.

2.1.3 Contact to environment and heat flow

From equation (2.1) we see that the temperature of the electrodes on each side
of a tunnel junction will affect the charge transport across it. This is intuitive
since the higher the temperature the more thermally activated tunneling events
can happen. In this section we study the heat transport between the electrodes
and their surroundings in order to obtain the temperatures of the electrodes.
The configurations of the samples of Publication II, Publication III, Publication
IV and data discussed in section 4.2 were quite similar in the context of heat
transport. In each, there were normal metal islands between tunnel junctions
and all the structures were located on a silicon substrate. The heat configura-
tions was, however, more complicated in Publication V, where the island was
suspended by the junctions. In this section we will mostly discuss the heat

19



Theoretical background
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Figure 2.5. Thermal network of the samples in Publication IV, Publication II, Publication III
and data of section 4.2 showing separate heat transport channels for electrons and
phonons.

transport of Publication II, Publication III, Publication IV and data of section
4.2. Publication V will be discussed from those parts which coincide with the
other publications and more thorough investigation is left to section 5.2.

The schematics of a heat transport network is presented in figure 2.5. In low
temperatures and small structures, electrons and phonons need to be treated
separately. This is also the case in the normal metal island. The phonon coupling
between the substrate and the island is usually good and thus the phonons on
the island are at the same temperature as those on the substrate. On the other
hand, the electric heat conduction between the substrate and the island is weak
due to the insulating nature of the substrate, and the main relaxation channel
is the electron-phonon coupling in the island. This coupling is described by
electron-phonon heat current

QE—P = ZQ(TSh - Tgl,island)’ (2.14)

which is valid for normal metals and where X is electron-phonon coupling
constant (which is usually around 2x10° Wm™3K™ in copper [53]), Q is the
coupling volume and T'p, and T'¢j js1ang are the phonon and electron temperatures
of the island, respectively. [53]

On the other hand, the heat flow carried by the electrons through a junction
is [54]
1

SEf)= ——
90E?) e?Ryp

(o0}
[ dBOE; - Eymiead®)f B, Tusea FOF} - B, Tatiatna),
-~ (2.15)
where niea,q and Tleaq are the density of states and temperature of the lead,
respectively. The term 6E :—' is the same as in equation (2.8) and simplifies to
+eV, when both sides of the junction are infinite or the capacitance is large. The
total heat flow into the island can be modelled similarly as equation (2.13) and is
Q=Y Y [q(6E;(m)+q(dE; ()] P(n,b), (2.16)
i=R,L n
where OE f is the net energy change when electron tunnels into the island (see
equation (2.8)) and P(n,t) is obtained from master equation (2.9). When the
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charging energy is negligible equation (2.16) reduces to

Q=) I[qeVi)+q(-eVy]. (2.17)
i=R,L

In steady state the heat flow into the normal metal and out of it must be equal
and the electron temperature of the island can be solved from equations (2.14)
and (2.16) or (2.17). If no external voltage is applied, the electrons and phonons
are expected to be at the same temperature. Both equations (2.16) and (2.17)
apply also to Publication V, but heat between island and the substrate is not
mediated by electron-phonon coupling, since the island and substrate are not
directly connected to each other.

When the leads are made of superconductors, electron tunneling creates a
quasiparticle (hole or electron) in the leads, which degrades the performance
of the device. This effect is strongest when a large number of quasiparticles
pack near a tunnel junction. The quasiparticles relax through electron-phonon
coupling and are transported away from the junction by diffusion. However, su-
perconductivity suppresses the coupling and transportation can be significantly
hindered if the superconducting lines are narrow.

Knowles et al. [55] studied this kind of effect when electrons were pumped
through a SINIS turnstile with constant frequency f, and they noticed a high
correlation between sample geometry and degradation of the performance. They
modeled their findings with elevated superconductor temperature. We noticed,
however, that such a simple model does not always completely describe this
effect. Our findings will be further discussed in section 4.2.

The heat flow in the superconducting leads is also addressed in Publication V.
There the main interest was the phonon heat conduction in the leads, which was
observed to increase with increasing temperature above 500 mK in aluminium.
This was most probably caused by increased electron-phonon coupling, which
allowed electronic contribution in the heat transport. In Publication V the
electron-phonon coupling in the superconductor, Q.— p,s» was modeled according
to Ref. [56], where @,_ s = ZQTngea 16XP(=A/kBTel lead) and which is strictly
valid only when the phonon temperature in the lead is much smaller than the
electron temperature and both of these are well below critical temperature of
the superconductor.

2.2 Brief introduction to Josephson junctions and phase slips
The full theory of superconductivity is beyond the scope of this thesis. However,

this section will discuss those parts that are needed in order to understand the
results of Publication IV and Publication VI.
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2.2.1 Josephson junctions

A Josephson junction is a structure, where two superconductors are connected
by a weak link. Such a weak link can be, for example, a constriction in a
superconducting wire or a thin layer of insulator. The Josephson junctions follow
the so called dc and ac Josephson equations [46],

I;=1.sin¢ (2.18)
and 9
. e

¢ = EV’ (2.19)

respectively, where I, is the critical current above which superconductivity
vanishes, V is the voltage over the junction and e and & are the elementary
charge and Planck constant respectively. The term ¢ = y; — y2 describes the
difference of phases of the macroscopic wavefunctions, ¥(x) = [P (x)|eit™) , of the
two superconducting electrodes in each side of the junction.

Equations (2.18) and (2.19) are usually not enough when modelling real sys-
tems, since the junctions contain some amount of capacitance and current carried
by quasiparticles. When the Josephson junctions are large, the system can be
treated semi-classically and the so-called resistively and capacitively shunted
junction model (RCSdJ) can be used. This model is depicted in figure 2.6a and, as
its name indicates, contains capacitance, C, and resistance, R, in parallel to the
junctions. The total current through such a device is

. \%4 dv
I:ICsm(,b+R7+CE. (2.20)
When equations (2.19) and (2.20) are combined we get a second order differential
equation

. ho. h .
I _IC Sln(l)+ ﬁQb‘f‘C%(I) (221)

which adequately describes the time evolution of the system.

This equation, in general, has no analytic solution, but can be understood
quantitatively by studying the energy associated with it. In these calculations
we will ignore the resistance, R, since it corresponds to the normal current
carried by quasiparticles and its contribution is small well below the critical
temperature of the superconductor, 7'.. The energy associated with the system
can thus be obtained as a time integral of equation (2.21) multiplied by V', which
leads to

h 1 (R,
—ﬂ(l¢+lccos¢))—+§C(§) (p . (222)

Equation (2.22) has an analogy in mechanics and can be interpreted as a particle
2

at position ¢ with kinetic energy Ey;, = %C (2%) ¢? moving in the "washboard"

potential

h I
Upot(¢)=—2—e(lqb+lccos¢)= —EJ(I—(/)+cosqb), (2.23)

where E j = ;—;I ¢ 1s the Josephson coupling energy. The washboard potential is
presented in figure 2.6b.
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Figure 2.6. a) The electric network for the RCSJ model. b) Washboard potential depicting effects
in Josephson junctions in context of RCSJ model

2.2.2 Superconducting quantum interference devices

Superconducting quantum interference devices (SQUIDs, see figure 2.7) are
used in Publication IV as tunable filter elements. They consist of two Josephson
junctions in a loop. The current through a SQUID is a sum of the currents of the
individual Josephson elements, i.e. Isq = I.1sin(¢1) + I.2sin(¢p2), where I;; and
¢; are the critical currents and phase differences of element .

I, \ /%
/\

Isq Isq

N\
Io /'\ ¢

Figure 2.7. Superconducting quantum interference device

When the loop is exposed to a magnetic flux ®, an additional current will be
introduced in it. On the other hand, when a current is circulating in a wire, it will
create a magnetic field. Here we will assume that the latter effect is negligible.
Then the external flux creates a difference between ¢; and ¢p2, which follows
b1 — o = 2n%(mod2n), where @y = h/2e is the magnetic flux quantum [46].
Combining this with Isq and using simple trigonometric tricks gives the critical
current of the SQUID, Igq = \/131 + 132 +21:11c0cos(2n®P/Dgy). In Publication
IV we assumed that the two Josephson elements are approximately equal. Then

the critical current simplifies to Isq ¢ = 21¢1]|cos(m®/@)|.

2.2.3 Phase slips

Phase slips are events, where the phase of the superconducting order parameter
abruptly changes by 27. According to ac Josephson equation (2.19), a change of
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phase will induce a momentary voltage difference across superconductor, even
though the system would otherwise be current driven and dissipationless. This
can be interpreted as a magnetic vortex tunneling through the superconductor,
and it induces momentary and localized suppression of superconductivity. In 2D
and 3D structures this has no observable consequence, since a single resistive
spot is not large enough to block the conduction of supercurrent through the
whole structure. On the other hand, the situation is different in 1D structures,
which is illustrated in figure 2.8.

The coherence length, &, defines the dimensionality of a superconductor since
it describes the distance over which ®(x) can vary without undue energy change,
or in the concept of weak-coupling BCS theory, the size of a Cooper pair and
thus the minimum size of a superconducting element or a normal metal section
inside a superconducting element. A superconductor is n-dimensional if at least
n of its dimensions are larger than the coherence length. This means that if a
resistive region appears in a 1D structure, it will always be larger than two of
the dimensions of the structure and thus block the transport of supercurrent as
shown in 2.8.

Figure 2.8. . The size of a normal metal element inside a superconductor is proportional to
coherence length. When the coherence length is larger than two of the dimensions of
the superconducting structure, the structure is considered one dimensional and a
normal metal section can form that completely suppresses superconductivity for a
limited range of the structure.

Phase slips can be quantitatively understood in the context of "wasboard
potential” introduced in figure 2.6b. In this concept the phase is localized in
a local minimum of the potential and it can either jump over the surrounding
"hills" or tunnel through them. The jumps can occur as thermally activated
processes (TAPS), where the surrounding environment gives the energy needed
for the process. From figure 2.6 we see that this energy is AF = 2E j, when
no current is present, and will change as 6F = EJILC = hl/2e, when current is
applied. We know that tunneling rate is proportional to e 2F/*8T  and thus the
rate to the preferred direction is

—AFyight —AFeg;
Q _— |- 2.24
exp( kT ) exp( kpT )]’ @24

d_(p_2eV_
dt h

where AFer, = AF +6F and AFyigh = AF —6F are the heights of the potentials
in each side of the phase, and (Q is attemp frequency [57]. Now

L Y SRV IR R
= —eXx 1 = —eX 1 . .
e P\ 7aT ksT) e CP\%pT 2ekpT

When I is small enough the hyperbolic sine can be approximated by its argument
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and we get

2
v_ ( aF ) (2.26)

Buars = 7 = 900051 P kgt
The term AF is in theory just 2E; = hl./2e, but in practice more elaborate
models are needed to describe it. Since equation (2.26) depends exponentially
on —1/T, the thermally activated phase slip events die out when temperature is
decreased. However, experiments show residual resistance even at low tempera-
tures [58, 59, 60, 61, 62, 63]. This can be explained by tunneling of phase.

These tunneling events are called quantum phase slips (QPS) and they need
a microscopic theory to be fully understood. However, approximations can
be made using a similar model as above as long as AF/kgT is replaced with
Sqps = AF/Ech gps- Here E¢, qps is the characteristic energy scale of a QPS
process in analogy to thermal processes where the characteristic energy scale is
given by kg T. Then the voltage associated with the phase slips is

hQ hl
Vaps = — exp (—Sqps) sinh (—) (2.27)
QPS e p( QPS) 2eEch,qps

As above, when I is small, equation (2.27) simplifies to

Vqps Qnh?
R = = -8 , 2.28
QPS 7 2 o on; exp(-Sqps) (2.28)
which can be written as
R, hQ)
Rgps = exp(—Sqps), (2.29)

when we assume that E¢, gps = A. Here Ry = h/(2e)? is the resistance quantum.
Equation (2.29) can explain the QPS events relatively well when T./2<T < T,,
but use of microscopic theory is needed in lower temperatures. In Publication
VI we studied the phase slip events in molybdenium silicide. Equation (2.26)
was used to describe the thermal behavior of the results of Publication VI, and
the microscopic counterpart of (2.29) [64, 65] was used to describe the tunneling

events.
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3. Experimental methods

This section summarises the measurement and sample fabrication techniques
crucial or specific for this work.

3.1 Cryogenic methods

We used a cryostat which utilized pulse tube cooled dilution refrigerator [66]
capable of achieving 20 mK temperature. The wiring and shielding inside
the cryostat needed to be designed with care: If thermalizations are not done
properly a sample does not cool down. On the other hand, electromagnetic noise
can deteriorate the performance of the sample and hinder the measurements.

In this thesis, the noise is divided into two categories depending on whether it
can cause quantum effects. In tunnel barrier devices the tunneling threshold
energy sets the limit between these two: if the noise photons have higher energy
than this, they can initiate unwanted tunneling processes. In NIS junctions this
energy is comparable to the superconducting energy gap, which corresponds to
temperature A/kp = 2.5 K or frequency A/h = 50 GHz in aluminium, which is
commonly used as the superconductor in NIS junctions due to its stable native
oxides. Below we will speak about low frequency and high frequency noise, since
the frequency of the noise is usually easy to extract.

As discussed above, the high frequency noise can cause unwanted tunneling
events. It can also break Cooper pairs into quasiparticles. On the other hand,
the low frequency noise causes spreading of the bias voltage, which smears
the features of the output signal of the device under study. The low frequency
noise also increases averaging times needed in measurements, which can change
the duration of an experiment from hours to weeks making the measurements
unpractical. In our experiments, the biasing side tolerated usually more noise
than the measurement side. This is especially true in quantum current source
experiments, where very low currents need to be measured with very high
accuracy.

We used two kinds of measurement lines which were labeled as rf and dc lines.
The rf lines were designed to work from 1 MHz upwards and the dc lines from
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dc up to few hundred hertz. All the signals that were measured were carried by
the dc lines. In our setup, the thermalization of dc lines was done by connecting
long enough portion of them to the respective temperature flange. Similar kind
of methods can also be used to thermalize the rf lines. However, the electrical
losses in them are the higher the longer the line and this should be taken into
account in the design. To further hinder unwanted heat leaks of rf lines we
used dc blocks as heat blocks. They prevent the flow of direct current and low
frequencies but let rf signals through without interference. The thermalization
of the center conductor of rf lines was enhanced by using attenuators to connect
the conductor to the outer shield and thus create a thermal contact.

3.1.1 Minimizing the effect of low frequency noise

The low frequency noise can be suppressed with classical room temperature
filters. In case of rf lines also dc blocks can be used. In addition, the dc lines
have usually some amount of capacitance and if they are also resistive, they
act as RC filters further decreasing the low frequency noise. Thus the coupling
of the noise to the bias signal was not a problem in our experiments. However,
the situation was different when measuring currents produced by a quantum
current standard, since very low uncertainties were needed.

In Publication I we investigated different cables and cable assemblies in order
to reduce the low frequency current noise. In our setup, majority of the noise
originated from the mechanical vibrations caused by the pulse tube precooler,
which coupled to the measurement cables through tribo- and piezoelectric effects.
The former effect arises from friction between insulator and conductor of the
cable and the latter is due to mechanical stress of the insulator. The two
can be hard to distinguish but triboelectric effect is assumed to have higher
contribution [67]. Since the pulse tube refrigerators are popular, similar noise
problems arise also in many other laboratories.

In our experiments, we were mostly interested in milliherz regime (long
averaging times) and few hertz regime. In some other experiments, for example
those related to quantum information, also higher frequencies may be of interest
and studies of the kHz range has been made elsewhere [67].

In Publication I almost all studied cables were coaxial. It is known from
room temperature experiments that polyethylene (PE) has usually lower noise
compared to PTFE (teflon). However, we noticed that in the milliherz range
properly minimizing friction may be more crucial than the material of the insu-
lator, since the PTFE cable with graphite coating performed better than a pure
PE insulated cable. This difference vanished when the measurement time was
decreased. In addition, the best performance was obtained in cable assembly,
where PE insulated room temperature cable, self-made vacuum insulated cable
and PTFE+graphite insulated low temperature cable were combined. This is in-
tuitive, since the PTFE+graphite cable was demonstrated to perform adequately,
PE is generally a low-noise insulator and no tribo- or piezoelectric effects can
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manifest in vacuum. In conclusion, we managed to push the cable noise down to
the same range as that created by the amplifier.

Special care is needed when choosing a current amplifier for quantum current
standard (and other low uncertainty) measurements. We used model DDPCA-
300 from Femto and ULCA that was developed by Physikalisch-Technische
Bundesanstalt (PTB) [68, 69, 70]. Femto DDPCA-300 had lower inherent noise
but it can exhibit drifts in time. In the measurements aiming at the validation
of a quantum current standards, it can be used as a null instrument, but its
gain is too unstable for direct current measurements. Better choice for these
measurements would then be ULCA, a device which is designed for this purpose.
The ULCA inhibits higher noise than the Femto model DDPCA-300, but it is
stable in time and temperature and can be calibrated directly against quantum
resistance standard making it easily traceable.

3.1.2 Minimizing the effect of high frequency noise

The high frequency noise can penetrate down to the sample as electromagnetic
radiation through vacuum (or air) or through cabling. In our experiments, the
former route was suppressed by using two rf tight shields [39, 35], and the latter
by using commercial attenuators and filters in rf lines, and self-made powder
filters [71] in dc lines. Utilizing resistive coaxial cables as dc lines has also been
shown to diminish the noise [72] and such cables were used as filters at the 20
mK stage in some of the measurements.

In addition to these off-chip methods, also on-chip filters can be used. These
include e.g. resistive environments [40], SQUID filters [73, 74] and capacitive
shunts [38], latter of which was also utilized in section 4.2. The filters can have
different performance depending on the frequency range and noise level. In
Publication IV we studied two tunable on-chip filters, a SQUID filter and a
modified version of the capacitive filter, in a low noise environment in frequency
range from 50 GHz to 200 GHz. The environment was achieved by using the
off-chip filtering and shielding discussed in previous paragraph. The frequencies
correspond to the range, which can be detected with aluminium-based NIS
detector (see section 5.1 for detail) and which is thus detrimental for aluminium-
based SINIS quantum current standard.

The capacitive shunt filter consisted of an aluminium ground plane and tita-
nium electrodes. Its filtering properties improved near the critical temperature,
T, of our titanium films, which was around 110 mK. The low T of our samples
most likely originates from impurities that were formed due to strong gettering
behaviour of titanium and residual gases in the evaporator. The improvement
of filtering properties was unexpected since in the frequency range we are in-
terested in, f > Aa1/h, the photons have at least five times more energy than
is needed to break Cooper pairs in the titanium lines. In this limit titanium
should be resistive regardless of temperature. However, the behavior of our filter
was at least semi quantitatively explained by assuming that the titanium elec-
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trodes consisted of weakly connected grains, which had a significant capacitance
between them.

The frequency range posed also some amount of trouble for the other filter
studied in Publication IV: SQUIDs are devices, where two Josephson junctions
are connected in a loop and they are usually hard to model above f =~ 20 — 200
GHz. However, in Publication IV a reasonably good agreement with measure-
ment results could still be achieved by using a standard superconducting theory.
The SQUIDs can be considered as Josephson elements with magnetic flux (®)
dependent inductance L j = ®¢/(2711.(®)) and critical current I.(®P) (see section
2.2.2). In Publication IV we modeled them as a transmission line with induc-
tance L and some amount of self capacitance and resistance. These components
then created an LCRfilter, which could be controlled by external magnetic field.

In conclusion, Publication IV demonstrated that our two filters can bring
predictable and tunable additional filtering in the residual low-noise regime,
which is present after the off-chip filtering and shielding.

3.2 Virtual lock-in amplifier
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Figure 3.1. a) Virtual lock-in measurement setup used in Publication IT and Publication III. b)
Fourier transform of the measured voltage and current signals.

Instead of traditional lock-in amplifiers we used a sampling technique uti-
lizing our accurate multimeters and post-processing Fourier transforms. This
technique provided traceability and decreased noise, which was especially im-
portant in Publication II but was also useful in Publication III, Publication V
and Publication VI.

The measurement setup of Publication II and Publication III is introduced
in Figure 3.1. A modified version of this setup was used in the other two
publications. Figure 3.1 shows that different channels of the digital-to-analog
converter (DAC) voltage source were used to produce ac and dc biases and that
they were adjusted with resistive voltage dividers to utilize the full output
voltage range of the DAC. The DAC could be operated with floating ground and
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this allowed us to specify a single grounding point, other than the DAC, for the
electric network. In our case the body of the cryostat was chosen as this point.

In the measurement side, we used current and voltage amplifiers from Femto
and a multimeter Agilent 3458, which is the equipment-of-choice of metrologists
throughout the world and is known for its high accuracy and properly done
groundings and guards.

The cables between the sample and the multimeters were triaxial. In the
current measurement, the outer shield of the cable was connected to the cryostat
ground and to the so-called guard shield of the multimeter. In voltage mea-
surement, the outer shield was used to provide the ground to the multimeter,
since the voltage amplifier was isolated. The purpose of the triaxial cables in
current measurements was to guide noise currents in the outermost conductor,
which does not carry the small measurement signal. Such noise currents can be
introduced e. g. by magnetic field that couples in ground loops that are closed by
stray capacitances.

A sinusoidal wave was used to bias the sample and a square wave TTL signal to
sync the multimeters as shown in figure 3.1a. We used Agilent 34951A module as
the DAC, which has 200 kHz point-to-point update rate and 16 bits of resolution.
We measured a sequence with an integer number of cycles of the sine,N., which is
necessary for both obtaining the dc bias over the sample and properly extracting
the amplitude of the measured signal. The first is simply the average voltage
during the sequence. As an example of the latter, in the measurements of
Publication IT and Publication III we used a sine drive with frequency of about
fsin=19.53 Hz (10240 points with 200 kHz point-to-point update rate of DAC)
and triggering signal with frequency of frrig= 1176.47 Hz (170 points). These
frequencies produce measured data with exactly N.=68 cycles when Agilent
3458A digitizes N=4096 voltage samples. Then N./fsin = N/frrig. Finally, the
amplitude of the measured signal was obtained by Fourier transforming the
signal and recording the height of the peak at drive frequency (see Figure 3.1b).

In the measurement setup of Publication V only ac voltage was recorded. In
addition, since additional bias voltages were connected to the device under test
(DUT) we wanted to galvanically isolate the virtual lock-in. This was done by
utilizing optoisolators and using capacitively coupled alternating current bias.
In Publication VI we used alternating current bias and voltage measurements.

3.3 Sample fabrication, i.e., overview of nanofabrication methods

All the publications of this thesis had distinguished samples whose fabrication
schemes deviated from each other (a brief overview of these methods is listed
in table 3.1). Therefore, this sections gives a brief introduction to the relevant
methods rather than explains each publication separately. It is divided into four
parts, describing different processing steps: patterning, material deposition or
removal, oxidation and annealing.
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Table 3.1. Overview of fabrication methods used in the publications of this thesis

Publication II | 1. aluminium sputtering

Publication IIT | 2. patterning and etching

3. native oxide removal — in-situ oxidation inside sputter
— aluminium sputtering

4. patterining and etching

Publication IV | 1. aluminium ground plane deposition

2. growing SiOg with PECVD and titanium dc-line depo-
sition

3. three-angle evaporation and in-situ oxidation using
aluminium and gold palladium

4, lift-off

Publication V multiple processing steps involving: etching, sputtering
and in-situ oxidation of silicon inside sputter. The tunnel
junctions are formed between doped silicon wafer and
aluminium leads

Publication VI | 1. patterning on pure silicon wafer

2. patterning, native oxide removal and molybdenium
sputtering

3. lift-off

4. annealing to form molybdenium silicide

unpublished 1. gold ground plane deposition
data on SINIS | 2. oxide deposition and patterning
3. angle evaporation and in situ-oxidation using alu-

minium and copper
4. lift-off

The patterning was done with either optical or electron beam lithography
utilizing both negative and positive resists. In both lithography methods the
polymers in the resist are strengthened (negative resist) or weakened (posi-
tive resist) when exposed to radiation (i.e. either light or electrons). After the
exposure, the weak bonds are removed by a dedicated liquid. In this work,
optical lithography was done by using separate masks (usually colored glass
or plastic) between the light source and the resist. In contrary, no masks were
needed in electron beam lithography, where the patterning was done by mov-
ing the electron beam. This makes the latter method more versatile but also
slow, especially when writing bigger structures. On the other hand, it has a
higher resolution compared to optical lithography and is therefore used to make
nanoscale samples.

The pattern is transferred from the resist to the final material either with
etching or by a lift-off method. Etching can be used to pattern metals, semicon-
ductors etc. but also native oxide of wafers. It is performed either by different
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liquids or by gas bombardment and removes material at the areas exposed in
the lithography step. Different etchers affect different materials and in specific
cases stop layers can be used to protect other layers of the sample from the
etcher. In this thesis, outside of the native oxides of Si and Al, the materials to
be etched were deposited by sputtering or electron beam evaporation.

When using etching, the material is deposited before etching step or resist
spinning. In lift-off processes the situation is reversed: the material is deposited
only after the resist is patterned and developed, and the structures are formed
where there are holes in the resist. A specific subgategory of the lift-off method
is the angle deposition, where a cave is formed inside the resist and the metal
deposition is done in different angles (see figure 3.2). This method can be used
to make in-situ tunnel junctions with suitable oxidation scheme and without
exposing the deposited materials to ambient air.

. °
metal deposition oxidation metal deposition o o
°
° .\ ° e //.
°
°

substrate substrate substrate

resist removal

finished tunnel junction
m -

substrate substrate

Figure 3.2. Fabrication steps in two angle evaporation.

In this thesis oxides were used for two different purposes: to form tunnel
junctions and to insulate layers of conducting materials. All the tunnel junctions
were formed with in-situ techniques, where the oxidation is directly followed by
material deposition and the sample is not exposed to ambient air in between.
Outside of the angle-evaporation scheme, also combination of sputtering and
etching can be used to form in-situ tunnel junctions. However, then the bottom
electrode needs to be fabricated in separate processing step and its native oxide
removed before the oxide deposition, for example by argon milling. In both of
the in-situ methods described above a controlled amount of oxygen is brought
inside the vacuum can of the evaporator or sputter and it is allowed to make a
native compound with the exposed material. After the oxidation another layer of
material is deposited on top of the newly formed oxide. The in-situ methods were
used to form tunnel junctions. When stronger, more insulating oxide was needed,
we used ex-situ methods, e.g. plasma enhanced chemical vapour deposition
(PECVD) or atomic layer deposition (ALD).

Publication VI used also annealing, where the sample is heated to high tem-
peratures. In this case the annealing allowed deposited molybdenium to form a
compound with the silicon wafer.
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4. Quantum metrology

4.1 Quantum Phase Slips

4.1.1 Quantum current standard with superconducting nanowires

It has been shown theoretically that when the QPS events are coherent, the QPS
is an exact dual to large Josephson junctions [7]. This means that the theories of
these two are mathematically equivalent under the change of variables of phase
and charge. Since coherent QPS (CQPS) has been proven to exist [75], this opens
up a unique yet largely unexplored opportunity for metrology: Large Josephson
junctions, which follow the RCSJ model (see section 2.2.1), have been used as
quantum voltage standards since 1960s as they can produce quantized voltage
steps, called Shapiro steps [17]. If a dual of these devices could be fabricated, it
would then produce similarly quantized current steps. In addition, CQPS could
also be used to replace Josephson junctions in many applications. For example,
charge [76, 77] and flux [78] detectors have already been demonstrated.
Current standards based on CQPS would have important advantages com-
pared to single-electron devices. In QPS the effects can be made coherent in
contrast to the SET devices. They would also be based on more fundamental
physics and could thus become equally accurate as Josephson voltage standards.
However, so far no consistent measurement results exist that would have
demonstrated current steps with reasonable accuracy, though some attempts and
results have been acquired [79]. It is believed that the normal state resistivity of
the nanowires should be high in order for the steps to be visible. The importance
and the effect of resistive environment is still not yet clear. For example, the
steps might be smeared due to the coupling of electromagnetic environment to
the nanowire [80] or heating in the resistive environment [81]. It has also been
shown that large disorder of chemical potential can induce a so-called Bose glass
transition, which would prevent the observation of quantized current steps [82].
It should also be noted that the nanowires are not the only devices that could
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be dual to the large Josepson junctions, as also a chain of small Josephson
junction can be used for this purpose. However, there the background charge
fluctuations seem to lead to an inevitable Bose glass transition [82].

4.1.2 Initial phase slip results in molybdenium silicide

In this thesis, we focused on preliminary material study. We demonstrated
QPS in novel material: molybdenium silicide (MoSi). This is shown in figures
4.1a-b: Typical features of QPS are e.g. the resistive tail at low temperatures
and negative magnetoresistance. Both of these are observed at the narrowest
nanowire whereas a slightly wider wire behaves as a normal superconductor
when temperature is decreased. The figure 4.1a also contains QPS and TAPS
fits introduced in section 2.2.3.
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Figure 4.1. a-b) The resistance of a nanowire with 42 nm effective diameter (purple dots) as a
function of temperature (a) and magnetic field (b), and the resistance of slightly larger
nanowire (46 nm, green) as a function of temperature (a). ¢) Low temperature normal
state resistivity of nanowires as a function of the effective diameter. Different colors
represent different number of thermal treatments: samples that were annealed only
once are marked as orange and samples that were re-annealed after initial treatment
are marked as purple. The annealing had no significant effect on the data. This is
also evident in (a), where the wire with diameter 46 nm has data from measurements
after both anneals. The smaller wire was measured only after latter anneal. All the
measurements were performed in 4-probe geometry and the lines had length of 2
pm.

Our sample layout, which was used for these first material tests, could not
be used to indicate coherence. However, we observed that the low temperature
normal state resistivity of the nanowire, measured at about 4 K, could be tuned
both by changing the effective diameter of the wire (see figure 4.1c) as well
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as changing the annealing time or temperature. In addition, some samples
had higher normal state resistivities than shown in figure 4.1c but issues with
contact quality between bonding wires and the samples prevented measuring
them at low temperatures. Another interesting observation was that even
though the first annealing had a high impact on sample characteristics, the
samples seemed to be impervious to further changes if annealed a second time.
Since high normal state resistivity is expected to be essential for observing the
current steps, these makes MoSi and other superconducting silicides made with
similar process promising materials.

4.2 SINIS turnstile as quantum current standard

The beginning of experimental work on this thesis was dedicated to investigation
of the SINIS turnstile as a potential quantum current standard. SINIS is a
promising device, with solid theoretical background, easily parallellizable design
and a theoretical ultimate relative accuracy of about 1078 [5]. It also provides
a platform for studying interesting physical phenomena. During this thesis
an attempt to parallelize the turnstiles was performed, but the parallelization
ultimately failed due to sample fabrication problems. In addition, we performed
a study of non-thermal quasiparticles in SINIS turnstile, which gave new inter-
esting data, but the results were not published because no model to explain the
findings was found. Some of the results of these studies are summarized here.

4.2.1 Theory of charge pumping and parallelization

Pumping electrons
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Figure 4.2. a) A schematic representation of electron states in the normal metal and super-
conductor. b) The effect of gate charge and bias voltage on the current through the
SINIS turnstile

When a SINIS turnstile is used as a quantum current source it is operated
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with constant bias voltage and alternating gate voltage. At low temperatures
equations (2.1) and (2.8) give the tunneling thresholds into (+) or out from (-)
the island through junction @

~8E*(n)=F2E (n—ng+1/2)FeV; = A. (4.1)

When these thresholds are crossed charge transport becomes probable. The
charge pumping process is illustrated in figure 4.2. The black and red solid and
dashed lines in figure 4.2b represent the tunneling thresholds.

The charge transport proceeds as follows. We first start at point 1, where
the most likely charge state is » = 0 and no excess electrons are present in the
island. Then the potential of the island is decreased (n. is increased). When
point 2 is crossed, tunneling into the island becomes probable. The probability of
tunneling can be still slightly increased by further decreasing the potential, but
one should note that unwanted tunnelings to the wrong direction (dashed line)
or even tunneling of excess electrons (furthermost solid line) will be enabled
if the potential is decreased too much. In addition, the bias voltage usually
oscillates a little due to noise, and it is a good practice not to bring the potential
too close to the undesired thresholds. Therefore we stop somewhere around
point 3. Now an electron has entered the island from the left lead. To transport
this electron into the right lead, the potential is increased (n, is decreased) up
until point 1. The tunneling out of the island into the right lead will become
probable when point 4 is crossed but as before the probability can be increased
by moving beyond this point and therefore we increase the potential up until
point 1.

Main error sources

The processes that cause the largest errors for the operation of the SINIS
turnstile are thermally activated tunneling, higher order tunneling processes,
leakage in the energy gap and quasiparticle formation in the superconductor.
Thermally activated tunneling arises from the finite temperature of the environ-
ment. This type of error mechanism can never be fully suppressed and it sets a
limit for the relative accuracy of SINIS turnstile, which is about 1078, when the
bias voltage is set to an optimal point (eV} = A) and temperature is below 100
mK [5].

On the other hand, even without the thermal activation, tunneling of wrong
number of electrons is possible. From the most simple higher order processes
elastic ones are negligible and simplest in-elastic process, co-tunneling, is energi-
cally forbidden in the BCS-energy gap [83]. Thus the only relevant higher order
processes are Andreev reflection and Cooper pair/electron cotunneling (CPE). In
Andreev reflection a Cooper pair tunnels through a junction, whereas in CPE a
Cooper pair tunnels into the island simultaneously as a electron tunnels out of
it (or wise versa). The Andreev reflection is suppressed when gate amplitude
Ay is smaller than A A, = % - ﬁ(l - %) [83], indicating that the higher the
E . the better. When E . is increased above 2A, Ag a, will become larger than the

38



Quantum metrology

backwards tunneling threshold (dashed lines in 4.2) and further increase is no
longer that beneficial.

On the other hand, the relative error created by CPE is the weaker the higher
the pumping frequency /. However, when frequency is increased the chance
that no electron is transported also increases. Ref. [83] studied this tradeoff
theoretically and concluded that when E. = 2A and as long as current stays
below 10 pA (f = 60 MHz), relative error rate of 1078 can be achieved.

The leakage in the superconducting energy gap is either due to photon as-
sisted tunneling (PAT) [38] or quasiparticle states within the gap [84]. In the
semiconductor-superconductor (Sm-S) tunnel junctions studied in Publication
V it can also originate from traps and dopants in the junctions [85]. Saira et
al. [34] have shown that in good NIS junctions this leakage mainly originates
from PAT and corresponding Dynes leakage parameter (see equation (2.6)) can
be pushed to y = 1.6 x 10~7, which is sufficient for charge pumping. During
this thesis, however, these levels were not reached due to sample fabrication
problems. These problems most likely originated from the contamination of the
evaporator resulting in unideal tunnel junctions and leakage in the energy gap
of the order of 1075 to 1074

In the absence of the sample fabrication problems, the main error source which
limits the accuracy of SINIS is the formation of quasiparticles. Some amount
of quasiparticles are always present due to the thermal background but their
number is small and their effect can usually be ignored. In SINIS turnstile,
however, quasiparticles are also created when electrons are transported through
the system. These quasiparticles can become a problem, if they can linger near
the tunnel junctions, which is the case if the superconducting leads are long and
narrow [55], and such structures should therefore be avoided.

Parallellization scheme for a sample where everything is taken into account

Figure 4.3 presents a parallelization scheme and a close up image of a SINIS
device. The sample geometry is optimized for performance. The charging energy
is inversely proportional to the junction size and thus small junctions are needed.
On the contrary good quasiparticle relaxation needs superconducting leads that
are large in all three dimensions and which widen fast [86]. This is enabled by
three angle evaporation scheme, where first a thin layer of aluminium (c. 15 nm)
is deposited to form the base of the tunnel junction and then the angle is changed
to make another layer of aluminium. This layer is thick and is located as close
to the tunnel junction as possible. When both aluminium layers are ready the
sample is oxidized and then normal metal island is deposited. Due to background
charges, each turnstile needs its own dc gate. These charges do not affect the
ac gate, however, and thus all samples can be biased with the same ac drive.
This is beneficial, since it decreases the complexity of the design. In addition,
using separate ac cables would increase the thermal stress in the cryostat. The
design also incorporates a ground plane, which is buried underneath the leads.
This ground plane filters the high energy photons, suppressing electromagnetic
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leakage (see section 3.1.2).
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Figure 4.3. Scanning electron micrographs of SINIS devices connected in parallel on chip. The
design features a common rf gate and a common drain lead for all junctions. All the
leads are identical near the junctions. In this design we made junctions on both sides
of the common drain lead to optimize the usage of space. Both sides are symmetric
with each other. The junctions were made with three-angle evaporation scheme to
enable thick layer of aluminium near tunnel junctions.

The sample design discussed above would incorporate all the necessary compo-
nents for high accuracy charge pumping with increased current output. However,
as discussed before, the samples studied during this thesis suffered from subgap
leakage which degraded their accuracy. In addition, some problems were also
encountered during EBL-patterning, since the size of the tunnel junctions was
at the edge of the resolution of the electron beam writer and in addition the
large aluminium leads caused some extra residual dose near them.

4.2.2 Non-thermal quasiparticles

As discussed above, currently the most significant error source of SINIS turnstile
is quasiparticle formation (as long as fabrication anomalies are neglected). Here
we will study this process in a sample that has been intentionally engineered
to have a poor quasiparticle relaxation. This sample was made by two angle
evaporation technique using 25 nm thick aluminium leads, native aluminium
oxide barrier and 30 nm thick copper island. The sample geometry and measure-
ment setup are presented in figure 4.4a and the relevant sample parameters
obtained from current voltage characteristics (figure 4.4b) and SEM images in
table 4.1. The sample is driven with sinusoidal gate voltage, which alters the
gate charge as ng = % +Agsin(2rft), where f is drive frequency. It should also
be noted that Andreev reflections were present in our sample due to relatively
small charging energy. However, this process caused only small effect in the
current since the Andreev rate scales as 1/R % (whereas the le-rate depends on
1/R7) and the junction resistance of our sample was large. The negligible effect
of Andreev tunneling was also verified with simulations (data not shown).

The measurements were performed as null measurements, where the signal
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Table 4.1. Sample parameters (see section 2.1.2 for detail). Here Ay, is the phenomenological
area of a quantum channel related to Andreev tunneling, A is the area of tunnel
junctions, and [ is the length of the narrow portion of the line. *Since our tunnel
junction transparencies are of the same order of magnitude as in Ref. [87], we have
used similar A, as they.

EJ/A| A Y Ry | Am A I | CL/Cs | CR/ICs | Co/Cs | Cy/Csx
neV kQ | nm? | nm? | ym % % % %
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Figure 4.4. a) Measurement setup and sample geometry, b) IV-characteristic and related fits.
The orange lines are obtained by simultaneously stepping bias and gate voltages and
measuring current at each point. The oscillation comes from moving between gate
open and gate closed states. The blue lines are simulations at gate open and gate
closed positions. In the inset more elaborate simulation is given (black line). Here,
instead of constant gate voltage, the voltage is allowed to vary according to the true
signal. In ideal case all the orange and black lines should fall between the blue ones.
This is not the case in our sample that has asymmetric junctions.

of the SINIS was compared to that produced by calibrated equipment (voltage
source and resistor) [88]. The SINIS turnstiles can usually be modelled with
high accuracy [52, 89], however, during this work we observed discrepancy with
theory, which could yield new physics. The pumped current can be obtained from
equation (2.13) by utilizing the knowledge of tunneling rates (2.1) and the time
evolution of the probability distribution of charge state. The master equation
(2.9) can be used to obtain the latter either by making consecutive small steps
in time or incorporating time evolution in exponential matrixes as in [89]. The
temperature of the island is obtained by iteratively finding a temperature that
balances heat flows (see section 2.1.3).

Figure 4.5 presents pumping characteristics for our sample at five different
frequencies (1 MHz, 3 MHz, 10 MHz, 20 MHz and 50 MHz) and four different
bias voltages (160 ueV, 180 peV, 220 ueV, 250 peV). The figure can be interpreted
as follows: (i) The measurement results deviate from the simulations: the
simulations underestimate either the increase of current at A; = 0.6 or the
decrease of current at higher gate amplitudes. (ii) The discrepancy between
simulations and measured data seems to grow when pumping frequency is
increased. (iii) The green line in figure 4.5e, which is simulated with T's = 50 mK
and corresponds to bias voltage of 160 ueV, underestimates the current drop at
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Az =1.1. This indicates that the current drop cannot be explained with simple
thermal models. The situation is similar at 50 MHz.

-
N

3500 f)
2 .
S0 3000
~ 8 .....
%I; ..... 2500
g —
1% 2000
4 % )
_ 1500t
< <
g‘g data 5 1000
2 T=50mK - - .
32 thermal model " 500
) d) 50 MHz branch imbalance*-’

15 2
0,5 A 1,0 0204 06,08 10 12 0,4 0,6

0,8 1,0 1,2 00 20 40 60
9 9 9

A f(MHz)

Figure 4.5. a)-d) The deviation of measured currents from I,.f = ef (produced by calibrated
voltage source and resistor) when the SINIS device is operated as a turnstile (dots) for
bias voltages Vp =160 uV (cyan), 180 uV (red), 220 uV (blue) and 250 uV (magenta)
at frequencies 1 MHz (a), 3 MHz (b), 10 MHz (c), and 50 MHz (d), and corresponding
simulations utilizing the theory of section 2.1 (solid lines of similar color). The solid
black lines indicate the thresholds after which backwards tunneling starts. The
quasiparticle temperatures of the simulations are a) 292 mK for all curves, b) 315 mK
for all curves, ¢) 336 mK (cyan, red) and 337 mK (blue, magenta) and d) 360 mK
for all curves. e) The deviation of measured current from ef when the SINIS device
is operated as a turnstile (blue dots) at 20 MHz at the same bias voltages as in
a)-d). The light magenta line corresponds to similar thermal model simulations as
in a)-d) but at quasiparticle temperature of 349 mK, whereas the dark gray line
shows data when different branches are at different temperature (80 mK for the
cold branch, 370 mK for the hot one). These two models yield almost identical
results. The green dashed line shows the current for bias voltage of 160 uV when
superconductor temperature is set to 50 mK. f) Quasiparticle density as a function of
pumping frequency.

The temperature of superconductor is related to quasiparticle density by a sim-
ple equation ngp = 2D(Ep)f(§’° dEng(E)e E/ksT z\/ﬁD(EF)A\/k]gﬂe_M"'BT,
where D(EF) is the normal state density of states at the Fermi energy. Figure
4.5f shows the quasiparticle density, extracted from figures 4.5a-e, as a function
of pumping frequency. Effect of geometry on the pumping frequency of SINIS has
been studied before by Knowles et al. [55]. However, they found that n 4, depends
linearly on frequency, which is not the case in figure 4.5f. Our measurements
differs from their in that our quasiparticle densities in figure 4.5f are about
ten times higher than theirs [65]. These results may indicate that at higher
ngp traditional models no longer apply. The differences in densities between
data shown in this thesis and those of Ref. [55] are likely a result of different
superconducting lead geometries and the higher normal state resistivity of our
sample.

So far, we have used a constant value for the quasiparticle temperature. This
is not strictly true, since the temperature depends on the power injected into
the superconductor, which in turn depends on the current. However, the current
changes only a few percent on the plateau, which is unlikely to cause great
variation in temperature. This was verified with simulations utilizing similar
heating power as in equation (2.16) and knowledge of the quasiparticle density
extracted from geometry, see Ref. [55]. The simulations showed (data not shown)
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that the temperature variations were no larger than a few millikelvin. Such
variations caused only very small effect on the simulated curves.

The simulations described in previous paragraph were used to estimate the
normal state resistivity of aluminium in our sample, which was 0.9 — 1.2 yQOm.
This is about 30-40 times higher than the literature value for bulk Al at room
temperature. However, the normal state resistivity of the thin electrodes de-
pends on the sample fabrication process, e. g. on the resulting grain size and the
amount of residual oxygen in the evaporators.

When electrons tunnel through a SINIS device they are extracted from the
lower quasiparticle branch of one lead and injected to the upper branch of
another. In theory, this can create imbalance between the branches in a lead.
This effect was tested in figure 4.5e, where the quasipartcle-rich branches were
set to 370 mK and the quasiparticle-void branches to 180 mK. Figure 4.5e shows
that branch imbalance has negligible effect on the current of a SINIS device.

To lower the effect of quasiparticles, it is crucial to get them transported away
from the tunnel junctions as fast as possible. In narrow lines, quasiparticle
relaxation is small and this happens mainly via diffusion. On the other hand, the
diffusion rate of quasiparticles depends on their energy, which is neglected in the
models described above. In addition, in some situations the energy distribution
of these particles may differ from Fermi function. However, we were unable to
find any model that would have explained the results of figure 4.5 and thus they
are not published elsewhere.

4.3 Primary thermometry

There are two types of standards: primary and secondary ones. Vast majority of
the standards fall into the latter category. The properties of these standards can
change over time and they need repeated calibration against other standards of
the quantity of the same kind. The correct reading of the secondary standards
is ensured by an unbroken chain of calibrations that can be traced back to the
present definition of the SI, realized by the primary standards. In thermometry,
a typical example of a secondary standard is a resistive thermometer. Its
temperature behavior is dependent on geometry and material, and for example
thermal or mechanical stress can change it.

The primary standards are based on well known physics. They can be divided
into two categories: absolute and relative devices [90]. The absolute devices
need no calibration against any other instance of the unit, though they might
need calibration against other SI units. For relative thermometers, calibration
needs to be done exactly once.

This thesis studies the utilization of a Coulomb blockade thermometer (CBT) [4]
as a primary thermometer. The CBT consists of an array of NIN junctions con-
nected in series, and it is based on the fact that its electric conductance changes
as a function of temperature (see figure 4.6). It follows the theory introduced
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in section 2.1 though with slight modification of the charging energy. When
all of the junctions are identical and the biasing is symmetric, this energy be-
comes E. = %(‘}—i, where N is the number of junctions, Cs = 2C + Cy, C is the

capacitance of a junction and C| is the self capacitance of an island [4].

a b
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Figure 4.6. The normalized electric conductance of a CBT that is optimized to work at low
temperatures.

In the weak Coulomb blockade regime (E. < kgT) the full width of the con-
ductance dip of CBT at half minimum [4]

Vi = 5.439NkpT ’ (4.9)
e
depends only on constants and the CBT can be used as absolute primary ther-
mometer. However, measuring the full conductance curve is slow. The tempera-
ture can also be obtained from the conductance dip at zero bias, AG,

AG 1
- 4.3
Gr 6uN, (4.3)

where uy = E¢/kpT and which is faster to measure. However, this method needs
the knowledge of E . and asymptotic conductance G7. Neither of these constants
depend on temperature and they can be determined at a single fixed temperature
point using equation (4.3), which makes the conductance dip measurements
relative primary thermometry.

In Publication IT and Publication III we operated at temperatures between
about 20 mK and 200 mK, which includes a shift from weak Coulomb blockade
regime at 200 mK to intermediate Coulomb blockade regime (E. ~ kgT) at lower
temperatures. In the latter, equations (4.2) and (4.3) need to be expanded to
yield more accurate results

AG\ 5.439NkgT
Vi = 1+o.3921—)—3 (4.4)
GT e
AG 1 1, 1 4
NS % S - 0 45
Gr 6"V T 60"“N T e30™N (4.5)
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The linear correction of (4.4) depends only on AG/G 1 and does not change the
primary nature of the equation. In Publication II and Publication IIT we used
equation (4.5) as well as the full theory introduced in section 2.1 to explain our
results.

In Publication II a virtual lock-in amplifier (see section 3.2) was used to pro-
vide a traceable measurement setup and improved accuracy to the CBT. The
publication compared the results to superconducting fixed point thermometer
(SRT), which was calibrated against PLTS-2000 and thus provided traceability to
the present SI. In addition, in Publication III we performed an intercomparison
between CBT and two other primary thermometers. This kind of intercompari-
son are crucial for metrology and provide verification for devices with different
phenomenological background or different fabrication environment. All the
results of Publication III yielded an agreement within better than 1 %.

It should also be noted that there exist only a couple of realizations of PLTS-
2000 and these realizations start to deviate from each other below about 10
millikelvin [91]. An intercomparison of different primary thermometers below
this temperature could thus provide improvements to accuracy of the present
PLTS-2000. However, thermometry at these temperatures was not studied in
this thesis.
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5. Applications

5.1 SINIS as a spectrum analyzer

The presence of high energy electromagnetic environment (photons with fre-
quencies [ for which Af <kgT, where h and kp are Planck’s and Boltzmann’s
constants and T is temperature) is detrimental to tunnel junction devices, since
it can initiate unwanted tunneling events. On the other hand, this sensitivity
can also be used to probe the environment [41, 42, 43, 39]. A NIS-type device
was used for this purpose in Publication IV, which investigated two tunable
on-chip filters in low noise environment, which was present after off-chip filter
and shielding (see section 3.1.2). The measurements were performed at the
frequency range detectable by (and thus detrimental to) aluminium based NIS
junctions.

A NIS junction is a tunable integrating detector that can detect photons with
higher frequency than that needed to initiate a tunneling process. Its threshold
frequency can be altered by adjusting the electrostatic energy difference 6E f
introduced in equation (2.8). In Publication IV we used a detector scheme
described in figure 5.1, which followed that introduced in Ref. [42]. It consisted
of two parts: a monitoring island, whose charge state n could be controlled
with voltages V,; and Vy, and a SINIS turnstile which was used to detect this
charge state. When a photon ignited a tunneling event, it changed n, which in
turn altered the gate charge of the detector SINIS and thus its voltage. In the
measurements we used only small bias currents for the detector SINIS, since
excess current creates random telegraph noise, which can produce significant
errors when measuring small signal levels [34].

The detector scheme of figure 5.1 had two major limitations. The first is related
to sample fabrication and is easy to fix in future iteration rounds: The middle
island of the two leftmost tunnel junctions could not be controlled and therefore,
even though 6E could be fixed, its exact value was not known and it needed to be
extracted from the fits. The latter limitation is, however, of a more fundamental
origin: When a device utilizing charging effects is used as a detector, it cannot
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Figure 5.1. Noise detection scheme used in Publication IV.

be matched to either the common transmission line impedance of 50 Q or to the
vacuum impedance (377 Q). This is due to the fact that the charging effects
become notable only when impedance of the detector is larger than the quantum
impedance Rx = h/e® = 25.8 kQ. This means that only a fraction of incident
photons can be detected. However, this kind of detector can still be used to
deduce the relative performance of filters as was done in Publication IV.

The effect of the electromagnetic environment on a NIS junction can be mod-
eled by adding a probability to absorb (E < 0) or emit (E > 0) photons, P(E), to
the tunneling rates [44]

1
2Ry

1"(6Eii) = foo dEng(E)[1- f(E,TS)]fOO dE'f(E - 6Eii,TN)P(E -E.

(5.1

Here indices N and S refer to normal metal and superconductor, respectively.
The latter integral is a convolution of f(E) and P(E), which causes smearing
of f(E) as shown in figure 5.2. When P(E) = §(E), i.e. the environment is an
electromagnetic void, equation (5.1) simplifies to the familiar form of equation
(2.1).

a) Fermifunction, f(eV) b) Probability, P(E)  ¢) Modified Fermi function, f*(eV)
1 4

1

N =
T

eV/A eV/A eV/A
Figure 5.2. a) Fermi-function at zero temperature. b) Approximation P(E) = exp(—alx|) ¢)

Convolution of a) and b) showing that the sharp steplike behaviour of a) gets smeared
when noise is introduced.

In theory, P(E) could be solved from equation (5.1) simply by using Fourier
transforms, since the Fourier transform of a convolution is a product, and
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equation (5.1) consists of two convolutions. In reality, however, the practical
implementation of this is hard, since the standard Fourier algorithms expect the
functions to approach zero relatively fast, whereas the value of Fermi functions
f(E) approaches zero at co but remain finite at —oco. In Publication IV, we used
an indirect method: standard theory for P(E) was used in combination with the
knowledge of the used filter, as described below. This led to a model with only
few variable parameters, which could be extracted by comparing the tunneling
rates of equation (5.1) to the measured ones.
As long as the first order perturbation theory and equation (5.1) hold, the
energy exchange probability is [44]
J iE
)+ 5 t

1 o0
P(E)= %f_oodt exp . (5.2)

In addition, in the presence of electric network environment with complex
impedance Z;(w) we get the phase-phase correlation function

(5.3)

J(@) = 2["0 d_a) RelZ(w)] exp(—iwt)
—00 W Rk 1—exp(— hw )

2kBTenv
© dw Rel[Z(w)] { ( hw
2[ — coth
0 Ry ZkBTenv

)[cos(wt)— 1]1- isin(wt)}, (5.4)

where Tey is the temperature of the environment, Rx = h/e? is the resistance
quantum, and w is angular frequency. The probability follows the detailed
balance condition P(—E) = exp(-E/kgT)P(E) indicating that exciting photons is
a more likely event than absorbing them and that when temperature is zero no
energy can be absorbed [44].

When RelZ;] « Rg the quantum fluctuations are small and can be ignored.
Then J(¢) becomes

21 [*  Sy(w) B
J(@t) = Rtho dw oo Leos(wt) —1], (5.5)
where 9 RelZ A
Sy(@)= 2 elZ(w)]hw (5.6)

7 exp(hw/kpT)-1
is Planck radiation formula for voltage noise of impedance Z;. When this noise
is only weakly coupled to the tunnel junctions, equation (5.2) can be expanded
to the first order in J(¢), yielding

P(E) = ifoo dte' BV 1 4 J ()] = (5.7)
21th J-—oo
1 7Sy (E/h)
= g0+ T (5.8)

where we have used the fact that Fourier transforms of 1 and cosine are delta-
functions. The latter part is valid at energies E # 0.

In Publication IV equation (5.8) was used. However, the exact form for Z;(w)
was hard to calculate and some approximations were needed. First the voltage
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noise at the radiation source was assumed to have the form of thermal radiation
in free space,

hw® 1
4m3c2 exp(hw/kpT)—1"

where T is the temperature of the noise source. One should note that in our

Sv(w) = (5.9

context this is only a crude approximation since in order to reach the sample
the signal has already penetrated through sample stage shields and/or signal
line filters. In addition, in a realistic case the noise does not originate from
single point at fixed temperature but the temperature of the radiation depends
on cryostat geometry. Therefore equation (5.9) should be considered only as a
phenomenological model.

The filters are included in equation (5.8) as an attenuation term x(w) and
the noise at the detector is modelled as Sy per = x(w)Sy. The attenuation was
calculated based on telegrapher’s equations for lossy transmission lines. Since
we anyway used a phenomenological model for the noise spectrum, we neglect
reflections at the detector for simplicity. Different attenuation components were
assumed to be additive. This led to an approximation

x(w,B,T) = xjar(w, B)xgcr(w, T) +xq, (5.10)

where xjar(w,B) and xgcr(w,T) are the attenuations caused by the magnetic
field dependent SQUID array filter and temperature dependent capacitive shunt
filter, respectively. These filters have been discussed in more detail in section
3.1.2. Not all the lines (for example, the gate line with voltage V) were filtered
and some noise traveled to the detector also through these channels bypassing
the other filters. Term x( describes this channel. Model of equation (3.1.2)
yielded a reasonable good agreement with the experimental data.

5.2 SINIS cooler with phonon transport limited heat flow

In Publication V we used semiconductor—superconductor (Sm-S) tunnel junc-
tions [92] to cool mm-scale suspended silicon chips, called sub-chips (see fig-
ure 5.3). These junctions were analogous to NIS junctions and followed the
theory introduced in section 2.1. NIS junction coolers (and their SmS counter-
parts) [31, 32, 33] as well as other solid state electrical coolers have been studied
before [25, 26, 27, 28, 29, 30, 93, 94], since many devices [95, 96, 97, 98, 99]
require sub kelvin temperatures that can be reached only by massive and ex-
pensive cryo-liquid based equipment. Solid state coolers would thus make the
refrigeration more compact and less expensive.

At the moment, temperatures of 1 K ... 4 K can be reached using *He based
cryocoolers. Helium-4 boils at 4.2 K at atmospheric pressure and the tempera-
ture can be brought further down by using pulse tube based cryocoolers (3 K)
or by pumping it continuously to lower the pressure (down to 1 K). However,
cooling below these temperatures requires the use of >He, which increases the
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Figure 5.3. a)-b) Scanning electron micrographs of the samples studied in Publication V. a)
Simplified measurement setup. b) Two pieces of aluminium leads.

costs considerably. With *He one can reach 300 mK with similar low pressure
methods as with “He and temperatures of a few millikelvin are reachable by
utilizing the mixing properties of 2He and *He. However, the coolers based on
mixing of 3He and *He need another cryocooler to keep the mixture liquefied,
which increases complexity. Natural first goal for the electric low temperature
coolers would thus be that they could replace the 2He based devices and cool
down from the operation temperatures of the *He cryocoolers. It should also
be noted that the background temperature of space is about 3 K, but many
spaceborne detectors need sub kelvin temperatures [99].

Presently, maybe the best results at sub-K temperatures have been achieved
with NIS junctions, though no cooler has yet emerged that could cover large
enough temperature range. The refrigeration of NIS coolers is based on electri-
cally cooling the normal metal part of the device, which is traditionally connected
to the payload with cold fingers. The heat leaks that limit the cooling in these
devices have usually been mediated by the electron-phonon interaction in the
normal metal part of NIS junction and by its phonon-phonon thermalization
to substrate (see section 2.1.3). The best results obtained with NIS coolers so
far include refrigeration of a transition edge sensor on a SiN membrane by 110
mK [31], a cube with the volume 0.16 mm?® by 95 mK [32], and a 1.9 cm® copper
stage by 34 mK [33], all starting from about 300 mK.

In Publication V we introduced a different sample scheme as shown in figures
5.3 and 5.4. Here the Sm-S tunnel junctions are fabricated at the interface
between aluminium leads and silicon sub-chip and they function as both: electric
coolers and phonon heat barriers. Therefore no cold fingers are needed. The
normal metal part of the junctions, i.e. the sub-chip, is connected to the substrate
only through the aluminium leads, and majority of the heat that enters the
sub-chip flows through the Sm-S interface and the leads. The performance of our
junctions is typical for thermionic refrigerators [100], where energetic electrons
are ejected through vacuum or solid barrier and phonon transport is suppressed
by the same barrier.

We observed (see figure 5.5a) that the thermal conductance from the sub-chip
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Figure 5.4. Heat model of the samples studied in Publication V. The model introduces the
electron and phonon thermal conductivities at the sub-chip (k¢ si and xpp, si, respec-
tively) and at the aluminium leads (xj o] and xpp A}, respectively) in addition to the
electron and phonon thermal boundary conductances (GgTgc, GpTBC, respectively).
Due to the large size of the sub-chip, electrons and phonons in it share the same
temperature T'q) o = T¢ 2 = T'2. This is not the case in aluminium leads.

to the environment has a T° dependence, which is typical for both: the phonon
thermal conductance at the Sm-S junction interface and the phonon conductance
of the aluminium leads. These were concluded to be the main heat channels in
our devices. This was due, in addition to the mechanisms mentioned above, to
the facts that the electric heat leaks through the Sm-S interface were suppressed
by the NIS junction and that superconductivity suppressed the coupling between
electrons and phonons in the aluminium leads. Also the large size and high
dopant concentration of the sub-chip played a role, since they ensured that
electron and phonons were at the same temperature in the sub-chip.

In Publication V we demonstrated refrigeration of 83 mK starting from 244
mK (see figure 5.5b) or 40 % at 170 mK. In addition, we showed by simulations
that in aluminium the refrigeration can be improved to over 80 % simply by
decreasing junction resistance and leakage in the superconducting energy gap
by realistic amounts [85], see figure 5.5c. Maybe even more importantly, we
showed, by simulation that enhancing the phonon blocking at the interface can
have only minor effect on the overall performance. This means that the phonon
heat bottlenecks are already sufficient for Al-Si based coolers.

On the other hand, the performance of our coolers was still modest compared
to that needed to replace any of the cryo-liquid based cooling steps. To increase
the temperature range of Sm-S (or NIS) based coolers, cascading junctions
that have different superconductors is a must. From figure 5.5¢ we see that in
contrary to Al-Si based coolers devices with higher T, could benefit from phonon
engineering methodologies. This is a topic widely studied, since it could improve
e.g. the performance of thermoelectric coolers, energy harvesters and nanoscale
electronics [101, 102]. In Publication V we analyzed, through simulation, that
starting temperature of about 1.5 K could be possible utilizing a vanadium-
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Figure 5.5. a) Measured thermal conductance between sub-chip and environment (squares, dots

and circles) as a function of cryostat temperature (i.e. the environmental tempera-
ture) for three different samples with different sub-chips. The lines correspond to
power law of the form T3 b) The relative temperature decrease related to cryostat
temperature (squares, dots and circles). The arrows indicate the maximum absolute
temperature reduction. The lines correspond to simulations utilizing the prefactors
of the T3 polynomials obtained from a, sample parameters obtained from IV char-
acterizations and cooling power obtained from equation (2.17) ¢) Simulations with
improved electric and phononic characteristics for aluminium (gray) and vanadium
(blue) based coolers and for a cascaded cooler utilizing both Al-Si and V-Si junctions
(orange). All simulations contain improved electric characteristics (junction resis-
tance and quality). However, the solid lines present a situation, where the phonon
heat bottlenecks are the same as in figure a, whereas the dashed lines show the
cooling when the overall thermal conductance between sub-chip and environment
is decreased tenfold. Finally, in simulations presented by the dash dotted lines,
the phonon thermal conductance is replaced with constant number of conductance
quanta.
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silicon and an aluminium-silicon stage (see figure 5.5¢). Vanadium was chosen
as the high-T superconductor, as it has suitable temperature range and it has
shown promising cooler behavior [103]. We considered two different scenarios:
when the thermal conductance is decreased to one tenth of its original value
due to, for example by introducing nanowire constrictions in the aluminium line,
and the conductance quantum limit. These simulations ignored quasiparticle
effects but further simulations (see supplementary information of Publication V)
showed that cooling from 1.5 K down to few hundred millikelvins is still viable
using two V-Si and two Al-Si stages.
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6. Summary

This thesis explored ways to create measurement standards for the kelvin and
the ampere. It also studied devices which were byproducts of this research and
enablers for it.

We studied Coulomb blockade thermometer as a potential realization of the
kelvin in the temperature range from 20 mK to 200 mK. We constructed a
traceable measurement setup, where the temperature could be determined with
the help of Boltzmann constant and traceable voltage measurements. In addition,
we compared CBT against the PLTS-2000 temperature scale (Publication II),
and against two other primary thermometers that were also based on Boltzmann
constant (Publication III).

During this thesis, we observed quantum phase slips in a novel material:
molybdenium silicide (MoSi, Publication VI). If the QPS events are coherent
they can be used to produce a quantum standard for the ampere. Our sample
layout, which was used for these first material tests, could not be used to indicate
coherence. However, it is commonly believed that high normal state resistivity
is needed to enable it, and the resistivity of MoSi can be easily tuned with rapid
thermal annealing making it a promising material.

SINIS turnstiles were studied during this thesis as potential realizations of
the ampere. We observed quasiparticle effects in SINIS devices that deviated
from thermal models. However, no model to explain these effects were found.
In addition, parallelized SINIS devices were fabricated, but sample fabrication
problems destroyed the accuracy of their output current.

It has been speculated whether the small output signals of quantum current
standards can be brought to room temperature with low enough noise, since
long cables are needed to transfer the signal: In all modern cryostats, and
especially in those driven by pulse tube precooler, vibration induced current
noise can change the required averaging times from hours to weeks. However,
in Publication I we demonstrated cable assembly including vacuum insulated
cables that guaranteed low noise even in pulse tube based cryostats.

Filtering the high frequency noise is important, since the noise photons can
have enough energy to break Cooper pairs or cause unwanted tunnelings. In
Publication IV we studied two different tunable filters: capacitive shunt super-
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conducting transmission line filter and superconducting quantum interference
device (SQUID). Surprisingly, we observed that superconductivity can play a
role in signal transmission even at frequencies which are greater than those
needed to break Cooper pairs. In addition, we characterized a SQUID-based
filter in low noise environment and at frequency range starting from 50 GHz
and extending up to 200 GHz. The noise environment was such which can also
be found in actual measurement setups.

Last but not least, Publication V demonstrated cooling with semiconductor-
superconductor (Sm-S) tunnel junctions. In addition, the measurements were
performed in a novel geometry: Usually the refrigeration, enabled by these
devices, is limited by heat flow due to electron-phonon coupling. Here, however,
the main heat transport channels were the phonon thermal boundary conduc-
tance of Sm-S junction and that of the aluminium leads. Not only could the
measurements demonstrate cooling of macroscopic (mm-scale) silicon chip in
this geometry, they also showed that the thermal conductance of Sm-S junctions
follows theoretical values. In Publication V we also analyzed the possibilities to
extend the cooling from 100 mK... 300 mK regime to higher temperatures by
cascading coolers and utilizing superconductors with higher critical currents.
Our simulations indicate that electrical cooling from 1.5 K to 100 mK is a real-
istic goal. Such refrigerators would be beneficial for example in quantum and
space technologies.
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