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1. Introduction

Low temperature detectors (LTD) are vastly used in a wide spectrum of

research fields in physics, as well as in commercial and security applica-

tions. Cooling down a detector is an obvious choice for noise reduction,

and in many applications, the benefits of applying LTDs overcome the

technical challenges faced by employing cryoengineering. The driving force

behind the development of LTDs during the previous decades has been

to answer several fundamental scientific questions. These include the

search for exotic particles, such as the weakly interactive massive particles

(WIMP) and galactic axions, to explain dark matter [1, 2], observing the

cosmic microwave background (CMB) [3, 4], that points the history of the

universe back to the Big Bang, and examining quantum phenomena in cir-

cuit quantum electrodynamics (cQED) applications for cutting-edge qubit

research [5, 6]. In the early years of the 20th century, Planck introduced

the concept of quantised electromagnetic radiation and Einstein proposed

the ground-breaking interpretation of light being fundamentally composed

of individual elementary particles, nowadays referred to as photons [7–10].

In the context of quantum electrodynamics (QED), photon is defined as an

elementary excitation of a single mode of the quantized electric field. Sin-

gle photon detector (SPD), as the name suggests, is an extremely sensitive

device capable of detecting individual photons. The recent developments in

quantum information technology have induced several attempts towards

implementing detectors for microwave photons [5, 6, 11–22]. In line with

these developments, the long standing goal of the research presented in

this thesis has been in developing a high fidelity single photon detector

suitable for itinerant microwave photons in a transmission line.

Depending on the application, different benchmarks for the detector are

of primary interest. We aim to obtain a device capable of detecting mi-

crowave photons of a wide band in continuous manner, attaining both time
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and energy resolution. This type of detector opens a number of scientific

opportunities in performing calorimetric measurements of work done by a

quantum system [23] and in enabling experiments in the field of quantum

thermodynamics [24–29], until now a mainly theoretically oriented field of

physics. Conventional thermodynamics works as a powerful approximation

under conditions where thermal fluctuations are not relevant. For smaller

systems and non-equilibrium dynamics, stochastic thermodynamics picks

up where thermodynamics fails [30]. Fluctuation relations, such as Jarzyn-

ski and Crooks relations [31–36], are important corrections for describing

systems with meaningful thermal fluctuations. At even smaller scales,

quantum fluctuations start to have a significant impact and we enter the

realm of quantum thermodynamics [37–39].

The two main approaches to microwave SPD’s are atom-like systems –

such as quantum dots and superconducting circuits – and thermal detec-

tors, of which we pursue the latter. In atom-like systems the energy of the

photon is transformed to a single degree of freedom with the possibility of

performing measurements, where the uncertainty of an observable is not

increased by its detection, referred to as quantum nondemolition (QND)

[12, 13, 40]. QND measurements of microwave photons confined to a cavity

were first demonstrated a decade ago [12, 13, 20, 21] and the detection of an

itinerant microwave photon has been realized recently [18, 20, 21, 41, 42].

The drawback of the atom-like systems lies in the limited frequency range.

In the thermal detector, the heating effect of a single photon is exploited,

as the capture of the photon induces a temperature change in the absorber.

The photon is destroyed during the detection as its energy is transferred

to a large ensemble. A bolometer is a thermal detector that measures

the power of incident radiation [43, 44], whereas a thermal detector with

photon number resolution is referred to as a calorimeter. Contrary to the

qubit-based approach, a broadband microwave detector can be realized by

choosing a material capable of absorbing photons from a wide spectrum of

electromagnetic radiation.

The most widely used low temperature bolometer up to date is a super-

conducting transition edge sensor (TES), with a superconducting absorber

film biased close to its critical current. Incoming radiation breaks Cooper

pairs and drives the film to a dissipative state, resulting in a large signal.

A superconducting nanowire SPD (SNSPD) is operationally similar to TES,

with the absorber volume reduced to the size of a nanowire [45–47]. The

challenge in this type of a device, however, is in obtaining efficient photon
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absorption. Efforts for improving the photon capture probability have been

made by fabricating the wire as a long meander structure, embedding it in

an optical cavity, using parallel wires as an avalanche detector [48] and by

attaching normal metal antennae. All of the above approaches increase

the heat capacity, typically limiting SNSPD’s to near-infrared frequen-

cies. Using a normal metal wire in place of the superconductor overcomes

the problem of photon coupling, since a resistive wire can be impedance

matched to a waveguide as an optimal load. Also, the re-trapping time

following the photon capture in superconducting structures is avoided in

non-switching absorbers. These kind of detectors, in which the incoming

microwave photons heat the electron gas of a metal absorber are referred

to as hot electron microcalorimeters. For detecting the temperature rise

of the order of a few mK in the absorber, it is necessary to have a highly

sensitive fast electron thermometer. One method is to acquire the elec-

tron temperature Te by a hybrid normal metal-insulator-superconductor

(NIS) -tunnel junction probe. This type of hot electron calorimeters for

THz detection are discussed in Refs. [49–54]. Other approaches in SPDs

include quantum capacitance detectors [55], Josephson junction detectors

[16, 56–61], semiconducting devices and graphene detectors [19, 62, 63].

In our device, a normal metal nanowire is connected to a superconducting

temperature probe with a tunnel barrier, which attains properties of both

NIS- and Josephson junctions. A schematic illustration of the operation of

the thermal detector we aim to develop is shown in Fig. 1.1. The energy

(a)

Te

Time
Tp

(b)

T = E/Ce

 = Ce/Gth

GthHeat input, 
E

phononselectrons

Te Tp

Figure 1.1. (a) In a hot-electron calorimeter with normal metal absorber, the heat input
from the absorbed photons is delivered to the electron gas in the normal metal,
whereas the phonons in the metal provide a cold temperature bath to the
absorber. After the abrupt temperature spike following the absorption of a
photon, Te thermalises back to the temperature of the phonon bath Tp. (b) The
magnitude of the induced temperature spike ΔT depends on the energy of the
photon ΔE, heat capacity of the electron gas Ce and the thermal conductance
between the electrons and the environment Gth as ΔT = ΔE/Ce. As the
energies of microwave photons are small, the thermalisation occurs in the
linear regime, leading to an an exponential relaxion curve. The thermalization
time τ is determined by Ce and Gth as τ = Ce/Gth. In our detector, this is
of the order of tens of μs, allowing sufficient time for detection, yet avoiding
inconveniently long dead-time.
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of the photon would be absorbed to the finite volume of electron gas in

the absorber, whereas the phonons in the metal would work as a heat

sink (Fig. 1.1(a)). The photon induced temperature spike would then be

observed with a tunnel junction -thermometer (Fig. 1.1(b)).

In this thesis, I present the design and preliminary implementation of

an ultra-sensitive microcalorimeter with a metallic thin film nanowire

absorber. We have realised a device that works as a radio frequency

(RF)-thermometer for temperature readout of normal metal structures at

sub-kelvin temperatures with a time resolution better than 1μs. Hence,

it is a valuable tool in studying thermal properties and energy relaxation

in mesoscopic metallic structures. The device is fabricated with electron-

beam lithography and metal evaporation. Our detector possesses several

attractive qualities especially for quantum thermodynamics experiments.

Managing heat dissipation and removal in quantum circuits is one of

the main challenges in improving quantum processors beyond the recent

achievements [64]. Small metal resistors are natural choices as heat baths

for superconducting circuit QED application due to their tunable heat

dissipation, impedance matching and geometry [65–68]. Their fast inter-

nal thermalization times and weak electron-phonon coupling introduce a

separation of time scales, which has been utilized in effective broadband

microwave detectors [16] and sources [26]. The device is of mesoscopic size

and directly integrable into superconducting quantum circuits. The normal

metal nanowire absorber is connected to a superconducting electrode via

a tunnel barrier, and the wire is mounted to the ground potential of the

sample box via a directly connected superconducting lead, acting as a heat

mirror. Effectively, the absorber of our device acts also as the sensing

element, offering a good control over the heat capacity of the detector. For

fast temperature readout, the junction is embedded in a lumped element

tank circuit with a resonance frequency around 0.5GHz and bandwidth

of 10MHz. Due to the superconducting proximity effect, the direct nor-

mal metal-superconductor (NS)-contact induces superconductivity in the

absorber. Depending on the length of the wire between the clean con-

tact and the tunnel junction, the current across the link occurs either

as quasiparticle or Cooper pair tunnelling. In both modes, temperature

sensitivity can be obtained without switching between superconducting

and normal states, allowing for continuous operation of the device. As

the wire length is above approximately 1μm, the absorber end of the wire

remains resistive, while superconductivity is observed in the readout end
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of the wire. Using a thermistor, a resistive thermometer with an applied

bias for readout, always introduces spurious heating to the detector. This

is avoided in the supercurrent mode, as no voltage nor current bias are

required. Additionally, the setup can be reduced to a simpler form, since

no biasing connections nor dividers are required.

In Publication I, we describe the concept of the calorimeter, analyse its

optimization procedure and characterise its thermal relaxation. In Publica-

tion II, the incomplete measurement of a two-level system is theoretically

analysed and an updated experimental device with an improved sensitivity

is described. In Publication III, we describe a Josephson junction ther-

mometer coupled to a 6GHz coplanar resonator and analyse the prospects

of operating the device in the supercurrent branch. In addition to the en-

hanced sensitivity, the proximity Josephson junction thermometer shows

promise in supressing the dissipation and heat transport in the device.

The observed temperature saturation in the energy relaxation measure-

ments in Publication IV indicate lower temperatures in the supercurrent

measurement in comparison with the measurements performed with the

quasiparticle mode of a traditional NIS-junction. The proximity Josephson

junction thermometer has proven to be an important improvement for en-

hancing the operation of microcalorimeters, a topic investigated in [59–61].

In the current state of the art measurement presented in [61], the au-

thors have optimised the sensitivity of the device down to the fundamental

thermal fluctuation limit.

Thermal properties of mesoscopic metallic structures are an important

field of study for understanding the prospects and limitations of LTD’s,

and they are also under a significant focus in this thesis. For hot-electron

calorimetry, the main characteristics of metal absorbers are, in addition

to the electric properties, the specific heat of the conduction electrons

and their thermal coupling to the environment. Due to its good thermal,

electrical and mechanical properties, copper is widely used in low tempera-

ture experiments for instance in thermometry, calorimetry and bolometry,

development of electric current standards, refrigeration by nuclear de-

magnetization and electronic cooling [69–77]. Thermal relaxation times

measured with our RF-thermometer in Ag and Cu thin film wires are

reported in Publication I, II and IV, and in Publication IV, also the specific

heat and thermal conductance measurements of Ag and Cu wires are dis-

cussed. The Cu wires are observed to exhibit an anomalously slow thermal

relaxation, whereas the Ag wires are observed to follow the free-electron
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estimate. Most properties of conventional metals in bulk are remark-

ably well described by the free-electron theory, in which the electrons are

considered as a cloud of non-interacting charged particles. However, the

properties of spatially confined structures can deviate significantly from

the properties of bulk materials due to the large surface-to-volume ratio.

Anomalous behaviour can also result from impurities, dislocations in the

lattice, or from the natural magnetic oxide layer growing on the surface

[78–84]. Breaking the periodic condition of a bulk material induces surface

states and affects the bonding. This can dramatically change the electric

and magnetic properties of a material. Magnetic impurities of 10−6 con-

centration level are observed to enhance the specific heat of Cu by a few

times at sub 1K temperatures [79] and the surface of Cu is proposed to

host Kondo impurities [80] based on the dephasing time measurements.

However, we have observed that our evaporated Cu structures have very

low magnetic impurity levels even in comparison with the Ag samples

evaporated using the same tool. A notable difference is found in the lattice

structure of the Ag and Cu wires; Ag wires are observed to be remarkably

uniform, whereas the Cu wires tend to have several dislocations. Similar

experiments are presented in [85, 86], where the thermal relaxation and

electron-phonon coupling in Ag and Cu thin films of thickness 50 nm and

300 nm are examined. Both of the materials are found to contain lattice

dislocations and to exhibit long thermal relaxation. To rule out the effects

of a possible magnetic surface, the authors of [85, 86] have also measured

the properties of a coated 300 nm thick Cu film and found it to exhibit

similar behaviour. They suggest that the origin of the long time constant is

in the slow internal thermalisation of the normal metal due to the granular

structure, rather than in a large specific heat. This could be also a possible

explanation for the measurements presented in this thesis. Combined with

the measurements presented in [85, 86], the results in this thesis point

to the granular structure of the evaporated films as the origin of the long

thermalisation time in the metal films and wires. To soundly distinguish

between a slow internal thermalization between the separated granules

and a large specific heat, more measurements would still be needed. We

show that in clean evaporation conditions, Ag grows in a flawless lattice

texture, avoiding the anomalous thermal properties observed in granular

structures. Hence, Ag is a promising absorber material for highly sensitive

microcalorimeters.
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2. Mesoscopic metallic calorimeter

In this chapter, the basics of the operation of the hot-electron calorimeter

under development is covered. The design of the device is described in

Sect. 2.1. Thermodynamics and fluctuations in mesoscopic systems and

their effects on the performance of thermal detectors are briefly introduced

in Sect. 2.2, while in Sect. 2.3–2.5 the operation of the tunnel junction

thermometers used in this work are discussed. The heat balance on the

absorber is theoretically analysed in Sect. 2.6–2.7 and the effects of impu-

rities and dislocations in small devices are discussed in the last section of

this chapter.

2.1 Calorimetric measurement of energy with a hot-electron
detector

The bolometer was first introduced 1878 by Langley, who, among other

things, used the device to thermally detect new atomic and molecular

absorption lines in the infrared frequencies [87]. Since then, modern cryo-

genic microbolometers have technically advanced significantly [58, 88],

yet are fundamentally operationally similar to their bulky forefather. In

this thesis, a bolometer with single photon resolution is referred to as a

calorimeter. The hot-electron calorimeter we are developing is schemat-

ically illustrated in Fig. 2.1. The normal metal nanowire absorber is

connected to a superconducting lead via a tunnel barrier, which is used

as the temperature probe. A directly connected superconducting lead is

used to mount the electric potential on the island to the ground potential

of the sample box. This direct NS-contact acts as a heat mirror, leaving the

electrons in the absorber thermally isolated from the lead. Hence, the wire

is also referred to in the text as an island. For a high bandwidth readout,

the tunnel junction is embedded in an LC-resonator. The readout end of
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Transmission 
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Figure 2.1. Schematic illustration of our microcalorimeter. The normal metal nanowire
plays the role of both the absorber and part of the temperature sensor of the
calorimeter, as Te is acquired by probing the differential conductance of the
tunnel junction between the wire and the superconducting lead on the right
side. The directly connected superconducting lead in the middle divides the
wire into two sections; the absorber-end and readout-end. It also induces
superconductivity in the readout-end of the wire, which we have found to
enhance the temperature sensitivity especially at the lowest temperatures.
Connecting the detector to a single photon source via impedance matching
still remains an open challenge.

the detector forms a SNIS-chain, via which Te is obtained by probing its

differential conductance. As the distance between the NS-contact and the

tunnel probe is made small in comparison with the superconducting coher-

ence length, ξs, the tunnel junction exhibits also properties of a Josephson

junction. This type of a device is referred to in this thesis as SN′IS, N′

denoting the normal metal absorber influenced by the superconducting

proximity effect. In the traditional NIS-thermometer, Te is obtained by

probing the quasiparticle current across the junction. With an applied elec-

tric bias, the N′IS-probe works in a similar manner. At zero-bias and low

RF-readout power, the device behaves like a Josephson junction providing

a non-invasive and highly sensitivity temperature readout with extremely

low dissipation [59, 60]. Importantly, the absorber-end of the wire stays

resistive, while the readout-end benefits from the enhanced sensitivity

provided by the proximity induced superconductivity.

As illustrated in Fig. 1.1, the operation of the hot-electron calorimeter

is based on the small thermal conductance between the electrons and

phonons, leading to a detectable thermalisation time in the absorber. The

electron gas in the wire assumes its internal thermal equilibrium in a time

scale of the order of 10 ns through the strong electron-electron coupling. As

Te is elevated by ΔT � Te, Tp, The time evolution of this fluctuation can
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be estimated with the differential equation Ce dΔT
dt = −GthΔT , which has

an exponential solution of ΔT = ΔT (0)e−t/τ0 . With the electron-phonon

thermal conductance Gth = 5ΣVT 4
e (Sect. 2.6.1) and the free-electron heat

capacity Ce = γVTe (Sect. 2.7.1), the time constant can be evaluated as

τ0 = Ce/Gth = γ/5ΣT 3
e . (2.1)

Here γ and Σ are material dependent parameters. At 100mK, the thermal

relaxation in Ag is of the order of 6μs, exceeding the electron-electron

scattering time scale by over two orders of magnitude. For our purposes,

this means that the electrons remain in the quasi-equilibrium limit and

can be assumed to occupy energy E states up to the Fermi energy EF by

following the Fermi distribution f(E) = [1+exp ((E − EF)/kBTe)]
−1. Here

kB is the Boltzmann constant. The rate at which the device is capable to

detect absorption events is limited by τ0. On the other hand, if the detector

cannot maintain an occurred excitation long enough for the detection, a

fast relaxation acts as a bottle neck for the energy resolution. Estimating

the temperature resolution of the detector with τ0 and the temperature

noise, ST[K
2/Hz], as δT =

√
ST/τ0, we can estimate the energy resolution

with δE = CeδT =
√
CeGthST. We have reached temperature sensitivity

better than 10μK/
√
Hz. With an optimised absorber of volume 0.001μm3 at

100mK, this is close to the fundamental thermodynamic fluctuation noise

in an electron-phonon system (introduced in Sect. 2.2.2) and corresponds

to the energy of a 1K photon. Connected to a single photon source, the

detector holds promise for the detection of microwave photons with a high

absorption efficiency over a wide band. The resistive nanowire absorber

can in principle be impedance matched to a transmission line as an optimal

load with promise for good detection efficiency. This, as well as connecting

the device to a single photon source still remains an open challenge and is

not in the scope of this thesis.

2.2 Thermodynamic temperature, thermal equilibrium and
fluctuations

2.2.1 Definition of temperature

In everyday life, temperature describes the sensation of how hot or cold

an object feels to a human observer, and early attempts of defining a

temperature scale are found in literature tracing about two millennia
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back in time. The first devices invented for measuring temperature were

produced at the late 16th and early 17th century by several independent

scientists, such as Galileo Galilei [89]. Their thermoscopes, thermometers

without a temperature scale, were based on the temperature dependence

in the density of gases and liquids [90]. The first numerical scale was

placed on a thermoscope by Santorio Santorio, to form a crude version

of a thermometer. The first modern temperature scale was constructed

in 1714 by Fahrenheit, who used the freezing and boiling points of water

to calibrate his linear temperature scale. In 1848, lord Kelvin made a

connection between temperature and heat production, tracing the zero

temperature down to absolute zero, where the motion of particles is frozen

to minimum. This is called the absolute temperature scale, and it is most

commonly used in the scientific community. The concept of temperature

was introduced prior to the development of statistical physics, yet it is

commonly viewed as a statistical parameter of an ensemble, related to

the distribution of kinetic energies, such as rotational, vibrational and

translational motion. In general, temperature may be defined via either

the distribution of momenta or internal energies in a system.

The existence of temperature is defined with the zeroth law of thermody-

namics, yet it is also strongly linked to the second law of thermodynamics,

which introduces entropy. As an intensive parameter, temperature can be

in principle only measured indirectly via an extensive variable connected

with it. Using entropy S, temperature is defined via 1
T =

(
∂S
∂U

)
, where

U is the internal energy [91]. With the Gibbs entropy SG, also known as

the volume entropy, the derivative is taken under constant volume and

keeping all the parameters that could affect U as constants. This definition

fails to describe small systems [92] and does not predict the existence of

the recently measured negative temperatures [93–95]. The correct formu-

lation of the second law of thermodynamics for small systems has been

debated during the last decades [92, 96]. As we study the electron gas

in a normal metal wire of volume larger than 0.001μm3, with over 108

conduction electrons, the system can be viewed as a large ensemble. Along

its correct definition, it is also debatable, whether temperature exists in

a system out of equilibrium. Due to the strong electron-electron interac-

tions in a free-electron gas [97] at sub-kelvin temperatures, the electron

temperature in the wire appears uniform within the time resolution of

0.1μs, reached in our measurement setup. Hence, the electrons occupy

the Fermi distribution even out of equilibrium and temperature remains a
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well defined parameter. This is referred to as quasi-equilibrium.

2.2.2 Noise and fluctuations

In addition to the useful signal, the readout of a detector always con-

tains some random fluctuations of various sources. The amplitude of

these determines how weak a signal one can observe in a specific setup.

Noise at a given frequency is given by the power spectral density (PSD),

SP[W/Hz]. The total mean noise power, Pn, in a frequency band is ob-

tained via Pn =
∫ f2
f1

dfSP. Pink noise, also known as 1/f noise, has the

PSD of form SP ∝ 1/f . These fluctuations are found in a wide range of

physical and biological systems, resulting from different processes [98].

Since 1/f noise occurs at low frequencies, it can be avoided by using high

frequency detectors. Contrary to this, white noise has a constant PSD over

the frequency spectrum, SP = A, resulting in a frequency band of Δf into

Pn = AΔf . The noise power of an amplifier is often white over a wide

range of spectrum. Thermal noise, also called Johnson-Nyquist noise, is

essentially white up to a cutoff frequency and dissipates noise on average

as Pn = 4kBTΔf [99]. Thermal noise is generated by random motion of

charge carriers in a conductor, even when no voltage is applied across it,

and can be effectively decreased by reducing the operation temperature.

As a system is made small, its internal fluctuations become noticeable,

and for a micro-calorimeter, these may limit the ultimate sensitivity of the

detector. An estimate of thermal fluctuations in a system of heat capacity

connected to a heat bath via Gth is obtained via the fluctuation dissipation

theorem (FDT) [100, 101], which works for systems that are close to equi-

librium. The basic idea underlying the FDT is to link the systematic and

random parts of microscopic forces together. With FDT, the zero frequency

fluctuations related to temperature may be defined as ST(0) = 2kBT
2/Gth.

In our system, if the electron gas is thermally properly isolated from the

surroundings, Gth is the electron-phonon thermal conductance Gep and

the heat capacity is that of the electron gas in the absorber Ce. For a Ag

absorber of volume 0.001μm3, the zero frequency fluctuations would as-

sume
√
ST(0) =

√
2kB/(5ΣV )/Te ≈ 17μK/

√
Hz, which is of the same order

of magnitude as the sensitivity of our detector. Thermal fluctuation noise

spectrum was modelled and measured at small frequencies at tempera-

tures above 300mK in [102, 103] and recently in [61], these fluctuations

were measured in real time in the SN′IS-nanocalorimeter for the first time

down to 20mK temperatures.
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2.3 Superconductivity in the Bardeen-Cooper-Schrieffer framework

Since their discovery following the development of refrigeration by liquified

helium in 1911 [104], superconductors have become widely used and often

irreplaceable elements in thermometry and nano-electronic devices [6,

11, 14, 15, 69]. Recently, superconducting circuits have advanced from

being interesting objects and means of research into contenders of practical

scalable quantum information processing [11, 64]. A striking property of

superconducting metals is their vanishing electrical resistance, subsequent

to cooling down below the superconducting transition temperature Tc. In

this work, several superconducting materials are used both in bulk as well

as in mesoscopic structures. The bulk components include the bonding

wires, ground planes and measurement cables in the cold parts of the

refrigerator, as discussed in more detail in Section 3.3. The nano-scale

superconducting parts of the calorimeter and our lumped element on-chip

resonators are made of Al (Tc ≈ 1.2K), whereas the distributed resonators

are of Nb (Tc ≈ 9.2K).

The origin of the perfect conductivity, as explained by the Ginzburd Lan-

dau theory and Bardeen-Schrieffer-Cooper (BCS) theory [105], is in the

weak attractive force between electrons and phonons in a metal. This

causes an instability in the original Fermi sea of electrons, leading to

the formation of bosonic Cooper pairs. These can, ideally, carry electric

current without dissipation. Cooper pairs can be described by a single

many body wavefunction, ψ(r) = |ψ(r)|eiϕ(r), with a phase ϕ and amplitude

(a) (d)
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Figure 2.2. (a) The formation of a Cooper pair via phonon-mediated interaction. The
electron on the left emits a phonon with momentum q, later absorbed by the
electron on the right. The process does not affect the spins of the particles.
(b-c) Schematic illustration of electrons, holes, quasiparticles and Cooper
pairs in a two dimensional momentum space. (b) Electrons are excitations
above the Fermi surface, whereas holes are inside the sphere. (c) Bogoliubov
quasiparticles are excitations above the Fermi surface. Like electrons and
holes, they are spin 1/2-particles. The Cooper pairs are located at the surface
of the Fermi sphere. (d) The BCS density of states in the superconductor
contains an energy gap of 2Δ. The Cooper pairs are condensed at the Fermi
level in the middle of this gap and all the Bogoliubov quasiparticle states at
zero temperature are occupied below EF and empty above EF.
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|ψ(r)|. Particularly, ψ(r) maintains phase coherence over macroscopic dis-

tances. In the ground state, all electrons occur as Cooper pairs consisting

of electrons of opposite spin (↑, ↓), and momenta (k, −k). The pairing of

two electrons (k ↑′,−k ↓′) into a Cooper pair (k ↑,−k ↓) is schematically

illustrated in Fig. 2.2(a). In the ground state, all the electrons are paired

up forming a single macroscopic quantum state. Excitations to this state

can be either electrons e−σ or holes e+σ . The former case corresponds to a

state with an energy outside the Fermi surface, contrary to the latter case,

as illustrated in Fig. 2.2(b). In the BCS model, a mean field approximation

and quasiparticle creation and annihilation operators (γ†kσ, γkσ) are used

to present the Hamiltonian in a more simple form. These operators are

linear combinations of the creation and annihilation operators for particle

excitations (c†kσ,ckσ). Hence, this Bogoliubov transformation introduces

fermionic quasiparticles, that are superpositions of electrons and holes

with energies above the Fermi level, as illustrated Fig. 2.2(c). They are

referred to as electrons in numerous references, since they behave in a sim-

ilar way in many aspects. Just like the electrons in a conventional metal,

the Bogoliubov quasiparticles assume occupation probabilities successfully

described by the Fermi function. In this thesis, the same markings are

used for the quasiparticles as for electrons/holes (e+ and e−).

Interestingly, the Hamiltonian of BCS superconductor contains an energy

gap, which is half of the required minimum energy of breaking a Cooper

pair and creating two quasiparticle excitations. By substituting a pairing

potential, which is constant below the phonon cut-off energy and zero

otherwise, the gap can be estimated at zero temperature as Δk = Δ ≈
1.76kBTc. With the Fermi level fixed to the middle of the energy gap, the

density of states in the superconductor is expressed as

NBCS
S = NS

0

∣∣∣� E√
E2 −Δ2

∣∣∣, (2.2)

where NS
0 is the normal state density of states in the superconductor. The

superconducting gap and density of states are of particular significance

in this work. In the BCS-estimate, the superconductor is assumed to be

flawless with no sub-gap states. As illustrated in Fig. 2.2(d), the features

are extremely sharp and diverge at E = ±Δ. In practice, different loss

mechanisms suppress superconductivity, and Eq. 2.2 can be replaced with

a phenomenological form

NS = NS
0

∣∣∣� (E + iΓΔ)√
(E + iΓΔ)2 −Δ2

∣∣∣, (2.3)
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where Γ is the Dynes parameter [106, 107]. At the limit Γ → 0, we have

NS → NBCS
S . The Dynes equation is well suited for junctions with non-

vanishing sub-gap states.

2.4 Charge transport in hybrid normal metal- superconductor
structures

As described in Section 2.1, our microcalorimeter contains different con-

tact regions between traditional metals, superconductors, insulators and

normal metals with proximity induced superconductivity. More specifi-

cally, the structures used in this work are the clean NS-contact, SNS-link

and NIS- and N′IS-junctions. The mechanism of charge transport in these

devices is described in this section in the zero temperature limit. The

properties of NIS- and N′IS-junctions under finite temperatures, and their

use for thermometry, are discussed in more detail in Sections 2.5.1 and

2.5.2.

2.4.1 Quasiparticle tunnelling

Let’s consider the charge transport across a device of two metal electrodes

separated by a tunnelling barrier (Fig. 2.3(a)). In this work either one or

both of the electrodes are superconducting. In the semiconductor model,

the phase coherence effects are ignored, and a superconductor is viewed in

practice as a semiconductor of gap Δ. This approach has been successful in

estimating the charge transport across NIS-junctions, and is also applicable

for describing the DC-average of the electric current across a SIS-junction

at voltage biases Vb > 2Δ/e. We are looking at sequential tunnelling and

neglect higher order processes, which are not relevant here [108].

The total Hamiltonian H of the system is a sum of the Hamiltonian of

the left electrode HL, right electrode HR and the tunnelling Hamiltonian

HT. The part of H that transfers charge between the electrodes is the

interaction term, given by

HT =
∑

Tkqc†qσckσ +H.c. (2.4)

Here term c†q,σ creates an electron of state q, σ from the left electrode and

ck,σ annihilates an electron of state k, σ to the right electrode, while the

coefficients Tkq determine these tunnelling probabilities. In case of a weak

perturbation, the transition rate from an initial state ψ1 of energy E1 to

a final state ψ2 of energy E2 can be estimated via a Fermi Golden Rule
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calculation

Γ12 =
2π

�
|〈ψ1|HT|ψ2〉|2δ(E1 − E2). (2.5)

The total transition rates Γl→r(Γr→l) are obtained as a sum over all possi-

ble initial and final states. As we consider quasiparticle tunnelling, the

charge carriers are assumed to follow Fermi Dirac statistics, and to occupy

distributions fL(R) on the L(R) lead,

fL(R)(E) =
1

1 + exp [(E − μL(R))/kBTL(R)]
. (2.6)

The chemical potentials on the islands can be fixed via an external voltage

bias Vb, such that μR = μL + eVb = eVb. Assuming uniform tunnelling

coefficients in k and E, |Tkq|2 = |T |2, the transition rates Γl→r can be

expressed in an integral form

Γl→r(eVb) =
2π

�
|T |2

∫ ∞

Ec,L

dEL

∫ ∞

Ec,R

dERNL(EL)NR(ER)·

fL(EL)[1− fR(ER)]δ(EL − ER − eVb).

(2.7)

where Ec,L(Ec,R) are the edge of the conduction band on the left(right) side

and Ec,L(R) = minEc,R, Ec,L. Term fL(EL) accounts for a filled state in the

left lead and (1−fR(ER)) secures an available state on the right lead. With

the properties of the delta function, Eq. 2.7 is reduced into

Γl→r(eVb) =
2π

�
|T |2

∫ ∞

Ec,L(R)

dENL(E)NR(E + eVb)fL(E)[1− fR(E + eVb)].

(2.8)

(a)

e-

N SI(b)

L R

S SI

e-
e-

(c)

L, TL R, TR

Figure 2.3. (a) Here we look at the charge transport across two metal leads separated by
an insulating barrier. Due to the overlapping of the wave functions on the left
(L) and right (R) lead, electric current can cross the thin barrier via quantum
mechanical tunnelling, which occurs between the leads at rates Γl→r and Γr→l.
These rates depend on the quasiparticle distributions, chemical potentials
μL(μR) and temperatures TL(TR) on the L and R lead, respectively. (b) In the
absence of thermal excitations, an external bias of Vb > Δ/e is needed to
transport quasiparticles across a NIS-junction. At biases close to Δ/e, thermal
fluctuations induce electric current, making the device an effective probe of
the normal metal temperature. (c) In a SIS-junction, a bias of Vb > 2Δ/e is
needed to allow for a quasiparticle current across the barrier. Given T � Tc,
the current is hardly at all responsive to thermal fluctuations.
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Figure 2.4. Current-voltage characteristics for (a) NIS-junction and (b) SIS-junction, cal-
culated at TL = TR = T for a superconductor with Tc = 1.2K.

The opposite term Γl→r is obtained in a similar manner, and we can define

Γl→r(eVb) = Γr→l(−eVb) = Γ(eVb). Term fL(E)(1 − fR(E + eVb)) defines

almost a rectangular window, which allows us to treat the normal metal

density of states as a constant, NL
0 on the left and NR

0 on the right lead.

With nL(nR) as the densities of states on left (right) lead with respect to

these constants, the electric current can be calculated via the transition

rates as

I = e[Γ(eVb)− Γ(−eVb)]

=
1

eRT

∫ ∞

Ec,L(R)

dE
[
nL(E)nR(E + eVb)fL(E)[1− fR(E + eVb)]−

nL(E)nR(E − eVb)fL(E)[1− fR(E − eVb)]
]
.

(2.9)

The constant RT includes the tunnelling probabilities and densities of

states as

R−1
T = 2πe2NR

0 NL
0 |T |2/�. (2.10)

It is commonly known as the tunnelling resistance or the normal state

resistance of a tunnel junction.

Next we will calculate the electric current across a NIS-junction, the

charge transport of which is illustrated in Fig. 2.3(b). Under tempera-

tures T � Tc, the temperature dependence in the superconducting gap is

negligible, and we may treat Δ as a constant. Let us assume a normal

lead on the left and a superconductor on the right, nL = NL
0 /N

L
0 = 1 and

nR = NS/N
R
0 = nS. With Eq. 2.9, the current INIS across the junction is

given by

INIS =
1

eRT

∫ ∞

−∞
dEnS(E)[fL(E − eVb)− fL(E + eVb)][1− fR(E)]. (2.11)

As long as the superconducting lead is not heavily overheated, term [1−
fR(E)] practically halves the integral and Eq. 2.11 assumes form

INIS =
1

2eRT

∫ ∞

−∞
dEnS(E)[fL(E − eVb)− fL(E + eVb)]. (2.12)
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This form depends only on the temperature on the normal metal side,

which makes a NIS-junction a potential primary thermometer. In case

of a SIS-junction, both metals are superconducting, and nL = nR = nS

(Fig. 2.3(c)). Assuming the temperatures on the leads to be of the same

order of magnitude such that fL(E1)fR(E2) ≈ fR(E1)fL(E2), the current

ISIS given by Eq. 2.9 is

ISIS =
1

eRT

∫ ∞

−∞
dEnS(E − eVb

2
)nS(E +

eVb

2
)[fL(E − eVb

2
)− fL(E +

eVb

2
)].

(2.13)

The current-voltage characteristics calculated for NIS- and SIS-junctions

with Eqs. 2.12 and 2.13 are shown in Fig. 2.4. For the NIS-junction, current

at Vb < Δ/e is suppressed and at Vb >> Δ/e, the device behaves as a

resistor with conductance R−1
T . In a SIS-junction, a bias of Vb > 2Δ/e

is needed to induce quasiparticle transport. Unlike in a NIS-junction,

the quasiparticle current across an SIS-link is quite unresponsive to tem-

perature, since the term nS(E − eVb
2 )nS(E + eVb

2 ) cuts out the temperature

dependent parts of the Fermi functions inside the integral of Eq. 2.12. How-

ever, this remark does not apply to the phase-coherent charge transport

in Josephson-junctions, which is a highly useful phenomenon for sensitive

thermometry at low temperatures [16, 59–61, 109, 110], as discussed in

Sect. 2.4.3 and 2.5.2. For a NIS-junction, however, this model has been

highly successful [69, 111, 112].

2.4.2 Andreev reflection

In a clean NS-contact, a superconductor is placed in direct contact with a

normal metal. While the thermal excitations and applied bias voltage are

small (kBTe � Δ and eVb � Δ), it is very unlikely for an electron to enter

into the superconductor as a quasiparticle, as illustrated in Fig. 2.5(a).

The available quasiparticle states are protected by the energy gap of Δ,

blocking the quasiparticle entrance from the normal side due to the lack

of states inside the gap. In the normal side, Δ drops abruptly close to the

contact and the electron distribution on the normal side follows the Fermi

function. Electric current can cross the barrier via Andreev reflection,

which, opposed to specular reflection, is something quite different [104].

As demonstrated in Fig. 2.5(b), an electron undergoing specular reflection

will bounce away from the boundary by an angle θ, maintaining its spin

polarization and charge. In an Andreev process (Fig. 2.5(c)), an electron

is reflected from the boundary as a hole with an opposite spin, following
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Figure 2.5. (a) At kBTe, eVb � Δ, the probability for an electron in the normal metal to
enter the superconductor as a quasiparticle vanishes. In Andreev reflection,
an electron of energy −E is reflected back to the normal metal as a hole
with energy E, and a Cooper pair created in the superconductor at EF. (b)
Specular reflection does not transport charge across the contact region. (c) In
an Andreev reflection, an electron is reflected in the contact region back to the
normal metal as a hole, while a Cooper pair is created in the superconducting
side. A charge of 2e is transported across the contact.

the spatial trajectory of the incident electron. Meanwhile, a Cooper pair

is created in the superconducting side. Particularly, the contact acts as

a perfect heat mirror, since Andreev process transfers charge without

contributing to heat conduction. This is of crucial importance to our SN′IS-

calorimeter, since it allows to mount the electric potential of the normal

metal absorber to ground via a superconducting lead, while maintaining

the island thermally isolated. Since the differential resistance of the

contact is small compared to the total differential resistance of the SN′IS

chain, it does not affect the temperature sensitivity of the device.

2.4.3 Supercurrent in a Josephson Junction

A Josephson junction consists of two or more superconducting electrodes

separated by a thin barrier consisting of either an insulating layer (SIS),

a normal metal section (SNS) or a physical constraint. Depending on the

voltage VJ across the junction, charge transport across the device may

occur either via quasiparticle transport, Cooper pair tunnelling or multiple

Andreev reflections, as illustrated in Fig. 2.6. Via the semiconductor

model (sect. 2.4.1), the time averaged quasiparticle tunnelling current

can be calculated with Eq. 2.13. However, the device is in practice a

more sophisticated system depending on the quantum interference of the

superconducting wave functions [104]. As discussed in Sect. 2.3, the phase

of the superconducting wave function, acts as a macroscopic quantum

coordinate. In fact, the main variable of a Josephson junction turns out

to be the phase difference Δϕ between the the wave functions on the

superconducting electrodes.

Both theoretical derivations via considering the quantum mechanical

tunnelling of Cooper pairs and a manifold of experimental observations
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Figure 2.6. (a) At zero voltage, Cooper pairs can travel across a Josephson junction via
Andreev bound states. (b) At 0 < eVJ < 2Δ, quasiparticles can build up energy
to pass the potential barrier between the superconducting electrodes via
Sequential Andreev reflections. (c) In the RSCJ-model, the Josephson junction
is viewed as a parallel connection of a resistor, a capacitor and a Josephson
element. The resistor RJ corresponds to the quasiparticle tunnelling, the
capacitor CJ describes the capacitive connection between the superconducting
electrodes and the Josephson element is the non-linear inductive part of the
junction obeying Eqs. 2.14-2.15.

have found the current IJ and voltage VJ across a Josephson junction to

follow equations

IJ = IC sinΔϕ, (2.14)

dΔϕ

dt
=

2eVJ

�
, (2.15)

known as the AC- and DC-Josephson relations [113–115]. Here IC, also

known as the critical current, is the maximum current a junction can

hold without switching into a resistive state. The AC-Josephson relation

(Eq. 2.14) predicts an oscillating zero-voltage supercurrent of amplitude IC.

Also deviations of the nonsinusoidal current-phase relation, such as skew-

ness, have been observed in junctions with a metallic weak link [116, 117].

As a current bias of Ib < IC is applied across the junction, VJ will remain

zero, which makes a Josephson junction a highly non-linear element. This

nonlinearity has been recently utilized in various developments, such as

the superconducting qubits [118], parametric amplifiers [119–124], lasers

[125, 126] and bolometers [16, 56–61, 127]. The zero-voltage supercurrent

can be described via the formation of Andreev bound states, as schemati-

cally illustrated in Fig. 2.5(a). The process transports Cooper pairs between

the superconducting electrodes via repetitive Andreev reflections, in which

an electron keeps transforming into a hole in one boundary and back again

at the other boundary. At Ib > IC, the supercurrent condition breaks, and

current can either flow via multiple Andreev reflections (Fig. 2.5(b)), or at

even higher Ib, as direct quasiparticle tunnelling (Fig. 2.5(c)).

The DC-relation (Eq. 2.15) states, that as a constant voltage is main-

tained across the junction, Δϕ will evolve in time with velocity 2eVJ/h. Irra-
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diated with microwaves of frequency f , the junction will produce step-like

(VJ,IJ) characteristics, known as the Shapiro steps. Each voltage plateau

formed via this inverse-Josephson effect is located at values nhf/2e, where

n is an integer. Since f can be defined with high accuracy, Shapiro steps

are used to accurately define the ratio h/2e as well as to construct the

definition of a voltage standard [115, 128, 129].

2.4.4 Resistively and capacitively shunted Josephson Junction

To understand the behaviour of the junction out of the zero voltage state

[130], the device can be described as a resistively and capacitively shunted

Josephson element, as illustrated in Fig. 2.6(c). This approach is known as

the RCSJ-model [131, 132]. In this framework, the total current IJJ across

the junction is a sum of the Josephson current IJ, displacement current

ID and quasiparticle current IR. Though the junction is small, it exhibits

meaningful charging effects, that play an important role in its dynamics.

The two main energy scales in the model are the charging energy Ec and

the Josephson energy EJ. The latter is defined as the free energy stored in

the junction with respect to the phase evolution of the wave functions, and

it is given by EJ = �IC/2e. With the geometric capacitance CJ between the

superconducting electrodes, the charging energy is defined as Ec = e2/2CJ.

With Eqs. 2.14-2.15, IJJ can be expressed as

IJJ = ID + IR + IJ

= CJ
dVJ

dt
+

VJ

RJ
+ IC sinΔϕ

=
�CJ

2e

d2

dt2
Δϕ+

�

2eRJ

d

dt
Δϕ+ IC sinΔϕ.

(2.16)

By writing ωP =
√
(2eIC/�CJ), QJ = ωPRJCJ, τ = ωPt and ξ = IJJ

IC
, Eq. 2.16

assumes a dimensionless form

ξ =
d2Δϕ

dτ2
+

1

QJ

dΔϕ

dτ
+ sinΔϕ. (2.17)

This second order differential equation is analogous to that of a particle of

mass m = (�/2e)2CJ moving along coordinate Δϕ in the "tilted-washboard"

potential,

UJ(Δϕ) = −EJ cosΔϕ− ξEJΔϕ, (2.18)

and experiencing a viscous drag force of FJ = (�/2e)2(1/RJ)(dΔϕ/dt). As

illustrated in Fig. 2.7(a), in the absence of fluctuations, the particle is
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Figure 2.7. (a) Tilted wash-board potential under two biasing conditions. At the station-
ary state, the phase particle is trapped in the potential well and rocks back
and forth it with ωP, illustrated with the pink arrows. Close to IC, thermal
fluctuations may lead to a premature escape and cause a phase slip of 2π,
illustrated with the dark green arrow. At low temperatures, quantum tun-
nelling may dominate over thermal activation, as was first demonstrated in
[130]. Typically this occurs at temperatures below 300mK. Our supercurrent
measurements are carried out at temperatures 20mK � Tb � 200mK. (b) The
Cu island in the middle is directly connected to superconducting leads on left
and right. This Al-Cu-Al structure forms a Josephson junction. The normal
metal temperature on the island can be probed with a NIS-thermometer, at-
tached in the middle of the wire. (c) The reading of the RF-NIS temperature
probe (see Sect. 2.5.1 and 3.1) of the sample shown in (b) is given against
the up and down ramped IJJ across the Al-Cu-Al-chain. The measurement
was performed at Tb ≈ 30mK. As the current across the Al-Cu-Al-chain is
ramped up to Is = 0.5μA, the Cu island will start heating causing an abrupt
jump in the RF-NIS reading. As the current is ramped down, the heating will
stop at Ir = 0.4μA due to the re-trapping from the dissipative mode to the
supercurrent branch.

trapped to a local minimum with a potential barrier of ΔUJ in between the

next state at Δϕ+ 2π,

ΔUJ(ξ) = 2EJ

[√
1− (ξ)2 − ξ cos−1(ξ)

]
. (2.19)

The phase will oscillate back and forth in the potential well with the

Josephson plasma frequency ωP. At IJJ < IC, the Δϕ particle is bound by

the barrier and the solutions to Eq. 2.17 are stationary. As IJJ is ramped

up from zero, the tilt of the potential becomes steeper. At IJJ > IC, the

potential barrier (Eq. 2.19) vanishes leaving merely plateaus in Eq. 2.18.

Hence, the solutions to Eq. 2.17 are time dependent with an on-going phase

evolution and non-zero VJ. In this point, the charge transport changes

from the coherent Cooper pair tunnelling into dissipative quasiparticle

transport. This process is referred to as switching, whereas its counter

process, in which the phase particle is trapped again in the potential

well at current Ir = 4IC/πQJ, is called re-trapping. Close to IC, thermal

fluctuations may lead to a premature escape and cause a phase slip of
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2π. This effect reduces the switching current Is, and makes switching(re-

trapping) stochastic.

The solutions to Eq. 2.17 can be divided under two categories, from which

we first consider the more simple overdamped junction. When CJ and RJ

are small such that QJ � 1, Eq. 2.17 reduces to a first order differential

equation. The voltage across the junction in this case is given by a smooth

curve VJ = RJ

√
I2JJ − I2C, which starts from zero. In this case, Ir = Is, as

the dynamics of the phase are governed by the viscous drag force. In the

opposite limit of QJ > 1 lies the underdamped junction, which is discussed

next. As IJJ is ramped up from zero, the voltage will jump uprubtly at Is.

As the current is ramped back down, re-trapping occurs at Ir < Is. In the

tilted washboard analogy, the hysteresis is explained with the momentum

of the phase particle sliding down the potential barrier, and is the result of

a large CJ. However, hysteresis has been often observed in small junctions

with low geometric CJ. The origin of the hysteresis in our samples is in

the self-heating of the junction [133]. We have applied heating pulses via

SNS-chains to examine the time resolved thermal relaxation in normal

metal nanowires. Depending on the length of the normal section, the device

can operate either as an underdamped Josephson junction, an overdamped

Josephson junction, or in case of a long wire, a plain resistor. A false-

color micrograph of a sample with an underdamped junction is shown in

Fig 2.7(b) and the switching and re-trapping in the device are illustrated

in Fig 2.7(c).

The RCSJ-model has been quite successful in describing the finite volt-

age charge transport across a Josephson junction at biases close to the

superconducting gap [134]. However, it fails in capturing the features we

observe in our SN′IS-thermometer at small voltages (See sect 2.5.2). To

understand the operation of our detector, it is necessary to look at the inter-

action of the junction with its electromagnetic environment, as discussed

in Sect. 2.4.5 and Publication III of this thesis.

2.4.5 Environment assisted tunnelling

The effect of electromagnetic environment to charge tunnelling can be

estimated with the P (E)-theory, presented in [108]. In this framework,

the junction is viewed as a capacitor C consisting of the metal leads and

bonding pads of the sample connected via the dielectric substrate. The elec-

tromagnetic environment of the junction is described with an impedance

Zenv(ω) at thermal equilibrium Tenv. The theory is based on constructing
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the function P (E), which can be interpreted as the probability density

of emitting an energy of E to the environment. The tunnelling rates for

an NIS-junction are calculated in a perturbative manner, similarly as in

Sect. 2.4.1. The result is otherwise similar to Eq. 2.8, but includes the

environmental term P (E − E′);

Γl→r(eVb) =
2π

�
|T |2

∫ ∞

−∞

∫ ∞

−∞
dEdE′NL(E)NR(E

′ + eVb)fL(E)

[1− fR(E
′ + eVb)]P (E − E′).

(2.20)

In case of quasiparticle tunnelling, the P (E) function acts as a convolution

kernel. However, for Cooper pair tunnelling,

Γl→r(eVb) =
π

2�
E2

JP (2eV ). (2.21)

The temperature dependence in 2.21 may result from both the temperature

dependence on EJ and the temperature dependence through the environ-

mental coupling. For the operation of the SN′IS-thermometer, it is essential,

that the normal metal wire is a part of the dominant environment deter-

mining the charge transport characteristics of the junction. In Publication

III, a thermal model based on the environmental coupling is constructed

to describe the data observed in that particular setup (Sect. 3.1.2). The

temperature probed by the tunnel junction was concluded to be that of

an external 50Ω resistor on the cold finger of the dilution refrigerator.

However, the rest of the measurement of this thesis were performed in a

different configuration, in which the tunnel probe was found to be highly

sensitive to the temperature of the normal metal wire and to respond to

local cooling of the electron gas. This was later quantitatively proven in a

similar nanocalorimeter in [59], where the response of the device was anal-

ysed against local cooling of the electron gas. In [60], the authors construct

a thermal model based on the environmental coupling and successfully

describe their experimental data for the SN′IS-calorimeter.

2.5 Tunnel junction thermometry

In this work we use Al-Al2O3-Ag and Al-Al2O3-Cu tunnel junctions both

as primary and secondary thermometers for the normal metal electron

gas. A schematic illustration of this type of a device fabricated by metal

evaporation is shown in Fig. 2.8. With a primary thermometer, tempera-

ture can be obtained solely by the measured quantity, whereas a secondary

thermometer needs to be calibrated against a primary one. In practice, the
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Figure 2.8. Schematic illustration of a NIS-junction fabricated by e-beam evaporation.

theory behind secondary thermometers is not known well enough for de-

termining the temperature directly from the measured quantity. The most

common low-temperature thermometers with a vast operational range

are probably thermistors [135], including Pt- and RuO2 thermometers,

that are used in this work to determine the bath temperature, Tb. The

semiconductor model gives good results for NIS-junctions with high opac-

ity and negligible proximity effect in the normal lead. These so-called

traditional NIS-thermometers qualify for primary thermometry, and they

are discussed in Sect. 2.5.1. The N′IS-junction with proximity induced

superconductivity in the normal side is used as a secondary thermometer

(see Sect. 2.5.2), calibrated against a RuO2 resistor. We use the devices

around bath temperatures of 20−400mK, staying well below the transition

temperature of Tc ≈ 1.2 for Al. In a DC configuration, NIS-junction ther-

mometers have been used down to sub-10mK temperatures [112]. When

working with small metal structures, it is more challenging to thermalize

the detector to Tb. In our experiments, while operating the thermometer in

the quasiparticle branch, we reach about Te ≈ 80mK, whereas temperature

sensitivity down to the lowest temperatures of the dilution refrigerator

is achieved in the zero-bias supercurrent measurement. However, the

N′IS-thermometer loses sensitivity above 200mK, whereas a NIS-junction

may be used up to even Tb ≈ Tc.

2.5.1 NIS-thermometer

Charge transport across a NIS-junction can be understood with the semi-

conductor model (Sect 2.4.1). At biases Vb � Δ/e, thermal excitations

induce quasiparticle transport between the leads. With equation Eq. 2.12,

INIS can in fact be approximated at low biases as I ∝ exp (Δ− eVb)/kBTe,

showing an exponential dependence on Te. In the RF-measurement de-

scribed in Sect. 3.1, we probe the differential resistance RNIS of the junction,

rather than the current. By differentiating Eq. 2.12 with respect to Vb, the
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differential conductance GNIS of the junction is obtained as

GNIS =
dINIS

dVb
=

1

kBTeRT

∫ ∞

−∞
dENS(E)f(E − eVb)(1− f(E − eVb)). (2.22)

Particularly, at Te → 0, f(E − eVb)(1 − f(E − eVb)) becomes a δ-function,

and GNIS assumes the form of NS. In Fig. 2.9, the measured GNIS of a SNIS-

junction is shown against Vb under several values of bath temperature

Tb. In the inset, the data is shown against the theoretical estimate 2.22,

which fits the data well. The measurement is performed by probing the

RF-transmittance S21 of the junction embedded in an LC-resonator, as

described later in Sect. 3.1. The parameters of the Al-Al2O3-Cu-Al device

are RT = 28 kΩ, determined at room temperature, and Δ/e = 0.22mV,

obtained by fitting Eq. 2.22 into the data measured at Tb = 40mK. We

operate the detector by fixing Vb and monitoring the power transmission

(Sect. 3.1), which depends on GNIS. The best sensitivity is obtained around

|Vb| � Δ/e, whereas at large voltages, GNIS → 1/RT, regardless of temper-

ature. Using the device at biases |Vb| > Δ/e is impractical, since the large

induced current will overheat the junction, as discussed in Sect. 2.6.2.

As schematically illustrated in Fig. 2.10(a), the temperature sensitivity in

the quasi-particle tunnelling comes from Fermi distribution of the quasipar-

ticle occupation probabilities in the normal side. We define the temperature
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Figure 2.9. Measured GNIS, Vb characteristics of an NIS-thermometer obtained under
several Tb. The inset of the figure focuses on the sub-gap region, which shows
high sensitivity. The dots illustrate the measured data, whereas the solid lines
in the inset are obtained by fitting Eq. 2.22 into the data. In the data analysis,
Δ is assumed to be independent of Tb and Te of Vb. Both assumptions are quite
reasonable, since the measurements were performed under temperatures well
below Tc, and the volume of the Cu island in the particular sample is large
enough to note that Q̇nis � Q̇ep (see Sect. 2.6).
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responsivity R of the junction as R = dGNIS/dTe. With Eq. 2.22, R is given

by

Rnis =
dGNIS

dTe
=

1

RTkBT 2
e

∫ ∞

−∞
dENS(E)f(E − eVb)[1− f(E − eVb)]×

{(E − eVb)

kBTe

[
1− 2f(E − eVb)

]
− 1

}
.

(2.23)

Theoretical estimate of Rnis is shown against Vb in Fig. 2.10(b) at several

values of Tb. At the lowest temperatures, the best sensitivity is obtained

at biases slightly below Δ/e, whereas increasing the temperature brings

the optimal point towards zero bias. The optimal bias gets slightly smaller

as Te increases. In Fig. 2.10(c), the measured GNIS is shown against Tb

at a few fixed biases. The theory curves are calculated with Eq. 2.9 by

assuming Te = Tb and using the fitting parameters obtained from the GNIS,

Vb-characteristics shown in Fig. 2.9. Depending on Vb, GNIS saturates at

a certain value of Tb due to the high opacity of the junction in absence

of meaningful thermal fluctuations. The small discrepancy between the

data and the model may come from drifts in the measurement background

or elevated Te compared with Tb. The response of GNIS to Te above the

saturation temperature is close to linear up to 400mK.
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Figure 2.10. (a) Schematic illustration of the energy diagram of a NIS-junction. The blue
circles illustrate quasiparticles with high enough energy to tunnel across
the potential barrier. The Fermi distribution is shifted by a voltage bias
Vb = 0.9Δ/e and the temperature Te = 300mK leads to the long tail of high
energy quasiparticles. (b) R of a NIS-junction calculated by Eq. 2.23 with
the same parameters as used in Fig. 2.9. The results are shown for positive
biases, but are symmetric with respect to the sign of Vb. (b) We operate the
thermometer in practice by fixing Vb and monitoring GNIS, from which Te is
determined by using a calibration against Tb. The dots are measured data
and the lines are theoretical estimates calculated with Eq. 2.22.
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2.5.2 Proximity tunnel junction thermometry

When the size of the absorber is small - of the order of the superconducting

coherence length [136] - the properties of the normal metal wire may re-

semble those of a superconductor due to the proximity effect [137] induced

by the direct superconducting ground contact. In particular, in our samples,

the distance between the NS-contact and the tunnel probe influences the

charge transport properties of the junction. In Fig. 2.11(a), the S21 vs Vb

-characteristics of a Ag SN′IS-samples of length 1μm are shown at several

bath temperatures. The tunnel junction exhibits properties of both NIS and

SIS-junctions. At biases about 0 < Vb < Δ/e, the charge transport across

the tunnel barrier occurs via quasiparticle tunnelling and temperature

sensitivity is observed around Tb � 150mK. The saturation results likely

from the spurious heating due to the applied bias and the small volume

of the island. At zero bias, the device develops a sharp supercurrent peak.

Remarkably, it remains sensitive from 200mK down to the lowest temper-

atures of the dilution refrigerator. Above 300mK, sensitivity is obtained

again due to the quasiparticle current. As the bias is increased, we observe

amplification of the RF-probe signal. Photon emission with a Josephson

junction has been previously observed in [125, 138] and the amplification

process has been theoretically analysed in [139–143]. Anomalous char-

acteristics are observed at biases slightly below Δ/e, possibly due to the

mini-gap induced by the proximity effect. In Fig. 2.11(b), the S21 vs Vb

-characteristics of a Cu SN′IS-sample are shown around the supercurrent

peak at several Tb. These characteristics depend on the sample, and in

some cases, several peaks are detected. We have measured supercurrent

features in both Ag and Cu samples, and observed no notable difference

between them.

As has been known for decades, the current-voltage characteristics of a

Josephson junction are determined by the electromagnetic environment,

and can be evaluated via the P (E)-function (Sect. 2.4.5). In our setup, the

voltage bias used in the experiments will function more like a current bias

in the regions, where the charge transport is dominated by Cooper pair

tunnelling (see the end of Sect. 3.3). We use parameter Vb in the figures of

this section, but the voltage across the junction is actually not exactly Vb

in the regions, where supercurrent characteristics are observed. It is also

worth noting, that even without an applied DC-voltage, the junction is still

biased via the RF-drive. The measurements presented in this section are
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performed with a low RF-probe voltage, that does not noticeably smear the

features.

These unpublished characterisation measurements of the supercurrent

secondary thermometer were performed during years 2014− 2016 in the

development of the detector that was used in the thermal relaxation mea-

surements in Publication IV. An important question regarding the proxim-

ity Josephson junction thermometer has been, whether the temperature

probed by the junction is that of the electron gas on the normal metal

wire. The main temperature response of the proximity Josephson Junction

thermometer presented in Publication III (described in Sect. 3.1.2) was

observed to come from coupling to an external resistor. We have used the

injector tunnel junction to apply both cooling and heating to the electron

gas, and observed the junction to respond to both in a setup similar to the

one presented in Publication IV. Since then, the device has been further

developed and optimised [59–61]. Response to the local temperature via

an electron-cooling measurement was quantitatively demonstrated in [59]

(a)

Tb =

39 mK

370 mK

-0.2 0 0.2
Vb(mV)

-5

0

5

10

S 21
(d

B
)

(b)

0 0.2 0.4

Tb(K)-60

-55

-50

S 21
(d

B
)

1 m
-0.02 0 0.02

Vb(mV)

-8
-6
-4
-2
0
2

S 21
(d

B
m

)

2 m

Tb =

60 mK

200 mK 

Figure 2.11. (a) S21 vs Vb -characteristics of two tunnel junction thermometers with a
1μm long Ag island. The zero-level is fixed to the saturation value at large
Vb. The RF-measurement technique used to obtain the data is described
later in Sect. 3.1. A false-color micrograph of the sample is shown on the left.
The superconducting parts of the sample are made of Al. The Ag island is
connected to a tunnel junction temperature probe on the right and grounded
via an Al lead close to the centre of the island. The left Al lead is also
connected to the island via a tunnel barrier, that can be used to heat/cool
the normal metal electron gas. In the inset on the right of the figure, the
temperature response of S21 (zero-level not shifted) is shown at Vb = 0. (b)
S21 vs Vb -characteristics of a tunnel junction thermometer with a Cu island.
The zero-level is fixed at the high resistance limit, such that positive values
indicate amplification of the probe signal. A false-color micrograph of the
sample is shown in the inset. The Cu island is connected to a tunnel junction
temperature probe on the right and grounded via an Al lead close to the
centre of the island. The left Al lead is also connected to the island via a
direct contact, that can be used to apply Joule heating to the normal metal
electron gas.
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proving, that the device does probe the desired quantity. In addition, the

authors examine the sensitivity of the SN′IS-detector as a function of the

length of the normal metal weak link between the N′IS-junction and NS-

contact. A theoretical model based on the environmental coupling between

the junction and the electromagnetic environment was used to explain the

experimental data in [60]. The current state of the art of the detector is

presented in [61], where the sensitivity of the device was optimised down

to the fundamental FDT thermal fluctuation limit.

2.6 Heat transport on mesoscopic metal structures

2.6.1 Electron-phonon scattering

At cryogenic temperatures, the temperature of the electrons in a metal may

differ from that of the phonons Tp. As Te > Tp, the phenomenon is referred

to as the hot-electron effect. The electron system exchanges energy with

the phonons via recurrent scattering, which transfers heat between the

systems with rate [144–147]

Q̇ep = ΣV (Tn
e − Tn

p ), (2.24)

where the electron-phonon coupling constant Σ is a material dependent pa-

rameter and n depends on the dimensionality, impurities, dislocations and

possibly the substrate. As the electron system is not heavily overheated,

the thermal conductivity can be estimated as

Gep = nΣV Tn−1. (2.25)

Theoretical estimate of n = 5 was derived in [144] for a 3D system with a

spherical Fermi surface at temperatures well below the Debye temperature.

An estimate of Σ was written with the density, ρ, the speed of sound, c, and

the Fermi wave vector, kF, in the metal as

Σ =
ζ(5)

3π2

k4Fk
5
B

�3cρ
, (2.26)

where ζ(5) ≈ 1.0369. The size of the metal in each direction was assumed to

be larger than the average phonon wavelength and only longitudinal acous-

tic phonons were considered. The exponent n = 5 has been experimentally

verified at sub-kelvin temperatures for different metals, such as Cu and Al

[86, 148]. For Ag and Cu, Eq. 2.26 would give values Σ = 4× 108W/m3K5

and Σ = 2× 108W/m3K5, respectively. However, these are an order of
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magnitude lower than observed. The error is probably due to the crude

estimate of a spherical Fermi surface and neglecting of the transversal

acoustic photons. For 2D and 1D systems, estimates of n = 4 and n = 3

have been derived [145, 146], and in a system with defects and boundaries,

the exponent is estimated to vary between n = 4− 6 [147].

2.6.2 NIS-junction

Let us consider the quasiparticle tunnelling between a normal metal lead

on the left and a superconducting lead on the right (Fig. 2.4(a)). As the junc-

tion is biased with voltage Vb, the total heat dissipated on the tunnelling

process is given by Joule power eVb[Γ(eVb) − Γ(−eVb)]. Using the energy

of the extracted quasiparticle as the weight in the integral in Eq. 2.8, the

total heat flow from the left lead to the right is obtained as

Q̇N
nis(eVb) =

−1

e2RT

∫ ∞

−∞
dE(E − eVb)NS(E)[fL(E − eVb)− fR(E)]. (2.27)

Particularly, Eq. 2.27 is negative at biases close to Δ/e indicating cooling.

The first term inside the integral corresponds to this effect, whereas the

second term results into Joule heating power. With conservation of energy,

the heat transport to the superconductor is given by

Q̇S
nis = VbINIS(eVb)− Q̇N

nis(eVb). (2.28)

Unlike the electric current (Eq. 2.12), the heat transport across a NIS-

junction depends strongly on the temperature of the superconducting lead.

This is especially important in applications involving electron cooling. If

the superconducting lead is not thermalised well by an effective quasipar-

ticle trap, (such as a normal metal [149]) the cooling power of the junction
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Figure 2.12. Cooling/heating power of a NIS-junction plotted against Vb/Δ at Ts = 100mK,
for a junction of RT = 20 kΩ.
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will suffer. In Fig. 2.12, Eq. 2.27 vs Vb/Δ is plotted for several Te. Optimal

cooling power is reached at biases slightly below Δ/e.

2.6.3 NS-contact

In an ideal case of an infinitely long superconducting wire, the heat flow

Q̇ns across a NS-contact is zero. However, due to the inverse proximity

effect, Q̇ns is in reality non-vanishing [150]. For a superconducting wire

with a finite length of l, thickness t and width w, Q̇ns can be estimated at

temperatures kBTs � Δ with

Q̇ns ≈ −wt

l

Te∫
Ts

dT ′κS(T ′)e−Δ/kBT
′
, (2.29)

where κS(T
′) = 6

π2
LΔ
kBρN

Δ
kBT ′ , L is the Lorenz number and ρN is the normal

state resistivity of the superconductor and Ts is the temperature of the

superconductor, which is in practice very close to the bath temperature Tb.

As the detector is operated as a calorimeter, due to the small energies of mi-

crowave photons, Te will remain close to Tb and Q̇ns negligible. However, in

the measurement of the electron-phonon coupling strength in Publication

IV, Q̇ns contributes to the total heat transport at Te � 250mK.

2.6.4 Photonic coupling

Photon-mediated electron cooling in nanostructures at low temperatures

has been theoretically analysed [151, 152] and experimentally verified [66–

68, 153]. The heat transport Q̇ph between two resistors R1(2) connected via

a transmission line can be expressed as [152]

Q̇ph =

∫ ∞

o

dω

2π
|t(ω)|2�ω[n1(�ω)− n2(�ω)], (2.30)

where ω is the angular frequency of photons, n1(2)(�ω) = [e�ω/kBT1(2) − 1]−1

are the Boson distributions of photons in resistors R1(2) and the trans-

mission coefficient |t(ω)|2 includes the mismatch of the resistors and the

mismatch between the resistors and the transmission line. Electron-photon

coupling has been reported as the dominant thermalisation channel in a

nanocalorimeter with a resistive absorber in [16].
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2.7 Heat balance on mesoscopic metal structures

2.7.1 Heat capacities of metals

The many-body effects arising from the strong Coulomb repulsion between

the electrons in a normal metal are in practice largely screened out, re-

sulting into a free-electron gas. In the free-electron model, the valence

electrons are assumed to be completely free from the nuclei, forming an

electron gas of non-interacting particles. The specific heat of the electrons

can be calculated as a derivative of the internal energy, ce = dU(T )
dTe

. At

zero temperature, f(E, 0) is a step function with a cut-off at the zero tem-

perature Fermi energy E0
F, and the internal energy can be expressed as

[154],

U = U(Te)− U(0) =

∫ ∞

0
dEEN(E)f(E, Te)−

∫ E0
F

0
dEEN(E). (2.31)

The temperature dependent part in the expression is the Fermi function,

the derivative of which defines a narrow window around EF. Hence, the

density of states can be taken as a constant, N(E) = N(EF) = N0, and

ce(Te) can be estimated as

ce(T ) ≈ N0

∫ ∞

0
dE(E − EF)

f(E, Te)

dTe
,

= k2BTeN0

∫ ∞

0
dxx2 exp(x)[exp(x) + 1]−2,

=
π2

3
N0k

2
BTe.

(2.32)

With the free-electron estimate N0 = mkF/�
2π2, we obtain

Ce = ceV =
k2B
3�2

mkFVTe = γVTe. (2.33)

The normal metal specific heat at low temperatures is given by c =

γT + βT 3, where the first term is free-electron specific heat of the con-

duction electrons and the second one comes from the lattice phonons. At

sub-kelvin temperatures, the phonons are frozen out and the electrons are

left as the main source of heat capacity, whereas at higher temperatures,

the electronic contribution is negligible. The specific heat measurements

on bulk Cu and Ag address the sum of the two components [135, 155–157].

Despite its simplicity, Eq. 2.32 is able to successfully describe the experi-

mental data for several metals over a wide range of temperatures. Some

metals, however, can not be fully understood by using such a simple picture.
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For a calorimeter, all kinds of additional sources of heat capacity are pre-

sumably undesirable. Deflections can arise for example from coupling to

nuclei [135], magnetic impurities [79] and imperfect lattice structure [158],

especially for small systems. Literature values focus mainly on bulk mate-

rials. These results can not be directly generalized to nanoscale devices,

since structures with confined size are complicated by the boundary effects.

Deviations from the free-electron theory will be discussed in Sect. 2.8.

2.7.2 Electron gas, internal thermalization

At low temperatures, heat is mainly transferred between electrons in

metals through the direct electron-electron scattering. The main scattering

processes are the direct Coulomb interaction between the electrons and

magnetic impurities in the material. Relaxation times of the order of 10 ns

have been measured for small silver wires at 100mK [97]. This is orders of

magnitudes faster than the electron-phonon thermalisation (Sect. 2.7.3).

Hence, we can assume the spatial distribution to be uniform in our setup,

Te(t, x) = Te(t).

2.7.3 Thermal relaxation on a normal metal absorber

The steady-state temperature on a normal metal island is governed by the

heat balance

Q̇+ Q̇0 + PH = 0, (2.34)

where PH is an applied external heating power and Q̇ the total thermal cou-

pling between the electrons and environment. In practice, the temperature

of the normal metal wire connected to the room temperature measurement

instrumentation saturates without reaching the bath temperature. This

saturation depends on the measurement setup and adds a constant heat-

ing power, Q̇0, to the system. Under non-equilibrium conditions, the time

evolution of Te can be solved with

CeṪe = Q̇+ Q̇0 + PH. (2.35)

In the present configuration,

Q̇ = Q̇ep + Q̇nis + Q̇S, (2.36)

where Q̇ep is given by Eq. 2.24, Q̇nis by Eq. 2.27 and Q̇S by Eq. 2.29. These

main heat exchange channels between the normal metal electrons and the

thermal bath are illustrated in Fig. 2.13. It has also been shown, that under
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certain conditions at the lowest temperatures, the heat conduction may be

governed by photons [66–68]. In the system we study, the normal metal

island is deposited on top of an oxidized silicon substrate. The substrate

acts as a thermal bath of phonons at temperature Tps, where the heat flow

between phonons in the metal wire and the substrate phonons is limited

by the Kapitza resistance. This thermal boundary resistance was recently

examined in Cu thin film samples on silicon oxide substrates in sub-kelvin

temperatures in [86]. They found the thermal conductance in 300 nm

thick films to be limited by the Kapitza resistance at Tb < 124mK and in

the 50 nm thick film by electron-phonon coupling in the whole measured

temperature range (60mK < Tb < 124mK). We assume the boundary

resistance in our samples of thicknesses below 125 nm to be small in a

sense, that the phonons in the island remain effectively thermalised to

the substrate phonons at all times, Tps ≈ Tp. The temperature on the

superconducting lead close to the tunnel junction may be clearly higher

than Tp due to the injection of hot quasiparticles across the barrier, but

the superconducting lead directly attached to the island can be assumed

to remain at Tp, since the thermal transport across the contact is low. By

making the superconducting lead directly connected to the island long

enough, Q̇S can be practically avoided. As Q̇S increases strongly with
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Figure 2.13. Block diagram illustrating the thermal coupling in a SNIS-device fabricated
on top of a Silicon-substrate. After the normal metal electron gas is heated
with an arbitrary heat input, the system thermalises via electron-phonon
scattering, quasiparticle tunnelling or leakage across the NS-contact. The
large arrows show the main heat exchange channels, whereas the channels
indicated by the narrow arrows can be made negligible via sample and
measurement design. The phonons in the normal metal remain thermalised
to the large phonon bath of the substrate (blue arrow). The thermal coupling
in a SN′IS-device is otherwise similar, but the quasiparticle tunnelling is
neglected. It is also worth noting, that the junction is more sensitive to
environmental coupling, as discussed in Sect. 2.4.5.
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the temperature difference Te − Tp, it is mostly dominant under strong

non-equilibrium conditions. In case of a small island and a junction with

low tunnelling resistance – which are optimal conditions for the sensitivity

of the detector – Q̇nis is more challenging to neglect. However, since

the cooling power suffers strongly if the superconductor is not properly

thermalised, Q̇nis can be also made less dominant by designing long and

narrow leads.

As long as Q̇nis and Q̇S are negligible, the thermalization time is deter-

mined by Q̇ep. When a small thermal excitation is applied to the electron

system, Te decays exponentially back to the bath temperature with a time

constant of τep = (γ/5Σ)T−3
e , as discussed in Sect. 2.1. The thermal

relaxation scaled between [0,1],

ΔTscaled =
Te −min (Te)

max (Te)−min (Te)
, (2.37)

after a temperature increase of 5% is shown in Fig. 2.14 for a Cu sample of

volume 0.003μm3 with an ideal free-electron heat capacity under several

bath temperatures. The temporal evolution of Te is obtained by numerically

solving Eq. 2.35. In Fig. 2.14(a), Q̇ep is the taken as the only thermal

link, whereas in Fig. 2.14(b), relaxation is estimated including also the

quasiparticle-cooling by a perfectly operating RT = 5kΩ tunnel junction.

For a sample of this size, Q̇nis dominates over Q̇ep, and the predicted

relaxation is clearly faster in the latter case. This is avoided in the SN′IS-

device, which does not operate via quasiparticle transport. In case of a

temperature increase of only 5%, the thermal relaxation is exponential

exhibiting a linear decay on a logarithmic scale. Larger initial temperature
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Figure 2.14. Numerical simulation of the thermal relaxation in a Cu electron gas of
volume 0.003μm3 thermally connected to (a) the normal metal phonons, (b)
the normal metal phonons and a superconducting lead via a RT = 5kΩ

tunnel junction. The exponential relaxation is shown on a logarithmic scale
and the time constants of the decay are shown in the insets of the figure.
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Figure 2.15. Numerical simulation of the thermal relaxation of an electron gas coupled to
a phonon bath at Tp = 100mK. The different curves correspond to different
initial temperatures, given in the legend.

results into a faster decay at the beginning of the relaxation curve, as

illustrated in Fig. 2.15.

2.8 Deviations of bulk and free-electron properties

Many of the properties of conventional metals in bulk are remarkably well

described by the free-electron theory, in which the electrons are consid-

ered as a cloud of non-interacting charged particles. For applications in

calorimetry, the main characteristics of metals under interest are, in addi-

tion to the electric properties, the specific heat of the conduction electrons

and their thermal coupling to the environment. Magnetic impurities of

per mil concentration level are observed to enhance the specific heat of Cu

by a few times at sub 1K temperatures [79] and the surface of Cu is pro-

posed to host Kondo impurities [80] in the dephasing time measurements,

which are sensitive to even a dilute magnetic impurity concentration, inten-

sively studied in mesoscopic Cu structures during the last decades [78, 80].

The specific heat of an electron gas interacting with low concentration of

randomly distributed magnetic impurities is determined by the Kondo

temperature, TK, in the material and can exceed the free electron specific

heat by orders of magnitude [83].

The surface of Cu structures is usually covered by its natural oxides.

CuO is paramagnetic even in bulk and CuO2 has been observed to exhibit

various magnetic properties such as antiferromagnetism and ferromag-

netism in nanoparticles, even though the bulk structure is diamagnetic

[81, 82]. Theoretical analysis of Cu oxide surfaces traces the origin of

ferromagnetism in the pure CuO2 nanoparticles to the increased 2p-3d

hybridization in the nanomaterial, and the modelling of cation vacancies

in an ideal CuO2 crystal as well as on its surfaces indicates the vacancies

to be a possible source of the observed magnetic moments [82, 84]. Cupric
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oxide layers play an important role also in the observed high transition

temperature superconductivity of several heavy fermion compounds, where

the effective mass can exceed that of bare electrons by two orders of magni-

tude resulting in significant increase in the specific heat of the compound

[159].

Lattice dislocations induce electric field gradients (EFG) in a material.

Additional heat capacity arising from the nuclear spin coupling to the EFG

created by crystal field distortions and magnetic impurities in metals have

been discussed in Ref. [160]. Previous measurements in magnetic metallic

calorimeters suggest that additional specific heat in Au arises from the

nuclear quadrupole coupling to the EFG introduced by Er ions [158]. The

accurate estimation of strain induced EFGs is in practice challenging, since

each individual dislocation in the lattice should be included in the model.

2.8.1 Surface effects, dislocations and impurities

We have imaged the lattice structure of our evaporated thin film wires

with scanning tunnelling electron microscopy (STEM). For this purpose,

several 200 nm wide and 50 nm thick wires are fabricated side by side on

top of a silicon substrate with the process described in Chapter 3.2. The

imaging is performed for less than 50 nm thick cross-sections of the wires,

cut out by milling with focused ion beam (FIB). Before exposing to FIB, the

samples are covered with a 100 nm thick protective layer of Au. A schematic

illustration of the sample for STEM imaging is given in Fig. 2.16(a) and a

bright field image of one of the wires in a sample is shown in Fig. 2.16(b).

The Pt coating on top of the sample is formed during the process of moving

and attaching to the STEM grid. The lattice structure of several wires is

measured and found to be similar to that of bulk, no gas pockets or other

anomalies are observed. The images are shown in Fig. 2.17. The Ag wires

50 nm SiO2

AuAg

Pt

Silicon oxide, 300 nm

Au coating, 100 nm
Cu/Ag nanowires, 50 nm

(a)

Silicon substrate

(b)

Figure 2.16. (a) Schematic illustration of the sample used for imaging the lattice structure
of the thin film wires. (b) Microscope image of one of the Ag wires on the
STEM sample.

37



Mesoscopic metallic calorimeter

(b)(a)

2 nm 2 nm

Figure 2.17. STEM images of samples of (a) Ag and (b) Cu thin film wires.

are found to be remarkably uniform; the lattice vectors point to the same

direction throughout the wire. In the Cu wires, different growth directions

are observed, which is typical for evaporated Cu films.

2.8.2 Magnetic impurities in evaporated metallic thin films

We have measured the amount of magnetic impurities in the evaporated

Ag and Cu thin films by secondary ion mass spectrometry (SIMS). The

analysis is carried out for 50 nm thick films, fabricated on a similar sub-

strate and deposited in the same evaporator as the measured samples.

In addition to the purity of the source material, several factors affect the

quality of the obtained thin films. These include the pressure in the evapo-

ration chamber, the materials in the environment (such as the previously

evaporated metals) and the evaporation rate. These set an upper limit to

the attainable purity in a specific setup. The standard source materials in

the e-beam evaporator of the Micronova cleanroom include 99.99% pure Ag

and 99.999% pure Cu. The Cu film fabricated of this source material was

observed to be fairly clean with magnetic particles below the ppm level (Fe

0.2 ppm, Cr 0.02 ppm, Ni 0.2 ppm, V 0.004 ppm, Mn 0.01 ppm and Co 0.2 ppm),

whereas the Ag film was observed to contain higher impurity levels (Fe

15 ppm, Cr 5 ppm, Ni 2 ppm, V 0.01 ppm, Mn 20 ppm and Co 0.08 ppm) [161].

Since the amount of impurities in the Ag film was observed to exceed the

values in the Cu film by one to two orders of magnitude, we decided to

test Ag source material of higher purity, 99.999%. The impurities in the

evaporated thin films can also originate from the surface of the source

material. Materials formed in a solution can result in lower surface con-

tamination. This type of materials are coined "shot". To examine the effect

of surface impurities, we have tested two additional Ag films of source

materials 99.99 % shot and 99.999 % shot. By using 99.99 % shot Ag,
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99.999 % shot Ag and 99.999 % Ag, we were able to reduce the level of Fe

impurities below 3 ppm, but not lower. There was no significant difference

in the observed impurity concentration of the metal films evaporated of

these three source materials. This suggests, that the impurities in the

evaporated Ag originate partly from the evaporation chamber.
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3. Experimental methods

The main experimental methods used in this thesis are described here.

These include the DC- and RF-measurement configurations for the tunnel

junction thermometer, as well as the cryoengineering equipment used to

cool the sample down to sub-kelvin temperatures. The sample fabrication

techniques are described and the experimental configuration, including

the noise filtering and amplification, in the refrigerator are reported here.

3.1 RF-readout of a tunnel junction thermometer

In the traditional DC-configuration, the high differential resistance of a

NIS-junction together with the capacitance of the measurement cables

limits the bandwidth of the thermometer to the kilohertz range. Since

we need to detect energy relaxation in the microsecond range, a higher

bandwidth readout technique needs to be employed. To this end, the

junction is embedded in a tank circuit. We have used two different readout

frequency ranges, around 0.5GHz and 6GHz. The lower frequencies, which

is the main setup used in this work, are obtained with lumped element

resonators. In the higher frequency experiment, distributed LC-oscillator

is used and the microwave elements and the chip design resemble those of

superconducting quantum processors [162–164]. Our lumped element on-

chip resonators are made of Al (Tc ≈ 1.2K) and the distributed resonators

of Nb (Tc ≈ 9.2K).

3.1.1 Lumped element resonators for tunnel
junction-thermometry

Measurements in Publications I, II and IV are performed with capaci-

tively coupled lumped element LC-resonators of resonance frequencies, f0,

around 500-600MHz. The readout is performed in a transmission mode,
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L

R = 1/G

C

C C1 2

0Z 0Z

1 2

Figure 3.1. Schematic illustration of the transmission measurement circuit. The only time
varying element in the circuit is the differential conductance of the junction,
marked with red. The variable under interest is the power transmitted from
port 1 to port 2.

as schematically illustrated in Fig. 3.1. The junction is modelled as a

time-dependent resistor with differential resistance R and differential

conductance G = 1/R. In practice G, and from that the temperature of

the normal metal island, are determined by probing the transmittance of

voltage between port 1 and port 2, s21(ω,G). The resonator is capacitively

coupled to Z0 = 50Ω transmission lines via capacitors C1 and C2. The

junction is connected to an inductor, L, which forms an LC-resonator with

the coupling capacitors and the parasitic capacitance, C, from the sample

and the inductor to ground. We have used two types of lumped element res-

onators in this work. At the early stage of the project, we used a resonator

consisting of a surface-mount coil and coplanar gap capacitors, embedded

on the PCB of the sample box (Fig. 3.2(a)). In the second generation of

the device, we have used Al on-chip resonators evaporated on top of a Si

substrate (Fig. 3.2(b)). With this configuration, tuning the tank circuit

between following measurements is convenient, since the resonator is fab-

ricated on an additional chip applied on the sample box by metallic clamps.

We have fabricated on-chip resonators on separate substrates as well as on

the same chip with the tunnel junction sample, in which case the sample

and the resonator are fabricated on the same evaporation round without

breaking the vacuum. For using on-chip resonators, a new sample box was

prepared, since the surface-mount resonator was embedded on the PCB of

the sample box. The main advantages in using superconducting on-chip

resonators over the surface-mount resonators are the minimized losses in

the readout resonator obtained by superconductivity and the small size of

the whole structure. For sensitive measurements, it is preferable to have

the lumped element readout resonator and the sample close to each other.

Cross-talk of the electric fields over large regions in the sample stage might

lead to fluctuations and dissipation, that are difficult to estimate.
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(a) (b)Inductor

Coplanar gap
capacitors 500 nm

Figure 3.2. Lumped element resonators used in this work. (a) Resonator configuration
created on the PCB of the sample box. The inductor consists of metallic wire
wrapped around a core and the coupling capacitors are coplanar gaps. (b)
Resonator made by evaporating 100 nm Al on a Si-chip. The inductor is a
spiral made of 4μm wide and 100 nm thick metal with 100μm wire spacing
in the coil. The coupling capacitors are interdigital capacitors. The bonding
pads are the larger metal domains placed at the centre of the inductor and
the edges of the capacitors.

The impedance of the junction connected in parallel with the inductor

and the parasitic capacitance can be expressed as

ZA =
iωL

1− ω2CL+ iωLG
, (3.1)

and the impedances of the input/output coupling capacitors are given by

Zj = (iωCj)
−1, j ∈ {1, 2}, (3.2)

respectively. The bandwidth of the circuit can be estimated by transform-

ing the circuit into its Norton equivalent counterpart [165]. We measure

in the over-coupled regime, where the bandwidth and quality factor are

determined by the output-coupling. In contrary to the qubit-type measure-

ments, small dissipation in the resonator is irrelevant to the quality of the

measurement. For an over-coupled resonator, the loaded quality factor, QL,

and bandwidth, Δω, of the circuit can be estimated with

QL =
C + C1 + C2

Z0C2
2ω0

and

Δω = ω0/QL =
Z0C

2
2ω

2
0

C + C1 + C2
.

(3.3)

In our measurement configurations, Δω is around 10MHz.

The formula of s21(ω,G) is obtained by considering the forward and

backward propagating parts of voltage and current in the circuit. The

voltage at node 1 consists of the applied and reflected voltages, v1 = v+1 +v−1 ,

while the corresponding current is given by i1 = i+1 − i−1 . The applied and

reflected currents and voltages in the feed transmission line are given by

i+1 = v+1 /Z0 and i−1 = v−1 /Z0. At node 2, we have the transmitted voltage,
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v2 = v+2 , and current, i2 = i+2 . By applying Kirchoff ’s laws for AC circuits,

we get equations:

i1 = (v1 − vA)/Z1

i2 = (vA − v2)/Z2

iA = i1 − i2 = vA/ZA.

(3.4)

With these, the transmittance is solved as

s21(ω,G) = v+2 /v
+
1 =

2Z0ZA

Z2
0 + 2Z0ZA + (Z0 + ZA)(Z1 + Z2) + Z1Z2

. (3.5)

The spectral line-shape of s21(ω,G) is obtained in terms of Z0, L, C,C1, C2,

and R by substituting impedances (3.2-3.1) into Eq. (3.5). The temporal

measurements of the NIS-thermometer are performed by fixing the opera-

tion frequency into resonance. At high junction resistance, the resonance

angular frequency of the device is determined by the reactive elements as

ω0 =
1√

L(C + C1 + C2)
. (3.6)

At low temperatures (T � Tc) and small bias voltages (Vb � Δ/e), a

properly measured NIS-junction is highly opaque, and Eq. (3.6) is accurate.

By taking into account, that Z0 � R and Z0 �
√
LC, the absolute value of

s21(ω,G) at resonance is simplified into

|s21,0| = (2κ)(G/G0 + 1)−1, (3.7)

where

G0 = Z0(C
2
1 + C2

2 )ω
2
0 and

κ = C1C2/(C
2
1 + C2

2 ).

(3.8)

The term 1/(G/G0 + 1) assumes values in the range of ]0, 1], depending on

the conductance of the junction. With asymmetric coupling, C1 << C2, the

pre-factor in the equation cuts the voltage on the right side of the input

capacitor (Fig. 3.1) by a factor of 2κ = (2C1/C2). Hence, a small input

capacitor works as a dissipationless attenuator at port 1. This is helpful in

reducing the photon-mediated noise feed to the resistive sample [66, 68]

from the resistive attenuators on the cold finger of the cryostat. In the

weak input coupling limit (C1 � C2), the transmittance at resonance is

given by

|s21,0| = (2C1/C2)(G/G0 + 1)−1. (3.9)
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The on-chip resonators used in this project are fabricated well in this limit,

whereas in the surface mount resonator, the capacitors are of the same

order of magnitude. The measured quantity in this work is the transmitted

power, hence the sensitivity of the detector depends on the responsivity of

|s21,0|2 to the changes in the conductance of the junction, given by

∂|s21,0|2/∂G = −8κ2
1

G0

1

(G/G0 + 1)3
. (3.10)

The differential resistance of a NIS-junction can usually be tuned in the

range of 1 kΩ-1MΩ, at which the suitable coupling capacitor for the output

port of the resonator is around 0.01 pF-1 pF.

The transmittance of power for the resonator circuit is given by

S21(ω,G) = 10 log10

(
|s21(ω,G)|2

)
, (3.11)

and at resonance this can be expressed with Eq. (3.9) as

S21,0(G) = 20 log10

(
2κ

1

G/G0 + 1

)

= −20 log10 (1 +G/G0) + 20 log10 (2κ)

= S21,G(G) + Satt,

(3.12)

where Satt = 20 log10 (2κ) and S21,G(G) = −20 log10 (1 +G/G0). At high

junction resistance, G � G0, the transmittance at resonance approaches

Satt.

The parameters of the circuit can be determined by measuring the line-

shape of the resonator at two bias voltages, Vb = 0 and Vb  Δ/e. The

assumed data is shifted by a frequency dependent-background, SB(ω),

determined by the components in the readout-chain, as described in Chap-

ter 3.3. The background at ω0 is denoted as SB,0, and the power trans-

mittance is given by S′
21,0(G) = S21,G(G) + Satt + SB,0. At Vb = 0, the

resonance peak is sharp, and the peak at ω0 is easy to subtract from the

data. The transmittance attains value Satt + SB,0. At Vb  Δ/e, the dif-

ferential resistance of the junction assumes its asymptotic value, R = RT.

Expressed in the logarithmic form (Eq. (3.12)), the difference between

the transmittance at resonance at the two measured biases is given by

ΔS21,0 = S21,G(G = 1/RT). With Eq. (3.9), G0 is determined from ΔS21,0 as

G0 =
1

RT

1

10ΔS21,0/−20 − 1
, (3.13)

and C2 is obtained as

C2 =

√
G0

ω2
0Z0

− C2
1 . (3.14)
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Figure 3.3. (a) Measured transmittance of power against the drive frequency for a res-
onator terminated with a NIS-junction. The data includes the background
(see inset) from the attenuators, cables, filter, circulators and amplifiers. The
different curves correspond to different biasing conditions of the junction. (b)
Lineshape of the resonator after background substraction. The theoretical
estimates (black lines) are calculated with Eq. 3.5. (c) The conductance of
the junction changes with biasing, whereas the same values are obtained via
data fitting for C and L with an error smaller than 1% at each value of Vb, as
expected.

Finally, L and C are determined by fitting Eq. (3.5) into the difference

between the two measured lineshapes,

ΔS21(ω,G) = S21(ω, 0)− S21(ω, 1/RT). (3.15)

Importantly, this does not contain the background.

The lineshape of an on-chip resonator similar to that illustrated in

Fig. 3.2 is shown in Fig. 3.3. The resonator is shunted by a NIS-junction,

fabricated on a separate chip. The lineshape of the resonator is measured

at several values of Vb. The parameters of the resonator are given in

Table 3.1. The parameter C1 = 0.025 pF is determined with an electromag-

RT 1/G0 w0/2π C L C1 C2

kΩ kΩ MHz pF nH pF pF

Setup 1 22 50 625 0.5 80 0.1 0.2

Setup 2 23.21 34.9 564 0.561 100 0.025 0.212

Table 3.1. Relevant parameters of a surface mount resonator (setup 1, Fig. 3.2(a)) and
an on-chip resonator (setup 2, otherwise similar to that shown in Fig. 3.2(b),
but the tunnel junction sample was on a separate chip and connected to the
resonator via wire bonding).

46



Experimental methods

netic simulation, RT is measured at room temperature, and G0 and C2 are

obtained via Eqs. 3.13 and 3.14. Finally, C, L and G are determined by

fitting 3.15 into the measured data. The background is then determined as

the difference between the theoretical estimates and the measured data.

After background subtraction, similar values of C and L are obtained at

each Vb by fitting Eq. 3.5 into the data and the model is found to describe

the data well at all the biases. The fitted parameters are gathered in

Table 3.1, where the parameters of also the surface-mount resonator are

shown. The bonding wires applied to connect the sample, the resonator and

the measurement cables introduce some stray capacitance and inductance

to the circuit, enhancing the obtained values of L and C.

The circuit analysis presented so far in this section was performed in the

linear regime, in which the applied RF-drive induces only a small voltage

across the tunnel-junction in comparison with Vb. Beyond this regime,

the electric potential across the junction is a combination of the applied

DC and RF voltages. The steady-state response of the junction to the RF-

drive can be calculated with the harmonic balance method. In Fig. 3.4(a),

the lineshape of a resonator terminated with a NIS-junction at Vb = 0 is

shown at different values of applied RF-power at port 1 of the resonator,

Pin. The parameters of the resonator are obtained by data fitting in the

linear regime (Table 3.1, setup 2). The only fitting parameter for Fig. 3.4

is the total attenuation, A, in the RF-input line, 79.5 dB. In Fig. 3.4(b),

the S21,0(G), Vb characteristics of the same sample are shown under a

few values of Pin. This measurement gives an estimate of A = 79.2 dB.
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Figure 3.4. (a) Lineshape of an on-chip resonator terminated with a NIS-junction mea-
sured without an external bias. As Pin is increased, the total voltage across
the junction increases inducing charge transport across the junction, which
leads to damping of the resonance peak. (b) The S21,0, Vb characteristics of the
NIS-junction are particularly sensitive to the applied Pin, since near Vb � Δ/e

even small voltage fluctuations lead to rounding of the curve.
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According to the data sheets of the used components, the total A of the

resistive attenuators used in the measurement was 71 dB. In the present

measurement, there was an accidentally left additional low-pass filter of

450MHz cut-off frequency in the RF-input port, which induces additional

attenuation. Small discrepancy between these values may also result from

an error in the estimate of C1, leading to an overestimation of the power

reflected back from port 1.

3.1.2 Tunnel junction-thermometry with a distributed
resonator

Majority of the measurements in this thesis were performed with the

lumped element resonators described in the former section and cooled

down in a dilution refrigerator described in Sect. 3.3. As an exception,

the measurements presented in Publication III were performed by con-

necting a small proximity Josephson junction (Fig. 3.5(a)) to a distributed

transmission line resonator, as illustrated in Fig. 3.5(b). The microwave

elements and the chip design are as in circuit QED experiments [162–164]

but with dissipative elements included, and the configuration was cooled

down in a different dilution refrigerator to that discussed in Sect. 3.3.

The resonance shift induced by the tunnel junction is measured with

the RF-probe. The temperature sensitivity of the tunnel junction results

from both the critical current of the junction and its electromagnetic en-

vironment. The former is sensitive to Te on the Cu island, whereas, due

to the design of the measurement, the latter is determined by the 50Ω

NS contacts
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contact
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H
eater loop

(a)

50 

50 

50 

50 

dc bias

dc bias

Feed line
Ck

Ck

SNS

SNS
Low Z  1/4

Low Z  2/4 Low Z  2/4

Low Z  1/4

High Z  2/4

High Z  1/4

H
eater +

 bandpass

(b)

Figure 3.5. (a) SEM image of the sample with a proximity Josephson junction temperature
probe attached to a Cu nanowire. The superconducting parts of the sample
are made of Al. (b) Schematic illustration of the measurement setup with two
functionally equivalent (upper and lower) halves. The Cu island is connected to
Nb microwave resonators with 5GHz (blue elements) and 6GHz (red elements)
frequencies. The resonators are capacitively coupled to microwave readout
equipment at room temperature. DC-biasing can be applied to the tunnel
junctions via the λ/4-section of the transmission lines with the 50Ω biasing
resistors placed at the cold finger of the cryostat. Local heating of the Cu
wires can be applied via a capacitively coupled microwave line.
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DC-biasing resistor at bath temperature. The sensitivity of the device

is measured against Tb, and a thermal model based on a high frequency

expansion of the well known P (E)-theory is used to describe the data. The

measurement depends strongly on Tb at sub-100mK temperatures, and

reaches sensitivity better that 10μK/
√
Hz around 50mK. Some response

is also observed against local heating of the electron gas, resulting from

the Te-dependence of the critical current. However, it is concluded, that

for microcalorimetry, the external biasing resistor should be replaced by a

resistive absorber of equal resistance but minimal volume.

3.1.3 Sensitivity of the detector

One of the main characteristics of a calorimeter is its energy resolution.

For the device under development, this can be estimated as a product of

Ce and the sensitivity of the thermometer δT . Expressed with the noise

equivalent temperature of the thermometer, NET, and the thermalisation

time of the absorber, τ = Ce/Gth, δT is given by NET(τ)−1/2. With these,

δE can be written as

δE = CeδT =
√
CeGthNET. (3.16)

When the noise level of the amplifier is low enough, the NET of the mea-

surement will be limited by the intrinsic fluctuations of the electron-phonon

system in the absorber. In case of a temperature fluctuation limited detec-

tor with NETth =
√

2kBT 2
e /Gep =

√
2kB/(5ΣV)T−1

e , δE can be estimated

with Eq. 3.16 as

δE =
√

CeGepNETth =
√
Ce × 2kBT 2

e =
√
2kBγVT 3

e , (3.17)

assuming Gth = Gep and Ce = γVTe. In the research presented in this

thesis, the noise in the system is limited by the first stage amplifier, leaving

room for improvement.

The NET of a thermometer can be estimated with its temperature T

responsivity, R = dPdet/dT , and the noise in the detected power,
√
SPdet

, as

NET =
√

SPdet
/R. The detected power, Pdet, is related to the power at the

output of the signal generator, Pgen, via Pdet = 0.5|s′21,0|2Pgen. Here |s′21,0|
is the resonant transmittance of voltage from the voltage source to the

digitizer input, including the attenuation and gain, G, in the readout chain

via |s′21,0| = AG|s21,0|. With these, R can be written as

R =
d

dT
(0.5|s′21,0|2Pgen) =

1

2

∂|s′221,0|
∂G

∂G

∂T
Pgen. (3.18)
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The responsivity of the resonator in the linear regime, ∂|s21,0|2/∂G, is

analysed in section 3.1 and the temperature responsivity of a NIS-junction,

∂G/∂T , in section 2.5.1. The responsivity of a NIS-junction is optimised in

a narrow bias voltage region close to the superconducting gap (Fig. 2.23(b)).

Since the electric potential at the junction is a combination of the applied

DC and RF-voltages, the optimal DC-bias depends on the amplitude of the

RF-drive. The NET of a NIS-junction is shown against Vb and Pin in Fig. 3.6,

where (a) shows measured values and (b) theoretical estimates. Under

optimal biasing conditions, the NET of an NIS-junction can be expressed

as [166]

NETopt =
√
2.72e2RTTsys/kB, (3.19)

where Tsys is the system noise temperature of the amplification chain

referred to the input of the amplifier. In this case, δE is given by [166]

δE =
√

CeGepNETopt =

√
13.6e2γΣRTV2Tsys

kB
T 5/2
e . (3.20)

The measured NET at optimal Pin in the supercurrent and quasiparticle

modes are compared against Tb in Fig. 3.7(a). The Pin used at Vb = 0 is

16 dB smaller than at Vb = 0.18mV. The advantage in the supercurrent

measurement is that it remains sensitive down to the lowest temperatures

of the dilution refrigerator being over an order of magnitude more sensitive

than the quasiparticle mode below Tb = 100mK. Above Tb ≈ 200mK, the

supercurrent feature disappears.

The NET, saturation temperature Tsat and δE observed in a few samples

are shown in Table 3.2. In the first setup (S1-Cu), we had insertion loss

of the order of 7 dB at the output port of the sample box, degrading Tsys to

as high as 62K. The best measured NET in the setup was 90μK/
√
Hz. By
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Figure 3.6. (a) Measured and (b) theoretical NET of a NIS-thermometer with an on-chip
resonator. The parameters of the sample are given in Table 3.1, row 2 and the
measurement was performed at 160mK.
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V RT NET Tsat δE

sample mode (μm3) (kΩ) ( μK√
Hz

) (mK) (zJ)

S1-Cu qp 0.05 22 90 80

S2-Ag qp 0.04 4 16 100 10

sc 43 30 1

S3-Ag qp 0.003 5 42 150 3

sc 90 30 0.04

S4-Cu sc 0.003 8 50 0.01

Table 3.2. Measured sensitivity in four different samples. In the operation mode column,
sc refers to the supercurrent and qp to the quasiparticle current measurement.
Tsat is the temperature, at which the sensitivity of the detector saturates
and the NET is given at the optimum point. The estimate of δE is given
by assuming ideal Landau specific heat and electron-phonon thermalization,
δE =

√
5ΣγV2T 5

e NET. Due to the strong temperature dependence in this
formula, the optimal δE and NET are not necessarily reached at the same Te.

replacing the old sample box, we were able to reduce the system noise down

to Tsys = 11K (S2-Ag), which is close to the noise temperature of the first

stage amplifier in the setup, TN = 10K. Samples S3-Ag and S4-Cu are an

order of magnitude smaller than S1-Cu and S2-Ag. In S3-Ag, the sample

and resonator were prepared on the same lithography and evaporation

round. The thickness of the resonator was 45 nm, which seemed not to

be enough, since no clear resonance peak was detected. Sample S4-Cu

was measured with distributed resonator, whereas the lumped element

detection scheme was used for the other measurements. Due to the design

of the measurement setup for S4-Cu, instead of the temperature of the

normal metal nanowire, the thermometer was most likely to probe the tem-

perature of a remote 50Ω bias resistor, also placed in the base temperature

of the cryostat. Hence, the NET of the measurement was able to exceed

the limit set by the internal thermal fluctuations of the wire and placing

an estimate of δE for the specific configuration is unreliable. Optimising

the detector involves minimising the operation temperature and the size

of the sample. In practice, this is often a challenging combination, since

small structures are hard to thermalise. Due to the vanishing sensitivity

at the lowest temperatures, the NIS-junction does not appear as promising

as the N′IS-device. As the size of the absorber is decreased, the saturation

temperature in the NIS-thermometer is shifted to even higher values due

to the weaker coupling to the thermal bath.
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Figure 3.7. (a) Comparison of the NET against Tb in the supercurrent and quasiparticle
measurements. (b) Comparison of the energy resolution of the temperature
fluctuation limited (Eq. (3.17)) and the amplifier limited (Eq. (3.20)) calorime-
ter with an absorber of V = 0.001μm3 and a tunnel junction of RT = 5kΩ. The
blue area illustrates the regime where it is favourable to detect 1K photons.

The tunnel barrier between aluminium and a normal metal consists of a

few atomic layers of aluminium oxide. The junction cannot be made arbi-

trarily transparent, and a general rule is that for a tunnel junction of area

Aj, the resistance of the barrier is limited by the ratio AjRT � 50Ωμm2.

The area of the junction is limited by the size of the absorber, and for

an Aj = 50nm × 20 nm junction, we can estimate RT = 5kΩ. In addition

to the tunnel junction contact, the absorber also includes a ground con-

nection, which induces superconductivity to the small wire. The junction

and the ground connection can be fabricated in close proximity. How-

ever, the antenna part of the wire needs to stay resistive for effective

photon absorption, limiting the minimum size of the absorber to around

V = 20nm× 50 nm× 1μm ≈ 0.001μm3. The estimates of δE for this size of

a sample are shown in Fig. 3.7(b) both in the amplifier limited (Eq. (3.20))

and intrinsic temperature fluctuation (Eq. (3.17)) limited cases as a func-

tion of temperature. The energy resolutions are compared with the energy

of a 1K photon and the Δ of Al, which is a relevant energy scale in the

measurement of the noise in the heat current across a tunnel junction.

Estimated optimal δE for samples S3-Ag and S4-Cu are also shown in the

graph. In the recent state of the art measurement of a similar calorimeter,

the sensitivity of the detector was optimised down to the intrinsic thermal

fluctuation limit [61].
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3.2 Sample fabrication

We process the samples in the Otanano cleanroom of Micronova nanofab-

rication center. The main techniques include electron beam lithography

(EBL), multi-angle metal evaporation and lift-off. The metal structures

are fabricated on top of a silicon wafer covered by 300 nm of insulating

silicon oxide. The wafers are delivered pre-processed with the oxide layer

on top. In the cleanroom, the substrate is covered by layers of electron-

beam sensitive resists by spin-coating. The first layer is made of copolymer

poly(methacrylate-methacrylic acid) P(MMA-MAA) and the second one of

polymer polymethylmethacrylate (PMMA). Compared to the top layer, the

lower material is more responsive to the secondary electrons exposed to

it at the EBL. This allows us to fabricate undercut structures that can be

used in multi-angle metal evaporation, as illustrated in Fig. 3.8(a). The

layout of the sample is drawn to the processed silicon chip with EBL, after

which the chip is developed with 1:3 Methyl Isobuthyl Ketone (MIBK)-

Isopropanol mix and 1:2 Methyl glycol-methanol mix. MIBK is used to

remove the sections directly exposed to the electron beam, whereas Methyl

glycol enhances the under-cut. After evaporation, the remaining resist is re-

moved with Acetone, leaving only the metal structures directly evaporated

to the silicon oxide.

The samples examined in this work contain direct contacts and tunnel

barriers between a normal metal wire and superconducting leads, requir-

ing multi-angle metal deposition. The small structures (∼ 10 nm− 1μm)

are connected to larger bonding pads and resonators. The size of these

200 nm Al

Al Ag

(b)(a)

Silicon
Silicon oxide

P(MMA-MAA)
PMMA

Metal 1 Metal 2
NS NISSIN

Figure 3.8. (a) Schematic cross-section view of the mask for multi-angle metal evaporation.
Intersections between metals can be made by evaporating at different angles.
(b) False-color micrograph of a sample fabricated with the three-angle shadow
evaporation technique. The Al leads evaporated in the first angle are oxidised
before applying the Ag island in a second angle. The Al lead evaporated in
the last angle is directly connected to the Ag island. The additional metal
structures are a side-product of the shadow evaporation process.
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components is of the order of 100μm-1mm. The metal layers are grown

in a rate of 0.1–0.4 nm/s. A sample fabricated by three-angle evaporation

is illustrated in Fig. 3.8(b). The first deposited metal is Al, after which

oxygen is released in the chamber to obtain a layer of aluminium oxide

on top of the metal. Then the system is pumped under vacuum again,

the angle is changed and a normal metal wire is deposited on top of the

oxide to obtain the tunnel junction. Finally, the direct NS-contacts are

applied to the sample by evaporating in a third angle. The resonator can

be fabricated on top of a separate chip and connected to the sample at the

sample box by wire bonding. To avoid these additional bonds that might

degrade the quality of the measurement, we have fabricated devices where

the resonator is on the same chip with the small structures. In practice,

the resonator is evaporated in an additional angle before the first Al layer,

to avoid the thick superconductor from proximizing the thin normal metal

structures. Following the resonator, a superconducting lead is evaporated

on top of the resonator, after which the layer is oxidized and the fabrication

is continued as discussed above. To improve the resolution of the samples,

a layer of Germanium can be evaporated between the P(MMA-MAA) and

PMMA layers [167, 168]. A false-color micrograph of a sample obtained

with the Germanium-enhanced procedure is shown in Fig. 3.8(b).

In this work, we have fabricated Al-Al2O3-Ag and Al-Al2O3-Cu tunnel

junctions. The latter ones have a high success rate and can be stored

under room temperature for several days without damaging the quality

of the device. When using Ag, the measured RT increases under room

temperature over time and during cooling down. We have observed this to

be a typical problem with the Al-Al2O3-Ag tunnel junctions. Indeed, when

stored under normal laboratory room temperature and pressure for about

a day, the electrodes detach completely. The reliability of the junctions

can be enhanced by improving the purity in the evaporation chamber, by

making the Ag layer thicker and by evaporating a thin layer of Al (2–4μm)

after oxidation and before evaporating Ag, to improve the contact. It was

also observed, that the junctions will more easily break if the air humidity

is large. After cooling down, the junctions remain stable. If the evaporator

was previously used to fabricate samples containing materials other than

Ag or Al, the reliability of the fabrication process was greatly enhanced

by a few actions. These include changing the source material cup and

melting new Ag pellets, regenerating the cryopump and evaporating about

20 nm Ag or Al to the vacuum chamber before starting sample deposition.
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In case, where the tunnel junctions were fabricated on the same round

with the lumped element on-chip resonators, a few μm wide wires were

added to the layout to shunt the capacitor pads and the bonding pads of

the tunnel junctions together. These connections were scratched out after

connecting the device to the sample stage with wire bonding and mounting

the junction to the ground potential.

3.3 Measurement setup in the dilution refrigerator

The samples are placed in the cold finger of a dry dilution refrigerator, in

which the cooling power from 2K down to 20mK is obtained by the latent

heat of the mixing of 3He and 4He in the dilution unit of the fridge [135].

Cooling from the room temperature to 2K is carried out with a pulse tube

refrigerator. The cryostat is shown under operation in Fig. 3.9(a). The cold

parts of the device are closed with a vacuum tight lid (Fig. 3.9(b)). Above

(a)

(b)

(c) (d)

(e)

(f)
Magnetic
shield

Grounding 
         piece

R

Indium seal

Sample
box

Figure 3.9. (a) Our Bluefors dilution refrigerator under operation. (b) The base temper-
ature plate of the fridge is isolated by four metal shields, each placed at a
different temperature stage of the fridge. The smallest shield is of Cu. Inside
the larger shields, we have placed magnetic shields, shown in the inset of the
figure. The VC of the cryostat is closed with a rubber gasket on the outer lid.
(c) Cabling inside the VC of the cryostat. The LP-filters, circulators and cables
are also seen in this figure. (d) The sample box is placed at the cold finger of
the cryostat. (e) The sample box is closed with an indium seal. The sample
chips are attached to the Cu plate of the box by BeCu clamps. (f) The most
recent sample stage with 12 DC and three RF-lines. A biasing resistor, R1, is
connected to a DC-line and all the DC-lines are gathered to a connector that
can be mounted to the sample box ground potential by a grounding piece.
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temperatures of about 100K, the system is kept under vacuum with an

external pump. At lower temperatures, the vacuum chamber (VC) works

as an effective cryopump, maintaining a sufficiently low pressure without

an external pump. At the base temperature of the dilution refrigerator,

the pressure in the VC is around 10−6mbar. Temperatures below 10mK

can be easily reached by commercially available dilution refrigerators.

However, cooling the electron gas in mesoscopic structures connected to

room temperature measurement equipment is a more challenging task.

A carefully planned and implemented noise filtering in the cryostat is

essential for avoiding spurious heating. Photon emission from higher

temperatures can drive the sample out of equilibrium. To avoid this, each

temperature stage of the cryostat is isolated with reflecting and absorbing

materials. Cryoperm magnetic shields of mumetal are placed around the

outer vacuum lid as well as the 2K and 600mK stages. The components

inside the VC are shown in Fig. 3.9(c). The sample holder is attached to

the base-temperature plate of the cryostat, as illustrated in Fig. 3.9(d), and

the Cu box is closed with an indium seal.

In this work we have designed and assembled three separate sample

holders. Each of them contain three coaxial high-frequency cables entering

the RF-tight box. Two of the cables are used as the input and output ports

of the RF-readout and one for applying heating pulses to the sample for

temperature relaxation and heat capacity measurements. The original

sample box contains a resonator configuration that is mounted on the PCB

of the box, as illustrated in Fig. 3.2(a). The second holder is designed

to be used with on-chip resonators and samples that are clamped on the

Cu-platform, as shown in Fig. 3.9(f). The holder is made more compact

and convenient to attach to the refrigerator. Both of the first sample boxes

contain eight DC-connections. The inside of the third sample holder with

12 DC-wires is shown in Fig. 3.9(g). The holder contains a three-layered

PCB, and the DC-lines run below the top-surface. The grounding piece in

the figure is connected to each of the lines. In this manner, more space

is left on top of the PCB for other components, such as the resistor-wire

for voltage-biasing the tunnel-junctions. The resistor is about 2Ω, and

it is made large in size in order to keep it well thermalized to the bath

temperature of the fridge. More space is also left for samples in the middle

of the box, enabling experiments on samples on separate chips during one

cool-down.

A schematic illustration of the measurement setup including the filtering,
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wiring and amplification in the cryostat is illustrated in Fig. 3.10. From

the room-temperature measurement equipment, noise is conducted to

the sample through the cabling. Each RF input line is attenuated at

the various temperature stages of the cryostat. The RF-cables between

different temperature stages in the cold parts of the refrigerator are made

of Nb. All the three lines contain commercially available low-pass (LP)

filters at the base temperature of the fridge, and in some measurements

also an Eccosorb filter made in the laboratory is placed at the RF-output

port and the heater line. The first stage amplifier, a high-electron-mobility

transistor (HEMT) from Quinstar Technology, is located at the 2K plate

of the cryostat. The noise from the amplifier is filtered by three-port
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Figure 3.10. Schematic illustration of the measurement setup and the wiring in the
dilution refrigerator. For the basic operation of the RF-thermometer, only
one DC-line is necessary, and hence shown in this picture. The components
inside the sample box are bordered with orange dashed line. The on-chip
devices, such as the resonators, samples and bias-tee inductors, are connected
to the PCB of the sample box by wire-bonds.
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circulators, with the third port terminated to a matched load. Each of these

components provide about 40 dB isolation from the amplifier to the sample.

Two of such isolators are placed between the sample and the amplifier at

the 600mK plate of the cryostat. The combined band of the amplifier and

the circulators is in the range 450MHz-650MHz. The configuration shown

in Fig. 3.10 is an example used in one of our lumped element resonator

measurements. We have varied the amount of attenuation, filters and

circulators between cool-downs. In some of the measurements, the LP-

filters were placed before the lowest temperature stage attenuators.

The DC-voltage is applied to the tunnel-junction thermometer through

resistive coax cable, with about 100 pF/m capacitance to ground, placed

inside the cryostat. The cable works as an effective RC-filter, rejecting

the noise from the higher temperatures. The electric potential on the

normal metal island of the tunnel-junction sample is fixed to the ground

potential of the sample box by a directly connected superconducting lead.

A small parallel resistor, R1, is fixed at the printed circuit board (PCB) of

the sample box, and connected in parallel with the junction. A larger series

resistor, R2, is placed at room temperature, and the applied voltage, Vapl, is

divided as Vb = (R1/R2)Vapl. To avoid shunting of the RF-drive, A bias-tee

inductor is placed between the bias line and the resonator. We have used

biasing resistors of R2 = 10 − 100 kΩ and R1 = 1 − 5Ω. This works as a

good voltage bias for a NIS-tunnel junction, but may behave more like a

current bias in the supercurrent mode at the lowest temperatures.
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4. Experimental results of the thermal
properties of Cu and Ag thin-film
nanowires

In this chapter, the thermal properties of Ag and Cu nanowires embedded

in SNIS and SN′IS configurations are discussed. The electron temperature

on the wires is monitored via either a NIS- or N′IS-temperature probe,

depending on the sample and bath temperature. These measurement

schemes are discussed in Sect. 2.5.1 and 2.5.2. We refer to the former as

qp- and the latter as sc-measurement. In the first section, the thermal re-

laxation times observed in normal metal nanowires of different lengths are

reported. Thermal relaxation measurements are discussed in Publications

I, II and Publication IV. From the relaxation measurements it is possible

to determine only the ratio of the heat capacity and thermal coupling. To

address these two parameters separately, it is necessary to have a method

for calibrating the heating power applied to the sample. This type of a

measurement is described in the second section, which corresponds to

Publication IV.

4.1 Thermal relaxation time constants

We have measured the temporal evolution of temperature in normal metal

thin-film wires under non-equilibrium conditions. The thermal relaxation

is examined by applying a Joule heating pulse to the electron gas and

observing the relaxation tail after switching off the pulse. Since the mea-

surement can be performed by averaging over several heating/relaxation

cycles, single shot resolution is not required. The waveform used for the

heating is illustrated in Fig. 4.1(a). The pulse consists of several periods

of sinusoidal voltage with 6MHz frequency. It is conducted to the sam-

ple box through a high frequency coaxial line and applied to the normal

metal island through a superconducting lead. The response of a biased

NIS-junction to several heating amplitudes is shown in Fig. 4.1(b). The
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Figure 4.1. Illustration of the relaxation time measurements. (a) The electron gas is
heated by a voltage pulse, VH, with 6MHz oscillating sinusoidal wave. (b)
Response of the thermometer to several heating amplitudes.

maximum steady-state temperature, Te,0, assumed by the normal metal

electrons in response to a peak-to-peak heating amplitude V pp
H is shown in

the inset of the figure. In addition to thermal relaxation, we observe an

additional transient of about 2μs right after applying a heating pulse and

following its termination. This time constant is most likely an electronic

transient of the heating pulse and it is observed not to depend on tempera-

ture. The thermal time constant is extracted from the measured data by

fitting an exponential decay into the relaxation tail of the time trace 1.6μs

after switching off the pulse.

We have measured thermal relaxation in Ag and Cu wires of lengths

2μm − 24μm at temperatures 30mK − 300mK. The observed thermal

relaxation consists of either one, two or three time scales, depending on

the sample. The relaxation (Eq. 2.37) can be expressed via

ΔTscaled =

3∑
i=1

Aie
− t

τi , (4.1)

where τi are the exponential time constants and Ai assume values between

[0, 1]. In the Cu samples, the thermalisation occurs via either one or

two exponents with small heating amplitudes, yet with larger heating

amplitudes an additional, clearly longer ( 100μs− 2ms) time scale appears.

The two shorter relaxation times do not depend on the heating amplitude.

The longer relaxation is more dominant in the sc-measurement. Comparing

the contribution of the environmental coupling to the qp- and sc-transports,

Eqs. 2.20 and 2.21, one can assume the sc-mode to be potentially more
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sensitive to an external noise in the electromagnetic environment (studied

in microcalorimeters in Publication III and Ref. [60]). This source could

be for example the resistive attenuator in the AC-heater line, overheated

by the voltage pulse, at the lowest temperature stage of the cryostat. In

measurements with 10 dB larger attenuation and with the attenuators

placed closer to the sample than the low-pass filters, the long relaxation

is more dominant, which supports this assumption. In Fig. 4.2(a), the

temporal evolution of ΔTscaled after switching off the heating pulse is shown

at several bath temperatures in a Cu sample. The time constants we obtain

with Ag at small heating amplitudes consist of a single relaxation time,

which is up to an order of magnitude smaller than the values measured in

Cu. Similar to the Cu samples, an additional slow relaxation appears in

some samples with large heating amplitudes. However, unlike in Cu, this

effect is weak and only appears when using large heating amplitudes. The

main thermalisation channels in this work are electron-phonon scattering

and electron-cooling via the probe thermometer, the latter being suppressed

in most of the samples presented in this section due to the large V of a

sample, high RT, weakened quasiparticle trapping in the superconducting

size, or by use of the sc-mode. In 4.2(b), τ1 is shown against Vb in a Ag

sample, where RT = 4kΩ, V = 0.04μm3 and the tunnel-junction is only

200 nm apart from a Ag quasiparticle trap on the superconducting side.

Relaxation time constants measured in several Ag and Cu samples are

shown against Tb in Figs. 4.3, 4.4 and 4.5 on a logarithmic scale. The

light gray dashed lines correspond to τ = cte × T−3sK3 relaxation and

the constants cte are given in the graphs for each of the lines. For a

Cu sample with free-electron heat capacity and electron-phonon thermal

conductance, cte would be 6× 10−9. The relaxation times are plotted in

section (a) of the figures. False-color SEM images of the samples are given

in (b) and in case of Fig. 4.5 also in (c). Measurements in Ag and Cu wires

of length 24μm are covered in Figs. 4.3 and 4.4. In Fig. 4.5, a Ag wire of

8μm and a Cu wire of 2μm are analysed. The relaxation times in the Ag

samples above 100mK follow τ1 ∝ T−3
b power law in all three samples with

slopes τ1 = 3× 10−9 × T−3sK3 in Ag1, τ1 = 5× 10−9 × T−3sK3 in Ag2 and

τ1 = 3.5× 10−9 × T−3sK3 in Ag3. Sample Ag3 was measured only with the

qp-mode with sensitivity above 100mK. The sc-probe works well for the

relaxation time measurements below about 150mK and remains sensitive

down to the lowest temperatures of the dilution refrigerator. Below 100mK,

the relaxation measured with the sc-mode in Ag2 and Ag3 bends to a

61



Experimental results of the thermal properties of Cu and Ag thin-film nanowires

8 μmS-I-N-S

AlAg

100 150 200
Vb(mV)

0.1

0.2

0.4

1  

2  

4  

(
s)

(a) (b)

t( s)

0.06

0.1 

0.2 

0.4 

0.6 

1   

73 mK
95 mK
127 mK
154 mK

0   500 1000

2 m
Tb = 

T sc
al

ed

Figure 4.2. (a) Thermal relaxation (Eq. 2.37) in a Cu sample measured at a few bath tem-
peratures. The sample exhibits three time scales between about 2μs and 1ms.
The measurements below 150mK were performed with the sc-thermometer,
whereas the curve measured at 154mK was taken via the qp-mode due to the
reduced sensitivity of the sc-measurement at higher temperatures. The black
lines are fitted with Eq. 4.1. A false color micrograph of the sample is shown
in the inset. (b) Thermal relaxation time in a Ag sample (colored SEM-image
shown in the inset) against an applied Vb. The red dashed line is calculated
by solving Q̇nis + Q̇ep = 0 with parameters Δ/e = 0.213mV (inferred from
the GNIS vs Vb characteristics), Tb = 140mK and Σ = 3.6GW/m3K5 (inferred
from the τ1 vs Tb characteristics by assuming a free electron-heat capacity).
The increased error bars at small biases are due to the low sensitivity of
the thermometer and at large biases the thermalisation appears practically
instantaneously within the bandwidth of our probe (10MHz).
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Figure 4.3. (a) Thermal relaxation time constants observed in two Cu samples (Cu1 and
Cu2) and a Ag sample. The lengths of the normal metal wires are 24μm, their
widths are about 200 nm, and their thicknesses are 28 nm (Cu2), 37 nm (Ag)
and 125 nm (Cu1). All the measurements are performed in the qp-mode and
the applied heating pulse elevates Te by less than 10%. In the Cu2 and Ag
samples, the relaxation occurs exponentially with a single time constant. In
Cu1, a larger thermal time constant, τ2, with a smaller amplitude, A2, is also
observed. (b) False-color micrograph of a sample with the same layout as the
measured wires.
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Figure 4.4. (a) Thermal relaxation time constants observed in a Cu wire and a Ag wire,
both of lengths about 24μm, widths about 200 nm and thicknesses about
25 nm. The Cu wire and the Ag wire above 150mK are measured with the
qp-thermometer, whereas for the Ag wire below 150mK we have used the
sc-measurement. In the Ag sample, the relaxation occurs exponentially with
a single time constant, whereas in the Cu sample, three time constants are
observed below 150mK and two above. The slower relaxations are less domi-
nant, such that τ1 < τ2 < τ3 and A1 > A2 > A3. (b) False-color micrograph of
a sample with the same layout as the measured wires. The sample and the
resonator are fabricated on the same substrate.
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Figure 4.5. (a) Thermal relaxation time constants observed in a Cu wire of length 2μm
and a Ag wire of 8μm. Above about 150mK, the measurements are performed
with the qp-thermometer, and at lower temperatures, we have used the sc-
measurement. The reduction of the error bars around 150mK is due to
the changing of the thermometry, raised heating amplitudes and increased
averaging. In the Cu sample, three time constants are observed below 200mK

and two above. (b) False-color micrograph of the Cu sample and (c) Ag sample.

τ1 ∝ T−1
b dependence with τ1 = 4.5× 10−7 × T−1sK. This indicates a

dominating electron-photon coupling below 100mK, in agreement with
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measurements of a nanobolometer with AuPd absorber in [16].

The relaxation times in all the Cu wires do not follow a single power

law and the observed time constants are clearly longer than in the Ag

samples. In the 125 nm thick Cu1 sample, the fastest relaxation follows

τ1 = 5× 10−7×T−1sK at T < 150mK, τ1 = 9× 10−8×T−2sK2 at T < 270mK

and appears even faster at higher temperatures, which can be due to the

increased Q̇ns at temperatures higher than 250mK in our samples. The

relaxation in the 29 nm thick Cu2 sample is even slower and follows τ1 =

4.5× 10−8 × T−3sK3 at T < 150mK, bending towards a faster relaxation

and reduced power law at lower temperatures. Unlike in Cu1, only one

exponent is observed in Cu2. Below about 140mK, the relaxation in Cu3

has three exponents and two exponents at higher temperatures. At T >

150mK, the relaxation follows τ1 = 1× 10−8 × T−3sK3, which is quite

close to the free-electron estimate of τ = 6× 10−9 × T−3sK3. We have not

observed a dependence on the length nor thickness of the wires. Instead,

the relaxation times in the 125 nm thick Cu1 wire (τ1 = 9× 10−8 × T−2sK2)

and the 2μm long and 25 nm thick Cu4 wire (τ1 = 7.5× 10−8 × T−2sK2) are

quite similar.

Previously measured relaxation of τ = 1× 10−7 × T−3sK3 in Cu [169]

is the same as τ2 in Cu4, being also quite close to τ2 Cu3 and τ1 in Cu2.

Relaxation times in Cu and Ag thin films below 150mK temperatures have

recently been reported in [85]. They have observed several distinguishable

thermal transients in both Cu and Ag and the reported time constants in

Cu are of the same order of magnitude as in our measurements. Depen-

dences τ1 ∝ T−3
b and τ2 ∝ T−3.5

b were observed. The latter relation fits also

our measurements within the error bars and the former is in agreement

with our measurement in Cu2 and Cu3. Also, in [85], a clearly faster

relaxation was observed in an annealed Cu film with a larger granule size.

The authors describe the longer time constant in their data qualitatively

via additional, weakly coupled thermal reservoirs within the wires. These

reservoirs are formed due to the granular structure of the wires, with

electrically decoupled regions. This possibility was not taken into account

in the analysis of Publication IV, yet it is a valid option for explaining our

results as well. The granular structure of the evaporated materials is a

valid candidate as the source of the long relaxation times measured in

our Cu samples, since we have observed a clear difference in the lattice

structure of the evaporated Ag and Cu wires. The Ag wires have a flawless

lattice structure, whereas the structure of the Cu wires is highly granular.
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4.2 Electron-phonon coupling constant and specific heat

To measure the heat capacity and thermal coupling of the electron gas in a

thin evaporated normal metal wire, we calibrate the heating power applied

to the sample by determining the resistance of the wire. The measurement

setup is illustrated in Fig. 4.6. For a sensitive calorimeter, it is necessary

to minimize the size of the wire, whereas for the present measurement,

this is not essential. Under external heating of magnitude PH, the thermal

response of the wire (Fig. 4.7(a)) is given by Eq. 2.35, and depends on PH, Q̇

and Ce. All these quantities are determined separately in our measurement
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Figure 4.6. The set-up of the measurements. (a) A schematic presentation. Four coaxial
direct current (DC) wires are connected to the sample for calibrating the
heating power. A DC-bias is applied to the NIS-temperature probe through a
bias-tee and a cold bias resistor at the printed circuit board (pcb) of the sample
box. The thermometer is operated with an RF-drive, directed to the sample
through a wide band coaxial wire. The readout is performed through a lumped
element Al resonator, which is operated in a transmission mode, as explained
in Section 3.1. A high frequency coaxial wire is connected to the sample to
allow for the application of fast heating pulses. (b) Coloured micrograph of the
sample for the heat capacity measurement. The resistance, R, is measured
for the 12μm long section of the actual wire, painted in yellow.
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at Tb = 100mK. (c) The resistances of the wires at Tb = 25mK are obtained
by measuring their IV -characteristics with a four-probe measurement.

setup. The aim of the measurement was to determine whether the source

of the observed long thermal relaxation in the Cu wires (Fig. 4.7(b)) is an

enhanced specific heat or a reduced thermal coupling to the environment.

The thermal coupling of the electron gas is determined by measuring the

steady-state temperature on the wire under external heating. The heating

power is determined in a four probe measurement, with two pairs of DC-

lines connected to the island through direct NS-contacts. The resistance of

the section of the wire between these contacts, R, is measured by applying

DC-current, I, through it and measuring the voltage, U , across it. The

data for the three measurement samples is shown in Fig. 4.7(c). The linear

slope in the IU -curve gives the resistance of the wire, see Table 4.1. In

the present configuration, Te is governed by Eq. 2.36, where Q̇ is given

by Q̇ = Q̇ep + Q̇nis + Q̇S + Q̇0. Due to Q̇0, Te saturates close to ∼100mK,

while the thermometer is operated in the quasiparticle branch. Since all
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Figure 4.8. Measurements of thermal coupling of the electrons in the wire to the bath. (a)
Measured steady-state temperature Te of sample A (28 nm thick Cu) against
the amplitude of the continuously applied ac heating voltage at different bath
temperatures. The solid lines are the theoretical estimates corresponding
to PH + Q̇ep + Q̇nis + Q̇S = 0, Σ and ρN (≈ 2× 10−8 Ωm) are used as fitting
parameters. The dashed lines are calculated by neglecting Q̇S, which is
justified at temperatures below 250mK. (b) The electron-phonon coupling
constant, extracted for samples A-D, shown against bath temperature Tb.
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Table 4.1. Relevant parameters and physical dimensions of the samples. The resistances
of the metals are measured for the 12μm long section of the l = 24μm long
wires and their resistivities, ρ, are calculated from R and the dimensions of the
wires. The length, l and width, w, are determined by SEM and the thickness, t,
by atomic force microscopy.

Sa
m

pl
e

M
at

er
ia

l

l w t V R ρ Σ

(μm) (nm) (nm) (μm3) (Ω) (nΩm)
(

GW
m3K5

)
A Cu 24 145 28 0.10 96.9 33 2.2±0.2

B Cu 24 150 128 0.43 18.6 30 2.0±0.1

C Ag 24 125 37 0.11 80.5 32 2.7±0.3

D Cu 7.2 180 34 0.044 2.1±0.3

the leads directly connected to the normal metal wire are superconducting,

the heat flow along them is suppressed at low temperatures. Each of the

leads are thermalized to Te at the NS-interface on the wire and to Tb at

the intersection between the superconducting lead and the normal metal

shadow. The volume, V, and RT of the measured samples are sufficiently

large, such that Q̇nis � Q̇ep. We have determined Σ in samples A-C

by measuring the steady-state temperature under heating, as shown in

Fig. 4.8(a). As a reference, Σ is also determined via a standard SINIS

cooling experiment [69] by using a DC-measurement with four NIS tunnel

junctions (sample D). The results are shown as a function of Tb in Fig. 4.8(b),

and the average values are gathered in Table 4.1. The values measured

in this work for Cu are in agreement with literature values [86, 148]. Our

measurement for Ag is close to a recent literature value obtained in [86],

but clearly higher than the value of 0.5× 109W/m3K5, reported in [170].

In the heat capacity measurement, the DC-lines are left floating and the

heating voltage, VH, is applied through a low-pass filtered and attenuated

RF-line. The magnitude of the RF-heating is given by PH = BV 2
H, where

the constant B is given by the attenuation in the heater line and the

resistance of the normal wire. In practice, B is determined by comparing

the response of Te to the AC- and DC-heating, latter given by UI. To

determine the heat capacity of the electron gas in the normal wire, we

apply a heating pulse to the island while monitoring Te. Since the volume

of the normal metal section is quite large in this type of a sample, V =

25nm× 200 nm× 24μm ≈ 0.1μm3, Te can be assumed to follow Tbath above

100mK. The readout of the detector can then be transformed into Te by
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Figure 4.9. Effective specific heat of the normal metal wires measured at different bath
temperatures. The blue line correspond to the free-electron estimate for
Ag. The data for the Ag wire falls close to the free-electron estimate, while
the specific heat of the Cu wires is clearly higher with rather a quadratic
dependence on Tb (red and black lines). The normalized effective specific heat,
Ce/(γVT ), is shown as a function of Tb in the inset of the figure. Here γ is the
Sommerfeld coefficient for each metal.

using a calibration obtained by measuring the transmittance as a function

of Tb for the given biasing conditions (Vb and Pgen). As we are looking

at small temperature differences of the order of 10%, this calibration is

essentially linear. A time trace showing Te in a Cu sample under AC-

heating is shown in Fig. 4.7(b). The heat capacity is inferred from the

data by fitting the heat balance equation (2.35) to the measured time

evolution. The applied heating voltages are small in a sense that the

longest thermalisation, possibly originating from the attenuators at the

cold plate of the refrigerator, is not dominating. The initial transient

of 3μs is excluded from the fit to avoid the electronic transient of the

heating pulse. The effective specific heat in samples A-C is shown in

Fig. 4.9 as a function of Tb. Compared with the Cu wires, the dynamics

observed in the Ag wire are clearly faster. The results are similar to

those obtained from the decay traces after switching off the pulse. In

practice the fast relaxation means that the measurement in Ag wire is

limited to temperatures below 0.2K because of the finite bandwidth of the

thermometer. Within the free-electron model, the Sommerfeld coefficient

γ obtains values γ = 70.7 J/m3K2 and γ = 62.4 J/m3K2 for Cu and Ag,

respectively. According to the data in Fig. 4.9, the Ag wire follows the free-

electron theory, while an anomalously large specific heat is observed in the

Cu wires. The specific heat of the thinner Cu wire exceeds the expectation

value by an order of magnitude, while that of the thicker wire is somewhat
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lower. In the analysis, the possibility of internal thermal transients in the

wire due to the granular structure of the evaporated lattice is not taken

into account. In addition to a large specific heat, the observed behaviour

may well result from slow thermalisation of substrate phonons between

different regions in the wires separated by dislocations, as was suggested

in [85]. The authors report long thermal relaxation and granular structure

in both Cu and Ag.
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5. Summary and outlook

Due to the novel and vastly growing field of quantum information pro-

cessing, an increasing interest is directed towards experimental quantum

thermodynamics. Focus is placed on quantum thermodynamics both as a

contemporary field of fundamental research, as well as a means of prac-

tical thermal engineering in quantum devices. Several experiments in

quantum thermodynamics call for extremely sensitive photo-detection [24],

achieved only recently by the new generation of cutting-edge SPDs. The

main outcome of this thesis is to present the design and the first steps in

the implementation of an ultra-sensitive calorimeter with a metallic thin

film nanowire absorber, aimed for the detection of individual photons in the

microwave regime. The device is of mesoscopic size, and can be connected

to quantum circuits, providing a tool for examining thermodynamics in

them. Like superconducting qubits, our detector is operated at sub-kelvin

temperatures. The wide detection band and continuous manner of opera-

tion – as opposed to the "click-type" of detectors – make it favourable for

several applications.

The operation of the hot-electron calorimeter relies on the separation

of the time-scales between the electron-electron and the electron-phonon

thermal relaxation in the normal metal absorber. The electrons in the

wire remain under quasi-equilibrium following the Fermi-distribution and

thermalise to the phonon bath in a several orders of magnitude slower

time scale of about 1μs− 1ms compared to the internal electron-electron

relaxation time at bath temperatures around 20mK − 200mK. In our

calorimeter, a normal metal nanowire is connected to a superconducting

lead via a tunnel barrier, and its electron temperature is obtained via the

differential conductance of the junction. The readout can be performed

either at a finite bias by probing the quasiparticle current, or at zero-bias

via the superconducting proximity effect. The junction is embedded in a
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lumped element tank circuit with its resonance frequency around 0.5GHz

and bandwidth of 10MHz. This type of a setup was used in Publications I-II

and IV. The measurements presented in Publication III were performed

in a higher frequency configuration with a distributed 6GHz resonator.

The advantage of using sub-GHz readout frequencies is that it allows an

effective filtering of thermal noise from the higher temperature stages

of the fridge. The still temperature of 600mK would correspond to the

radiation of the order of 10GHz, which is a frequency often used in super-

conducting quantum circuits. We have attached small filters of Eccosorb,

a material which acts as a low-pass filter with a cut-off frequency around

1GHz, to the RF-ports at the sample stage. Yet, larger components of the

same material could be added to each port of the readout chain would

further isolate the sample. In this work, we reached sensitivity better

than ST = 10μK/
√
Hz. With an optimised absorber of volume 0.001μm3

at 100mK, this corresponds to an energy of δE/kB =
√
CeGthST/kB ≈ 1K.

In our measurements, as the thermometer is operated in the quasiparti-

cle branch, the electron temperature saturates at best around 80mK. At

zero-bias, sensitivity is obtained down to the lowest temperatures of the

dilution refrigerator.

We have used the detector to measure thermal relaxation times in Ag and

Cu nanowires of lengths 2−24μm at bath temperatures around 20−300mK.

The electron gas is driven to a non-equilibrium temperature with Joule

heating and the thermalisation is characterised after switching off the

pulse. With small heating amplitudes, the relaxation via electron-phonon

coupling appears exponentially with a time scale determined by the heat

capacity and thermal conductance. We have observed anomalously slow

thermal relaxation in the Cu wires with either two or three distinguisable

time scales, depending on the sample. The relaxation measured in the Ag

wires is about an order of magnitude faster in comparison with the Cu

wires and, in most of the samples, only a single time scale is detected. Slow

thermal relaxation in thin film Cu wires was reported in Publications I, II

and IV. In Publication IV we also measure the electron-phonon coupling

in the wires in a DC-measurement and determine the heat capacity of Ag

and Cu wires by probing the time evolution of the electron temperature

under a calibrated heating power. The heat capacity of the measured

Ag sample was observed to follow the free-electron estimate, consistent

with literature values measured in bulk, whereas the measurements in

Cu indicated an anomalously large heat capacity in the Cu samples. In
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the analysis, however, we did not take into account the possibility of

having additional thermal reservoirs within the wires. Similar results

were reported in [85, 86], where the thermal coupling and relaxation times

in Ag and Cu thin films were examined. In their work, the origin of

the slow thermalisation is suggested to be in the electrically decoupled

granules in the evaporated metals, which might explain our measurement

as well. Indeed, the main difference we observe between the two materials

is found in their lattice structures. The evaporated Cu is imaged to have

an irregular shape, whereas the Ag lattice is observed to be completely

uniform. We also observe no clear dependence on the length or thickness

of the wires. The anomalous behaviour is unlikely to be of magnetic origin,

since the concentration of known magnetic impurities in the evaporated

Cu is measured to be as low as 0.6 ppm but 40 ppm in Ag. In [85], the

possibility of a magnetic surface is ruled out, as a coated Cu film was

measured to exhibit similar characteristics in it. They also examine an

annealed Cu film with increased granule size, and observe an additional,

about an order of magnitude faster time constant. The main difference

between the results in this thesis and in [85] is, that while they observe

granular structure and long thermal relaxation in both Cu and Ag, the Ag

in our measurements exhibits perfect lattice structure and free electron

characteristics. Combined together, these experiments point the observed

long thermal relaxation to the irregular lattice of the evaporated materials.

The results have evoked recent theoretical interest in understanding the

low temperature electron-phonon thermal relaxation by density functional

theory approach [171], and the authors state that they will next apply

their analysis for metals with granular structures. We conclude that in

clean evaporation conditions, Ag forms a flawless atomic lattice. The

slow thermal relaxation in the Cu wires, however, could be beneficial in

enhancing the energy resolution of microcalorimeters by enabling a longer

detection time. A disadvantage of Ag in comparison with Cu is in the

reduced reliability of the fabrication process. Fabricating tunnel-junctions

between Al and Ag requires cleaner conditions in the evaporator chamber

and the junctions tend to degrade when kept under ambient conditions for

more than several hours.

There are several steps for improving the device, and many of them

have already been realised [59–61]. The sensitivity of the SN′IS-detector

was examined as a function of the length of the normal metal weak link

between the N′IS-junction and NS-contact in [59]. It was also demonstrated
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there via an electron-cooling experiment that the tunnel-junction indeed

probes the temperature of the normal metal electron gas. A theoretical

model based on the environmental coupling between the junction and

the environment was constructed and found to describe the experimental

data well in [60]. Cutting-edge sensitivity was reached in [61], where

the authors used the detector to measure the fundamental FDT thermal

fluctuations and heat current noise across a NIS-junction. To reduce the

noise in the temperature readout, the device has been integrated with a

JPA [172] alike of those presented in [122, 123], a similar measurement

was reported in [58]. However, due to the thermal fluctuations, it remains

to be seen if the extremely low noise temperature of a JPA will greatly

benefit the photo-detection measurements in ultra-small calorimeters. In

addition to the thermal noise and noise through the measurement cables,

small voltage fluctuations on the sample can overheat the normal metal

electrons. This effect can be suppressed by fabricating the sample on top

of a ground plane isolated from the metal structures by a thin insulating

layer [107]. The advantage of the supercurrent measurement is, that it

does not require DC-biasing, avoiding the spurious heating observed in

thermistors. Hence, the setup could be simplified by removing the DC-

connection to room temperature equipment completely. The ultimate aim

of the project is to connect the device to a superconducting quantum bit for

single-shot detection of individual microwave photons, a work out of the

scope of this thesis, yet actively under progress in PICO group [27, 28, 173].

In a broader context, microcalorimeters are expected to play a crucial role

in quantum thermodynamics, quantum communication, astrophysics, and

security applications.
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