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Preface

‘You can't connect the dots

looking forward; you can only

connect them looking

backward.’

Steve Jobs

Now, looking backward, it is indeed easy to connect the dots... I have

enrolled in a double Master's degree program in Lappeenranta University

of Technology in autumn 2010, where the second period was dedicated to a

project work. I was free to choose and lucky to get an opportunity to work

in PICO group of Low Temperature Laboratory in Aalto University led by

Professor Jukka Pekola. It was short three months of hard, but definitely

very inspiring work. After successful completion of my Master's thesis,

Jukka gave me an offer I could not refuse, to continue as a PhD student.

In addition to scientific excellence of the group and its diversity, I really

enjoyed the atmosphere created by hardworking and enthusiastic people,

so the choice to me was clear. This way, my PhD journey began in autumn

2011. During the last five years, while being a graduate student, I have

met many great people, who have guided, helped, inspired and supported

me, without You this book would not exist.

First, I would like to thank Prof. Jukka Pekola for trusting me back

then, for his guidance and patience through my long journey, and for his

support at all times. In Jukka’s group stagnation is never prolonged,

things are always moving forward, no matter what the problem is. He

set an example for hard work, and despite being busy, he dedicates a lot

of time to his students. An in-depth discussions on the projects and lab

issues, or extensive comments on the manuscripts are of a common prac-

tice in the group. It has been always easy to knock on his office door and
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ask for help of any kind.

PICO is an experimentally oriented group, we have lots and lots of

equipment both in the lab and in the cleanroom. The lab devices range

from small power sources and amplifiers to home-build dilution refriger-

ators. Thanks to Doc. Matthias Meschke students have an opportunity

to learn and use all of these fascinating devices. I would like to thank

Matthias also for introducing me to the world of electronic thermometry

using CBT and NIS devices. We have spend a lot of time planning and

executing experiments, which are a part of this book, and I am grateful to

Matthias for all the help.

During all these years, the person who has contributed the most, first to

my Master's thesis and then to this dissertation, is Dr. Olli-Pentti Saira.

Olli has been teaching me all the tricks in the cleanroom and in the lab,

from comprehensive lithography processes to handling cryostats and mea-

surement devices, data acquisition and modeling, commenting on numer-

ous manuscripts, presentations and talks, and other million things I was

asking. I have been honored to have you as my Master's thesis instructor

to start with, you have been a great role model, and yet six years later,

we are still publishing good papers together. I would like to thank you

for sharing all your knowledge, for your generous time and patience, for

being a great friend and for all support you gave me during these years.

All that is definitely priceless!

PICO group members have changed throughout the years, and yet with

many of them we have had time to become good friends. I had great office

mates, first, Dr. Juha Muhonen, Dr. Ville Maisi and Dr. Jonne Koski,

later M.Sc. ‘Leila’ Robab Najafi Jabdaraghi, M.Sc. Shilpi Singh and M.Sc.

Elsa Mannila. I would like to thank you all for your help with Matlab and

Latex, for constantly sharing chocolate, cookies and laughs, for improving

daily my Finnish language skills, and for good advices and support on any

matter. Assistant Professor Hung Nguyen is the most energetic person I

know, his shoes would be often the only ones left outside the cleanroom on

late nights. He has very impressive fabrication skills, and his devices are

often a comprehensive piece of art. Hung is also a particularly strong guy,

once he closes something, usually I would need to find someone to get it

open or better to find Hung himself, because no one could open the bottles,

dewars or valves. He is very easy going and positive person, always ready

to help and always smiling. I would like to thank you for all the help
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both in the cleanroom and in the lab, for your particular friendship, great

support and for sharing crazy ideas, you always make me laugh. Another

great examples of hard working people in our group are Dr. Jonne Koski,

Dr. Joonas Peltonen, Dr. Timothé Faivre, Dr. Matthieu Taupin, Dr. Ville

Maisi, Dr. Simone Gasparinetti, Dr. Thomas Aref and Dr. Alberto Ron-

zani. I would like to thank you guys for being always open, especially at

your busiest times, for changing the materials in the evaporators endless

amount of times, for giving me a hand in the lab at any time of the day

and night, for your constant support and for all the great times we have

had outside the lab! I would like to express my deepest gratitude to M.Sc.

‘Leila’ Robab Najafi Jabdaraghi. Thank you so much for all your support,

we have been sharing many ups and downs along the way, and you have

always believed in me, often more than I did. You have been a great exam-

ple of how to stay strong, even when everything is falling apart. Recently,

M.Sc. Bayan Karimi has joined our group, another example of a strong

personality. Although, we have overlapped very little, I always admire

how energetic you are, keep it up at all times! One more person in our

group who is also very energetic and curious, and deserves admiration is

M.Sc. Elsa Mannila. I feel that Elsa has taken all the courses, read all

the books, learned all the languages and have traveled half of the world. I

really enjoy talking to you and always learn something new. Another very

curious girl in our group who is always smiling is M.Sc. Shilpi Singh. I

am always amazed by your ability to calculate so many things. I would

like to thank M.Sc. Jorden Senior and M.Sc. Libin Wang for giving a hand

in the lab, always sharing a good mood and getting me out of the dungeon

for lunches. One more inspiring person in our group is M.Sc. Antti Jok-

iluoma, who is climbing the tallest mountains in Europe. The theory side

of our group has been represented by Dr. Dmitri Golubev and Dr. Ivan

Khaymovich. I would like to thank you for explaining me the mysteries

of different phenomena that have been emerging in my devices. Other

group members that have helped me along the way in different situations

are M.Sc. Klaara Viisanen, M.Sc. Ilmo Räisänen, M.Sc. Antti Moisio

and B.Sc. Jesse Muhojoki. I have really enjoyed working with all of you

and I am grateful to you for creating such a nice working environment.

We share together many great memories outside the lab as well: running

and hiking activities, skiing and sailing trips, fantastic dinners cooked

by many group members, birthdays and Vappu celebrations, board game
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evenings and many, many Friday nights, when after cooling down all the

cryostats in the lab, we were running late for movies. Thanks you all for

making me smile so many times and sharing a good spirit!

All the articles presented in this dissertation are based on a collabora-

tions with many talented people both from Finland and abroad. I would

like to acknowledge Dr. Mika Prunnila, Dr. David Gunnarsson, Dr. Leif

Roschier and Dr. Jari Penttilä for providing the CBT sensors, measure-

ments of which are presented in Publication I. I am very grateful to Prof.

Dominik Zumbühl and his team, Dr. Lucas Casparis, Dr. Dario Maradan

and M.Sc. Mario Palma, for hosting me in Basel, Switzerland and per-

forming the measurements that are a core of Publication II. I am thankful

to M.Sc. Manana Koberidze for performing the DFT calculations, and the

guidance of Prof. Risto Nieminen and Prof. Martti Puska in a project pre-

sented in Publication V. I would also like to thank PICO group members

with whom I had a pleasure to collaborate directly Dr. Olli-Pentti Saira,

Doc. Matthias Meschke, Dr. Jonne Koski, Dr. Ivan Khaymovich and Dr.

Joonas Peltonen. Special thanks to Dr. Olli-Pentti Saira and M.Sc. Jor-

den Senior who have provided me with extensive scientific and linguistic

comments on this manuscript.

I would like to express my gratitude to many former and present mem-

bers of Quantum Computing and Devices (QCD) group led by Dr. Mikko

Möttönen. You all made me feel like I was a member of your group too. I

would like to thank Dr. Joonas Govenius, Dr. Kuan Yen Tan, Dr. Tuomo

Tanttu, M.Sc. Matti Partanen, M.Sc. Mate Jenei, Dr. Russell Lake, and

M.Sc. Konstantin Tiurev for an extensive help in the cleanroom, for invit-

ing me to so many lunches, karonkkas and other celebrations, for our very

interesting and endless discussions, and all support you gave me.

I would like to acknowledge Prof. Matti Kaivola, Head of Department

of Applied Physics, and Prof. Tapio Ala-Nissilä, Head of the Doctoral Pro-

gram for our fruitful discussions and all the suggestions they gave me

during my studies. Over the years, we have had many visitors in our lab

with whom I had a pleasure to meet. I would like to express my gratitude

to Prof. Christian Enss for our insightful conversations on a wide range

of topics, for support and all the advices he gave me. Seminars of Prof.

Frank Hekking, Prof. Gerd Schön and Dr. Michele Campisi have been

always enjoyable to listen. Also, I would like to thank Prof. Alexander

Mel'nikov, Prof. Yuri Galperin and Dr. Chii-Dong Chen for their genuine
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interest in my projects. Our long term visitors Dr. Maciej Zgirski, Dr.

Shuji Nakamura and Dr. Vera Gramich have provided a good mood in

and outside the lab. In addition, I would like to thank my previous su-

pervisors Prof. Alexander Lebedev at Saint-Petersburg Electrotechnical

University and Prof. Erkki Lähderanta at Lappeenranta University of

Technology for encouragement and help to pursue my studies and degree.

There are many more people who have helped me in carrying out my

studies and publishing this book. I would like to acknowledge the avail-

ability of facilities by Aalto University at OtaNano - Micronova Nanofab-

rication Centre. Especially our technical stuff M.Sc. Antti Peltonen, M.Sc.

Paula Kettula, Dr. Mika Koskenvuori and Dr. Alexander Savin, our per-

sonnel in the machine shop, our academic coordinator Dr. Minna Günes,

secretarial unit and the doctoral committee for all the help they gave me

during these years.

I am very grateful to the Marie Skłodowska-Curie actions for providing

me with a Marie Curie Early Stage Researcher Fellowship and giving me

an opportunity to be a part of the Q-NET project. People from Q-NET

have been one more family for me these years. We have met once a year

for a workshop to share our achievements and participate in the train-

ing sessions, and yet that was enough for us to bound together and stay

friends even after the project has ended.

During these years, we became friends with many people in and outside

the campus. Including, but not limited to M.Sc. Maria Kim and M.Sc.

Yuriy Kim, Dr. Anne-Maria Visuri, Dr. David Dasenbrook, Dr. Shuo Mi,

M.Sc. Samuli Autti, M.Sc. Bivas Dutta, M.Sc. Camilla Tossi, Dr. Kévin

Franke. Special thanks go to people who have been so far, but yet so near

M.Sc. Oxana Agafonova, Dr. Angelo Huston Di Marco, M.Sc. Jochen

Braumüller. My flatmates, M.Sc. Natalia Fomina and Mrs. ‘Sam’ Thao

Phuong Pham, have provided me with lots of protein, many laughs and

dynamic environment. I would like to thank in particular M.Sc. Julia

Timofeeva and Dr. Andrey Timofeev, M.Sc. Farzin Jahangiri, M.Sc. Sara

Pourjamal and M.Sc. Sasha Hoshian for sharing so many great moments,

for all your wisdom, for your genuine curiosity, for endless conversations

on philosophy of life and many other interesting topics. You have held me

through at toughest times of writing this book, and I thank you for that.

I also would like to express my deepest gratitude to my almost lifelong

friends M.Sc. Olga Koroleva, M.Sc. Evgeny Shevchenko, B.Sc. Anastasia
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Chistova, Mrs. Ekaterina Kovalenko for all the support they gave me dur-

ing these years, for our rare, but very meaningful and fulfilling reunions.

Finally, I want to deeply thank my family, my parents and my sister, for

uplifting my mood in the rainy days, for all the advices and encourage-

ments. I am profoundly grateful for your love and support, thank you for

always believing in me.

Helsinki, April 15, 2017,

Anna Feshchenko
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1. Introduction

Human curiosity is one of the ultimate driving forces which brings us to

the world as we know it today. Our world is so extremely large and differ-

ent 1, and yet all of it is supposedly governed by the laws of the natural

sciences. One can divide the natural sciences into two categories, physi-

cal and life sciences, that originate far back from natural philosophy [1].

The field of physical sciences is one of the most fascinating research ar-

eas. It spans from astronomy that studies galaxies, which consist of stars

and planets, to atomic physics, and recently to particle physics, where

the fundamental components of the universe are investigated. Astron-

omy and atomic physics have been the oldest of the natural sciences, and

were tackled by the greatest minds of the time [2, 3]. Thousands of years

later, today in 2017, when many new research areas emerge, we are still

puzzled and charmed by these objects, we are still curious.

In this thesis, our curiosity is devoted to the field of low temperature

physics. In particular, to the temperature sensors and refrigerators at the

nanoscale level that we investigate at sub-kelvin temperatures. In order

to understand how those temperature sensors and refrigerators work, we

need to give a definition to temperature itself. Temperature is a physical

property of a system or an object. While philosophical studies such as on-

tology are trying to answer the question ‘Do physical properties actually

exist?’, the physical sciences give the following definition: ‘Temperature

is a quantity which takes the same value in two systems that are brought

into thermal contact with one another and allowed to come to thermal

equilibrium [4]’. Here, thermal equilibrium means a final state of a sys-

tem consisting of a large number of particles which have no interaction

with their surroundings. However, if on a macroscopic level the state does

1Here, the reader is welcomed to exercise her/his own imagination.
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not change anymore, on a microscopic level these particles experience a

constant motion. Thermal contact between the two systems can be un-

derstood as an energy exchange which can be described by the process of

heat exchange. As the world is dynamic and very far from equilibrium, to

define the temperature, one should provide a condition close to thermal

equilibrium and a good thermal contact with the system to be measured.

In the 18th and 19th centuries, two important scales were introduced

by Anders Celsius and Lord Kelvin, and were named accordingly, Celsius

(°C) and Kelvin (K). The Celsius temperature scale is based on the freez-

ing point of water (0 °C) and its boiling point (100 °C). The Kelvin scale is

a thermodynamic temperature scale, where a numerical value of 273.16 K

of the thermodynamic temperature is assigned to the triple point of water,

at which all three phases - gas, liquid and solid, coexist in thermodynamic

equilibrium. Here, the classical description of thermodynamics says that

all thermal motions of a substance stop at absolute zero temperature (0K).

Today, Celsius and Kelvin scales are accepted by the international stan-

dards organization (The International Bureau of Weights and Measures).

In 1990, the Bureau published an equipment calibration standard ‘The

International Temperature Scale of 1990’ (ITS-90) [5] for these scales in a

range of temperatures from 0.65K to 1357.77K (−272.50 °C and 1084.62 °C).

In addition, in 2000 the scale was extended down to 0.9mK [6]. How-

ever, to date there is no single device that would cover the whole range

of temperatures and meet the accuracy standards. Instead, several types

of thermometers based on different physical principles are employed for

various temperature ranges.

All temperature sensors can be separated into two categories: primary

and secondary thermometers. The sensors of the first category have two

sub-classes: absolute primary thermometers and relative primary ther-

mometers [7]. Primary thermometry is carried out by a thermometer

based on a well known physical system for which the equation of state

describing the relation between thermodynamic temperature T and other

temperature independent quantities can be written out explicitly without

unknown parameters. The temperature is obtained by accurate measure-

ments of these quantities, where the system is known to a level that in

case of deviations from the ideal model, one can apply appropriate cor-

rections. Absolute primary thermometry measures thermodynamic tem-

perature directly in units of kelvin from the defined value of Boltzmann

2
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constant kB, which determines the thermal energy kBT . Here, no refer-

ence for any temperature fixed point is needed and the other parameters

are measured or determined elsewhere. The relative primary thermom-

etry measures thermodynamic temperature indirectly using a specified

equation of state, where one or several parameter values are determined

from temperature fixed points, for which values for the thermodynamic

temperature T and their uncertainty are known from previous absolute

or relative primary thermometry [7]. On the contrary, secondary ther-

mometers have temperature dependent parameters in their relation to

temperature that cannot be calculated from first principles and have to

be calibrated against the primary ones.

There are several examples of primary thermometers, such as a constant-

volume gas thermometry. In an ideal gas one has a relation PV = nRT ,

where n is the amount of gas in moles and R is the gas constant. For

a real gas one needs to make an expansion PV = nRT (1 + B(T )( nV ) +

C(T )( nV )2 . . . ), where B(T ) and C(T ) are virial coefficients responsible for

intermolecular collisions. However, the third and higher order terms are

usually small and are ignored in the respective temperature range of ap-

plicability of the ideal gas law. This relative method covers a wide range

of temperatures 2.6K . . . 700K [4] where T can be accurately determined

by measuring the pressure ratios.

Acoustic gas thermometer can be used in both absolute and relative pri-

mary modes of operation. In a gas-filled metallic cavity, the frequencies of

acoustic and microwave resonances are proportional to the speed of sound

u and the speed of light c, respectively. The relation between the tem-

perature and the speed of sound in a gas is u2 = γkBT
m , where for ideal

monatomic gases γ = 5/3 is the ratio of the heat capacity of the gas at con-

stant pressure to its heat capacity at constant volume, and m is the mass

of the gas particles. The average radius of the nearly spherical cavity is

determined using microwave resonances. The measurement of resonance

frequencies and molecular mass of the gas must be traceable to the sec-

ond and the kilogram [7] to yield an absolute primary thermometer. The

unknown temperature is derived from the square ratio of the acoustic

and the microwave resonance frequencies. In a relative mode of opera-

tion, the ratio of temperatures is determined from a measurement of the

ratio of speeds of sound where one of the temperatures is a known fixed

point. This method allows for a temperature measurement in a range of
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84K . . . 550K [8] with high accuracy. However, it is more complex and less

practical as one has to take care of mechanical vibrations to avoid errors.

Radiation thermometry is another interesting example, which also can

be used to provide both absolute and relative temperature measurements.

The thermal black-body radiation in an enclosed cavity is measured as

the total power P radiated per area A of the surface of the black-body,

I(T ) = σT 4, where σ = 2π5k4B/15h
3c2 is the Stefan-Boltzmann constant.

This radiation intensity (I = P/A) depends only on the temperature of the

cavity walls and not its geometry, if the cavity dimensions are much larger

than the wavelengths. Thermal equilibrium is not disturbed, if the hole

through which the radiation escapes is carefully designed. This method is

utilized at high temperatures.

The most commonly used secondary sensors are resistance thermome-

ters. They are based on metals, semiconductors or other compounds where

electrical resistance is temperature dependent. One example is a plat-

inum resistance thermometer working in a temperature range of 10K . . . 903K.

Research in the field of low temperature physics and advanced lithogra-

phy techniques gives an excellent opportunity to provide sensors for sub-

kelvin temperatures. Nowadays, a large temperature range is covered by

sensors based on tunnel junctions or quantum dots that constitute the

field of electronic thermometry.

One example of such a primary device is a Johnson noise thermometer.

Charge carriers in the conductor, such as electrons, generate noise due

to their thermal motion regardless of the applied bias (Johnson-Nyquist

noise or thermal noise) [9]. Such statistical quantity is unpredictable at

any given time, however, one can average the power in a fixed frequency

band. Here, the temperature can be determined by measuring the mean

square voltage noise V 2 in a resistor through the relation V 2 ≈ 4kBTRΔν

[4], where Δν is frequency band and R is the resistance of the sensor. In

this method, the difficulty is to measure very low voltages which can be

influenced by external noise sources. In addition, one has to maintain a

constant bandwidth and a constant gain of the amplifier for a long time

while averaging. Despite its complex experimental setup, noise thermom-

etry is a widely used approach with high precision and a wide range of

measured temperatures up to 800K. Another type of noise relevant to

this discussion is shot noise, arising from random fluctuations of electric

current due to discreteness of the charge carriers. Shot noise thermome-
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try of a tunnel junction has been studied down to 10mK [10–12].

Secondary temperature reading is obtained by the variation in the elec-

trical resistance of highly doped germanium or carbon thermometers down

to 10mK. However, it is difficult to make a good thermal contact to these

materials and they have low thermal conductivity. As a result they are

easily overheated by high measuring currents at low temperatures. In

addition, they are sensitive to magnetic fields which limits their applica-

tion. Conductive compounds such as RuO2 and BiRuO2 are widely used

down to 20mK.

In magnetic thermometers, the magnetic susceptibility of paramagnetic

salts follows the Curie-Weiss law and has a temperature dependence χ =

χ0 + λ/(T −Δ), where λ and Δ are Curie and Weiss constants, and χ0 is

temperature independent background susceptibility. Cerium magnesium

nitride (CMN) paramagnetic salt is used at low temperatures down to

2mK. This salt is usually prepared in a powder form which complicates

the thermal contact and thus, the response time can be long. However,

one can immerse the powder-based sensor in liquid 3He, which improves

the contact.

Recent studies in quantum dots, quantum point contacts or single-electron

transistors based on GaAs/AlGaAs heterostructures show that local elec-

tronic temperatures from 6mK up to about 1K [13–16] can be measured

by probing the device conductance. Ge-based quantum dots have been

studied in the temperature range of 75K . . . 155K [17]. Also, a nongal-

vanic method utilizing two-dimensional electron gas has been proposed

for low temperatures [18].

Another example of an electronic thermometer based on single-electron

effects in junctions formed between normal metal electrodes (NIN) is a

Coulomb blockade thermometer (CBT) [19]. CBT’s are based on one [19]

or two [20, 21] dimensional arrays of tunnel or Schottky [22] junctions.

Here, the change of electrical conductance of an array of N tunnel junc-

tions gives a primary temperature reading through the measurement of

the full width of the conductance dip at half minimum, V1/2
∼= 5.439NkBT/e,

where e is the electric charge. In addition, the depth of the conductance

dip at zero bias gives a secondary temperature measurement. Recently,

the working range of CBT has been extended to both high, up to 60K

[23] and low, down to 4mK [24] temperatures. Reaching similar limits at

low temperature [25], this method requires less complicated experimen-
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tal setup compared to Johnson noise thermometer [11]. An intermediate

temperature regime of CBT is the focus of Publication I.

A different type of tunnel junction, namely the normal-metal-insulator-

superconductor (NIS) junction [26] has a current-voltage characteristic

that allows primary and secondary thermometry. NIS thermometry has

been successfully used down to 7mK [27] which is one of the studies in

this thesis (Publication II). The advantage of this method is a relatively

simple experimental setup where the design of the electrode geometry

provides effortless thermalization [27] compared to CBT’s. It is also used

for high-speed thermometry [28, 29] with applications in studies of small

system thermodynamics.

Many industrial and scientific applications require simple, wide range,

precise, reproducible and fast temperature readout. The future develop-

ment of the field of thermometry is important not only because it can

enhance the quality of our life, but also open up new possibilities for sci-

entific discoveries in the fields of physics, medicine, chemistry and many

others. In addition, various thermometers discussed above will be used

for the redefinition of the kelvin unit in 2018 to improve the present in-

ternational temperature scale [8].

Sub-kelvin temperatures are usually achieved by 3He - 4He dilution

refrigerators with a record temperature of 1.75mK [30, 31], by a single

or multi-stage adiabatic demagnetization refrigerators reaching tempera-

tures below 100mK using paramagnetic salts [32, 33] and nuclear demag-

netization down to pK range. Both of these refrigerators are successfully

used around the world for fundamental research and space applications

[34]. However, for space applications an adiabatic demagnetization refrig-

erator is more convenient since it is gravity independent, unlike a regular

dilution refrigerator [33]. Alternative to the bulk refrigerators for tem-

peratures below 1K are electronic refrigerators [35–37] that are based

on normal metal, semiconductor or superconductor tunnel junctions, and

quantum dots.

One example of an electronic refrigerator has been proposed by Edwards

et al . [38]. The refrigerator is based on a two-dimensional electron gas

where an island is coupled to source and drain via two quantum dots.

The discrete energy levels of the quantum dots are tuned by gate voltages

and allow for single-electron tunneling between the source and the drain,

cooling the island. Such a system has been realized experimentally and it
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has shown a temperature reduction of about 100mK [39] at 300mK.

A more widely used electronic refrigerator and a device that we have

already mentioned as a thermometer, is an NIS junction or its double

configuration, the SINIS cooler [26, 40–51]. The optimum bias voltage

for NIS cooler is [35, 52] Vopt ≈ (Δ − 0.66kBTN )/e, where TN is the tem-

perature of the normal metal lead and Δ is the superconducting gap pa-

rameter. At this bias voltage, the Fermi level of the N lead is aligned

slightly below the edge of the superconducting gap. Here, only the hot

electrons from the normal metal electrode have sufficient energy to tun-

nel into the quasiparticle states in the superconducting lead. This pro-

cess results in cooling of the normal metal with Fermi-Dirac distribution

fN (E) = 1/(1 + exp (E/kBTN )) of quasiparticles at energy E. This type of

coolers have shown a decrease in temperature from 300mK down to below

100mK and from 150mK down to 30mK [50].

A different realization of an electronic cooler is based on a tunnel junc-

tion with two fully superconducting electrodes (SIS’ or SIS’IS) with dif-

ferent gap values ΔS′(TS′) < ΔS(TS). Similarly to the NIS device, at opti-

mum voltage bias Vopt ≈ (ΔS(TS)−ΔS′(TS′))/e the electrode with the lower

superconducting gap is cooled and the optimum cooling power strongly

depends on the distribution of the quasiparticles in the superconductor

[35, 36, 53–56].

Electronic refrigerators based on semiconductor-superconductor (Sm-S)

junctions [57–61] have been extensively studied using Al [57–62] and Nb

[58] superconductors and doped regular or strain-engineered Si [61, 62].

Here, heavily doped Si behaves as the normal metal, and in contact with

superconductor it creates a Schottky tunnel barrier. Such device is rem-

iniscent of a familiar NIS junction where Schottky barrier replaces the

regular insulator, and thus, cooling is achieved by selective quasiparti-

cle tunneling similarly to the NIS junction. It has been also shown that

adding an additional insulating barrier [62], thus creating Sm-I-S junc-

tion, can significantly reduce the leakage currents that diminish cooling

effects. In addition, well-established semiconductor processing technology

makes these types of devices very attractive as low temperature refriger-

ators. They have shown a temperature reduction from 300mK to below

100mK [62].

A cooler based on a fully normal single-electron transistor (SET) [63, 64]

has been recently proposed [65], and its realization [66] is one of the stud-
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ies presented in this thesis (Publication III). It is based on two normal

metal electrodes connected to an island via tunnel junctions on both sides.

The device is operated in the low-temperature Coulomb blockade regime,

where only one extra electron at a time is allowed to be on the island.

When the cooler is voltage biased and the potential of the island is con-

trolled by the gate voltage, a single electron can be transported through

the system. Choosing appropriate bias and gate voltages, one can trans-

port single electrons through the cooler junction with a positive energy

cost that leads to cooling of both the electrode and the island. The device

appears to be most suitable for low temperatures, well below 100mK.

Another method of cooling that is yet to be realized forms a Brownian

refrigerator [67–69] utilizing an NIS junction. Here, thermal noise gen-

erated in a hot resistor can provoke a tunneling into the superconductor

from the normal metal electrode, cooling the latter. At this time, the NIS

junction is not voltage biased and the tunneling happens due to photonic

heat conduction between the hot resistor and the junction.

Electronic coolers have been efficiently used for fundamental research

and for a number of applications, such as hot-electron bolometers [70–74]

and transition-edge sensors (TES) [75]. It has been demonstrated that

these refrigerators are able to cool external loads like bulk structures [76],

nanoscale metallic beams [77] and membranes [78]. Extensive research

in the field of electronic refrigerators would give an immediate benefit for

ground and space based applications [34, 79, 80] which especially require

cheap and continuously operated refrigerating platforms low in weight

and size.

In order to realize some of the above mentioned coolers such as Coulomb

blockade [65, 66] and Brownian refrigerators [67–69], one needs to have

a sufficient thermal insulation, while maintaining the electrical connec-

tion. For a conductor of a cross-sectional area A and length L, the temper-

ature gradient between the hot and the cold parts results in a heat flux

Q̇ = A
L

´ T2

T1
κ(T )dT , where κ(T ) is the thermal conductivity of the mate-

rial. In metals and semiconductors, heat is carried by free electrons and

phonons, and in insulators mostly by phonons. Thermal conductivity of

a material can be expressed as the sum of these two effects, κ = κe + κp.

At low temperatures the number of phonons decreases, and heat trans-

port arises mostly from conduction electrons for metals and highly doped

semiconductors. For a wide class of materials, the relation between the
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electric and thermal conductivities is described by the Wiedemann-Franz

law κ(T ) = σL0T , where L0 is the Lorenz number and σ is the electric

conductivity. Importantly, the Cooper pairs in superconductors violate

the Wiedemann-Franz law. The number of quasiparticles that participate

in heat transport is exponentially suppressed due to the presence of the

superconducting gap, thus the corresponding thermal conductivity is also

exponentially suppressed [81]. For this reason, superconductors behave

as good thermal insulators at temperatures below their critical tempera-

ture Tc.

Thermal conductivity and other thermoelectric effects are being exten-

sively studied in low-dimensional systems, including nanowires and quan-

tum dots [82–89]. Thermoelectrics are based on Seebeck and Peltier ef-

fects [90]. Seebeck effect produces a voltage difference between the two

parts of the device that are kept at two different temperatures, whereas in

the Peltier effect an electrical current through an interface of two materi-

als produces heating or cooling. The efficiency of the materials to produce

thermoelectric power is characterized by the dimensionless figure of merit

ZT = S2σT/κ, where S is the Seebeck coefficient. One way to increase the

efficiency is to use a system that has low thermal conductivity. Control

of heat transport and reduced thermal conductivity allows to create new

types of refrigerators [66, 69], heat engines [91], and harvest energy at

the nanoscale level [87, 92]. All these devices open up new possibilities

for terrestrial and space applications [90].

Here, we have both studied and employed superconducting thin films

for thermal insulation. In practical realization of the CBR in Publication

III, we have used Al as an electrical conductor that is a good thermal

insulator at temperatures below 300 mK [93]. However, for realization of

the Brownian refrigerator one needs thermal insulation in a wider range

of temperatures. The resistor that is heated up to around 1 K [68, 69],

and the NIS junction, where the cooling is registered at temperatures

around 0.2 K, have to be well isolated from each other to prevent the

direct heat leak. For this purpose, we have studied thermal conductivity

in Nb superconducting thin films in Publication IV. Thermal conductance

of Nb at sub-kelvin temperatures has been studied earlier [94, 95] in bulk,

but not in thin films to our knowledge. Nb has a higher Tc and, therefore,

one can utilize it as thermal insulator at temperatures higher than Al.

This thesis is organized as follows. Chapter 2 focuses on the theoretical
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background of the devices studied in this thesis. We briefly review the

basic properties of various types of tunnel junctions, their electronic and

heat transport mechanisms, and we discuss the principles of operation of

CBT and CBR devices. In Chapter 3, we describe in detail the fabrica-

tion processes used in sample preparation, the experimental setup and

measurement techniques used to characterize these devices. In Chapter

4, we discuss in detail the results of the experiments presented in Publi-

cations I-V. In Publication I, we show that the working regime of the CBT

can be extended towards an intermediate regime, Ec ∼ kBT , by employ-

ing the third order series expansion for the full width of the conductance

dip at half minimum, V1/2, and for the depth of the conductance dip at

zero bias voltage, ΔG/GT . In Publication II, we demonstrate that NIS

thermometer can measure temperatures as low as 7 mK. In addition, we

investigate numerically the overheating effects in the normal metal and

in the superconductor to verify that the thermometer with the present

design is able to reach even lower temperatures of around T ∼ 1 mK, if

one could overcome the experimental challenges. In Publication III, we

show a proof-of-concept measurement of a Coulomb blockade refrigerator,

where we achieve 15 % temperature reduction by cooling its electronic

system. In Publication IV, we investigate the thermal conductance of Nb

thin films, proposing that it can be successfully used as a thermal insu-

lator at temperatures close to 1 K, where Al already starts to leak heat.

The experimentally observed thermal conductivity follows a power law of

Gmeas ∝ T β, where β ≈ 4.5. In Publication V, we study the effect of the

microscopic interface geometry on the barrier parameters in Al/Al2O3/Al

tunnel junctions. To assess the barrier parameters, density-functional

theory (DFT) calculations were employed, as well as the measured zero-

bias conductance of three single junctions. In Chapter 5, we give a brief

summary of the overall achieved results and their possible impact on the

present and future research.
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2. Theoretical background

In this thesis, we study two different types of electron thermometers,

namely Coulomb blockade thermometer that is based on NIN junctions,

and the NIS thermometer. We also show a proof-of-concept measurement

of a Coulomb blockade refrigerator (CBR) and we investigate thermal con-

ductance of thin Nb wires. Finally, we present a study of the differential

conductances of single tunnel junctions (Al/Al2O3/Al) at 4.2K to charac-

terize tunnel barriers. In this chapter we will focus on physics of different

types of tunnel junctions and on the principles of operation of the devices

studied in this thesis.

2.1 Physics of NIN tunnel junctions

A tunnel junction can be described by two metallic electrodes with an

insulator in between. In the description of classical mechanics, it is for-

bidden for an electrons to penetrate the insulating layer, meaning there

is no electric current flow across it. However, by applying quantum me-

chanics one can explain electron tunneling through a potential barrier of

the insulating layer from one electrode to the other, resulting in current

flow through the junction.

First, we consider a tunnel junction between two normal metal elec-

trodes that is usually referred to as an NIN tunnel junction. A schematic

of the tunneling processes is shown in Fig. 2.1. The Fermi energy lev-

els EF,L(R) of metallic left (L) and right (R) leads are shifted with respect

to each other by eV , where V is the voltage applied across the junction.

Here, the left and right leads are assumed to be in thermal equilibrium,

hence their temperatures are equal TL = TR, and the occupation of energy
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Figure 2.1. (a) The energy diagram of a NIN tunnel junction whose leads are voltage
eV biased with respect to each other and have a thermal distribution, with
widths kBTL,R, around the Fermi level. The tunneling rates across the junc-
tion are denoted by blue and orange arrows. (b) An illustration of the junction
connected to an external voltage source, arrows depict the forward and back-
ward tunneling processes. (c) Simplified schematic of the NIN junction where
s and Φ0 are the width and the height of the tunnel barrier.

levels is described by the Fermi distribution as

fL,R(E) =
1

1 + exp((E − EF,L(R))/kBTL,R)
. (2.1)

Here, we define EF,L = 0 and EF,R = E − eV . Figure 2.1 (b) shows a

schematic of tunneling events where electrons are transferred from neg-

atively biased lead to positively biased lead. We call such an outcome a

forward (f ) process. The reverse, from positively biased lead to negatively

biased lead, is a backward (b) process. The tunneling rates that describe f

and b processes depend on the probability of incident electrons to tunnel

through the barrier, density of states in both leads, and the bias voltage

across the junction. From Fermi’s golden rule [96], applying the electron-

hole symmetry and the property fL,R(E) = 1−fL,R(−E), one can calculate

the tunneling rates that depend only on the bias voltage

Γf (V ) = 1/(e2RT )

ˆ ∞

−∞
dEnL(E)fL(E)nR(E + eV )

[
1− fR(E + eV )

]
(2.2a)

Γb(V ) = 1/(e2RT )

ˆ ∞

−∞
dEnL(E)fL(E)nR(E − eV )

[
1− fR(E − eV )

]
,

(2.2b)
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where RT is the tunneling resistance of the junction which depends on

the constant density of states (DOS) in the leads and on the tunneling

matrix element which in turn depends on the barrier properties of the

tunnel junction that we will address later in this Chapter. Here, the DOS

is approximately constant close to Fermi energy level and normalized to

nL,R(E) = 1.

Tunneling rates for forward and backward processes can be calculated

by substituting Eq. (2.1) into Eqs. (2.2a)-(2.2b)

Γf,b(V ) = 1/(e2RT )
±eV

1− exp(∓eV/kBT )
, (2.3)

assuming the leads are at the same temperature T = TL = TR.

The the total current through the junction is given by

I(V ) = e(Γf − Γb), (2.4)

and after substituting Eq. (2.3), one finds a linear relation between the

current and voltage as

I(V ) = V/RT . (2.5)

This result predicts constant conductance for all bias voltages, however

experimentally observed conductance can change due to finite barrier height

[97] or dynamic Coulomb blockade (CB) [98]. The finite barrier height

can be attributed to the band structure of the metals and the insulators,

whereas the dynamic CB is related to the influence of the environment

such as ohmic leads [96], for example.

The process of electron tunneling through a finite-height barrier is often

described by the Simmons model [99]. The insulating layer of a tunnel

junction can be represented as a rectangular potential barrier [97, 99] of

width s and height Φ0 as shown in Fig. 2.1 (c). When the bias voltage is

applied, the barrier becomes trapezoidal in shape Φ(x) = Φ0 − eV x
s for

−s/2 < x < s/2, where x is the distance in thickness direction. The Sim-

mons model can further include correction to the trapezoid shape from im-

age forces [99], however here, we consider only the basic Simmons model.

We can define the normalized conductance per area A as g0 =
G0
A , where

g0 =
e2
√
2mΦ0

h2s
exp

(
− 2s

�

√
2mΦ0

)
(2.6)

is the result of applying the Wentzel-Kramers-Brillouin (WKB) approxi-

mation [99] at zero bias and at low temperature. From the same calcula-

tion, one can obtain the differential conductance of tunnel junction as a
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function of the voltage drop per junction

G(V ) =
dI

dV
= G0

(
1 +

V 2

V 2
0

)
. (2.7)

Here, G0 is the conductance at zero bias voltage, and V 2
0 is given in the

basic Simmons model by

V 2
0 =

4�2

e2m∗
Φ0

s2
, (2.8)

where e and m∗ are electron charge and its effective mass. G0 and V0

can be extracted as fitting parameters from the measurements. The area

A of tunnel junction can be in principle determined from its capacitance

Cj = ε0εrA
s , where ε0 is the vacuum permittivity and εr is the relative

permittivity of the material of the tunnel barrier. However, one cannot

estimate the area with high precision due to uncertainty in the barrier

thickness and relative permittivity and stray capacitances. Another way

to calculate the area of the junction is from a scanning-electron micro-

graph (SEM), which is also not precise due to the graininess of the metal-

lic layers and insufficient resolution since the junction dimensions can be

tens of nm only. In addition, using the barrier parameters, one can es-

timate the number of conduction channels N ≈
√

m∗Φ0
2π2 s2�2

a2 [100] that

contribute to tunneling process where a2 is the cross-sectional area of the

junction.

We study the barrier parameters s and Φ0 in Publication V by measuring

the differential conductance of NIN tunnel junctions and compare them

to the parameters predicted with the help of density-functional theory

calculations (DFT). A Dynamic Coulomb blockade peak of a few percent is

also observed in the measured conductance curve. However, this does not

affect the extraction of the barrier parameters, as we will see in Chapter

IV.
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2.2 Single-electron effects

Single-electron tunneling and Coulomb blockade phenomena have been

studied since the middle of 1980’s by Averin and Likharev [64]. Several

devices use these effects as their main method of operation, namely single-

electron transistors (SET) [63, 96], tunnel junction thermometers [19] and

coolers [65, 66] and charge detectors [101].

In this thesis, Publication I concerns Coulomb blockade thermometry

(CBT) and Publication III is a proof-of concept measurement of a Coulomb

blockade refrigerator (CBR). Both of these sensors are based on a single-

electron transistor (SET), thus we briefly review here the main principles

of its operation.

An SET consists of two tunnel junctions, k = 1,2, connected in series

with a metallic island in between [102]. Here, the two outer electrodes

are called the source and the drain, whereas the third electrode that is ca-

pacitively coupled to the island is called a gate electrode. We will consider

Figure 2.2. Panel (a) shows a schematic of two NIN tunnel junctions in series. In panel
(b), we show an equivalent circuit diagram, where the junctions are presented
as capacitors with corresponding capacitance C and charge QL,R . The num-
ber of electrons ne on the island that has a potential φ is controlled by the
gate electrode biased at Vg which is capacitively coupled to it via Cg.

an SET based on normal metal electrodes which constitutes an NININ

structure as shown in Fig. 2.2 (a). We show the SET device as an equiva-

lent electrical circuit in Fig. 2.2 (b), where left (L) and right (R) junctions

can be viewed as capacitors for which we assume for simplicity an equal

capacitance C with corresponding charges QL,R. The potential of the SET

island φ with n electrons on it can be tuned by applying voltage Vg to the

gate electrode which has a capacitance Cg with corresponding charge Qg.

When the size of the metallic island decreases, the Coulomb charging en-
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ergy becomes important. In order to transfer electrons across the SET,

one should supply this amount of energy to the electron by external volt-

age sources, as we show below. If the energy supplied by the source is

not sufficient for tunneling to occur, there is no current flow, and we are

in the Coulomb blockade state. Using charge conservation law, one can

write down the charge distribution of a system assuming n electrons on

the island

ne = C(φ− V

2
) + C(φ+

V

2
) + Cg(φ− Vg). (2.9)

Thus, the potential of the island can be calculated as

φ =
ne+ CgVg

CΣ
, (2.10)

where CΣ = CL + CR + Cg is the sum of the capacitance between the gate

electrode and the island, and the corresponding junctions. The charge on

each capacitor is

QL = C
(V
2
− φ

)
, QR = C

(
− V

2
− φ

)
, Qg = C

(
Vg − φ

)
. (2.11)

Thus the total electrostatic energy (internal energy) stored in the system

is

E0 =
1

2
C
(
φ− V

2

)2
+

1

2
C
(
φ+

V

2

)2
+

1

2
Cg

(
φ− Vg

)2
. (2.12)

By substituting Eq. (2.10) into Eq. (2.12), one gets E0 = Ecn
2 + α, where

the first term sets the energy cost Ec = e2

2CΣ
for charging the island with

one extra electron, whereas constant α = 1
2

(
CgVg

CΣ

)2[C2
Σ−CgCΣ

Cg

]
+ C

(
V
2

)2

depends only on the applied voltages V and Vg. Now, we can calculate the

free energy of a system, when we take into account the work done by all

the voltage sources as

E = E0 − EL − ER − Eg, (2.13)

where the work done by each voltage source is

EL = QL
V

2
, ER = QR

−V

2
, Eg = QgVg. (2.14)

If we now substitute Eq. (2.12) and Eq. (2.14) into Eq. (2.13), defining

ng = −CgVg/e as the induced charge from the gate to the island we obtain

E(n) = Ec(n− ng)
2 − CgV

2
g

2
. (2.15)

Here, we can omit the second term, since it does not depend on n and has

no influence on the electron tunneling.
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Now, we consider forward (f ) tunneling processes, when we add an elec-

tron through the first junction into the island (1f ) and when we remove

it from the second junction (2f ). Similarly, we call backward (b) processes

those when the electron tunnels into the island from the second junc-

tion (2b) and out of the island from the first junction (1b) as shown in

Fig. 2.2 (b). The change of free energy ΔE(n) can be written as the energy

difference of the final E(n± 1) and the initial E(n) states before and after

tunneling event occurred at the given junction,

ΔE±(n) = E(n± 1)− E(n) = ±2Ec

(
(n− ng)± 1

2

)
, (2.16)

here ± sign corresponds to adding or removing one extra electron from

the island.

Until now, the voltage bias was set to zero, but if we want to calculate

the total free energy change for electron transfer at arbitrary bias voltage,

we get

ΔE±
k (n) = ±(−1)k

eV

2
± 2Ec

(
n− ng ± 1

2

)
, (2.17)

where the (−1)k eV
2 term is responsible for positive and negative energy

gains related to tunneling through junction k. In order for current to flow

at T = 0 and for small V , the energies ΔE±
k (n) gained by the tunneling

electrons should be positive. Since one can have only an integer number of

charges on the island, current flows only when ng = n± 1
2 , for some n which

is called the gate open. Case at gate closed (ng = n) the transitions are

blocked, and hence, no current flows. The tunneling rates are calculated

similarly as was shown in Eqs. (2.2a-2.2b) and (2.3), but for two junctions

and including the charging effects as

Γk
f,b(n) = 1/(e2RT )

ˆ ∞

−∞
dEfL(E)nL(E)

[
1− fR(E +ΔE±

k (n))
]

× nR(E +ΔE±
k (n)),

(2.18)

where

Γk
f,b(n) =

1

e2RT

ΔE±
k (n)

exp (βΔE±
k (n))− 1

, (2.19)

and β = 1/kBT is the inverse temperature. After computing the tunneling

rates, one can calculate the current through the SET similarly as we did

for a single junction in Eq. (2.4). However, now the probabilities Pn of

having n electrons present on the island should be evaluated. The total

probability Pn can be solved from the rate of change of probability that is

given by

Ṗn = −(Γn→n+1 + Γn→n−1)Pn + Γn+1→nPn+1 + Γn−1→nPn−1, (2.20)
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where the probability is decreased when electron leaves n state, thus the

first term has negative sign, whereas reaching n state increases the total

probability as denoted by positive terms, and assuming
∞∑

n=−∞
Pn = 1. We

have no time dependence of the bias or gate drive in the present system,

thus, we consider only the stationary solution (state) by setting Ṗn = 0.

There is no charge accumulation on the island and the sum of total in-

coming and total outgoing tunneling events must be equal to zero. One

then finds

− Γn→n+1Pn + Γn+1→nPn+1 = 0. (2.21)

Finally, the current through the SET can be calculated as

I = e

∞∑
n=−∞

Pn(Γ
k
f (n)− Γk

b (n)). (2.22)

We will show the exact principle of operation of CBT and CBR in the

following sections 2.5 and 2.6 of this Chapter, based on the dynamics de-

scribed here, and review our main results in Chapter IV.

18



Theoretical background

2.3 Physics of NIS tunnel junctions

Another type of tunnel junction that we exploit in this thesis is the NIS

junction, where one of the N leads is replaced with a superconductor, S.

NIS devices are used as thermometers [26], refrigerators [26, 40, 42, 44,

75] and as a trap for quasiparticles [49].

In Publication II, we study an NIS thermometer at sub 10 mK tempera-

tures; therefore, we briefly review here its main principles of operation.

Figure 2.3. (a) Energy diagram of the NIS tunnel junction whose leads are voltage eV bi-
ased with respect to each other. The S lead has a superconducting gap 2Δ in
its density of states, and N (S) lead has a thermal distribution kBTN (kBTS)
around the Fermi energy level. The tunneling rates across the junction are
denoted by the blue arrow. (b) Simplified diagram of the junction connected
to the external voltage source. Arrows depict the forward and backward tun-
neling processes.

According to the Bardeen-Cooper-Schrieffer (BCS) theory of supercon-

ductivity, the electrons form a condensate of Cooper pairs that occupy the

ground state below the material specific critical temperature, Tc. Single

electron excitations in the superconductor are separated from the ground

state by the temperature dependent energy gap, Δ, which assumes its

maximum value at zero temperature and completely vanishes close to Tc.

The energy diagram of the NIS junction is shown in Fig. 2.3 (a). The BCS

theory describes the density of states in a superconductor [103] as

nS(E) = n(0)

⎧⎨
⎩

|E|√
E2 −Δ2

(|E| > Δ) (2.23a)

0 (|E| < Δ), (2.23b)
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where n(0) is the DOS in the normal state that is assumed to be constant,

since we are interested in the states close to Fermi energy EF . We calcu-

late the tunneling rates for an NIS junction similarly as we did for NIN,

however, now we take the BCS density of states into account

Γf (V ) =
1

e2RT

ˆ ∞

−∞
dEfN (E − eV )nN (E − eV )

[
1− fS(E)

]
nS(E) (2.24a)

Γb(V ) =
1

e2RT

ˆ ∞

−∞
dE

[
1− fN (E − eV )

]
nN (E − eV )fS(E)nS(E). (2.24b)

The resulting current through the NIS junction reads

I =
1

eRT

ˆ ∞

−∞
dEnS(E)

[
fN (E − eV )− fS(E)

]
, (2.25)

where the Fermi functions depend on the temperature of the normal metal

TN and superconductor TS , and the density of states in the normal metal

electrode is assumed to be constant. Based on Eq. (2.25), one can notice

that the I−V characteristic of the NIS tunnel junction has strong voltage

and temperature dependence, therefore, it can be used as a thermometer.

By algebraic manipulations Eq. (2.25) can be expressed as

I =
1

2eRT

ˆ ∞

−∞
dEnS(E)

[
fN (E − eV )− fN (E + eV )

]
, (2.26)

where the current depends only on the temperature of the normal metal

TN , and thus by measuring the I − V characteristic one can deduce TN .

One can solve Eq. (2.26) at TN = 0 as I = 1
RT

√
V 2 − (Δ/e)2 and if TN ≥ Tc

then I = V/RT .

The BCS DOS represents an ideal situation, whereas in practice the

DOS is typically smeared from this form. A standard form of smearing is

the so-called Dynes DOS expressed as

nS(E) =

∣∣∣∣∣�e E/Δ+ iγ√
(E/Δ+ iγ)2 − 1

∣∣∣∣∣ . (2.27)

Here, γ is a parameter that describes the smearing. The cause of smear-

ing can be attributed to a broadening of the quasiparticle energy levels

due to finite lifetime [104], Andreev current [105, 106], or photon assisted

tunneling caused by high-frequency noise and black-body radiation [107].

In this thesis [27] and in Refs. [50, 107], a typical experimental range of

γ for Al based tunnel junctions is 10−4 to 10−5 for a single NIS junction.

It has been found to be as low as 10−7 in double SINIS configuration with

multistage shielding [108]. On the other hand, Nb, NbN and NbTiN based

junctions have higher γ values, usually up to 10−2 [109–112].
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In addition, the superconducting gap is temperature dependent. Close

to Tc it behaves as

Δ(T )

Δ(0)
≈ 1.74

√
1− T

Tc
, T ≈ Tc, (2.28)

whereas at temperatures close to zero the temperature change is expo-

nentially suppressed with the form (see Appendix A)

Δ(TS)/Δ(0) 	 1−
√
2πkBTS/Δ(TS)e

−Δ(TS)/kBTS , T 	 0. (2.29)

Thus, at TS � Tc/3, the temperature dependence of the energy gap is

negligible and one can use a constant value Δ.

In addition, at low temperatures, meaning kBTN,S 
 eV , and for volt-

ages eV < Δ one can approximate Eq. (2.26) further by

I 	 I0e
−(Δ−eV )/kBTN +

γV

RT

√
1− (eV/Δ)2

, (2.30)

where I0 =
√
2πΔkBTN/2eRT and the γ parameter in the second term is

responsible for the current saturation at low bias values. If we neglect the

second term at moderate bias voltages, Eq. (2.30) can be rewritten as

V =
Δ

e
+

kBTN

e
ln(I/I0), (2.31)

where we notice a primary relation between I − V and TN . Thus, an NIS

junction can be used as a primary thermometer in a certain range of bias

voltages through the relation

TN (V ) =
e

kB

dV

d(ln I)
. (2.32)

In Chapter IV, we will review our main results of the NIS thermometer

presented in Publication II. In addition, we will discuss several factors

limiting its performance such as overheating effects and the influence of

the γ parameter on the temperature reading.
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2.4 Heat currents in mesoscopic devices

In metals, heat is carried by electrons and phonons. In Publication III, we

study a refrigerator that cools the electron system, and in Publication IV,

we study the heat conductance in thin Nb films. Therefore, in this section,

we will focus on heat transport through tunnel junctions and in thin films,

as well as on the electron-phonon coupling mechanism that is present in

all of our structures.

Heat generated at the junctions and carried away by free electrons and

is then dissipated via the phonons of the metallic film to those of the sub-

strate, and further to the phonons of the sample holder thermalized to

the temperature of the cryostat Tbath as shown in Fig. 2.4. However at low

Figure 2.4. Schematic diagram of the heat flow mechanisms in a system that consists of
a wire connected to two normal or superconducting leads (left, L and right,
R) with Fermi distributions fN/S . Thermal conductances and heat flows in
each subsystem are denoted as G and Q̇, respectively.

temperatures, the number of phonons decreases and the electrons domi-

nate the heat transport. This can lead to overheating of the system, and

can be a limiting factor for some refrigerating devices.

First, we consider transport of heat carried by electrons. Electrons par-

ticipate in transport of both, charge and heat. Consequently, the Wiedemann-

Franz law, obeyed by metal electrons, says that the ratio of thermal and

electrical conductivities is proportional to temperature as
κ

σ
= L0T, (2.33)

where L0 = 2.45× 108 W Ω K−2 is the Lorenz number. Thus thermal con-

ductivity in a normal metal κN such as copper, depends on temperature
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as κCu = L0TσCu, where the electrical conductivity of copper at T = 300

K is σ = 5 ×107 (Ω m)−1 [113]. Here, the electrical resistivity ρ = 1/σ is a

material and temperature dependent property. The resistivity in metals

emerges from the scattering due to defects and electron-phonon interac-

tions [114]. Defect scattering depends on the purity of the material and

is independent of temperature, whereas the electron-phonon contribution

to scattering is temperature dependent and vanishes at low T . Therefore,

at low temperatures, only scattering from defects gives rise to resistivity.

In superconductors, the number of quasiparticles that carry heat is ex-

ponentially suppressed due to the presence of the superconducting gap Δ.

The conductivity is given approximately for TS 
 Δ by [81]

κS =
6

π2

( Δ

kBTS

)2
exp

( −Δ

kBTS

)
L0TSσS , (2.34)

where σS is the electrical conductivity of the superconductor in a normal

state, and TS its temperature.

Once we know the thermal conductivity, we can calculate the heat flux

through a conductor with constant cross-sectional area A and length L,

that is given by

Q̇ =
A

L

ˆ T2

T1

κ(T )dT , (2.35)

where T2 � T1. For small temperature differences T1 ≈ T2, one can

rewrite the above equation in a linear form as

Q̇ = G(T )ΔT, (2.36)

where G(T ) = A
Lκ(T ) is the temperature dependent thermal conductance

with the mean temperature T = (T1 + T2)/2 and ΔT = T2 − T1 is the

temperature difference across the conductor.

In Publication IV, we measure the thermal conductance of Nb thin films

using the linearized definition given above.

The heating power generated by a current flowing in a normal conductor

is described by Joule heating. Thus, in an NIN junction with resistance

RT when the bias voltage is applied and the current flows through the

junction, the total heating power is equally distributed between the leads

and given by Joule heating defined as PNIN = IV . Since its current-

voltage characteristic has a linear dependence on V , one can rewrite the

power in the form PNIN = V 2/RT .

In NIS tunnel junctions, as shown in Eqs. (2.25) and (2.26), the current

has a non-linear bias and temperature dependence. In the temperature
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range TS � Tc/3, the gap is approximately constant and current depends

only on TN . Due to the presence of the superconducting gap, the heat

does not split equally between N and S leads, unlike in the NIN case.

One can then use Eq. (2.25) to calculate the power injected into each lead

separately as

Q̇N
NIS = − 1

e2RT

ˆ ∞

−∞
dEnS(E)(E − eV )

[
fN (E − eV )− fS(E)

]
(2.37a)

Q̇S
NIS =

1

e2RT

ˆ ∞

−∞
dEnS(E)E

[
fN (E − eV )− fS(E)

]
, (2.37b)

where EN = E − eV and ES = E are the energies of the quasiparticles

in the corresponding leads. Here, when the junction is biased at V > 0,

the electrons are flowing from the N to S lead, thus Eq. (2.37a) is the

heat extracted from the N electrode and at V > 0 Eq. (2.37b) is the heat

deposited into the S electrode, whereas the total power dissipated in the

junction is IV = Q̇N
NIS + Q̇S

NIS . When heat is extracted from the N elec-

trode, its electronic temperature is lowered and the NIS junction acts as

a cooler. In addition, at low temperatures, TN , TS 
 Δ/kB, the optimum

cooling power at a bias voltage Vopt ≈ (Δ− 0.66kBTN )/e can be estimated

[35] as

Q̇N
NIS ≈ Δ2

e2RT

[
− 0.59

(kBTN

Δ

)3/2
+

√
2πkBTS

Δ
exp

(
− Δ

kBTS

)
+ γ

]
. (2.38)

Here, the first term is responsible for cooling, whereas the second term

with a positive sign is the backflow of heat from the superconductor limit-

ing the cooling performance and depends exponentially on TS , and finally

the third term γ is another limiting factor (within the Dynes model) due

to states in the gap of the superconductor.

In Publication II, III and IV, to describe the heat conduction across tun-

nel junctions, we build thermal models using the theory of heat transport

discussed above. In addition, for complete modeling, we take into account

the influence of the phonon bath as described below.

In the normal metal, heat conducted by the electrons is then distributed

to the phonons as described by the electron-phonon interaction

Q̇N
e−ph = ΣΩ(Tn

N − Tn
p ), (2.39)

where Σ is a material dependent constant, Ω is the volume of the normal

metal, and TN and Tp are the electron temperatures of the normal metal

and the phonon bath, respectively. The power dependence n usually varies
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from 3 to 6 depending on the material purity and the phonon dimension-

ality [115–117]. Throughout this thesis, the temperature of the phonon

bath is assumed to be the temperature of the cryostat Tbath, and n = 5.

The electron-phonon coupling constant Σ that describes e-ph strengths

varies between the experiments studied here, but stays within values re-

ported earlier [40]. The electron-phonon interaction in a superconductor

is exponentially suppressed for kBTS 
 Δ [81] and reads

Q̇S
e−ph = ΣSΩ(T

n
S − Tn

p ) exp
( −Δ

kBTS

)
. (2.40)
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2.5 Coulomb blockade thermometer (CBT)

In Publication I, we experimentally demonstrate a Coulomb blockade ther-

mometer working in the intermediate regime Ec ∼ kBT [118], as we will

interpret below. In this section, we describe the main principles of its op-

eration, whereas the fabrication details will be discussed in Chapter 3,

and the main results of the Publication I in Chapter 4.

Coulomb blockade thermometry is based on the change of the electrical

conductance G of an array of normal metal tunnel junctions [19]. One

array consists of N identical normal metal tunnel junctions connected in

series with islands in between. The tunneling resistances and capaci-

tances of each junction are RT and C, respectively. The charging energy

of such a system is given by

Ec =
(N − 1)

N

e2

CΣ
, (2.41)

where in a fully symmetric device CΣ = 2C+C0 is the total capacitance of

the two junctions of magnitude C each and the capacitance of the island

itself, C0.

The differential conductance of an array of tunnel junction has the fol-

lowing voltage and temperature dependence

G(V )/GT = 1− Ec

kBT
g
( eV

NkBT

)
. (2.42)

Here, GT is the asymptotic conductance at large positive and negative

voltages, and the normalized dependence is described by function g and

expressed as

g(x) =
x sinh(x)− 4 sinh2(x/2)

8 sinh4(x/2)
. (2.43)

The thermometer works in a regime opposite to that of a fully Coulomb-

blockaded device, such as a regular SET or CBR. This regime is called the

weak Coulomb blockade with Ec 
 kBT . Here, the electronic temperature

of the thermometer is extracted using a primary method by measuring the

full width of the conductance dip at half minimum [19], V1/2, as follows

V1/2
∼= 5.439NkBT/e. (2.44)

In the secondary mode, the electronic temperature can be extracted by

recording the depth of the conductance dip at zero bias voltage

ΔG

GT
=

1

6
uN , (2.45)
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where parameter uN ≡ Ec/kBT .

CBT thermometers have a wide operational temperature range, namely

from 60 K [23] down to 4 mK [24]. The temperature is directly, by Eq. (2.44),

or inversely, by Eq. (2.45), proportional to the corresponding feature of the

charging peak. One can design a sensor with specific charging energy to

match the temperature regime of interest by choosing the total capaci-

tance of the junctions and islands, which is determined by their size.

At high temperatures, the range of operation of CBT is limited by the

signal to noise ratio to determine small changes in G. Another limiting

factor is finite barrier height and intrinsically nonlinear I − V charac-

teristics of single junctions at large voltages [119]. The low temperature

range is limited by the complete Coulomb blockade regime where charging

effects become dominant, leading to temperature independent transport

characteristics.

To extend the weak Coulomb blockade regime towards low tempera-

tures, while maintaining its accuracy, we introduce an intermediate regime

which is the focus of Publication I. Here, the thermometer operates in the

temperature range Ec ∼ kBT , and one has to use higher order terms in

the expressions of both the full width at half minimum, and the depth of

the conductance dip [120]. A series expansion of Eq. (2.44) and Eq. (2.45)

up to the third order yields the following corrections

V1/2
∼= 5.439NkBT

(
1 + 0.3921

ΔG

GT

)
/e (2.46)

and
ΔG

GT

∼= 1

6
uN − 1

60
u2N +

1

630
u3N . (2.47)

Moreover, we can invert the above dependence in terms of the electronic

temperature as

T ∼= Ec

kB

[1
6

(ΔG

GT

)−1 − 1

10
− 1

350

(ΔG

GT

)
+

27

875

(ΔG

GT

)2]
. (2.48)

In Fig. 2.5, we show three operational regimes of the CBT. The pri-

mary one, which is the standard weak Coulomb blockade regime where

Ec 
 kBT , is denoted as ‘CBT’. The intermediate regime, represented by

the colored area where Ec ∼ kBT , is the focus of this work. Finally, the

full Coulomb blockade regime where Ec � kBT , is denoted as ‘SET’. In the

last regime, the thermometer behaves as a single-electron transistor with

no predictable temperature dependence. The two possible extreme cases

of the background charges determining the conductance characteristics
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are shown as ‘maximum blockade’ by a solid black line and ‘minimum

blockade’ marked by a dash-dotted blue line. These curves are numeri-

cally calculated temperature dependences of the CBT at zero bias voltage

using a full theory of single-electron tunneling [19, 121]. The first order

Figure 2.5. Theoretical temperature dependence of the depth of the zero bias conduc-
tance dip of a tunnel junction array influenced by Coulomb interaction. The
left side of the plot represents the working regime of single electron de-
vices (SET), where Ec � kBT . The colored area represents an intermediate
regime, where kBT ∼ Ec. On the right side of the plot, the normal working
regime of CBT sensors is represented, where Ec � kBT . Two extremes of the
possible experimental results due to an unknown background charge configu-
ration are represented by the maximum (solid black line) and minimum (dash
- dotted blue line) blockade curves. The third order result, Eq. (2.47), is pre-
sented by the dash double - dotted green line. The inset represents the error
in temperature reading which one makes using the third order approxima-
tion of Eq. (2.47). The orange dotted curve represents the relative difference
between the numerically calculated minimum blockade (dash - dotted blue
line) curve and the third order curve (dash double - dotted green line). The
solid green line on the inset plot represents the relative difference between
the maximum blockade (solid black line) and the third order approximation
curve. (Adapted from Publication I.)

result and a correction to it up to the third order expressed by Eqs. (2.45)

and (2.47) are shown as dashed red line and dash double-dotted green

line, respectively. One can see that the third order result follows the exact

dependence of ΔG/GT down to low temperatures. However, we have to

limit the intermediate regime to temperatures above kBT/Ec ∼ 0.4, due

to an uncertainty of the background charge configuration which becomes
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significant when the charging effects are enhanced.

The ‘background’ offset charges can be trapped in the oxide on the sur-

face of the substrate near the island, or in the tunnel barrier itself [121]

and they are difficult to control. One would need gates for each island to

tune its potential, which is impractical for long arrays. Another source

of error at low temperatures is the decoupling of electrons from the lat-

tice phonons due to insufficient thermalization, and in addition, heating

caused by the power P = GTV
2/N for each island [119].

Other types of errors might occur due to non-idealities of the tunnel bar-

riers, as well as finite distribution of the size of the junctions in the array

and consequently in its tunnel resistance. Small variations in the junc-

tion resistance leads to a quadratic error in V1/2 as V1/2/(5.439NkBT/e) 	
1−k[δR/R0]

2
rms and consequently in the temperature reading [120]. Here,

[δR/R0]rms is the rms deviation of the junction resistances from their

mean value R0 ≡ RΣ/N in the array of N junctions with a total resis-

tance RΣ, and k 	 0.73 + (N − 1)/N [120].
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2.6 Coulomb blockade refrigerator (CBR)

In this section, we will focus on main principles of operation of the Coulomb

blockade refrigerator presented in Publication III.

The Coulomb blockade refrigerator is based on a normal single-electron

transistor (SET) [65], energetics of which have been discussed already

in section 2.2. Here, we will refer to our device as a CBR or an SET

cooler. Below, we review in detail the general principles of charge and

heat transfer in a CBR, whereas its practical realization will be discussed

in Chapter 3 that is dedicated to fabrication techniques.

The CBR consists of two k = 1,2 normal metal (N) tunnel junctions with

an island in between, whose potential is controlled by a gate voltage, Vg.

The SET is voltage biased, Vbias, that enables current to flow at a certain

gate position, ng ≡ −CgVg. When the electrons are transported through

the SET, the total dissipation in the system is always positive. However,

one can design the device in such a way that cooling can be observed lo-

cally at one of the junctions. This can be achieved by carefully chosen

values of the charging energy and the tunneling resistance of the junc-

tions, RT,k. The charging energy Ec = e2/2CΣ is defined by the capaci-

tance of the junctions Ck and that of the gate electrode Cg. In addition,

one needs to isolate thermally the junctions from each other and from the

environment. This is done by placing an inclusion in the SET island that

is made of superconductor (S) which prevents the heat flow between the

junctions. Its dimension is a compromise between the requirement of the

charging energy that is needed for Coulomb blockade to occur and being

long enough to have insulating properties. In addition, the outer leads

connected to the junction electrode on one side of the latter are supercon-

ductors and insulate the junctions from the environment.

In order to observe cooling, the device has to operate at low temper-

atures to ensure that the intended single-electron sequential tunneling

events are dominant over thermal fluctuations of high energy electrons,

and therefore, kBT 
 Ec. To observe the temperature change on the

islands, we additionally employ local thermometry with low dissipation.

The schematic of the energy levels of the device at its operation point is

shown in Fig. 2.6.

When an electron tunnels through either of the SET junctions, it dis-

tributes the energy on average evenly between its leads which act as
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Figure 2.6. The current through the SET is enabled by four possible energy configura-
tions (a, b, c and d) of the outer leads and an island controlled by the Vbias

and Vg, respectively, the latter is not shown. When the electron is transported
though junction 2 it gains an energy ΔE2 heating up its bath (H), whereas
tunneling through junction 1 results in the energy loss ΔE1, therefore, it
cools (C) its respective leads. (Adapted from Publication III.)

a heat bath. If an energy level above (below) the Fermi level becomes

(un)occupied, the junction heats up and we will refer to it as a ‘hot’ junc-

tion, similarly, when the energy is removed from the junction, cooling its

bath, we refer to it as a ‘cold’ junction. In a system where both junctions

have similar tunneling resistances and capacitances, both junctions can

experience cooling and heating depending on the bias and gate positions.

Based on Eq. (2.17), at a given state n, the electrostatic energy that elec-

tron experiences for tunneling in (+) or out (-) of the island is

ΔE+
1 (n) = −eV

2
+ 2Ec(n− ng +

1

2
) (2.49a)

ΔE−
1 (n) = +

eV

2
− 2Ec(n− ng − 1

2
) (2.49b)

ΔE+
2 (n) = +

eV

2
+ 2Ec(n− ng +

1

2
) (2.49c)

ΔE−
2 (n) = −eV

2
− 2Ec(n− ng − 1

2
). (2.49d)

Using the above electrostatic energy, one can calculate the tunneling rates

Γ±
k (n) =

1

e2RT,k

ΔE±
k (n)

eΔE±
k (n)/kBT − 1

, (2.50)

and the heat currents as

Q̇±
k (n) =

1

2e2RT,k

ΔE±
k (n)

2

eΔE±
k (n)/kBT − 1

. (2.51)

At low temperatures Q̇±
k (n) assume their maximum values at ΔE±

k (n) =

2kBT , and then the optimum cooling power is

Q̇opt 	 2

exp(2)− 1

(kBT )
2

e2RT
	 0.31

(kBT )
2

e2RT
. (2.52)
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Now, we focus on the low temperature regime as discussed in Publi-

cation III. A low temperature regime implies that the excess number of

electrons on the island is n = 0 or 1, whereas the two extreme gate posi-

tions are ng = 0 (gate closed) and ng = 0.5 (gate open). In addition, the

resistances of the tunnel junctions have been made unequal for the fol-

lowing reason. As one can see from Eq. (2.51), the cooling power depends

inversely on the resistance of the ‘cold’ junction. Therefore it cannot be too

high not to diminish the cooling power. However, since the CBR consists

of only two junctions, it is also prone to high-order tunneling events, such

as co-tunneling, which is a factor limiting the cooling performance [65].

Hence, the cooler would benefit from the higher product of the resistances

of two junctions with the cost of decreased overall cooling power scaling as

∝ R−1
T . The effect of co-tunneling on the CBR performance will be briefly

reviewed in section 2.7.

The schematic diagram shown in Fig. 2.6 is similar to the one discussed

in Publication III. Here, when the CBR is voltage biased, an electron tun-

nels from the right lead into the island through junction 2, and the charge

state of the system n changes from 0 to 1. The energy cost for this tunnel-

ing event is ΔE2 = eV/2+Ec(1−2ng). Considering only forward tunneling,

to complete the cycle of single electron transfer, the electron should tun-

nel out of the island to the left lead, changing the state of the system n

from 1 back to 0 at energy cost of ΔE1 = eV/2 − Ec(1 − 2ng). Taking into

account that the maximum cooling occurs at ΔE1 = 2kBT1, one can find

an optimum gate position at an arbitrary voltage as

nopt
g = ∓

(kBT1

Ec
− 1

4

eV

Ec

)
+

1

2
. (2.53)

The optimum cooling power of the ‘cold’ junction is similar to Eq. (2.52),

and is found to be Q̇opt 	 0.31 (kBT1)2

e2RT,1
which depends on the resistance of

the ‘cold’ junction and the temperature of its lead [65].
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2.7 Cotunneling as a limiting factor in CBR

The basic principles of operation of the Coulomb blockade refrigerator

which is the focus of Publication III have been presented in section 2.6.

The CBR operates based on sequential tunneling of electrons governed

by an interplay of temperature and Coulomb interactions. Nevertheless,

efficient performance of the cooler can be diminished by higher order tun-

neling processes which we briefly review below.

In order to describe higher order tunneling processes, for simplicity, we

will consider a single-electron transistor. It is based on two normal metal

tunnel junctions with an island in between, whose energetics we consid-

ered in section 2.2. At low temperatures and low bias voltages, the cur-

rent flow across the two junctions is prohibited due to Coulomb interac-

tions, as electrons do not have sufficient energy for sequential tunneling

to occur. However, if the energy conservation law forbids the permanent

stay, a virtual process with an electron spending a time of the order of

the Heisenberg uncertainty time tH 	 �

Ec
is possible. Such a transfer

of charge (cotunneling) happens via an intermediate, or so-called ‘virtual

state’, and takes place at any non-vanishing bias voltage.

Cotunneling involves electrons which tunnel in parallel across the en-

tire device, obeying energy conservation. Thus, it gives a rise to a finite

current which limits the Coulomb blockade and disrupts the normal op-

eration of single-electron devices. Here, one can distinguish two types of

cotunneling process, namely elastic (one electron process) and inelastic

(many electrons) processes which we schematically show in Fig. 2.7.

In the elastic cotunneling process, the electron tunnels to a state at en-

ergy level ε2 on the island from the left lead. Now for the electron it is

favorable to tunnel to the right lead as it gains more energy than tunnel-

ing back to the left lead. Therefore, it is an electron at the same energy

level that tunnels out of the virtual state on the island to the right lead

leaving no energy on the island. Thus the charge is transferred across the

device via a classically forbidden virtual state of the island.

On the contrary, an inelastic process is associated with coherent tunnel-

ing of two different electrons in and out of the island, creating an electron-

hole excitation on the island. The electrons participating in the cotunnel-

ing processes are those within the width ∼ kBT around the Fermi level.

In total, there are four excitations created after such transfer of charge as
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Figure 2.7. Panel (a) shows elastic cotunneling where an electron is transferred across
the device via a virtual state of the island at energy ε2. In panel (b), an in-
elastic cotunneling involving two different electrons is shown. First, electron
tunnels into the island to the virtual state ε2 (blue filled circle). Then elec-
tron tunnels out of the island from state ε3 to the right lead (red filled circle).
As a result, an electron-hole excitation is left on the island.

shown in Fig. 2.7 (b). The illustration shows the most probable positions

of these excitations relative to the Fermi levels. The first electron tun-

nels from the left lead into the island. Thus a hole excitation is created

in the left lead (blue open circle) and an electron on the island (blue filled

circle). Now, a different electron from the island tunnels out to the right

lead. Here, the hole excitation (red open circle) is left on the island and

the electron on the right lead (red filled circle). As a result, one electron

is transferred across the two junctions, and the electron-hole excitation is

left on the island.

The energy difference between the initial and final configurations of

each of the intermediate states can be written as [122, 123]

ΔE = ε2 − ε1 + E1 (2.54a)

ΔE = ε4 − ε3 + E2, (2.54b)

where E1,2 = ΔEn→n±1 − 1
2eV are the energy change associated with the

tunneling in junctions k = 1, 2. The total rate γ+ of the inelastic process

is calculated as the sum over all of the intermediate processes [122, 123]

γ+ =
�

2πe4RT,1RT,2

ˆ
dε1dε2dε3dε4f(ε1)(1− f(ε2))f(ε3)(1− f(ε4))×

×
( 1

ε2 − ε1 + E1
+

1

ε4 − ε3 + E2

)2
δ(eV + ε1 − ε2 + ε3 − ε4).

(2.55)

The backward tunneling rate γ− is given by Eq. (2.55) substituting −V

instead of V and Ek + eV instead of Ek. Thus the total current due to
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inelastic cotunneling for small voltages eV � Ek can be calculated as

[122, 123]

Iin = e(γ+ − γ−) =

=
�

12πe2
1

RT,1RT,2

[ 1

E1
+

1

E2

]2
[(eV )2 + (2πkBT )

2]V.
(2.56)

The elastic cotunneling is important at small voltages and low tempera-

tures, eV , kBT � Ec, when the current (Eq. (2.56)) associated with inelas-

tic cotunneling is small. However, in the most relevant working regime

ΔE1 = 2kBT1 (see section 2.6) of the CBR, the inelastic cotunneling dom-

inates. Now we consider cooling power in the CBR, taking into account

the cotunneling effects. Due to an extra contribution to the total current

through the SET caused by cotunneling events, additional heat is dissi-

pated at the junctions, therefore this heat diminishes the cooling power

of the CBR device. The cooling power in the ‘cold’ junction of the CBR is

shown in Eq. (2.51). However, in the presence of cotunneling events, one

has to take into account the broadening of the charge states caused by ad-

ditional tunneling events. In this case, the expression of the heat current

caused by cotunneling is [65]

Q̇cot
� (n) =

�

2πe4
1

RT,1RT,2

ˆ
dε1dε2dε3dε4(−1)�−1ε�f(ε1)f(−ε2)f(ε3)f(−ε4)×

×
( 1

ε2 − ε1 +ΔE+
1 (n)

+
1

ε4 − ε3 +ΔE−
2 (n)

)2
δ(eV + ε1 − ε2 + ε3 − ε4).

(2.57)

Here, �=1,2 are the leads of the ‘cold’ junction, where 1 is the outer lead

and 2 corresponds to the lead from the island side. The above equation

can be further simplified [65] to

Q̇cot
� = − �

4πe4
1

RT,1RT,2

ˆ
dε

ε2

1− e−βε

eV + ε

1− eβ(eV+ε)
×

×
( 1

ε−ΔE+
1 (n)

− 1

ε+ΔE−
2 (n) + eV

)2
.

(2.58)

Here, the negative sign of the cooling power means that cotunneling re-

sults in heating at the junction. When the SET is in the Coulomb blockade

state, eV � ΔE+
1 (0),ΔE−

2 (0), assuming n =0, and at zero temperature,

one obtains

Q̇cot
� = − �

48π

1

RT,1RT,2

( 1

ΔE+
1 (0)

+
1

ΔE−
2 (0)

)2
V 4. (2.59)

The total cooling power of the cold junction taking into account cotunnel-

ing can be evaluated as [65]

Q̇1 =
�

4πe4
1

RT,1RT,2

ˆ eV

∞
dε

ε2

1− e−βε

ε− eV

(ε+ E)2 + γ2(ε)
, (2.60)
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where

γ(ε) ≡ �

2e2RT,2

eV − ε

1− e−β(eV−ε)
. (2.61)

As one can see, the power depends on voltage, temperature and the tun-

neling resistances of the junctions. The optimum cooling power of the

CBR is given by Eq. (2.52) [65, 66], and therefore, at low temperatures it

diminishes. At the same time, to increase the cooling power, one can lower

the tunneling resistance of the cooling junction. However, as one can see

from Eq. (2.60), the cotunneling depends on the tunneling resistances of

both junctions. For this reason, in Publication III, the two junctions were

fabricated in such a way that the ‘cold’ junction has lower resistance, but

the total series resistance is kept high enough to avoid the influence of

cotunneling.

Figure 2.8. The theoretical predictions, including the influence of cotunneling, of the tem-
perature T1 of the ‘cold’ junction at three different bias voltages shown as
solid lines. The dash-dotted red line is calculated based on the values of RT,k

of the experiment in Publication III. (Adapted from Publication III.)

The theoretical predictions for temperature T1 of the ‘cold’ island of the

CBR device influenced by cotunneling is shown by solid lines in Fig. 2.8

for three different bias voltages. In this calculation [65], the tunneling

resistances were ten times higher than in the actual experiment. For

comparison, the red dash-dotted line is calculated based on the values of

tunnel resistances of the actual experiment presented in Publication III.
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In this Chapter, we focus on the fabrication techniques used for the de-

vices presented in Publications II, III, IV and V. The fabrication process

of a CBT device presented in Publication I is described in detail in [124].

The sample preparation of all the devices involved electron-beam lithog-

raphy and multi-angle shadow evaporation [102] techniques. The images

of ready devices that are shown in this chapter were taken by a scanning-

electron microscope (SEM). In the second part of this chapter, we will

describe the cryogenic setup used for sample characterization.

3.1 Fabrication methods

Most relevant details of each step in sample preparation are specified in

Table 3.1. All of the devices were fabricated on top of a Si/SiO2 p-doped

substrate that has a thickness of 525± 25 μm with 300 nm of SiO2 on top

as shown in Fig. 3.1 (a). The schematic of Fig. 3.1 illustrates all of the

fabrication steps for Publications II and III, but does not reflect the real

thicknesses of the materials. Additional steps for Publication IV that are

missing from Fig. 3.1 are reviewed at the end of this chapter.

Resist spinning on top of Si/SiO2 substrate is the first step. Here,

for the production of the devices we used different combinations of three

types of positive e-beam resists with different sensitivities. The first resist

is a polymethyl methacrylate (PMMA) used as a top layer for achieving a

high resolution mask of the structure to be patterned. The second is a

Copolymer that consists of methyl methacrylate (MMA) mixed with 8.5%

of methacrylic acid (MAA) and allows to make an undercut structure used

for multiple angle evaporation. The third, AR-P 6200, was used for Nb

patterning. It requires small doses of electron beam for exposure and thus
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allows fast patterning of large areas. A combination of the resist stack for

each lithography step and parameters of their spinning are summarized

for each device in Table 3.1.

Baking process to strengthen the resist and evaporate the solvent is

carried out on a hot plate after each spin coating procedure.

Electron-beam lithography is used to create a pattern in a ready re-

sist stack shown in Fig. 3.1 (b). Resist is exposed to an electron-beam that

is controlled by a pattern generator. The pattern generator focuses the

beam to a high energy of 3 0 . . . 100 keV with a preselected dose in units of

μC/cm2.

A Development process is used to wash away the resist in the areas

where it has been exposed (positive resist process) as shown in Fig. 3.1 (c).

The area of the removed resist varies depending on the sensitivity of the

resist to the electron beam. Development is done by a chemical solution

suitable for each resist type. PMMA and PMMA-MAA copolymer are de-

veloped by a mixture of methyl isobutyl ketone (MIBK) and isopropyl al-

cohol (IPA) in a typical ratio of 1 to 3. To widen the undercut in the copoly-

mer resist, sometimes a solution of methanol (M) and methyl glycol (MG)

in a ratio of 2 to 1 is used. For the AR-P 6200 resist, the chemical used to

wash it away is the AR 600-546 developer.

Electron-beam evaporation technique is used for deposition of thin

films of variety of metals in high vacuum (1 - 3 ×10−7mbar) environment.

A focused electron beam heats up a crucible filled with metal to temper-

atures high enough for atoms to leave its surface, i.e., evaporate. A suffi-

cient vacuum environment provides a mean free path of atoms to be longer

than the distance between the crucible and the target thus allowing thin

film coating of the substrate. The holder where the substrate is attached

to can be rotated by up to ± 50° permitting multi-angle evaporation, see

Figs. 3.1 (i) and (k).

Oxidation (O2) in-situ creates an insulating tunnel barrier between the

metallic electrodes by letting the oxygen at a certain pressure to the evap-

oration chamber, Fig. 3.1 (j). Specific parameters of oxidation process such

as pressure and duration define the resistance of the tunnel junction, how-

ever, the dependence is non-linear.

Argon plasma (Ar) before or after the evaporation in-situ cleans the

surface of the substrate.

Lift-off removes the residual resist after the metal deposition, see Fig. 3.1 (e)
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and (l). PMMA and copolymer dissolve in acetone, whereas the AR-P 6200

resist is stripped with AR 600-71 remover.

Atomic layer deposition (ALD) process is another thin film deposi-

tion technique (Fig. 3.1 (f)). Here, the thin film is homogeneously grown

on the whole substrate by the sequential pulses of two chemicals (precur-

sors) that are led into the chamber one after another for a certain time at

given temperature. This method allows one to grow films in a more con-

trolled way and create thicker insulators than in-situ oxidation process

in e-beam evaporator. The dielectric material Al2O3 used as an insula-

tor in the ground plane as shown in Fig. 3.1 (f) grows via the reaction of

trimethylaluminum (TMA) with water vapor H2O.

Reactive-ion etching uses chemically reactive plasma to remove ma-

terials from the substrate. Plasma is created when a strong electromag-

netic field is applied to a gas and electrons dissociate from its molecules,

creating positive ions instead. These ions react chemically with the sur-

face of the substrate and thus etch the material. The result of the etching

process strongly depends on the power applied, pressure of the gas and

the time the wafer was exposed to it. In Publication IV, for etching Nb, a

mixture of sulfur hexafluoride (SF6) and Ar was used.

Scanning-electron microscopy employs a focused beam of electrons

to interact with the atoms in the sample to characterize the surface topog-

raphy of a ready device.
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Figure 3.1. Sample fabrication processes. The schematic does not reflect the real thick-
nesses of the materials.
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Table 3.1. Fabrication steps and their parameters used for sample preparation in Publi-
cations II, III, IV and V.
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3.2 Details of the fabrication steps and their parameters of actual
devices

In Publication I, the CBT thermometers were provided by the VTT re-

search center in collaboration with Aivon Oy. All of the details of the fab-

rication process of these sensors can be found in [124]. In this thesis, we

have studied four different sensors, namely A, B, C and REF. The typical

sensor consists of 9 parallel arrays of 49 junctions in series for samples

A, B and C, and 20 parallel arrays of 100 junctions in series for sam-

ple REF. We show an optical and scanning-electron microscope images of

one of these sensors in Fig. 3.2. In Fig. 3.2 (a), the optical image shows

three tunnel junctions of one of the arrays. These junctions are created

by the area overlapped between the bottom and the top electrodes made

of 250 nm thick Al with a thin insulating layer of Al2O3 in between. The

cross-sectional area of one of the junctions is shown in the SEM image in

Fig. 3.2 (b). The junctions are round in shape and their diameter is 500

nm for A, B and C sensors and 800 nm for REF device. For A, B and C

sensors, the junction area is identical, but the charging energies, Ec, are

different. The difference in the charging energies is achieved by varying

the overlap area of the bottom and the top leads.

Figure 3.2. Panel (a) shows, the optical microscope image of three round junctions of one
of the studied CBT thermometers. In panel (b), the cross-sectional area of
the junction is shown in an SEM image. (Adapted from Publication I.)

In Publications II and III, the NIS thermometer and Coulomb blockade

refrigerator, respectively, were fabricated in two lithography steps. The

first step is used to make a ground plane which consist of an Au (NIS

device) or Cu (CBR device) metallic layer that is covered by an Al2O3 in-

sulator grown by the ALD technique. It acts as a capacitive shunt reduc-

ing the voltage fluctuations, and therefore, sub-gap leakage currents. The
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second lithography step is used to make the actual devices on top of the

ground plane.

In Publication II, the NIS thermometer is made by the shadow evapora-

tion technique. Here, 40 nm of Al and 150 nm of Cu are deposited at two

different angles with in-situ oxidation in between. In the inset of Fig. 3.3,

a close-up of the junction is shown where Al and Cu leads are colored in

blue and brown, respectively.

Figure 3.3. The SEM image of the NIS device together with a schematic of the experi-
mental setup [27]. The dashed line represents the ground plane underneath
the device. The inset shows a close-up of the junction with Al and Cu leads
colored in blue and brown, respectively. (Adapted from Publication II.)

In Publication III, a Coulomb blockade refrigerator is realized imple-

menting an SET device whose junctions are made by the laterally prox-

imized tunnel junction technique [125]. Here, evaporated Al is in di-

rect contact with a bigger volume of normal metal Cu that suppresses

the superconductivity by the inverse proximity effect [93, 126, 127]. In

Fig. 3.4 (a), the CBR device is shown where the SET island consists of

three parts with a superconducting inclusion in between. Its purpose is

the thermal insulation of the leads to avoid heat exchange. Two ther-

mometers that are SINIS junctions are connected to both normal metal

leads symmetrically to monitor the temperature. Here, the same shadow

evaporation technique is used, but with three different angles. In Fig. 3.4 (b),

one of the SET junctions is shown in the inset. The first 20 nm of Al (blue)

creates a ‘dot’ that is directly covered by 25 nm of Cu (red) from the right

creating an NS contact that turns Al into a normal metal. After in-situ

oxidation, the last 25 nm of Cu (red) from the left side finalizes the SET

tunnel junction. At the same time, the NIS thermometers are formed.

In Publication IV, we study thermal conductance in Nb wires where two

lithography steps were used, see Fig. 3.5. First, a sputtered film of 200
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Figure 3.4. Panel (a) shows the SEM image of the CBR device together with a schematic
of the experimental setup [66]. The SET consists of two tunnel junctions
connecting an island to the leads on both sides. The SET island consists
of three parts where the middle one is a superconducting S inclusion. In
panel (b), a close-up image of the left side of the SET is shown. The inset
in (b) shows Al ‘dot’: on the right side the Cu island comes laterally on top
of the ‘dot’ and further proximizes it, creating an NN contact, on the left
side after the last metal deposition NIN contact created that is the actual
tunnel junction of the SET. Two NIS thermometers are attached to the lead
to monitor the temperature. All normal and superconducting metal parts are
colored in red and blue, respectively. (Adapted from Publication III.)

nm of Nb is patterned by e-beam lithography followed by etching, creating

the Nb wire and the leads terminated by the bonding pads. During the

second lithography step, a three-angle shadow evaporation technique is

utilized to connect heaters and thermometers to the Nb wire. The first 15

nm of Cu creates a direct contact to Nb film. Then 20 nm of Al shapes the

heater and thermometer leads. After oxidation of Al, the last 40 nm of Cu

forms tunnel junctions for the heaters and thermometers.

In Publication V, the NIN junctions shown in Fig. 3.6 are made by a

two-angle evaporation technique, using 25 nm of Al as metallic electrodes

with an oxidation in between, with no ground plane unlike in Publications

II and III. Metallic electrodes are deposited in vacuum at pressures 1-3 ×
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Figure 3.5. Panel (a) shows the SEM image together with the experimental setup of the
device where we study thermal conductance in Nb wire [128]. The Nb strip
is connected to two normal metal islands on both sides where double sets of
NIS junctions are used to control and measure its temperature. The phonon
temperature of the bath is monitored by similar NIS junctions. (Adapted
from Publication IV.)

Figure 3.6. An SEM image of a single NIN tunnel junctions together with the schematic
of the experimental setup to study the properties of the tunnel barriers [129].
(Adapted from Publication V.)

10−7 mbar and at room temperature. The tunnel barrier (Al2O3) is formed

in-situ by thermal oxidation by letting 12 mbar of oxygen in the chamber

for 5 min.
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3.3 Cryogenic setup

The measurements presented in Publications I, III and IV are performed

in a home-built 3He - 4He plastic dilution refrigerator (PDR) in the bath

temperature range of Tbath = 50. . . 600 mK, which we depict in Fig. 3.7.

The results of Publication V are obtained using a liquid helium dipstick at

Tbath = 4.2 K. The experiment in Publication II is performed in a dilution

unit (base T = 9 mK) with an adiabatic demagnetization stage with each

sample wire having its own nuclear refrigerator reaching Tbath = 3mK.

A Dilution refrigerator is based on an enthalpy ΔH of the mixing of

two quantum liquids [9]. Liquids of two helium isotopes, 3He and 4He fol-

low Fermi and Bose statistics, respectively. Each of these liquids becomes

superfluid at temperatures of 2.17K and ∼ 2.4mK, respectively. However,

one can dilute 4He with 3He, to suppress the superfluidity and at tem-

peratures below 0.87K and a concentration (x) of 3He > 6.6%, the mixture

separates into two phases. The 3He-rich liquid of light isotope floats on top

of the 4He-rich liquid. Approaching temperatures close to absolute zero,

the 3He-rich phase becomes pure 3He, whereas the 4He-rich phase has a

finite concentration of 3He which is x = 6.6% at T ≤ 0.1K and saturated

vapour pressure. One can achieve cooling in the mixing chamber at the

phase separation amounting to Q̇(T ) = 84ṅ3T
2 when 3He atoms at flow

rate ṅ3 are transfered from the concentrated (c) into diluted (d) phase.

Continuous operation of a PDR is maintained by circulation of the 3He

as shown in Fig. 3.7. The cryostat is inserted into a dewar with liquid
4He. A smaller 1 K pot filled with 4He is continuously pumped reaching

temperatures of ∼ 1.5K due to its evaporation. The incoming gas of 3He

is precooled through a heat exchanger at the 1 K pot and condensed into

a liquid. Liquid 3He passes further through the main flow impedance

where the pressure drops, and enters a second heat exchanger that is in

thermal contact with still at 0.7K. After still the liquid continues to flow

into the third heat exchanger that is a 12m long teflon tube reaching the

concentrated phase of a mixture of 3He - 4He in a mixing chamber (MC).

The mixing chamber is connected through a silver sinter to the sample

stage where the chip to be measured is attached. This contact is of a high

importance to insure a good thermalization between the mixing chamber

and the sample stage and provide the same temperature for both. In this

case, silver sinter is made out of 2m2 of porous metal powder in which
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helium can penetrate. The dilute mixture used to precool the incoming

liquid 3He goes into the still where the concentration of 3He is around

1 %. The temperature of the still is regulated by a heater to be around

0.7K, so that only 3He is evaporated. By continuous pumping on the still,

one can recollect the 3He gas and send it to the condensing line again

performing a closed cycle.

Such a PDR has several advantages, it is relatively easy and fast to oper-

ate. The time to cool down to the base temperature (6-7 h) is only limited

by the pumping of the exchange gas from the vacuum can used to precool

the cryostat (approx. 4 h). In addition, a teflon tube used as a main heat

exchanger is chemically inert in the case helium is contaminated (water

vapor or H2). The cooling power at the sample stage is approximately 20

μW at 100 mK calculated based on the resistance of the heater Rheater =

530 Ω as P = V 2/Rheater, where V is voltage applied to the heater.

Nuclear adiabatic demagnetization is a technique used to reach mi-

crokelvin temperatures of nanoscale samples. In Publication II, a dilu-

tion unit with Tbath = 3mK is connected to a parallel network of nuclear

refrigerators (NR) [130] that reach microkelvin temperatures. Each NR

consists of a 64 g Cu plate (0.25 cm× 3.2 cm× 9.0 cm) that is placed in the

center of demagnetizing field. On one side the NR’s are connected to a

mixing chamber of a dilution unit, on the other side it is attached to a

sample stage via highly conductive wires that are electrically isolated

from each other. The low temperature parts, together with the mixing

chamber, are connected to the dilution unit via a superconducting heat

switch.

Shielding in the cryostats is used to prevent high frequency electro-

magnetic radiation from the outside world from reaching the sample and

causing photon assisted tunneling processes.

In Publications I, III, IV and V, the samples are enclosed in a sample

stage using multiple caps which can be indium sealed as we describe be-

low. The inner vacuum can (IVC) is made out of stainless steel and is

used as a second stage shielding, see Fig. 3.7. Extra stainless steel or alu-

minum flanges are placed at several locations around the cryostat above

the IVC, and provide additional shielding. Flanges act as a mirror reflect-

ing the radiation from higher temperatures and at the same time slow

down the helium evaporation from the dewar.

In Publication II, additional radiation shields at the still and cold plate
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Figure 3.7. Simplified schematic of a home-built 3He - 4He plastic dilution refrigerator.
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of ∼ 50mK were used.

Electrical wiring in the cryostats used for sample characterization

have a dual purpose, not only for electrical connection between the chip

and the room temperature electronics, but also to filter noise that comes

from electronic apparatuses. This includes Johnson-Nyquist noise created

by thermal motion of charge carriers, shot noise coming from fluctuations

of electrical current itself, flicker (1/f ) noise caused by resistance fluctu-

ations that are transformed to voltage or current fluctuations. Another

reason to pay attention to the electrical wiring is to avoid heat dissipation

and conduction along the wires, especially at low temperatures. To satisfy

all of these requirements, two different types of commercially available

cables were used.

In Publication V, for a dipstick measurements at 4.2K only twisted pairs

of Manganin wires were used through helium all the way to the room tem-

perature break-out box with BNC connectors, to which all electronic de-

vices are connected. The wires usually consist of copper (86%), manganese

(12%), and nickel (2%), and have electrical resistivity of 0.43 (0.48) μΩm

at 4K (300K). The heat transfer along the wire from room to low temper-

atures is minimized due to high resistance per length that is 50Ω/m for a

wire with a diameter of d = 110μm.

In Publications I, III and IV, the measurements were performed in a

PDR where in addition to 12 dc lines of Manganin wires, Thermocoax

lines [131] were used. Similarly to the dipstick, the Manganin wires go

from the inner vacuum can to room temperature, whereas the other end

of twisted pairs is connected to 1.5m long Thermocoax cables attached to

the mixing chamber. Coaxial cables with a diameter of 0.5mm are made

of stainless steel as the outer conductor, filled with magnesium oxide to

insulate the inner nickel-chromium conductor, and have a resistance per

length of 50Ω/m with resistivity 1μΩm. Thermocoax cables act as dis-

tributed RC filters for high frequency noise [131].

In Publication II, a sequence of filters is used in addition to Thermocoax

cables. The first stage is a microwave filter based on a 2.5m long insulated

Cu wire with a diameter of d = 100μm wound around a Ag-epoxy rod with

a cut-off at 200MHz [132]. The second stage of filtering is provided by

two-pole resistor-capacitor (RC) filters made of discrete components with

values of 2.4 kΩ/470 pF and 1.6 kΩ/2.2 nF. The last stage of microwave fil-

ters is for frequencies above 400MHz and has a construction similar to the
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first microwave filter stage. The development of the setup is described in

detail in [25].

A Sample stage is used to electrically connect the device to the cryo-

genic setup and to provide good thermal contact between the chip and the

cryostat.

In Publications I, III, IV and V, sample stage made out of brass and gold

plated copper was connected to the mixing chamber of the PDR providing

good thermal contact via a silver sinter rod (Fig. 3.7). A printed circuit

board (PCB) with copper contact pads is glued permanently to the sam-

ple stage, Fig. 3.8 (b). To perform the transport measurements, the chip

(a) 

(b) 

(c)

PCB 

Figure 3.8. Examples of various sample stages used for electrical measurements. Panel
(a) shows a disassembled sample stage: main body (left), PCB (middle), in-
dium sealed cap (bottom), top cap (right). In Panel (b), a CBT thermometer is
glued to the main body of the copper gold plated sample stage, the gold bond-
ing wires connecting the chip and the PCB are visible. Thermocoax lines are
soldered to the six bonding pads of the PCB and sealed with Stycast 1266
epoxy. Panel (c) shows a silver epoxy chip carrier with CBT and NIS (Publi-
cation II) temperature sensors bonded with gold wires to the pads whose pins
at the opposite end are connected to the cryostat.

is glued to the sample stage, and bonding wires are attached to connect

the chip electrically to the PCB. The glue used to attach the device to the

sample stage is Dow Corning high vacuum grease. The grease ensures

good thermalization to the sample stage, but isolates electrically the chip.

Bonding wires of Al or Au of 25μm in diameter are connected by an ultra-

sonic bonder machine Delvotec 5430. In Fig. 3.8 (b), a gold plated copper

sample stage with Thermocoax wires were directly soldered to a PCB and

covered by Stycast for its insulation. The brass sample stages had an

additional commercial Harwin connector for the Thermocoax wires. This
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connector is used to plug the sample stage into the cryostat.

In Publication II, a ceramic chip carrier made of 2850 FT Stycast epoxy

and Ag wires was used [133]. Several CBT and NIS sensors bonded with

gold wires are shown in Fig. 3.8 (c).
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4. Results and discussion

In this Chapter, we present an overview of the results summarized in Pub-

lications I-V. Here, we will focus on the data analysis and describe in more

detail the thermal models used to obtain the main results. First, we will

discuss the results related to electronic thermometry that are presented

in Publications I and II. Then, we will move on towards the electronic re-

frigerator presented in Publication III. Finally, we will discuss the heat

conduction in Nb wires of Publication IV, and the characterization of the

tunnel barrier parameters of Al/Al2O3/Al based junctions studied in Pub-

lication V.

4.1 Electronic thermometry based on CBT

We start with an experiment where we experimentally demonstrate an

extension of the working range of a CBT thermometer from the typical

weak Coulomb blockade regime Ec 
 kBT towards intermediate temper-

atures Ec ∼ kBT [118].

In this experiment, we have measured four different CBT sensors (A, B,

C and REF) in a dilution refrigerator in the temperature range of 50-470

mK, which is monitored by a calibrated RuO2 thermometer. Each sensor

has a different charging energy, Ec = e2/2CΣ which is achieved by varying

the overlap area of the bottom and the top leads as shown in Fig. 3.2 (a).

The total capacitance CΣ is given by the sum of the capacitances of the two

junctions and the island itself. In Fig. 4.1, we show a schematic diagram of

the CBT thermometer together with the experimental setup that is placed

at room temperature. The device is voltage biased Vb = VgenR3/(R2 +R3).

In addition, a small AC voltage is applied as an excitation using an SR

830 lock-in amplifier, which also enables the measurement of both the AC
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Figure 4.1. A schematic diagram of the CBT thermometer placed in a dilution refrigera-
tor together with the room temperature experimental setup. (Adapted from
Publication I.)

voltage δV and the current δI from which the differential conductance

G = δI/δV is then obtained.

First, the differential conductance G is measured at higher tempera-

tures of around 420-470 mK. Then, a numerically calculated conductance

curve is fitted to the measured one to extract the temperature T , the

charging energy Ec and the tunnel resistance RT of a single junction.

Next, at low temperatures, the charging energy is assumed to be con-

stant, and the higher order series expansion for the half width of the con-

ductance dip and its depth are used to extract the temperature. As an

example, in Fig. 4.2 we show the measured differential conductances ob-

tained from two separate thermal cycles. The charging energies for these

sensors are found to be Ec/kB = 22, 45, 94, and 129 mK for REF, A, B, and

C, respectively.

To reproduce the entire conductance curve, one has to make a fit that

is based on the theoretical model of single electron tunneling discussed

in section 2.2. Here, we briefly state what the free parameters used in

the fit are. The full fit is valid in both the weak and the intermediate

regimes and is limited only by the influence of the unknown background

charges at low temperatures Ec � kBT as shown in Fig. 2.5. The number

of junctions is reduced to N = 2, and they are assumed to have identical

area, and therefore, equal resistances RT . The full theory fit to the differ-

ential conductance versus bias voltage is calculated as the derivative of

the numerically calculated I −V curve where the voltage is the measured

quantity and the current is calculated based on Eqs. (2.17), (2.19) and

(2.22). The only difference in this model for the present CBT thermome-

ter compared to the SET device is the absence of the gate voltages, as the
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Figure 4.2. Normalized conductances versus bias voltage measured at Tbath ≈ 50 mK for
the devices REF, A, B and C. Samples from top to bottom are marked as dark
green stars, red circles, dark blue squares and purple rhombi. (Adapted from
Publication I.)

number of the junctions in the array makes it impractical to have individ-

ual gate control. In addition, in the regime considered, the charge offsets

do not matter, as the charge number on each island fluctuates over sev-

eral integer values. Thus, in Eq. (2.17) the electrostatic energy difference

has no gate dependence, as the gate voltages are ignored. From Eq. (2.19),

one can see that the fit parameters are the tunneling resistance RT , the

charging energy Ec, and the temperature TCBT .

In addition, at low temperatures due to weak electron-phonon interac-

tion, we take the overheating effects into account as follows. The elec-

tronic temperature TCBT ≈ Te of the island that enters Eq. (2.19) is solved

from the heat balance equation Pj − Pe−ph = 0. Here, the first term is the

Joule heating, Pj = V 2

NRT
, dissipated at the junction of the resistance RT .

Next, the heat flow to the phonons is described by the electron-phonon

interaction term as Pe−ph = ΣΩ(T 5
e − T 5

p ). It depends on the volume Ω of

the island, the material dependent electron-phonon constant Σ, and the

temperature of both electrons and phonons Tp. The latter are assumed to

be at the bath temperature of the dilution refrigerator Tbath. Therefore,
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the electronic temperature, taking the overheating effects into account, is

solved as

Te =
( V 2

b

ΣΩRT
+ T 5

p

)1/5
. (4.1)

However, one does not need to make the numerical fitting every time,

but instead one can use the analytical results that we show below. From

the high temperature measurements of the conductance curve, the mea-

sured quantities are the full width of the conductance dip at half min-

imum, V1/2, and the depth of the conductance dip at zero bias voltage,

ΔG/GT . From V1/2, one can extract the temperature, TCBT , in the primary

regime using the analytical expression of Eq. (2.44) [19] that consists only

of natural constants: the Boltzmann constant kB and the electron charge

e, and N is the number of tunnel junctions in the array.

Once the temperature is known from Eq. (2.44), the charging energy can

be extracted from the secondary measurement of the depth of the conduc-

tance dip by employing Eq. (2.45), where uN ≡ Ec/kBTCBT . Here, at high

temperatures, in the regime of Ec � kBT , the measured conductance fol-

lows the first order approximation in uN [19] shown in Eq. (2.45). The

asymptotic value of conductance, GT , is determined as the conductance

at large positive and negative voltages. The above analytical expressions

give the charging energy and the temperature based on four points of

the conductance curve, V1/2 and ΔG/GT , as indicated by the arrows in

Fig. 4.2.

Moving towards lower bath temperatures, depending on the charging

energy of the sensor, we approach the so-called ‘intermediate’ regime where

Ec ∼ kBT , as shown in Fig. 2.5. Here, in order to maintain the accuracy

of the extracted temperature of the CBT thermometer, one has to use a

higher order series expansion for both the half width and the depth as

shown in Eqs. (2.46) and (2.47).

In Figs. 4.3 and 4.4, we show the importance of the use of the third order

approximation, Eq. (2.47), in order to determine the temperature accu-

rately. The measured conductance of sample B is shown by blue dots, the

full theory fit that will be described below is shown by the dashed red line

in Fig. 4.3. The minimum of the experimental data is ΔG/GT = 0.2815,

whereas the first order curve (Eq. (2.45)) shown by solid green line has its

minimum at ΔG/GT = 0.3326 (dark green rhombus). Now, if we calculate

the conductance minimum using the third order approximation, we find it

to be ΔG/GT = 0.2789 (blue star). As one can see, the data is explained by
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Figure 4.3. Measured normalized conductance versus bias voltage for device B marked
as dark blue dots together with the full theory fit (dashed red line). The
minimum of the measured conductance at zero bias which coincides with the
minimum obtained from the full fit is marked as red square. The first or-
der approximation of Eq. (2.45) shown by solid green line with its minimum
(green rhombus). (Adapted from Publication I.)

the third order approximation with an accuracy of 1.1%, whereas there is

significant difference in the shape between the experimental conductance

data and the first order approximation that leads to an error of about 30

% in temperature reading. The inset in Fig. 4.3, shows the data (blue

dots), full fit (solid red line) and the first order result (solid green line).

The wider temperature range at which the depth of the conductance dip

has been measured for sample B is shown in Fig. 4.4 (a). It is clearly visi-

ble that the data (green stars) follow the third order approximation (solid

red line). A close-up of the low temperature end for sensors A (orange

rhombus), B (green stars) and C (purple circles) is shown in Fig. 4.4 (b).

To summarize, we have experimentally shown the importance of the

higher order corrections for both the full width of the conductance dip at

half minimum, V1/2, and the depth of the conductance dip at zero bias

voltage, ΔG/GT , for accurate determination of the temperature. We ex-

tended the operational range of the CBT towards the intermediate regime,

Ec ∼ kBT , using the third order series expansion, and found that the ac-

curacy of this method stays better than 2.5 % down to kBT/Ec 	 0.4. At

even lower temperatures the influence of the background charge distribu-

tion forbids the use of the basic CBT thermometry.
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Figure 4.4. Panel (a) shows the depth of the conductance dip versus temperature for sam-
ple B (green stars). The dashed black, dash-dotted blue and solid red lines
correspond to the first, the second and the third order series expansion, re-
spectively. In panel (b), a close-up into the low temperature regime is shown
for samples A (rhombi), B (stars) and C (dots), respectively, together with the
lines representing the first and the third order series expansion. As one can
see, the data from all measured sensors A, B, and C falls on the respective
third order curve. (Adapted from Publication I.)
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4.2 Electronic thermometry based on NIS

In this section, we will show the measurement results of the NIS elec-

tronic thermometer down to temperatures as low as 7 mK. In addition

to the measurement results, we will discuss what the limiting factors are

and how to overcome them in order to reach even lower temperatures with

the same device. The basic principles of its operation have been discussed

in section 2.3 and the fabrication process in section 3.2.

We conduct our experiment in collaboration with Basel University with

the group of Prof. Dominik Zumbühl. The measurements are performed

in a dilution refrigerator where each of the sample wires is separately

cooled by its own Cu nuclear refrigerator (NR) [130]. The dilution stage

has a base temperature of 9 mK, whereas the lowest bath temperature

Tbath reached by the NR is 3 mK. All of the details of the experimental

setup can be found in [25].

The current-voltage (I−V ) characteristics are measured at several bath

temperatures, and in order to extract the electronic temperatures from

these curves, we employ two methods, called A and B here. The first

method A is based on a nonlinear least-squares fit of a full I −V , utilizing

Eq. (2.26), where the temperature TA
N is the only free parameter. In or-

der to have the temperature as the only fit variable, the other parameters

are determined as follows. The tunneling resistance RT = 7.7 kΩ is deter-

mined by a linear fit to the high voltage part of the I − V , and the Dynes

parameter γ = 2.2 × 10−5 is determined from the ratio of the RT and the

measured zero bias resistance of the junction. Then, substituting these

parameters into the nonlinear least-squares fit with the superconducting

gap Δ and temperature as free parameters, the gap Δ = 200 ± 0.5 μeV is

extracted from high-temperature data (approximately 100 mK) exploiting

Eq. (2.26). All of the parameters RT , γ and Δ are kept constant for all

temperatures below 100 mK using method A.

The second method B is based on the local slope of the measured I − V

utilizing Eq. (2.32). The temperature TB
N is extracted as the slope of the

measured V versus ln I over a fixed range of current where Eq. (2.32) is

valid. Whereas the smearing parameter γ has no influence on TA
N due to

saturation of the exponential increase of the current at low biases, it can

influence the slope of the I−V curve. Therefore, TB
N is prone to errors due

to non-zero γ parameter.

59



Results and discussion

The full scale of a typical I − V curve (blue dots) is shown in the inset

of Fig. 4.5 (a), whereas a close-up into the superconducting gap region is

shown in the main panel. The solid red lines correspond to the full fit
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Figure 4.5. The main panel (a) shows the measured I − V characteristic (blue dots)
zoomed into the superconducting gap region, whereas the inset shows the
full range. Solid red line is a full fit to the data based on method A (see text).
In panel (b), the I − V curves are shown at Tbath = 100 . . . 3 mK from left to
right. The inset shows a close-up of the two distinctive I−V curves measured
at the lowest bath temperatures of 10 and 7 mK. Dashed red and solid black
lines correspond to the fits based on methods A and B, respectively. (Adapted
from Publication II.)

that is based on method A. In the main panel (b), the measured I − V

characteristics are shown on a logarithmic scale by blue dots at Tbath =

100 . . . 3 mK from left to right. The dashed red lines correspond to the full

fit, whereas the linear slopes utilizing method B are shown as solid black

lines. The fitting range used in method B is between 5 and 400 pA. The

inset in Fig. 4.5 (b), shows the I − V curves measured at the two lowest

temperatures of 10 and 7 mK.

The extracted electronic temperatures based on methods A and B are

presented on a logarithmic scale in Fig. 4.6 as red squares and black trian-

gles, respectively. The lowest temperature with a statistical uncertainty

of 5 % obtained from method A is TA
N = 7.3 mK at Tbath = 3 mK.

We define the relative errors in temperature for methods A and B as

t = (
TA,B
N

Tbath
− 1) × 100% and find their maximum values to be 6 and 11 %,

respectively. The error in B is higher, since the influence of γ parameter

is neglected. To assess the reliability of method B, we investigate numeri-

cally the influence of γ parameter on the relative error. Now, we define the

relative error as t = (TB
N /TN )−1 and show the values of t vs ln(eRT I/Δ) in

Fig. 4.7, where we calculate the current numerically based on Eq. (2.26)
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Figure 4.6. The electronic temperatures TA
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N are extracted based on the full fit
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method B). The inset shows the same data on a linear scale. (Adapted from
Publication II.)

for three different values of γ. The values of γ = 10−7, 2.2×10−5, 10−4

are shown as the red, blue and green sets of curves from left to right.

Each set is calculated for temperatures 1, 3 and 7 mK that are marked

as dash-dotted, dashed, and solid lines, respectively. The solid blue line

corresponds to the actual experiment with the values of γ = 2.2×10−5 and

TN = 7 mK. Overall, as one can see from Fig. 4.7, the lower the γ, the lower

the relative error t. In addition, the range of the slope from which TB
N is

extracted gets wider when γ goes down. Therefore, at low temperatures

reducing the leakage is a significant factor in improving the temperature

accuracy using method B.

The Dynes parameter γ, as mentioned in section 2.3, can be attributed

effectively to several different mechanisms, and one of them is Andreev

subgap conductance. Here, we estimated the subgap Andreev conduc-

tance assuming ballistic transport through the junction of area A, where

the conductance is calculated as σAR = RK/(8NRT ) = 8.5 × 10−5 in units

of R−1
T , and RK is the quantum resistance. The effective number of the

conduction channels N = A/Ach is calculated as the ratio of the junction

area, A, to channel area, Ach. The effective area per conduction chan-

nel depends on the density of states and the ‘focusing effect’ which con-
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Figure 4.7. The relative deviation t of the electronic temperature extracted using method
B influenced by parameter γ. Sets of curves from left to right are shown
where the current is numerically calculated based on Eq. (2.26) for three val-
ues of γ = 10−7, 2.2×10−5 (actual experiment), 10−4. For each γ set, the tem-
peratures are 1, 3 and 7 mK from top to bottom. (Adapted from Publication
II.)

strains the incident angle of tunneling electrons as shown in, e.g., Sup-

plement of [100, 134–136]. Another effect causing Andreev reflection is

the so-called diffusively-enhanced Andreev conductance [137], which we

estimate to be 7.5×10−5. It comes from direct or inverse proximity ef-

fects when superconductor and normal metal are influencing each others’

properties. Both of these effects give the same order of magnitude 10−5

for the Dynes parameter γ, which is similar to what we observe in the

experiment γ = 2.2× 10−5.

There are several ways to suppress the leakage current further: one of

them is a carefully designed shielding for the device [108, 138] which helps

to avoid the unwanted high temperature radiation leading to environment-

assisted tunneling. Another method is to use a ground plane which acts

as a capacitive shunt to reduce the influence of the electromagnetic envi-

ronment [107], which is implemented in this work. Furthermore, one can

increase the tunneling resistance of the junction RT in order to decrease
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the Andreev current [137].

In addition, we estimate the self-heating in the normal metal and in the

superconductor based on the thermal diagram shown in Fig. 4.8. First,

Figure 4.8. Thermal diagram of the NIS thermometer. Given schematic does not reflect
the real thicknesses of the materials. (Adapted from Publication II.)

we consider the self-heating in the superconductor. We assume a thermal

quasiparticle distribution [139, 140] for our geometry, see Fig. 3.3, and

write the diffusion equation −∇(κS∇TS) = uS . We set a boundary condi-

tion near the junction −n̄innerκS∇TS |junct = Q̇S
NIS/A, where the thermal

conductivity in the superconductor κS is defined in Eq. (2.34) and −n̄inner

is the inner normal to the junction. Here, we assume that most of the

power goes into the superconductor, thus, Q̇S
NIS ∼ IV . The absorbed

heat per volume is given by uS = q̇Se−ph + q̇trap, where the first term is

the electron-phonon power q̇Se−ph 	 ΣAl(T
n
S − Tn

p ) exp (−Δ/kBTS) [81] with

ΣAl = 3 × 108 WK−5m−3 as the e-ph coupling constant, and n=5 is the

power law dependence. The second term q̇trap =
√
2πkBΔ3/2

e2RT dSA

[√
TNe

− Δ
kBTN −

√
TSe

− Δ
kBTS

]
is the heat removed per volume by the trap, which is (un-

biased) normal metal shadow, see Fig. 4.8. The derivation is shown in

Appendix B. We also take into account the TS dependence of the supercon-

ducting gap as shown in Appendix A, Eq. (6.7). As a result, we find that

the temperature of the superconductor stays below 250 mK in the subgap

bias range |V | ≤ (Δ/e) and does not influence the temperature reading of

the thermometer. At Tbath = 3 mK in this bias range, the injected power is

IV ∼ 90 fW, and the estimated temperature of the superconductor is TS

=145 mK.
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Self-heating in the normal metal can be studied by solving the same

type of diffusion equation. However, due to small dimensions of the de-

vice and the long scale (lN = 17.5 mm) of the temperature relaxation in

the normal metal, there is only a small temperature gradient that can be

neglected. We can write a heat balance equation Q̇N
NIS = Q̇N

e−ph + Q̇N
wire

instead, assuming no extra heat loads, and one can solve the temperature

of the normal metal TN . Here, the first term is the electron-phonon cou-

pling in the normal metal Q̇N
e−ph = ΩN q̇Ne−ph, where ΩN = ANdN is the

volume of N electrode and q̇Ne−ph 	 ΣCu(T
n
N − Tn

p ) with e-ph coupling con-

stant ΣCu = 2 × 109 WK−5m−3. The second term is the heat removed by

the bonding wire from the normal metal Q̇N
wire = q̇NwireNwireAwiredN , where

q̇Nwire = L0σAu(T
2
N − T 2

bath)/2LwiredN . Here, the length of the gold bonding

wire is approximately Lwire = 5 mm, σAu = 1.8 × 109 (Ωm)−1, and Nwire =

2 is the number of the bonding wires with an area Awire = πr2wire and its

radius rwire = 16 μm.

We find that the temperature of the normal metal obtained with meth-

ods A and B is affected by less than 0.5 % due to self-heating effects in the

normal lead and in the superconductor down to 1 mK.
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4.3 Electronic refrigeration based on CBR

Here, we show the proof-of-concept measurement results of the Coulomb

blockade refrigerator. The device is fabricated using electron-beam lithog-

raphy as well as using a laterally proximitized tunnel junction technique

[125] explained in section 3.2. Its operation is based on single-electron

tunneling as described in section 2.6. Therefore, such a cooler performs

best at low temperatures (< 100 mK), Ec � kBT .

The experiment is carried out in a 3He -4He dilution refrigerator in the

temperature range of 50-300 mK. The CBR is voltage V biased as shown

in Fig. 3.4, and at the same time an additional voltage Vg is applied to the

gate electrode. The current flowing through the SET changes the temper-

ature of the two normal metal Cu islands that act as the SET leads. The

temperature change is monitored by NIS thermometers. The NIS junc-

tions attached to each island are biased with constant current and their

thermal voltages Vth are recorded and later converted to temperature with

a linear calibration against the bath temperature.

First, we characterize the SET and the NIS junctions as shown in Fig. 4.9,

where we extract the charging energy, Ec, and the tunneling resistances

RT of the device. The measured I − V characteristic of the SET at Tbath ∼
78 mK is shown as blue dots in the main panel of Fig. 4.9 (a). Here, the

dots appear to form vertical lines due to the sweep of the gate voltage at

each bias voltage point. The inset shows a similar I − V curve at higher

temperature of ∼ 207 mK. The solid red lines in the main panel and in the

inset correspond to the full theory fit using Eq. (2.22) where the extracted

charging energy and the tunneling resistances of the two SET junctions

have values of Ec = 78 μeV, RT,1 = 103 kΩ and RT,2 = 448 kΩ. Here, we re-

call that the junctions are made of Al ‘dots’, that are in direct contact with

a bigger volume of Cu, which due to the inverse proximity effect turns Al

into a normal metal [125]. From the solid red line, that is a fit for the

gate open case in Fig. 4.9 (a), one can see that there is no superconducting

gap at zero bias voltage which indicates that the SET junctions are fully

normal.

A close-up of the I−V characteristics of one of the NIS thermometers in

the temperature range between 50 mK and 300 mK is shown in Fig. 4.9 (b)

as orange dots. The lower inset shows the full I − V curve at Tbath = 48

mK. The upper inset shows the voltage recorded at three constant current
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Figure 4.9. In panel (a), the measured I − V of the SET device is shown by blue dots
together with the fit (solid red line) for the gate open case (see section 2.2 for
definition). The inset shows the I − V at ∼ 207 mK together with the full
theory fit for both cases of gate open and closed. In panel (b), the measured
I − V characteristics for one of the NIS thermometers are shown in the tem-
perature range from 300 mK down to 50 mK. The lower inset shows the full
I − V at ∼ 48 mK, whereas the upper inset shows the voltage calibration
obtained from the I − V curves of the main panel, at constant current of 1, 3
and 14 pA (black, blue and purple from bottom to top, respectively). (Adapted
from Publication III.)

biases of 1, 3 and 14 pA, marked as purple, blue and black dots from top

to bottom. The bias current of 3 pA was chosen for the NIS thermometers

as it results in an approximately linear temperature dependence over the

widest range. This value is also indicated in the main panel of Fig. 4.9 (b)

as the solid grey line. It lies in the temperature sensitive region of the

NIS junction, which is not influenced by the leakage current that appears

as a constant slope at zero bias at low temperature.

After the characterization of the junctions, we do a final measurement

to observe cooling. At each voltage bias point, we sweep the gate voltage

over several periods while applying a constant current bias to the NIS

thermometers, and record their voltages as well as the current through

the SET. We repeat the measurement at several different Tbath. The mea-

sured voltages across the NIS junctions are converted into temperatures

using a linear calibration with respect to the bath temperature as shown

in the upper inset of Fig. 4.9 (b). The traces obtained with this calibration

are shown in Fig. 4.10 for two different base temperatures, Te,0. Each col-

umn from top to bottom shows the temperature of junction 1, junction 2

and the current through the SET as a function of the gate voltage at bias

voltage Vbias = 45μeV.
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T2, and finally, the bottom set shows the current (purple dots) through the
SET device measured simultaneously as T1 and T2. The solid red lines cor-
respond to the theoretical prediction for the bias voltage of 45 μeV (see text).
(Adapted from Publication III.)

The electron temperature is assumed to be equal to the base temper-

ature Te,0 when the device is in the gate closed position and there is no

current flowing through the SET. At this time, no cooling or heating takes

place. We show the base temperature Te,0 for each junction as the dashed

lines in Fig. 4.10 (a)-(b) and (d)-(e). In both junctions, depending on the

gate position, as the current starts to flow ((c) and (f)), we observe cooling

below and heating above the base temperature. The observed cooling ΔT

appears as a dip below Te,0 and depends on the bias and the gate volt-

ages, and on the bath temperature in accordance with Eqs. (2.49a-2.51).

The extracted temperature drop ΔT is averaged over several gate peri-

ods and the standard deviation is calculated for several Tbath as shown in

Fig. 4.11. The error bars denote ±2σ confidence intervals estimated from

the observed scatter. The data sets correspond to voltage bias settings of
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Figure 4.11. Observed cooling ΔT for three bias voltage values of 60 μeV (orange circles),
40 μeV (blue squares) and 20 μeV (red triangles) obtained by averaging over
realizations within a ±5 μeV range, from top to bottom in the temperature
range from 80 up to 200 mK. The solid and dashed lines show the theoreti-
cal prediction for cooling with and without cotunneling effects, respectively.
The inset shows the temperature trace (solid red line) as a function of gate
voltage where the cooling ΔT is observed below the base temperature Te,0.
(Adapted from Publication III.)

60 μeV (orange circles), 40 μeV (blue squares) and 20 μeV (red triangles).

The maximum cooling ΔT = 15 ± 1.15 mK is observed for the data set of

V = 60 μeV at Te,0 = 90 mK, and overall it is rapidly increasing towards

low temperatures as predicted [65] in Eq. (2.52).

The theoretical model shown by solid lines in Figs. 4.10 and 4.11 is based

on the theory of single-electron tunneling [63] and cotunneling [65, 122,

123] as described in sections 2.2 and 2.5. The thermal diagram of the

structure is shown in Fig. 4.12. The electronic temperatures T1 and T2

are solved from the steady state heat balance equation Q̇k
SET + Q̇k

e−ph =

0. The heat Q̇k
SET dissipated at each junction k = 1,2 is calculated based

on Eqs. (2.51) and (2.60). In addition, the electron-phonon interaction is

taken into account as Q̇k
e−ph = ΣΩ(T 5

k − T 5
p ), where the phonons are as-
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Figure 4.12. Thermal scheme of a Coulomb blockade refrigerator. It is based on two
normal metal tunnel junctions k = 1,2 which are insulated between each
other by a superconducting inclusion (S) to prevent the heat exchange when
the device is voltage biased. The temperatures of the ‘cold’ and the ‘hot’
junctions T1 and T2, respectively, are monitored by NIS thermometers (not
shown). (Adapted from Publication III.)

sumed to be at base temperature, Tp = Te,0, and the volume of the cooled

island is approximately Ω 	 5 × 10−21 m3 . The electron-phonon coupling

constant Σ = 4×109 WK−5m−3 is obtained from a fit at the gate open posi-

tion where the heat dissipation in the junctions is equal to Joule heating,

Q̇k
SET = IV/4, per junction and is distributed equally between the two

leads of each junction. We find that in the present structure the cotun-

neling is expected to decrease the temperature drop by 11 % at Te,0 = 83

mK.

The electron temperatures in the present experiment saturate at ∼ 80

mK under external cooling as can be seen from the upper inset in Fig. 4.9 (b).

Several reasons, including the NIS thermometers losing their sensitiv-

ity, and radiation from the hotter electromagnetic environment are spec-

ulated to be the cause of this. The theoretical prediction of T1 influenced

by cotunneling for several different bias voltages is shown in Fig. 2.8.

To summarize, we have presented proof-of-concept measurements of the

Coulomb blockade refrigerator, demonstrating around a 15 % tempera-

ture drop at 80 mK, which increases rapidly towards low temperatures.
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4.4 Heat conduction in Nb thin films

In this section, we discuss measurements of the thermal conductance of

thin film Nb wires. The device is fabricated in two lithography steps as

discussed in section 3.2. The main expressions for the heat flow in metals

due to electron or phonon heat conduction on which we base our discussion

here, have been stated in section 2.4.

We perform various types of measurements to characterize the Nb films

in a 3He -4He dilution refrigerator at two ranges of bath temperature:

Tbath = 50 mK . . . 600 mK, and Tbath = 4 K . . . 20 K. The heat conductance

of the films was measured in the first (lower) temperature range. In this

experiment, we test several Nb wires that are different in length. The

wires A, B and C have the length of 5, 10 and 20 μm, respectively, whereas

all the wires are 200 nm thick and 1 μm wide. To perform heat transport

measurements, several heaters and thermometers based on NIS junctions

are connected to both ends of the wire as shown in Fig. 3.5. Additionally,

we monitor the temperature of the phonon bath along the Nb wire by

similar NIS probes.

The first simple test is to check the superconductivity and Tc of the Nb

films. We perform this test in a PDR where the sample stage is electri-

cally heated up to 20 K. In a four probe configuration, we measure the

resistance as shown in Fig. 4.13. The total resistance Rtotal consists of the

resistance of the Nb wire itself, the two metallic contacts between the Cu

and the Nb at its ends, and the length of Cu islands between the contact

and the probe fingers as can be seen in a close-up image in Fig. 3.5 (c). The

normal state resistance of the series connection is RN ≈ 12 Ω, whereas in

the superconducting state RS ≈ 8 Ω. Therefore, the difference between the

S and the N states gives the resistance of Nb wire in N state and it is then

equal to RNb
N ≈ 4 Ω. The hysteretic behavior of the resistance comes from

a large temperature gradient in the PDR under these conditions, however,

one can see a clear transition between 9 and 10 K that corresponds to the

Tc of bulk Nb which confirms the Nb film being superconducting at low

temperatures.

Next, we perform two types of low temperature measurement below 1

K. The first one is used to characterize the electron-phonon interaction

between the Cu islands and the substrate, and the second one is the

main heat conduction measurement from which thermal conductance in

70



Results and discussion

4 6 8 10 12 14 16 18 20
8

9

10

11

12

Tbath

R
to
ta
l
(
)

Tbath (K)

Tbath

Figure 4.13. The total series resistance Rtotal versus Tbath that consists of the resistance
of the Nb wire itself and additional series resistance (see text). (Adapted
from Publication IV.)

Nb wires is extracted.

During the first measurement, as schematically shown in Fig. 4.14, one

pair of NIS junctions is used to control the temperature of the island by

running the current Iheater through a heater, and the second pair is used

as a thermometer to record the temperature change of the island by mea-

suring the full I − V characteristic at each value of heating power. Since

Figure 4.14. Schematic of the experimental setup for assessing the electron-phonon in-
teraction between the left normal metal Cu island and the substrate.

the current of the NIS junction, slightly biased below the superconducting

gap, has a strong bias and temperature dependence, one can extract the

electronic temperature TL of the island based on the full fit to the I − V

curve without a calibration against the bath temperature. Three of the
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measured I − V characteristics (blue dots) together with the full fit (solid

red line) based on Eq. (2.26) are shown in the inset of Fig. 4.15 (a) whereas

the main panel shows the same data on a logarithmic scale. The extracted

electron temperatures from the I−V ’s are TL = 591, 495 and 396 mK from

left to right at Tbath = 60 mK.
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Figure 4.15. Panel (a) shows three measured I − V characteristics (blue dots) together
with the full fits (solid red lines) on a logarithmic scale and linear scale
on the inset. (b) shows the measured voltage across the NIS junction in
the lower inset, polynomial calibration against the bath temperature in the
main panel, and the electron temperature TL as a result of calibration in
the upper inset. Three curves in the upper and the lower insets are shown
for Tbath = 400, 305 and 70 mK. (Adapted from Publication IV.)

During the second measurement, the heater is voltage biased at Vbias

and the current through it Iheater is measured, as schematically shown in

Fig. 4.16. At the same time the NIS thermometers at both ends of the Nb

wire and the substrate thermometers are constant-current-biased at 150

pA and 50 pA, respectively (see Fig. 3.5 (a)), and the voltages across them

are measured. All of these thermometer voltages, VL, VR, VS,1, VS,2 and

Figure 4.16. Schematic of the experimental setup for assessing the heat conduction in
Nb thin films, the substrate thermometers not shown.

VS,3 across the NIS junctions are converted to electron temperature with
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a polynomial calibration with respect to Tbath, as shown in the main panel

of Fig. 4.15 (b). An example of the measured voltage of a thermometer

junction and the electron temperature after calibration is shown in lower

and upper insets of Fig. 4.15 (b), respectively.

The combination of electron temperatures extracted using polynomial

calibration for the left (TL, dark red) and right (TR, orange) islands, and

at three different locations on the substrate (TS,1, green; TS,2, cyan; TS,3,

blue) at Tbath = 70, 305, 400 mK are shown in Fig. 4.17 (a).

To elucidate the electron-phonon interaction in the Cu normal metal is-

lands that are assumed to have identical volume, we plot in Fig. 4.17 (b)

the electron temperature of the left island TL obtained from the two mea-

surements discussed above. The red squares correspond to the electronic

temperature TL extracted from full I −V ’s, where the heater power is cal-

culated for a double configuration of NIS junctions based on Eq. (2.37a).

The blue dots correspond to the electron temperature TL obtained with a

polynomial calibration of the measured voltage VL against the bath tem-

perature. These data sets are measured at Tbath = 60 mK (red squares)

and 70 mK (blue dots). We fit the electron-phonon model (solid black line)

as follows

Q̇L
e−ph = BT 5

L + Q̇0. (4.2)

The two free parameters in the model are the coefficient B = ΣΩ and the

background heating Q̇0 = 0.74 fW. In the coefficient B, Ω is the volume of

the two copies of the Cu island as a result of the shadow evaporation and

Σ = 1.03× 109 WK−5m−3 is the electron-phonon coupling constant.

Here, at low powers (< 0.01 pW), the NIS junction used as the heater

starts to behave as a cooler when the voltage drop is close to the super-

conducting gap parameter. For this reason, the use of Eq. (2.37a) leads to

an artificial saturation of the electron temperature TL at low powers. To

avoid any artificial saturation, we employ the following empirical model

[42, 141, 142]

Q̇eff
heater = Q̇heater − β′(Q̇heater − IheaterVbias), (4.3)

where β′ is a dimensionless parameter, 0 ≤ β′ ≤ 1. In Eq. (4.3), the first

term is raw cooling power of the NIS junction and the second term is the

fraction of heat flowing back to normal metal from the superconductor due

to its poor thermalization. Here, β′ = 0.2 is the optimum value to describe

the heater which still matches at high powers (above 1 pW) the basic NIS
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Figure 4.17. In panel (a) are shown the electron temperatures obtained from a poly-
nomial calibration against the bath temperature of measured thermome-
ter voltages across the NIS junctions at both ends and along the Nb wire.
Panel (b) shows electron temperature TL extracted from the full fit of the
measured I − V curves (red squares) and from measured voltage using a
polynomial fit (blue dots). (Adapted from Publication IV.)

behavior shown in Eq. (2.37a).

Now, we assess the heat conduction in Nb thin film wires based on the

second measurement. At this point the electrical heating Q̇heater is ap-

plied to the left Cu island, and the temperatures are monitored at various

locations on the chip. A thermal scheme illustrating heat flows in the

structure during this measurement is shown in Fig. 4.18. The expres-

Figure 4.18. Thermal scheme of the structure illustrating the heat flows when electrical
heating Q̇heater is applied while temperatures are measured in different
locations on the chip. (Adapted from Publication IV.)
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sion for the heat flux through a conductor was given in Eq. (2.35), and for

small temperature differences T1 ≈ T2 it has a linear form of Q̇ = G(T )ΔT .

Here, ΔT = T2−T1 is the temperature difference across the conductor and

G(T ) = A
Lκ(T ) is the temperature-dependent thermal conductance, where

κ is thermal conductivity. In the present structure, we know the applied

heating power, and we obtain the temperatures at both ends of the con-

ducting wire via polynomial calibration. Therefore, based on the thermal

diagram illustrated in Fig. 4.18, one can write down two heat balance

equation as follows

Q̇heater = Q̇L
e−ph + Q̇R

e−ph (4.4a)

Q̇R
wire = Q̇R

e−ph. (4.4b)

For now, we omit the Q̇leakage term. The heater power for the double con-

figuration of NIS junctions is calculated based on Eq. (2.37a) as Q̇heater =

2Q̇N
NIS , where TN = TS = TL assuming BCS density of states (Eq. (2.23)).

The superconducting gap and the tunneling resistance used for samples

A, B and C in Eq. (2.37a) are Δ = 214, 202 and 227.65 μeV, and RT =

56.5, 32 and 71 kΩ, respectively. They were extracted from the full fit to

the measured I − V characteristics based on Eq. (2.25). We use the same

model for the electron-phonon heat flow as before. Therefore, Eq. (4.4a)

can be written as

Q̇heater = B′(T 5
L + T 5

R − 2T 5
bath), (4.5)

where Q̇heater is calculated based on the measured quantities, and TL,R,bath

are measured temperatures. At each bath temperature, we extract the

electron-phonon coefficient B′ based on the model in Eq. (4.5) as shown in

Fig. 4.19 (a) and (b).

Next, based on Eq. (4.4b), we calculate the heat flow through the wire

Q̇R
wire using the obtained above value of B′ parameter in the formula

Q̇R
e−ph = B′(T 5

R − T 5
bath). After we know the heat flow through the wire,

using the linear approximation for small temperature differences, one can

write down the heat flux through the Nb wire at each bath temperature

as

Q̇R
wire = Gmeas(TL − TR). (4.6)

The heat flux Q̇R
wire versus the temperature difference for several Tbath

is shown in Fig. 4.19 (c). The thermal conductance Gmeas is then deter-

mined by a linear fit (solid black lines) to the model in Eq. (4.6) at each
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Figure 4.19. In panel (a), the heater power (dots) at several bath temperatures is shown
together with the fits (solid black lines) used to extract e-ph coefficient B′.
Panel (b) shows B′ at several Tbath. Panel (c) shows the heat flux through
the wire versus the temperature difference. In panel (d), a close-up of (c) is
shown together with linear fits (solid black lines) from which the thermal
conductance Gmeas is extracted. A close-up in panel (b), shows the extracted
thermal conductance using 15 mK (black squares) and 30 mK (red circles)
as an upper limit in (d). (Adapted from Publication IV.)

Tbath for a small temperature difference between 3 and 15 mK as shown

in Fig. 4.19 (d). To test the sensitivity of the fit to the choice of the temper-

ature range, we extract the thermal conductance with 30 mK as an upper

limit. The inset of Fig. 4.19 (b) shows the extracted thermal conductance

using an upper limit of 15 mK (black squares) and 30 mK (red circles).

However, no significant difference can be seen between the two conduc-

tances on the present logarithmic scale. The resulting thermal conduc-

tances for samples A, B and C in the temperature range of Tbath = 0.1 . . .

0.6 mK are shown in Fig. 4.20 (b). Scaling Gmeas by the wire dimensions,

one gets thermal conductivities as shown in Fig. 4.20 (a). In addition to

measured thermal conductivities in Fig. 4.20 (a), the BCS prediction is

shown for Al and Nb in both normal and superconducting state as dash-

dotted and solid lines, respectively. As one can see, instead of an expo-
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nential behavior as predicted by the BCS theory, the measured thermal

conductance in Nb thin films follows a power law dependence Gmeas ∝ T β ,

where β ≈ 4.5.

In panel (c), a comparison between the thermal conductivity in Al and

in Nb is shown by open and filled red squares, respectively. The data set

of the thermal conductivity in an Al wire, following closely the expected

exponential BCS-dependence, is analyzed based on the experiment from

Ref. [93]. The Al wire is 4.2 μm long, which is comparable to sample

A (5 μm), studied in this work. Heat conductivity in Nb wires is lower

compared to that in Al for temperatures above 0.2 K.

In addition, during the main measurement from which thermal conduc-

tivities are obtained, we monitor the phonon temperature of the substrate.

As shown in Fig. 3.5, three NIS junctions are placed near the Nb wire.

The thermometer voltages across the junctions are measured and then

converted to temperature using a calibration as explained in Fig. 4.17 (b).

The resulting temperatures at three different locations on the substrate

at the distances of rS,1 = 11.5 μm, rS,2 = 15.6 μm, and rS,3 = 20.4 μm

from the heater are shown in Fig. 4.21. As one can see from the inset

in Fig. 4.21, the temperature gradient is visible at temperatures below

200 mK, whereas the temperature at which thermal conductances are ex-

tracted are mostly above 200 mK. From this measurement, one can con-

clude that the phonons in the substrate in the vicinity of the wire are not

significantly overheated at temperatures above 200 mK.

To assess the Q̇leakage term that was omitted for now, three thermal mod-

els using linear approximation for small temperature differences are con-

sidered. A description of each model can be found in the Methods section

in Publication IV. The first one is a three-resistor model, the second one

assumes a continuous temperature profile in the wire, and the third one is

the correction to the electron-phonon conductance due to presence of the

leakage.

The absence of the Q̇leakage in Eq. (4.4a) increases the fitted prefactors

B or B′, whereas we find the experimentally defined values to be smaller

than what is expected for the volume Ω of the present structure and for a

standard value of Σ for Cu. This suggests that the leakage does not domi-

nate over the electron-phonon heat flow in the Cu islands. In addition, the

presence of the leakage would decrease the apparent thermal conductance

of the wire, whereas the measured conductance is higher than expected.
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Figure 4.20. In panel (a), we show the measured thermal conductivities of samples A, B
and C as filled red squares, blue triangles, and green circles, respectively.
Bulk thermal conductivities for Al and Nb in normal (dash-dotted lines) and
superconducting (solid lines) state are shown in blue and black. The solid
grey line represents a power law of T β , where β ≈ 4.5. The cyan stars
correspond to the extracted thermal conductivity of sample A using IV/2 as
the injected power to the island. Panel (b) shows thermal conductances of
devices A, B and C. In panel (c), a comparison between Al and Nb is shown,
where the Al data set is analyzed based on Ref. [93]. The data sets for Al
(4.2 μm) and Nb (sample A, 5 μm) wires are shown as red open and filled
squares, respectively. (Adapted from Publication IV.)
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temperature gradient along the substrate in the power range of 18-20 pW.
(Adapted from Publication IV.)

To summarize, we have studied thermal conductance in Nb wires of dif-

ferent lengths in the temperature range of 0.1 - 0.6 K. The measured con-

ductances are higher than predicted by the BCS theory, and have a power

law dependence of Gmeas ∝ T β, where β ≈ 4.5, instead of an exponential

behavior. By monitoring the temperature of the substrate phonons, we

conclude that they are not overheated and stay at Tbath for most of the

measured temperature range. However, the exact mechanism of the dom-

inating heat carrier is unknown, as one cannot individually assess the

heat transport by electrons and by phonons in the Nb thin film in this

experiment.
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4.5 Tunnel barrier parameters

In this section, we will discuss the tunnel barrier parameters such as the

height φ, and the width d of metallic Al/Al2O3/Al junctions. The theoret-

ical background describing the relationship between the barrier param-

eters has been discussed in section 2.1, and the details on the junction

fabrication in section 3.2. To extract the barrier parameters using the

density-functional theory (DFT) calculations, we consider model where

the oxide interface is terminated with Al or O atomic layers. We study

three different stacking sequences of the unit cell in the crystal struc-

ture of the oxide for each termination layer. On the other hand, we have

measured the differential conductance of typical junctions at 4 K. The

conductance spectrum of the measured structures is used to extract the

tunnel barrier widths. As the author of this thesis did not perform the

DFT calculations, we do not focus on the details of the calculations itself,

but rather we show a general picture of the obtained results.

The purpose of this study is to find the connection between the struc-

tural properties of the interface geometry and the tunnel barrier param-

eters (the height and the width). Here, we examine the interface between

the metal and the oxide in Al/Al2O3/Al tunnel junctions that are com-

monly used in solid state devices. These junctions are made by electron-

beam lithography and evaporation techniques where the oxide is formed

in-situ by thermal oxidation. Such technique provides a fast and easy fab-

rication process of many junctions simultaneously with nearly identical

properties, such as the junction size and its resistance, for example. How-

ever, since during the process of thermal oxidation the growth of the thin

insulating layer is not atomically controlled, and the surface of the metal-

lic film on top of which the oxide is grown can be rough due to granular

nature of the evaporated metal, the thickness of the thin insulating layer

itself might vary along the tunnel junction. These non-uniformities in the

insulating layer of the tunnel barrier, can affect the electron transport of

the device.

The thickness of the insulating layer might vary throughout the junc-

tion, hence, the width of the tunnel barrier varies as well. Yet, the latter

does not necessarily correspond to the physical thickness of the insulator.

The height of the barrier can be affected by the metal states penetrating

into the oxide, where the additional levels are introduced for the tunneling
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electrons [143], similarly to Schottky barriers. All of these effects influ-

ence the electron transport, since the conductance of the junction depends

exponentially on the barrier width and height.

We model the interface of the junction with the help of DFT calculations

as follows. The metal is represented by 5 layers of Al atoms with surface

orientation (111), whereas the oxide appears as a crystalline Al2O3 with

hexagonal unit cell and the (0001) surface parallel to the interface. The

oxide can be terminated by a single atomic layer of Al or O. In addition to

the choice of terminated layers, for each of them, we consider three most

typical crystal structure unit cells: face-centered cubic (FCC), hexagonal

closed packed (HCP) and octahedral (OT). In total, we study 6 structures

of the interfaces for different terminating layers and stacking sequences.

An example of the interface between Al and the oxide is shown in Fig. 4.22,

where the oxide is terminated by an O layer. We show, by the solid

(dashed) lines, the trapezoidal shape that is considered for the potential

barrier with the base d as its width, height φ and the transition regions

Δd at the interfaces. In the present model, we assume both interfaces to

be identical, therefore, we take into account only one of them, thus the

second layer of Al is absent in the calculations as well as in Fig. 4.22.

Figure 4.22. The model of a trapezoidal barrier with the base d as the width, φ as the
height and Δd the transition regions of the metal-oxide interfaces. (Adapted
from Publication V.)

In order to reconstruct the potential barrier for chosen geometries, we

need to know all the dimensions of the trapezoid. We start with the tunnel

barrier height, φ. The height is estimated based on the Schottky model
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for metal-semiconductor junction as

φ = W − χ. (4.7)

Here, W is the work function of the metal defined as the difference be-

tween its Fermi level (EF ) and the vacuum level, and χ is the electron

affinity of the oxide defined as the difference between its conduction band

minimum (CBM) and the vacuum level as shown in Fig. 4.23. Equation (4.7)

Figure 4.23. Simplified band structure of metal (on the left) and oxide (on the right) in
terms of energy versus the density of states (DOS). The oxide has an energy
gap Eexp

g between the conduction band minimum (CBM) and the valence
band maximum (VBM).

is only valid for bulk materials, and in order to apply it to the interface,

one needs to know the position of the CBM inside the junction. CBM is

obtained as a sum of the valence band minimum (VBM) found from DFT

calculations and the experimental value of the oxide band gap, Eexp
g = 8.8

eV [144]. Now, the barrier height is expressed as

φ = (V BM + Eexp
g )− EF . (4.8)

where the difference between the VBM and the Fermi level is the valence

band offset (VBO) as shown in Fig. 4.23. The final form, linking the DFT

calculation to the experiment is

φ = V BO + Eexp
g . (4.9)
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Tunnel barrier parameters

Geometry
1Al 1Al 1Al O O O

FCC HCP OT FCC HCP OT

VBO (eV) -7.65 -5.65 -6.15 -7.55 -7.55 -7.05

φ (eV) 1.15 3.15 2.65 1.25 1.25 1.75

Δd (Å) 5.83 2.78 2.62 3.34 3.15 2.05

d (Å) 8.89 6.77 7.54 10.34 10.48 9.70

Table 4.1. Tunnel barrier parameters for six representative geometries.

The calculated VBO and the tunnel barrier heights, φ, for six representa-

tive geometries of the interfaces are shown in Table 4.1.

The width of the transition region, Δd, between the metal and the oxide

is found from the DFT calculations using the projected density of states

(PDOS). The PDOS were calculated for each atomic layer of the six inter-

face geometries assuming the local density of states follows the shape of

the barrier along the coordinate perpendicular to the barrier. Two linear

fits to the base and the leg of the trapezoid formed by the PDOS give the

width of the transition region, Δd. The extracted values of Δd are shown

in Table 4.1.

The tunnel barrier width, d, is calculated based on the measured zero-

bias conductance G0 using the following model [145]

G0 ≈ − e−F (EF )

2π2F ′(EF )
, (4.10)

where

F (EF ) = 2
√

2m∗φ
(
d+

2

3
Δd

)
, (4.11)

and

F ′(EF ) = − 2√
2m∗φ

(d+ 2Δd). (4.12)

Here, m∗ = 0.38me is the effective electron mass obtained from the DFT

calculations of the band structure of the bulk oxide. The measured zero-

bias conductance is extracted from a parabolic fit to the measured conduc-

tance which is shown in Fig. 4.24. The zero-bias conductances found from

the parabolic fit are 1802.17, 1794.5 and 1765.5 μSμm−2 for three junc-

tions respectively. The Coulomb dip that appears at zero-bias is ignored

during the fitting procedure.
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Figure 4.24. Measured differential conductance versus voltage for three single
Al/Al2O3/Al tunnel junctions. The inset shows the I − V characteristics
of the same junctions. (Adapted from Publication V.)

In addition to the barrier parameters extracted with the help of the DFT

calculations, we used the Wentzel-Kramers-Brillouin (WKB) approxima-

tion for comparison. The measured conductance was fitted using the WKB

model, where φ, Δd, d and m∗ are left as free parameters. The fitting in-

cludes only voltages below 0.17 V, as the measured conductance has a

shape of a double parabola. The bias voltage causes a tilt in a form of lin-

ear potential to the trapezoid, and thus its width is reduced. The fitting

which reproduces G−V curve yields the following tunnel barrier parame-

ters: φ = 2.56 eV, Δd = 1.70 Å, d = 8.43 Å and m∗ = 0.29me. The calculated

tunnel barrier height using the WKB model is different by only 3% from

the height of 1Al OT configuration based on DFT model. The second clos-

est value of the height with 18 % difference is the 1Al HCP configuration.

As a conclusion, this result suggests that the measured structures most

probably consist of Al-terminated interfaces with octahedral stacking se-

quences.
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In this dissertation, we have studied heat transport in nanostructures

that are based on various types of tunnel junctions measured at tempera-

tures below 1 K.

In Publication I, we have shown that the working regime of a Coulomb

blockade thermometer (CBT) can be successfully extended towards the so-

called ‘intermediate’ regime. In this regime, Ec ∼ kBT , the accuracy of the

thermometer can be significantly improved by employing a third order se-

ries expansion for the full width of the conductance dip at half minimum,

V1/2, and for the depth of the conductance dip at zero bias voltage, ΔG/GT .

We found that the accuracy of the temperature reading stays better than

2.5 % down to kBT/Ec 	 0.4, whereas at even lower temperatures, the in-

fluence of the background charge distribution forbids the use of the basic

CBT. Another advantage of the intermediate regime is that one can design

a sensor that operates at low temperatures, T ∼ 1 mK. In order to reach

such low temperatures with similar accuracy, one needs to create a low

impedance environment [146] and the charging energy has to be as low as

Ec ∼ 3 mK. The low charging energy can be achieved by using a ground

plane underneath the island that creates a parallel plate capacitor. The

required size of the island is large (hundreds of μm2), however, still rea-

sonable from the fabrication point of view. In addition, large size of the

island helps to improve the thermalization with the phonon bath which

is very important at these temperatures, as the electron-phonon coupling

gets weaker.

The second electronic thermometer studied in this thesis is based on the

normal metal-insulator-superconductor (NIS) tunnel junction. In Publi-

cation II, we reach temperatures as low as 7.3 mK by measuring the full

I − V characteristics of the NIS device. In addition, we show that one
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can use this thermometer in the primary mode by recording the logarith-

mic slope of its I − V curve. The accuracy of the second method is lower,

but, however, it can be improved by reducing the leakage currents in the

device. To reach these low temperatures, we address the design of the de-

vice itself as well as the measurement setup. We also showed analytically

and numerically that the influence of the self-heating effects in normal

and superconducting leads on the I − V characteristic in the present de-

sign are negligible. It should be possible to reach temperatures T ∼ 1 mK

by further improving certain aspects of the experimental setup, such as

shielding. This simple and yet accurate device can be used as ‘on and off ’

chip thermometer at low temperatures.

Another device studied in this thesis is a Coulomb blockade refrigerator

(CBR). In Publication III, we show the proof-of-concept measurement of

the CBR cooler, demonstrating a 15 % temperature drop at 80 mK with

rapid increase towards low temperatures. Such a refrigerator is intended

for temperatures well below 100 mK. Its further improvement could pro-

vide the last stage in cascade refrigerator [56]. Many experiments and

applications [34, 71, 72, 79, 80] would benefit from such a solid state re-

frigerator, as it can substitute for the large dilution refrigerators. This

is of great convenience for territorial and especially space based applica-

tions [34, 79], as the latter setups are even more complicated due to a lack

of gravity, and require special helium injection.

Very often, in order to reach low temperatures, one needs to have good

thermal insulation [66, 68, 91]. Superconducting Al is one example [66,

93], however, its critical temperature of Tc = 1.2 K in bulk is too low for

the realization of some experiments [68], as it leaks heat at tempera-

tures above 0.3 K. Therefore, one can consider a superconductor with a

higher critical temperature. For this purpose, in Publication IV we study

thermal conductance in Nb thin films of different lengths. We found the

measured thermal conductances to be higher than expected from the BCS

theory. Instead of the exponential behavior, known for instance for Al,

the thermal conductance of Nb films obeys a power law dependence of Tβ,

where β ≈ 4.5. However, the exact mechanism of the heat conduction in

the measured Nb thin films is unknown and requires further investiga-

tion, as in the present experiment the possible candidates, electrons and

phonons of the films, could not be assessed separately. In addition, we

have performed a comparison with thermal conductances of Al thin films
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and found that Nb is a better thermal insulator in the temperature range

above 0.2 K.

The last experiment of this thesis, presented in Publication V, is devoted

to the study of the effect of the interface geometry on electron tunneling

in Al/Al2O3/Al junctions, that are widely used in experiments [118, 147–

150]. Here, we examined the interface between the metal and the oxide,

where the oxide is terminated by a single Al or O atomic layer. For each

termination, we explored three representative geometries of the different

stacking sequences: face-centered cubic (FCC), hexagonal closed packed

(HCP), and octahedral (OT). The tunnel barrier parameters such as the

height φ, the width d, and the width of the transition region Δd, were

extracted using a trapezoidal model for the barrier. To assess the bar-

rier parameters, we used first-principle density-functional theory (DFT)

calculations and we measure the differential conductances of three single

Al/Al2O3/Al junctions at 4K. In addition, we have estimated the average

tunnel barrier parameters using the Wentzel-Kramers-Brillouin (WKB)

approximation. We have shown that the measured structures consist

mostly of Al-terminated oxide. The closest agreement between the tun-

nel barrier heights (3 % relative error) extracted using the DFT and WKB

methods was found with the 1Al OT configuration.
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6. Appendices

Here, we will show some of the derivations used for the analysis of the

data presented in Publications I-V.

6.1 Appendix A

Below we show the derivation of the temperature dependence of the su-

perconducting gap in low temperature regime where Δ(0) ≈ Δ(T ). The

superconducting gap equation has the following form [103]

1

N(0)V
=

ˆ
�ωc/Δ

0

tanh
(
βΔ
2

√
1 + η2

)
√

1 + η2
dη. (6.1)

We can approximate tanh(x) at x � 1 as follows

tanh(x) =
sinh(x)

cosh(x)
=

ex − e−x

ex + e−x
� 1− 2e−2x. (6.2)

Then Eq. (6.1) can be split into two integrals as

1

N(0)V
�
ˆ

�ωc/Δ

0

dη√
1 + η2

− 2

ˆ
�ωc/Δ

0

e−βΔ
√

1+η2√
1 + η2

dη. (6.3)

With a change of variable

η = sinh(u)
√

1 + η2 = cosh(u) dη = cosh(u)du (6.4)

Equation (6.3) can be written as

1

N(0)V
�
ˆ arcsinh( �ωc

Δ
)

0
du− 2

ˆ arcsinh( �ωc
Δ

)

0
e−βΔcosh(u)du. (6.5)

We can approximate cosh(u) = (1 + u2

2 ) at u > 1 which results in

1

N(0)V
≈ ln

(
�ωc

Δ

)
−
√

2π

βΔ
e−βΔ. (6.6)

Now, the first term on the rhs is the β = ∞ result, therefore

Δ(T )

Δ(0)
� 1−

√
2πkBT

Δ(0)
e−Δ(0)/kBT . (6.7)
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6.2 Appendix B

Here, we show the derivation of heat transport through a trap close to

NIS junction. The trap is represented by the piece of normal metal that

is in contact with superconductor via the same oxide as a tunnel barrier

of the junction itself. The purpose of the trap is to thermalize the super-

conductor and evacuate the hot quasiparticles. Heat extracted from the

superconductor is given by Eq. (2.37b)

Q̇S =
1

e2RT

ˆ −∞

−∞
dEnS(E)E[fN (E − eV )− fS(E)]. (6.8)

Heat flow through the trap Q̇trap, can be calculated as Q̇S(V = 0, TN =

Tbath, TS).

Q̇trap =
1

e2RT

ˆ ∞

−∞
dEnS(E)E[fN (E)− fS(E)]. (6.9)

Utilizing the basic properties of Fermi functions and the density of states:

fN,S(−E) = 1− fN,S(E) and nS(−E) = nS(E), we can rewrite Eq. (6.9) as

Q̇trap =
2

e2RT

ˆ ∞

Δ
dEnS(E)E[fN (E)− fS(E)]. (6.10)

Here, the BCS DOS nS(E) is given by Eq. (2.23) (a) and the Fermi func-

tions at TN,S 
 Tc can be approximated as

fN,S(E) =
1

e
− E

kBTN,S + 1
≈ e

− E
kBTN,S . (6.11)

Substituting Eqs. (6.10) and (6.11) in Eq. (6.9) one gets

Q̇trap =
2

e2RT

ˆ ∞

Δ
dE

E2

√
E2 −Δ2

[e−βNE − e−βSE ], (6.12)

where βN,S = 1/kBTN,S .

At low temperature, the exponential dependences are strong, and only

energies near E ≈ Δ matter

E2

√
E2 −Δ2

≈ Δ2√
(E +Δ)(E −Δ)

≈ Δ2√
2Δ(E −Δ)

≈
√

Δ3

2(E −Δ)
. (6.13)

Now the heat flow has the form of

Q̇trap =
Δ
√
2

e2RT

ˆ ∞

Δ
dE

√
Δ

E −Δ

(
e−βNE − e−βSE

)
. (6.14)

If we make a double variable change in Eq. (6.14) as ε = E/Δ and dε =

dE/Δ and u =
√
ε− 1 and dε = 2udu, we get

Q̇trap =
2
√
2Δ2

e2RT

[
e−βNΔ

ˆ ∞

0
e−βNΔu2

du− e−βSΔ

ˆ ∞

0
e−βSΔu2

du
]
. (6.15)
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The definite integral in Eq. (6.15) at βN,SΔ > 0 has the following solution
ˆ ∞

0
e−βN,SΔu2

du =
1

2

√
π

βN,SΔ
. (6.16)

Therefore, Eq. (6.15) in terms of the temperatures of the normal metal TN

and superconductor TS the power is given by

Q̇trap =

√
2πkBΔ

3/2

e2RT

[√
TNe

− Δ
kBTN −

√
TSe

− Δ
kBTS

]
. (6.17)
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Errata

Publication IV

Equation (6) is wrong. The correct equation reads as

I(V ) =
1

2eRT

ˆ
nS(E)

[
fN (E − eV )− fN (E + eV )

]
dE.
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