THERMAL PHOTOEMITTER
AND ABSORBER

by Hilma Holmstrom

[LUND

UNIVERSITY

Division of Solid State Physics and NanoLund

Thesis for the degree of
Master of Science in Engineering Physics

Supervisor: Ville Maisi
Co-supervisor: Andrea Cicovic

Examiner: Carina Fasth

May 29, 2026



Abstract

The development of controllable thermal photon sources is essential for the advancement of
quantum computers, specifically for the development of sensitive detectors and the study
of heat transport in superconducting circuits. This thesis investigates a device featuring
a metallic copper island acting as a variable thermal bath, coupled to a superconducting
microwave line through a clean interface. The device utilizes four adjoining Normal-
Insulator-Superconductor (NIS) junctions, enabling both the heating of the island and
precise measurements of its electronic temperature. Experimental results demonstrate
microwave signal absorption efficiency near 100% and thermal emission reaching close to
the theoretical unity limit, thus giving a direct measurement of quantum limited photonic
heat conduction. In addition to the emission measurements, this thesis considers the
heat flow away from the island. Interestingly, measurements reveal an enhanced heat flux
from the island compared to similar previously studied devices, suggesting that specific
geometrical parameters may play a critical role in the heat conduction. These findings

establish the device as a highly efficient, controllable thermal photon source.



Popularvetenskaplig

sammanfattning

Emission och absorption av termiskt ljus pa fotonniva

Vi visar att emission och absorption av mikrovagsfotoner fran en nanostruktur
i millikelvinomradet nar nira 100% effektivitet. Strukturen kan fungera som

en termisk fotonkilla for kvantteknologin.

De senaste aren har kvantteknologi vuxit fram som ett nytt spdnnande forskningsfalt som
det just nu satsas stora resurser pa, bade i Sverige och internationellt. Ett av mélen med
forskningen &r att bygga en kvantdator, som skulle kunna utféra vissa typer av komplexa
berdkningar pa brakdelen av den tid som det idag tar for en vanlig dator. Istéllet for bitar
i en vanlig dator, som antingen kan ha vérdet O eller 1, anvéinder kvantdatorer kvantbitar
som kan vara bade 0 och 1 samtidigt. Flera lovande implementationer av sadana kvantbitar
anvander sig av mikrovagsfotoner for kommunikation och avldsning av information fran
berdkningarna. Problemet ar att diskreta energipaket av ljus, som mikrovagsfotonerna
utgor, har mycket mindre energi &n synligt ljus. Darfor krdvs kénsliga och avancerade

detektorer for att kunna detektera dessa fotoner.

P& fotonniva beter sig ljus annorlunda beroende pa hur det har skapats. Detta analyseras
ofta genom fotonstatistik, och gar ut pa att avgora hur och med vilket tidsintervall fotoner
anlénder till en detektor. Det finns tre typer av ljus pa fotonniva, och en avancerad detek-
tor behdver kunna skilja pa och avgora vilken typ som detekteras. Detta kréaver forstas en
valfungerande fotonkélla, som kan emittera fotoner med en specifik fotonstatistik. Det hér
arbetet undersoker emissionen fran en sadan fotonkélla, som sdnder ut termiska fotoner.
Termiska fotoner &r ljus som har sitt ursprung fran virme, och har en specifik statistik

som innebér att fotonerna tenderar att emitteras i klungor.

Termiskt ljus ar inget unikt for stjarnor eller glédlampor - det finns tvirtom &verallt
runt oss dar det finns virme. I det har sammanhanget behover dock inte virme vara en
temperatur som for oss upplevs varmt, utan termiska fotoner emitteras fran alla objekt
som har en temperatur 6ver den absoluta nollpunkten. Vilka vaglangder som de emitterade
fotonerna har beror dock pa temperaturen. Det ar dérfér vi kan se ljuset fran en stjarna
eller glédlampa men inte ljuset fran ett objekt i rumstemperatur, eftersom detta objekt

inte har tillrackligt mycket virmeenergi for att kunna emittera fotoner med en vaglangd i



det synliga spektrat.

I det hér arbetet undersoks absorptionen och emissionen av termiska mikrovagsfotoner
fran en liten remsa koppar pa nanoskala vid temperaturer mellan 35-500 millikelvin. Vid
s& har extremt laga temperaturer - bara nagra tusendelar av en grad ovanfér den absoluta
nollpunkten - blir emissionen av termiska fotoner en viktig orsak till virmespridning mellan
kopparremsan och dess omgivning. Vid rumstemperatur sa sprids virme framst genom att
fria elektroner ror sig eller genom att atomerna i materialet vibrerar. Men nér ett system
kyls ner till millikelvinomradet fryser dessa traditionella virmeledningsmekanismer i stort
sett fast. Istéllet transporteras energin genom ett utbyte av termiska fotoner. Genom att
maéta emissionen av termiska mikrovagsfotoner kan vi darfor ocksa direkt méta energin

fran fotonisk varmeledning.

Vara métningar visar att vi kan uppna nara perfekt absorption och emission av fotoner.
Den uppmétta emissionen av termiska fotoner som funktion av temperatur 6verenstdmmer
darfor med den teoretiskt maximalt méjliga virmeledningen via fotoner. Aven om den
fotoniska viarmeledningen mellan strukturer har métts tidigare, utgor det har den forsta
direkta métningen. Resultaten visar att strukturen fungerar bra som en effektiv och

kontrollerbar emitterare av termiska fotoner.
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Chapter 1

Introduction

In the era of quantum science and technology, microwave signals have become of great
importance. They provide the primary mechanism to interact with, control, and readout
solid state systems ranging from superconducting qubits to spin qubits. Microwave pho-
tons are thus used both to transmit and store quantum information. To be able to read
out the information from these systems, advanced detectors are needed, sensitive enough

to detect the small energy of a microwave photon.

Such detectors must be able to distinguish between different photon statistics, which
vary depending on the nature of the light source. Photons will exhibit either Poissonian,
sub-Poissonian or super-Poissonian statistics. Photons of Poissonian statistics typically
originates from a coherent light source, meaning that the electromagnetic field of the
light can be modelled by a sinusoidal function. Sub-Poissonian statistics is exhibited by
photons in number states and super-Poissonian statistics are seen in photons originating
from a thermal distribution [1]. The super-Poissonian statistics of thermal photons means
that they are more likely to arrive at a detector "bunched" together in time. A highly
functional photon detector must be able to distinguish between photons originating from
these different sources, and to test such a detector controllable photon sources are thus

needed.

This thesis focuses on such a photon source, capable of emitting thermal photons, which is
a process intrinsically linked to photonic heat conduction. In macroscopic systems, heat is
primarily carried by phonons (lattice vibrations) and electrons. However, at temperatures
typically below 150 mK, the electron-phonon relaxation process weakens significantly.
Instead, photonic heat conduction, which is the transfer of heat via the emission and
absorption of thermal microwave photons, becomes the dominating mechanism for thermal
relaxation [2]. While single-mode heat conduction via photons has been experimentally
realized in previous macroscopic and mesoscopic circuits [3, 4], it has so far yet to be
measured directly. Creating a reliable, well-characterized thermal photon source provides

an excellent test bed for studying this phenomenon.

The connection between the temperature of a material and the thermal photons it emits

comes down to an effect in electronics that is called Johnson-Nyquist noise [5]. Essentially,



any resistor at a finite temperature will exhibit spontaneous voltage fluctuations. These
fluctuations will radiate thermal power into the connecting circuit. In the microwave
regime, this radiation can be viewed as a stream of thermal photons. This means that a
resistor can be used as a thermal photon source, where its temperature directly determines

the amount of heat it radiates.

To create a thermal photon source and directly measure photonic heat conduction, this
thesis uses a device with a metallic copper island acting as a variable thermal bath. This
copper island also functions as a resistor, designed to be impedance-matched to the mea-
surement setup. By ensuring this matched geometry between the device and the transmis-
sion lines, we aim to measure unity emission from the emitted signal out of the resistor. To
study the emission from a thermal bath, we need to be able to probe the temperature of
the copper island. However, measuring the temperature of such a microscopic structure in
the millikelvin regime is not as simple as attaching a conventional thermometer. Instead,
the device uses a Normal-Insulator-Superconductor (NIS) junction. The I — V' (current-
voltage) characteristic of the NIS junction is highly sensitive to the electron temperature
of the normal metal island, in our case the copper island, which allows us to study the

emitted thermal microwave signal as a direct function of the resistor’s temperature.

Turning to the opposite process compared to emission, this device can also be used to
probe the radiation in the environment through absorption. In quantum systems, envi-
ronmental noise and stray radiation lead to decoherence, which is directly detrimental to
quantum measurements [6]. We demonstrate that the device can be used to show that
introduction of additional filters to the measurement setup decreases the environmental ra-
diation reaching the device. In this way, the device can also be considered as a bolometer,

capable of detecting and quantifying ingoing radiation.

The outline of this thesis is as follows: First, an overview of the basic functionality of the
device and the measurement setup is given in Chapter 2. This is followed by a description
of the NIS junctions in Chapter 3. The chapter describes and derives both the theory that
allows an NIS junction to work as a precise thermometer, as well as the measurements
that characterizes the junctions and describes the thermometer function. Being able to
perform accurate thermometry of the electronic temperature of the copper island provides
the foundation for the emission and absorption presented in Chapter 4. This chapter
presents measurement results showing near unity emission and absorption of the device
together with a careful calibration of the microwave lines, as this directly influences the
measurement precision. In Chapter 5, the theory behind the heat flow mechanisms in the
device is derived, which is then compared to the actual measured heat flow. Lastly, a

general discussion and outlook covering the preceding chapters is given in Chapter 6.



Chapter 2
Device and measurement setup

Before delving into the theory and measurements performed in the following chapters, we
start by presenting the basic functionality of the device. We also give an overview of the

measurement setup as well as an estimation of the resistance of the copper island.

At finite temperatures, any resistor exhibits spontaneous voltage fluctuations that ex-
change thermal power with a connected circuit. In the microwave regime, this energy
transport can be viewed as the emission and absorption of discrete photons. Absorption
of incoming photons heats the resistor, while the resistor’s own temperature directly de-
termines its rate of thermal photon emission. This is the underlying phenomenon that is

used in this thesis to measure thermal emission.

2.1 Device

The measurements in this thesis has all been performed on the same device, shown in
Fig. 2.1. Measurements were performed with the device connected to a sample holder with
a PCB (printed circuit board), seen in Fig. 2.1a, and loaded into a dilution refrigerator,
with a base temperature of 10 mK. The components of the measurement setup are therefore
located at different temperatures, as shown in Fig. 2.1c. The device components of interest
for this thesis are mainly the Normal-Insulator-Superconductor (NIS) junctions, the copper

island and the microwave line, all shown in Fig. 2.1b.

2.1.1 Geometry

The device consists of a copper island which can be viewed as a resistor. The copper island
connects to a superconducting aluminium line via a gold pad at the left side (Fig. 2.1b).
The aluminium line functions as a microwave line where microwave photons can travel
lossless to or from the island. At the right side, the island connects to an aluminium
plane, via another gold pad (Fig. 2.1bc). This aluminium plane functions as a ground
plane and is connected to the ground of the PCB (Fig. 2.1a), which in turn is connected
to the ground of the outer shield of the connecting coaxial cable. The connection between

the gold pads and aluminium forms clean, ohmic, NS (Normal-Superconductor) contacts.
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Figure 2.1: Images of device and measurement setup. (a) Device connected to the sample
holder via bondwires. (b) Scanning Electron Micrograph (SEM) image of device. (¢c) SEM
image of the device’s copper island connected to four dc lines via NIS junctions, (numbered
1-4) and gold pads connecting the island to the microwave line (left) and ground (right).
Junction 3 is used to heat the island by applying a voltage bias V},, and junction 4 is
used as a thermometer by applying a small constant current bias I ;g and measuring the
voltage Vy;g. The microwave line is connected to a microwave source, and can also be

used to measure the outgoing amplified signal by use of a digitizer.

The dimensions of the normal metal structures are shown in Fig. 2.2, although the relative

size between sides are not to scale.

Below the copper island in Fig. 2.1 are four superconducting aluminium leads, which
conduct electrical signals without losses. These are connected to the island through NIS
junctions, which means that instead of having clean NS junctions, there is a thin layer of
oxide, in our case Al,O3, between the aluminium and the copper [2, 7]. The oxide creates
a potential barrier and the junctions are thus tunnel junctions, where electrons have a
certain probability of tunnelling between the superconductor and the normal metal. The
resistance of an NIS junction is typically on the order of 50 k2 [2].

4
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Figure 2.2: Schematic of the normal metal structure of the device, with marked dimensions.
The copper island is illustrated in orange and the two gold pads in yellow. The two gold

pads have the same dimensions. Note that the relative size between sides are not to scale.

2.1.2 Functionality

NIS junctions

The NIS junctions is used both to heat the island and probe the temperature of it in
this thesis. The temperature can be probed by use of a current biased NIS junction.
During the measurements performed in this thesis, junction 4 in Fig. 2.1c was typically
used as a thermometer. The junction was current biased at a small constant current Iyg
and the voltage Vg over the junction was then measured. By using a small current
bias, the self-heating effect of the thermometer will be negligible small [8] and is therefore
ignored in this thesis. The voltage Vg that is measured over the junction will depend on
the temperature of the normal metal, which is further explained in Chapter 3, and Vyig
can thus be used to infer the island temperature Txjg. The interesting characteristics of
NIS junctions arises from the differences in the density of state (DOS) and occupation of
states between a normal metal and a superconductor. While the electron occupation in the
normal metal will follow a Fermi distribution, the superconductor has no available electron
states around the Fermi energy. The gap in the density of state is of size 2A, where A
is the superconducting gap parameter. These characteristics will be further discussed in
Chapter 3.

For heating, junction 3 in Fig. 2.1c has typically been used. The heating is typically
performed by applying a voltage bias V}, to the junction, and measuring the current I,
running through the NIS junction. If a large voltage bias (eV}, > A), is applied to the NIS
junction it can be approximated to behave as a NIN junction, since the superconducting
gap will be of little influence at this bias. The heating power can then be assumed to be
symmetrically applied to the junction, i.e. the power P = IV/2 is applied to the island.
At lower biases the heating power depends on the voltage bias in a more intricate manner,
and is even theoretically predicted to cool the island if eV ~ A [8]. For simplicity, this
thesis mainly uses heating in the high bias regime, where the applied heating power is

easily determined.



Thermal emission and absorption

The microwave line is used to send in photons towards the island. Since the energy
of microwave photons, with f < 100 GHz, is less than the superconducting bandgap,
hf < A, the photons can travel lossless through the superconducting aluminium [8]. Here
h is Planck’s constant and f is the frequency of the photon. A microwave photon that
travels towards the copper island will either be absorbed by the island or reflected back
through the line. The more well matched the resistance of the copper island is to the
characteristic impedance of the measurement setup, the higher the probability is that the
photon will be absorbed [4]. An absorbed photon will add the energy hf to the copper

island in form of heat. Thus, microwave signals can be used to heat the copper island.

Just as a microwave photon can be absorbed by the copper island, one can also be emitted.
The greater the temperature difference between the copper island and the surrounding
environment, the larger the net amount of photons emitted into the microwave line. As
a photon is emitted, the energy hf will leave the island and this emission is therefore a
form of a heat flow [3, 4]. This heat flow is a type of stochastic voltage fluctuation that all
resistive components exhibit, typically called Johnson-Nyquist noise [5]. The fluctuations
are temperature dependent, and in the limit hf > kT, also frequency dependent. A
photon emitted from these type of fluctuations will have a certain probability of being
emitted respectively reflected when it reaches the NS interface, just as in the case of
absorption. The emission probability depends on the matching between the resistance of
the copper island and the measurement setup exactly as the absorption and the absorption-
and emission probabilities are thus equal [5]. This thermal emission will be discussed and

measured in Chapter 4.

Thermal isolation

T /MW T s o P,

[tw)P
% vV
Tphn

Figure 2.3: Simple thermal model of the device. The electron temperature on the normal
metal island is T, = Ty1g, and is thermally coupled to the lattice phonons with the strength
>V, where X is a coupling constant and V is the system volume. It is also coupled to the
radiative environment, i.e. the photons. The photon temperature is T}y, and the coupling
constant \t(w)]2, which describes the transmission probability at the angular frequency w

. The heat flow P,,; can also be supplied externally to the system.

The normal metal island will exchange heating through electron-phonon and electron-

photon coupling, as shown in Fig. 2.3. Additionally, the external heating power P, will



also affect the temperature of the island. The applied heating power P, is for instance

an applied voltage bias V}, over an NIS junction or an ingoing microwave signal P;;flt.

To be able to heat the copper island without heating its surroundings, it must be thermally
isolated. With thermally isolated, we mean that the electrons on the island should be able
to maintain a temperature 7, different from that of the phonons of the metal film or the
substrate that the island is located on, a situation typically denoted as quasi-equilibrium.
This become possible in small structures at low temperatures since the electron-phonon
coupling then becomes very weak [8]. The heat flow through the electron phonon-coupling
will depend on the volume V' of the normal metal structures, shown in Fig. 2.2, and the
electron-phonon coupling constant > which is material dependent [2]. The microwave line
also connects the island to the radiative environment, and this electron-photon coupling
gives rise to a second heat flow channel. Since superconductors are notoriously bad heat
conductors at low temperatures, and unbiased NIS junctions only allows for very few
electron tunneling events, the copper island is well isolated thermally from the surrounding

systems [8].

2.2 Measurement setup

The device in Fig. 2.1c is connected to a PCB as shown in Fig. 2.1a, and loaded into a
dilution refrigerator with a base temperature of around 10 mK. The signals that we are
interested in measuring are the thermal photons emitted by the device, but our measure-
ment instruments are located at room temperature. Some intermediate steps are therefore
needed to be able to measure the emitted signal without it getting overpowered by thermal

noise at room temperature.

An ingoing coherent microwave signal will be generated through an RF signal generator
at room temperature. As it passes through the transmission lines on its way towards
the device, the signal will be attenuated at several temperature stages. This means that
the coherent signal which reaches the device will be much smaller than the one that is
generated. This is done to avoid sending in thermal noise from 300 K. Since the noise is
temperature dependent, the noise levels will be much larger at room temperature than at

4K or 10 mK, and this noise would overheat the device if it wasn’t attenuated.

To measure an emitted microwave signal from the device we must first amplify the signal.
The small emitted signal are otherwise easily overpowered by the thermal noise originating
from the cabling as the signal progresses throughout the lines. Both the thermal emission
originating from the device as well as from the cabling will typically be the same kind
of stochastic Johnson-Nyquist noise, but as the cabling have a much higher temperature
than the device, the noise from the cabling will be much stronger. Furthermore, due to
the Fluctuation-Dissipation theorem, any noise that is dissipated will be replaced by the
corresponding amount of noise from that resistive element [9]. It is therefore important
to amplify the signal of interest as early on and at as low temperature as possible. In
our setup this amplification is carried out by the Low Noise Amplifier (LNA) located at
a temperature of 4K, and indicated in Fig. 2.1c as a pink triangle. Most of the cabling



before this point is superconducting, to minimize the losses before the signal is amplified.
At room temperature follows several stages of amplification, before the signal reaches the
digitizer. The digitizer samples the signal which gives the final measurement value. To
retain information about the original signal we must then backtrace the signal to the device
again, which means that we need information about the components that are located along

the signal path. This process is described in Chapter 4.

2.3 Estimating the absorption probability based on dc re-

sistance

The probability that an ingoing photon is absorbed by the copper island is given by the

standard microwave transmission coefficient [10]:

ARZ,

= R+ 20 &

where R is the resistance of the copper island and Z, is the characteristic impedance of the
measurement setup. The probability for emitting a photon is simply the reverse process,
which operates with this exact same probability [5]. This relationship shows that the
emission and absorption of our device will approach unity if the resistance of the island is
well-matched to the rest of the setup (Z, = 50 Q).

To determine this probability experimentally, we measured the dc resistance of the copper
island. This required a different setup compared to the one shown in Fig. 2.1. We used
a 4-probe measurement, where the resistor was current biased and the voltage was mea-
sured over the island. The resistance of the island was found to be around 92 €. If the
characteristic impedance for the measurement setup is assumed to be Zy = 50 , Eq. (2.1)
yields an absorption and emission coefficient of 91%. This estimate thus predicts that the

emission and absorption of our device are close to unity.



Chapter 3

NIS junctions and thermometry

This chapter begins with a brief introduction to superconductivity and BCS theory, before
deriving the temperature-dependent tunneling current through an NIS junction. Subse-
quently, measurements and characterization of the four junctions shown in Fig. 2.1 are
presented. Finally, we focus on thermometry, detailing the working principle of an NIS
thermometer and presenting I — V characteristic measurements that demonstrate the

thermal response of the junction when used as a thermometer.

An NIS junction consists of a normal metal (N) and a superconductor (S) separated by a
thin insulating barrier (I). It acts as a tunnel junction, where an electron approaching the
interface has a finite probability of tunnelling through the barrier. Due to the normal and
superconducting density of states on either side of the insulating barrier the NIS junction
exhibits a strong thermal sensitivity of the normal metal, while remaining insensitive
to the temperature of the superconductor, rendering it a precise tool for temperature

measurements.

3.1 Superconductivity

Introduction

A superconductor is a material that when cooled below a certain critical temperature T,
turns into a superconducting state. A normal conductor will have a resistance which de-
creases gradually as the temperature is lowered, but for a superconductor the resistance
will drop to exactly zero below Ty. This characteristic gives rise to many interesting
phenomena, such as for example persistent currents. Another characteristic of the super-
conductor is the Meissner effect, which is the complete expulsion of magnetic fields from a
superconductor. This is often considered to be the fundamental property which describes

superconductivity [11].

BCS theory

A microscopic theory explaining superconductivity was first presented in Ref. [12], and
the theory was named after the authors as Bardeen-Cooper-Schieffer (BSC) theory. BSC



theory is built on three principles:

e The effective forces between electrons in a solid can sometimes be attractive rather

than repulsive

o Two electrons nearby the filled Fermi surface will bind together to form a stable
pair, regardless of how weak the attractive force is. These paired electrons are called

Cooper pairs

e All the Cooper pairs together form a many particle wave function which has the

form of a coherent state wave function.

The BSC ground state wave function is a coherent state of Cooper pairs. The normalized

BSC state can be written as

[esc) = [ [(ur + UZéLTCT_m) 10}, (3.1)
k

where |0) denotes the vacuum state which in this case is the filled Fermi sea [11]. The
electron creation operators cyy, ¢ together create a Cooper pair, which consists of two
electrons with opposite spin and momentum. The normalizing constants uj, and vy, satisfy
the normalization condition |ug|? + |vi|* = 1. The BSC ground states describes how for
every k, there is a probability amplitude uj, that the state is empty and vy, that the state
is occupied with a Cooper pair, i.e. every state is in an superposition of being empty
and occupied. By minimizing the system’s energy, these amplitudes are found to have a

specific functional dependence on the electron energy ¢,

1 _
Jug|* = B 1+ h QM 5
View =) + 4] 52)
]_ _
’%’2 D) 1 - Ck 2” 3
Vier—w? + 4]

such that states well below the Fermi energy are almost fully occupied, states well above
are almost completely empty, and states near the Fermi level exist in a mixed superposition
governed by the superconducting gap A [11]. Here p denotes the chemical potential of the

system, which equals the Fermi energy E at zero temperature.

The Hamiltonian for the effective interaction can be written as

o=y €kChoCho — |gert]” > CLTCT_k¢C_k’¢Ck/T7 (3.3)
k.o kK

where the first part describes the energy of electron states, and the second describes the

coupling of electrons into Cooper pairs that is the source of superconductivity. To simplify

this Hamiltonian, we make use of a mean-field approximation called Wick’s theorem which

states that expectation values over four particle operators can be approximated by averages

over two pairs [11]. Introducing A = |gegl* 3. (c_gCxt) then yields

IA{BCS = Z EkCLUCkO. + Z (AC};TCT—ICL + A*C—kaT) . (34)
k,o k

10



This Hamiltonian can be diagonalized by use of a Bogoliubov transformation, where we

introduce the new operators VT, v as

— * f
Vet = UgCrt — VKC_
T T kl (3.5)

PYT_]Q = VpCrkt + UkCT_kJ

The operators v anticommute and have the eigenvalues £}, = 4/ e% =+ ]A|2. The diagonal-

ized Hamiltonian then take the simple form

Hpos =Y By ko (3.6)
k,o

The elementary excitations of a superconductor can thus be described by Bogoliubov
quasiparticles, with the energy spectra E, = \/€, + \A|2. Adding or removing one of
these quasiparticles to the superconductor will cost £F; compared to +¢; in the normal
state. The minimum energy to make an excitation is 2A, which can thus be seen as the

energy gap of the superconductor.

Density of states

When a material transitions from normal into superconducting, the total number of states
is preserved. A state with energy e before the transition will have the energy E after the
transition, which means that the states in an interval de before the transition all must end
up in the interval dE after the transition. The normal state DOS and superconducting
DOS must hence fulfil

Ny(e)de = Ng(E)dE, (3.7)

where Ny (€) is the normal state density of state (DOS) and Ng(E) is the superconducting
density of state. For the superconductor the region of interest for the density of state is
a small range close to the Fermi level, over which we can assume the normal DOS to be

more or less constant, Ny (¢) =~ Ny. With this, we obtain

de E
Ng(EF)=Ny— = Ny—m.

This expression is valid for E > A. For E < A we instead have Ng(E) = 0 as there are no

(3.8)

quasiparticle states within this energy range. When drawn, Ng(FE) is typically mirrored
around the Fermi level, which can be interpreted as taking both electrons and holes into

consideration. The superconducting DOS is shown in Fig. 3.2.

3.2 Tunnelling current through an NIS junction

An NIS junction will have the normal metal DOS on one side of the tunnelling barrier, and
a superconducting DOS on the other side. This creates some rather interesting character-
istics of the tunnelling current, since the superconducting gap will prohibit the electrons

at the Fermi energy on the N side to tunnel into the S side when the junction is unbiased.

11



In this section, we will derive the tunnelling current through an NIS junction, starting

from the Hamiltonian of the system. The derivation is based on Ref. [13].

To derive the tunnelling current through the NIS junction we start by defining the Hamil-
tonian of the system:

where H 5 is the superconducting hamiltonian of Eq. (3.6). Hy is the Hamiltonian for the

normal metal

ﬁN = Zekaltgakav (310)
ko

where a};g and ay, are fermionic operators describing the creation and annihilation of an
electron with wave vector k£ and spin o. H ~ can be obtained from H g by taking the limit
A = 0. The tunnelling Hamiltonian Hyp describes the electron tunnelling between the

superconductor and normal metal and reads

ﬁT = Z (tchggakg + t;tqa};gcqg) , (3.11)

kqo
where 1, describes the strength of the tunnelling coupling between the N and S side, i.e.
how transparent the barrier is. The first term of Hy describes an electron tunnelling from
the normal metal to the superconductor, while the second term instead corresponds to an
electron tunnelling the opposite way. The spin ¢ is preserved through the tunnelling event

as we assume the coupling to be spin conserving.

Next, we need to define the current operator I which can be done by viewing time evolution
in the Heisenberg picture, and using that current is defined as charge per time. The number
operator for electrons in the normal metal is N N =2 ko CLL »0ko and using this the current
operator can be obtained as

. “ 1€ .~ T-IPNEN e

I=eZNy = TH Ny) = 2 [y, Ky = T3 (traChotho +1ig0hoter) s (3.12)

kqo

where we use that both H ¢ and H N commutes with N n- The last equality follows from
calculating the commutator by using the anticommutator rules for fermionic operators,

together with a'a’ = aa = 0.

To calculate the dc current I = <f > we use the Kubo formula which is an expression for
the linear response of an observable quantity when disturbed by a small perturbation [14].
This yields

[=(I)= % /t 5 dt’ <[ﬁT(t’),f(t)]>0. (3.13)

Using the expressions for Hy and I, described in Eq. (3.11) and Eq. (3.12), the commutator
yields

A (), 1)) = S g (0l (0 (el (s (1) + 0l () ()l (g (1
kqo (3 14)

_C:Sa (t)aka (t)a;[m (t,) Cqo (t/) - CZL]U (t/)aka (t/)a]tja' (t) Cqo (t) ) )

12



where the first two terms correspond to an electron tunnelling from the normal metal into
the superconductor (N — ) and the two last terms instead correspond to an electron

tunnelling from S — N.

Let’s start by calculating the current from N — S. To calculate the expectation value of
this operator we then need to perform the Bogoliubov transformation on the ¢ operators as
in Eq. (3.5). The expectation value of this expression can be evaluated in the Heisenberg

picture, which factors out the time dependence of the annihilation operators as ay(t) =

et/ hak and 7,,(t) = e Bt/ h'ng and the Hermitian conjugate of these for the creation
2,2
operators. Here ¢, = % is the energy of an electron in the normal metal with wave

2 2
vector k, while £, = \/eiq + A2, €g = hzéﬁ is the energy of an electron with wave vector

¢ in the superconductor, where A denotes the gap energy. This yields the current as

Ios =5 [t S ol (el g e (ars (),

—to kqo
+ (al, ()ego ()l (Dar, (1)), }
_ 7/ dt’ Z ’tkq‘ {’qu’ <a]w’7 o)) (qa)akcr> oieutEg)(t=t)
kqo (315)

. _E !
+ ‘uqo‘ <ako_'}’qa")/;0-aka->0 el(ek q)(t t )

—i(ex+EB,)(t—t'
+ |qu" <akg’YT (o)) (qa)ak0'>0 o ientEg)(t—t)

i(e,—E, ) (t—t'
+ lugol” (0} Yoo Vo) € 50 )}-

We can now perform the time integration to turn the exponentials into delta functions,
by letting ¢, — oo and performing the variable change 7 =t — t’

t dt/(ei(ekiEq)(tft')/h+67i(ekiEq)(t7t')/h)

o (3.16)
:/ dre FEEDTIN — 91 h5(e) £ E,).

Furthermore, the sums in equation Eq. (3.15) can be turned into integrals over €, and E,,

> - NN/dEka (3.17)
ko

where Ny is the normal state density of state, which we can assume to be constant over

the relative energy range, and accounts for both spins. For the sum over ¢, we instead get

Z NN/de = NN/dE \/ﬁ = NN/quNS(Eq)? (3.18)

where in the last step the superconducting density of state Ng(E) has been identified.
Finally, Eq. (3.15) becomes

2me
Inos =Nt [ dENS(E) [ de{Jof? (alya107! o) 7-(am ), 8L+ E)

(3.19)
+ \u! <akaakgfngfy;ra> 5(e — E)} ,
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where we denote £ = E, and ¢ = ¢, for simplicity. Carrying out the integration over
e removes the delta functions. To evaluate the remaining expectation values, we use
the fact that the normal electron operators a, and the superconducting quasiparticle
operators 7, describes two independent systems in thermal equilibrium at temperatures
Ty and T, respectively. Using fermionic anticommutation rules, their thermal expectation
values yield the respective Fermi-Dirac distributions <a2ak> = fn(e) and <’y;£’yk> = fg(E).
Substituting these changes into Eq. (3.19) simplifies the expression to

2me

Iy s = SN tagl? [ dBns(E) ol (- E)s(E)+
+ [AENSB ) f(E)1 - £5(E)) ) = .. (3.20)

_ zsz / Z dENS(E) fx(E)(1 - fs(E)),

where the variable change E' = —FE is performed for the v term, and the relation 1 = ]v|2 +
|u]2 is used. The subindices S and N for the Fermi functions denotes the superconductor
and normal metal. Furthermore, the constants are collected into the term Rp, which

experimentally is the tunnelling resistance of the junction.

In this derivation, the junction has been assumed to be unbiased. If a voltage bias V}, is
applied to an NIS junction, this will shift the potential of the normal side of the junction
with —eVj}, relative to the superconducting side [13], thus yielding the current

I = o [ dBns(B)fy(E = eVi)(1 — f(D)). (3.21)

The derivations for Ig_, 5 can be performed in a similar manner, with the resulting current

s = o= [ ABns(B)Y1 = fu(B = V) fs(D). (3:22)

The total current into the superconductor can then be calculated as I = In_,g — [g_ N

which gives the final expression for the current as

1 00
V) =%, /_oo dEng(E) (fn(E = eV) = fs(E)) )
:2;% /_OO dEng(E)(fy(E —€V) — fn(E +eV)).

The second expression shows that the current through the NIS junction is insensitive to
the temperature of the superconductor, but dependent on the normal metal temperature.
Therefore, the NIS junction can be used to probe the temperature of the normal metal
side of the junction. Fig. 3.1 presents measured I — V curves for the four junctions on the

device, shown together with Eq. (3.23) as solid lines.

3.3 Experimental characterization of NIS junctions

The device has four NIS junctions, which will all have slightly different properties. By

applying a voltage V and measuring the current I through the junction, the junctions

14
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Figure 3.1: IV characteristics of the four NIS junctions at base temperature, measured
by sweeping the voltage and measuring the current. The lines show theoretical fits using
Eq. (3.23) and the parameters in Table 3.1, where for 1.1 - Ry has been used for the
resistance to get a good fit, and the base temperature is assumed to be 35 mK. Fits are
shown both for an ideal junction and including the Dynes parameter . The current is
plotted in log scale in the right panels, so that the characteristics at low currents become

visible.

can be characterized and the normal state resistance Rp, Dynes parameter v and super-
conducting gap parameter A determined. The Dynes parameter v describes additional
leakage at low bias voltage by adding a lifetime broadening £ — FE + i to the DOS of
Eq. (3.8) [15].

Fig. 3.1 represents the measured I — V curves of the four NIS junctions together with
fits of Eq. (3.23). The normal state tunnelling resistance Rp is best found by applying
a large bias, which renders the effect of the superconducting gap negligible. Here the
junction thus behaves as in the normal state, and the resistance approaches the tunnelling
resistance, Ry ~ V/I. This is the inverse slope at high bias in the left panels of Fig. 3.1.
At a bias voltage |V| < A/e the tunneling current will be suppressed, as there are no
electron states within the superconducting gap A, but once |V| > A a current flows. This
explains why I ~ 0 around V = 0. The superconducting gap parameter is determined to
be A = 240 peV for all four junctions, through fitting of Eq. (3.23) to the experimental
data.

In an ideal BSC superconductor, there are no quasiparticle states within the supercon-

ducting gap, and we can see from Eq. (3.23) that this should result in an exponentially
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suppressed current for —A < V < A. In experiments however, a small current, linear in
voltage, often persists even at small biases [16]. Such a current is seen in the right panels
in Fig. 3.1, where the current saturates around 1 x 1072 —1x107* nA at a bias V < A,
rather than following the fit for the ideal junction. This subgap current is typically quan-
tified through the dimensionless Dynes parameter v which can be found from the ratio of
Ry and the measured zero bias resistance Rgypgap, Of the junction, ie. v = Rp/Rgupgap
[17].

The subgap current is often explained through the introduction of Dynes DOS

NP(E) = Re{ ( E/A+i ) } (3.24)
VE/A+i7)? -1

which is a lifetime-broadened version of the BCS DOS. A nonzero « effectively introduces

states within the superconducting gap. The Dynes DOS may for instance arise as an result

of photon assisted tunnelling [16].

Junction 1 2 3 4
Normal state resistance, Ry | 69.0 k(2 57.0 kQ2 54.7 kQ 73.0 kQ2
Dymnes parameter, 69-107*|57-107*|55-107* | 71-107*
Superconducting gap, A 240 puV 240 puV 240 puV 240 puV

Table 3.1: Fit parameters of the 4 junctions. + is extracted as the ratio of the slope in
the high and low bias regime respectively, while A and Rp is found from the fitting of
Eq. (3.23). The theoretical fits resulting from these parameters are shown in Fig. 3.1

The parameters used for the theoretical fits in Fig. 3.1 are shown in Table 3.1. There is
some flexibility to the fit, and the superconducting gap A could for example be lowered
a few pV without too much of a difference in the fit, but already at A = 235 ueV the
correspondence between theoretical and experimental data got worse. The normal metal
temperature has been fitted as Ty = 35 mK based on the exponential suppression of
current in the curves. This is in good correspondence with measurements performed
later, where the base temperature of the normal metal island was measured to saturate at

T, = 35 mK when varying the cryostat temperature Tj in later experiments.

In Fig. 3.1, we evaluate how well Eq. (3.23) models the measured current through the
NIS junctions. In the linear plots (left panels), the over all correspondence shows good
agreement. To examine the behaviour at small currents, the data is also plotted on a
logarithmic scale (right panels). Here, the fit remains robust, with only slight deviations
near the gap edge where the idealized model and the model incorporating the Dynes pa-
rameter v diverge. Most importantly, the extracted temperature T and superconducting
gap A appear accurate. Adjusting the gap parameter shifts the steep exponential onset
horizontally, while varying the temperature T in Eq. (3.23) alters its slope. Because the
measured data closely follows this theoretical exponential slope, the chosen parameters

describe the junctions well.
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3.4 Thermometry

3.4.1 NIS junction as a thermometer

As was concluded from Eq. (3.23), the IV characteristics of an NIS junction is insensi-
tive to the temperature of the superconducting side of the junction, but sensitive to the
temperature of the normal metal. Hence, it can be used as a thermometer of the copper
island, as is done in this thesis. A more intuitive understanding of the NIS thermometer
can be obtained from studying the energy diagrams of the normal metal and supercon-
ducting side of the junction. Such energy diagrams, together with their corresponding
voltage-current point in an IV sweep are shown in Fig. 3.2. If the normal side has a low
temperature, the Fermi distribution will be close to rectangular and then a current can
only run through the junction once the voltage bias is close to the superconducting gap,
eV = A (Fig. 3.2ab). However, as the temperature increases, the Fermi distribution be-
comes more spread out, which means that there is a higher probability of finding electrons
with energy higher than the Fermi energy (and a symmetrical argument for the holes).
Hence, the same current as for the low-temperature case can now be obtained at a lower
voltage bias (Fig. 3.2cd). By keeping the current fixed at the level indicated by the black
dots in Fig. 3.2b-d, and measuring the voltage over the junction, a precise reading of the

normal metal temperature can thus be obtained.

N S ) 0 )
V (eV/A)

-2 2

" ‘
V (eV/A) \Y (e(<//A)

Figure 3.2: Working principle for the NIS thermometer. Energy diagram shows the
Fermi distribution of the normal metal (pink) and the superconducting density of state
(turquoise). The lighter shade of the superconductor indicates that the states are unoc-
cupied. The corresponding current/voltage point is showed in the IV characteristic. (a)
At low temperature and no bias, no electrons can tunnel through the junction. (b) At
low temperature, a high bias is needed to have a tunnelling current. (c) and (d) As the
temperature is increased, the Fermi distribution becomes more smeared and less bias is

needed for the electrons to tunnel through the junction.
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3.4.2 Temperature sensitivity

Thermal response

To study the response of the NIS junction when the temperature Ty of the copper island
is increased, we can vary the bath temperature T}, of the dilution refrigerator and measure
the I —V curves. The result is presented in Fig. 3.3. Varying Tj changes the temperature
of the whole device and its surroundings, including the temperature of the normal metal.
However, the electronic temperature of island typically saturates at low bath temperatures,
due to leakage heat flows resulting, for example, from coupling to the environment. This
means that we likely have Ty > T}, for example at the base temperature Ty = 10 mK.
Hence, we cannot take for granted that Ty = Ty at low temperatures. In Fig. 3.3 the
thermal response of the current biased NIS junction is shown, when the bath temperature
T, was varied. The experimental data is plotted together with a theoretical fit using
Eq. (3.23) and the fitting parameters in Table 3.1. We can see in the figure that the fit is
reasonably good at T; = 50 mK, which indicates that the saturation temperature of the

island is lower than 50 mK.

Ty =50 mK

e Ty=100mK
0.z} T, = 200 mK
Ty = 300 mK

Th =400 mK
To = 500 mK

0.1F

0.0

—i
e

Vs (V)

—0.1F

0.2

—]I.OO —UI.'.-’:'s —0j50 —0125 0.60 0.I25 O.EI")O 0..‘7’5 : 1.60

Iis (nA)
Figure 3.3: Change in I — V' characteristics for junction 4 as the temperature Tj is var-
ied. The dots show experimental data, measured by sweeping the current bias Iyjg and
measuring the voltage Vyig. The lines show the theoretical fit, using Eq. (3.23) and the
parameters of junction 4 in Table 3.1, together with the temperature Tj. Inset shows how
the voltage Vg changes with temperature at the thermometer biasing point Ing = —20
pA, marked with a dashed line.

Operation point

By current-biasing one of the junctions, the measured voltage drop across it becomes highly
sensitive to the electron temperature of the normal metal, allowing the junction to operate
as a precise thermometer. For the measurements in this thesis, junction 4 (Fig. 2.1) is
utilized as the thermometer, biased at a constant current of Injg = —20 pA. This specific

current is chosen because it lies on the steepest part of the I — V' curve (as seen in the
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logarithmic plots of Fig. 3.1), which maximizes the temperature sensitivity. Furthermore,
the current bias should be small to minimize the heating it contributes with to the island.
However, the chosen current Iypg is still large enough to keep the measurement safely
outside the low-bias regime, where the current is dominated by temperature-independent
subgap leakage. The thermal response of Vyig for Injg = —20 pA is shown in the inset of
Fig. 3.3.

Calibration

In order to use the NIS junction as a thermometer, the correspondence between measured
voltage Vyig and the island temperature Ty needs to be known. This can of course be
modelled through Eq. (3.23) but to get a more reliable conversion, it is better to calibrate

the thermometer by varying the bath temperature 7.

The calibration should also yield information about the saturation temperature of the
island. To minimize the environmental noise that reaches the device, circulators and
filters are used. For the first setup that the thermometer calibration was carried out on,
the saturation temperature was found to be around 65 mK, as seen in the inset of Fig. 3.4.
In an attempt to lower the saturation temperature, two additional filters were installed on
the outgoing microwave line. When the thermometer was calibrated again, the saturation
temperature was found to be lower, around 35 mK (Fig. 3.4). The impact that this change
of setup had on the saturation temperature shows the necessity of proper filtering to reach
as low base temperature 7 as possible. Overall, the measured data follows the theoretical

fit from Eq. (3.23) fairly well, apart from below the saturation temperature.

In figure Fig. 3.4 all the temperature - voltage points measured during calibration are
shown. The measured data seems to follow a linear relation between 35 — 500 mK, and in
the following when Tyg is mentioned, it will be extracted from the linear relation between
T, and Vg that is interpolated from this data. Thus the temperature range 35— 500 mK,

where the linear interpolation works well, will be used for measurements in this thesis.

3.5 Probing the temperature Ty of the heated island with

an NIS junction

The following chapters of this thesis relies on that we are able to heat the normal metal
island locally, i.e. without changing the bath temperature T, and then measure the
temperature Ty using the current biased NIS thermometer. To distinguish the temperature
measured by the NIS junction from the one that can be inferred from the photon emission

in Chapter 4, we will denote it as Tyis.

NIS junctions has been used to heat a normal metal island in several previous experiments
[3, 4, 18]. More recently, also an ingoing microwave signal has been used for the same
purpose. Such measurements have been performed to measure the resonance frequency of
a superconducting circuit [19], and also to study coherence effects in heat transport [20], by

measuring the temperature of the thermally isolated island as a function of the frequency
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Figure 3.4: Thermometer calibration. Measured voltage Vg when junction 4 is current
biased with Iyjg = —20 pA for different cryostat temperatures 7. The measurement was
performed both before and after two additional filters were installed inside the cryostat.
The grey line shows the theoretical fit using Eq. (3.23) and the parameters of junction 4
in Table 3.1. The linear interpolation, used to convert Vg to Tyig is plotted as an orange
line. The inset shows the low temperature regime and the experimental temperature

saturation.

of the ingoing microwave signal. This thesis will rather focus on the thermal properties,
such as emission and heat flow, of the device as a function of the island temperature Tyg

and applied heating power.

In Fig. 3.5 the thermal response to an ingoing microwave signal of different powers er)lht
is shown. The calibration for the ingoing power will be presented in Section 4.3. The
current Iypg is swept to generate a full I —V curve, and the voltage Vg over the junction
is measured. The I — V curves show good correspondence with theoretical fits at the
same temperatures, confirming that the measured voltage Vyig that is converted to a
temperature Tyg is indeed the result of a genuine thermal response. Furthermore, this
measurement confirms that the island is thermally isolated, as we are indeed able to heat
it with an ingoing microwave signal, which will allow us to study emission and heat flows

in the two following chapters.
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Figure 3.5: Thermal response of the thermometer junction (junction 4). The dots show
experimental data, and is measured by sweeping the current bias Iyjg and measuring the
voltage Viig. The lines show the theoretical fit, using Eq. (3.23) and the parameters of
junction 4 in Table 3.1, together with the temperature Tyg measured at Injg = —20 pA.
The copper island has been heated through absorption of an microwave signal with power
P;Et. Inset shows how the voltage Vg changes with temperature at the thermometer
biasing point Ix;g = —20 pA, marked with a dashed line.
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Chapter 4
Thermal noise and unity emission

In the previous chapter, a current-biased NIS junction was proven to be a precise ther-
mometer for the copper island. In this chapter, we will study the thermal noise emitted
from a resistor at 5 GHz and 7.5 GHz as a function of the temperature measured with
this NIS junction. We first show that the absorption efficiency at these frequencies is close
to 100%, which suggests that it should be possible to measure a close-to-unity thermal
photoemission from the resistor. We then proceed to show measurements demonstrating

the successful implementation of this thermal photoemitter.

This chapter covers the derivation of Johnson-Nyquist noise, measurements of the absorp-
tion efficiency, and the details of the noise calibration setup. It concludes by demonstrating

the main result of near-unity thermal emission.

4.1 Johnson-Nyquist noise

Johnson-Nyquist noise is random thermal motion of charge carriers that arises in all resis-
tive components. It was first derived in the classical regime in [5], where the generalization
to the quantum limit was then obtained by considering that the energy per degree of free-
dom follows the Bose-Einstein distribution. In the derivation below we take inspiration
from [4] and follow the reverse approach, starting from the quantum regime and conclud-
ing with a simplified expression that holds in the classical regime (kgT > hf). Before
this, we however first give a quick review on how the field in a transmission line can be

quantized.

Derivation

The setup that we consider is shown in Fig. 4.1a and consists of a resistor with resistance
R that describes the copper island. The resistor is coupled to a transmission line, which
corresponds to the copper island coupled to the outgoing microwave line. The outgoing
transmission line continues indefinitely long, and can therefore be considered to be semi-
infinite. In a similar manner, the resistor can also be treated as a semi-infinite transmission

line, extending from x = 0 to x = oo with characteristic impedance Z = R [21]. This
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Figure 4.1: The measurement setup considered in the derivation of Johnson-Nyquist noise.
(a) Simplified circuit diagram of the resistor connecting to the transmission line. (b) The
resistor modelled as a semi-infinite transmission line, connecting to the real transmission
line at x = 0. The definition of the left- and right moving wave amplitude operators is

also shown.

model is shown in Fig. 4.1b. At the boundary point = 0 the semi-infinite transmission
line will appear as a resistor where an electrical wave travelling to the right towards oo
will act as energy dissipated in the resistor. Similarly, an electrical wave moving towards
the left can be seen as power emitted from the resistor. At x = 0 the resistor connects
to a transmission line with characteristic impedance Z, which represents the outgoing

microwave line in our measurement setup.

We can now consider the quantization of the field in the transmission line. Let’s start by
viewing the waves classically, and define the wave amplitudes of the left and right moving

waves as
1

A (@ t) = 2[

1
\/ZV(QC, t) + /2, I(x, t)}

171
A == -zl

(—(x7t) 2 |: /ZCV('%.‘) t) [ (x7 t):| ’
where we have defined the characteristic impedance as Z. = /L;/C; and L; and C] are the

characteristic inductance and capacitance per unit length. These fields can be turned into

(4.1)

operators A through use of the classical-quantum correspondence [21]. We would rather
work with operators that operate in the frequency domain, and we therefore make use of

the Fourier transform,

~ A

A (w) = — /+OOA (& = 0,7)e7d (4.2)

~(w)=— _(x=0,1)e" dr. .
o vV 21 J—o0 o

These are non-Hermitian operators that satisfy

A_(w) = A_(~w). (4.3)

Using these operators, the Hamiltonian for the transmission line will then look like [21]
+oo

H= > A_(W)A_(~w) dw. (4.4)

— 00

o==
However, we would rather work with the usual annihilation and creation operators, which
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relate to the wave amplitude operators A as

() = A2 gy
7 VARIZ (4.5)
A (w)

d (W)= L =4, (—w).
«(w) NG (—w)

After this quick motivation to why we can use creation and annihilation operators to
quantize the field in a transmission line, we now turn our attention back towards the initial
setup described in the beginning of this section. Exchanging = for L/R and naming the
operators of the left and right transmission lines as a and b, the Hamiltonian of the right

transmission line will take the form
A oo A A A A
i = / duohuw [Bbp + BB (4.6)
0
and similarly but with operators a for the left transmission line. The ag,;, and bg/;, oper-

ators are defined in Fig. 4.1b. Since the transmission line is semi-infinite, the frequencies

are continuos, and an integral is thus needed to account for the full energy of the system.

Current and voltage for the two travelling waves can generally be expressed as Hermitian

operators of the form

(z,t) = VZ,A™ = \/ hZe / dw\/7 e~ tFe/vp)

(4.7)
PN / / —zw (tFzx/v )
where v, is the propagation Ve10(31ty and Eq ) and the inverse Fourier transform has

been used to define V and I from the annihilation operators [21]. For the setup considered
here, the boundary condition at x = 0 can then be expressed using Kirchoff’s circuit law

which for current reads [22]

oA —zw (tFz/vp) _ —zw(t:Fx/v )
”471'20/ dwy/|w|(ap — ar, \/4 R/ dwy/|w bR b P

A

\/70(&1% —ap) = \/E(bR - bL)

-

(4.8)

where we have assumed w # 0 and used the uniqueness of the Fourier transform to remove
the integral. The boundary condition for voltage can be treated in a similar manner using

Kirchoff’s voltage law, which yields
\/ZO(dL+dR) :\/E(BL—FIA)R) (49)

We now seek to determine how much of the left moving wave that is transmitted at z = 0,
i.e.

ay = t(w)by, (4.10)
and we will assume that no photon is arriving from the right, meaning ép = 0. Rearranging
and substituting from Eq. (4.8) and Eq. (4.9) then yields

 VARZ, ,  4RZ,
t(w) = R+ Z, = |t(w)]" = 7(R+Z0)2' (4.11)
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This is the usual transmission coefficient for impedance matching in microwave engineer-

ing, as was mentioned in Section 2.3.

The power leaving the resistor will then equal the number of photons at a given energy

times the energy that each photon carries

Pivw) = (hwala) = 1) Pheo (Bb,) = @) Pho——,  (412)

e*BTrR — 1

where Ty is the temperature of the resistor. Due to symmetry, power will also be flowing

from the transmission line with temperature T}, towards the resistor,

Pri(w) = [t(e) Phov—p——, (4.13)

e*BTL — 1

and hence the net power leaving the resistor, Pyy(w), over the measurement bandwidth

Af is then

dw 1 1
1

Af 2m eF5Tr — 1 eFBTL —

Since the power P;y varies slowly with frequency it can be assumed to be approximately
constant over the measurement bandwidth (Af ~ 100 MHz). Assuming f to be a fre-
quency at the middle of the bandwidth, Eq. (4.14) then simplifies to

A4RZ, 1 1
Pin= 2 hfAf | — — :
(R + ZO) e*BTR — 1 ekBTL — 1

(4.15)

where a change of variable from angular frequency to bare frequency has also been per-

formed.

Let’s now consider the low frequency limit, where kgTr > hf. Using Taylor expansion,
e’ ~ 1+ x, and assuming the resistive component is matched to the environment i.e.
4RZ,

Bz’ = 1, yields simply
0

Py = AfkpThg, (4.16)
where we now have recovered the noise power given by the voltage noise presented in [5].
This formula is useful to calculate the noise temperature of active components such as

amplifiers, whose noise typically are in the classic regime.

4.2 Unity absorption

A necessary criteria to be able to measure close to unity emission is that the resistor is well
matched to the rest of the measurement setup, since we want |¢(w)|* ~ 1 in Eq. (4.14).
Since the cables and components of the microwave lines typically have a characteristic
impedance of 50 €2, and we thus also want the resistor on the device, i.e. the copper
island, to have a resistance close to this value. In Section 2.3 the resistance of the copper
island was measured to be R = 92 2, which should yield an absorption/emission coefficient
around |t(w)|*=91%. However, this resistance was measured using dc signals, while the
absorption and emission will be in the form of microwave signals. We should therefore

also measure the absorption efficiency of these signals to confirm that it is close to unity.
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Figure 4.2: Measurement setup for the emission measurements. The device with resistance
R can be heated with an ingoing microwave signal P;flt generated from the RF source called
RF heater. A microwave signal ;,’;jtt is either reflected or emitted from the device, and will
pass through both attenuation and amplification stages before reaching the mixer. The
emitted signal is mixed with the signal from the Local Oscillator, which creates a signal
with a frequency in the range that the digitizer can sample. The four general locations of

attenuation along the microwave lines are named 3; — 4.

4.2.1 Measurement setup

Instead of directly measuring the absorption it is easier to measure reflected power I', and
then infer the absorption efficiency as |t(w)|? = 1 —I'. This measurement is performed by
sending in a coherent microwave tone of a certain frequency f,, and measuring the signal
reflected back from the device. A simplified schematic of the measurement setup is shown
in Fig. 4.2.

To measure the reflected signal, we utilize a setup with an RF-generator, acting as the local
oscillator, set to a frequency f1,o. Our goal is to measure the reflected signal between the
frequencies 4 — 8 GHz, which is significantly higher than what the digitizer can sample.
Therefore, the signal must be mixed down before reaching the digitizer. If the local
oscillator frequency is set as fi,o = f, + fir, where f, is a frequency of interest in the GHz
regime and the intermediate frequency fi; is typically on the order of MHz (comparable
to the sampling speed of the digitizer), a signal with frequency f, will have a frequency
fr.o — fo = fir after mixing. This frequency is then of low enough frequency so that it can

be sampled with the digitizer.

4.2.2 Quadrature sampling

The outgoing signal is sampled after mixing using quadrature sampling, or IQ sampling,

which samples the in-phase (/) and quadrature (@) components of a signal separately. It
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uses the fact that any sinusoidal signal can be written as a sum of two quadratures:

Asin(2rft + ¢) = Acos(¢)sin(2w ft) + Asin(¢) cos(27 ft).
——— ———
I Q

(4.17)

The amplitude of the signal can then be defined in the I-Q plane with radius A2=T1"+ Q2
and angle tan(¢) = Q/I.

The sampling of a pure sinusoidal signal is shown in Fig. 4.6a. The two quadratures are
found by using a sampling frequency fg = 4f;, which samples at the times ¢, = n/fg,
where n is an integer. Hence, 4 sample points s,,, with a 90 degree phase shift, are captured

each period and the I and ) quadratures can then be found as

A

Xy =(s0—82)/2= 5(5111((25) —sin(m + ¢) = Asin(¢) = Q

Xy = (51 —83)/2= g (sin<g + ¢> _ Sin<327r . ¢)) — Acos(d) =T, (4.18)

from which the amplitude A and phase ¢ are reconstructed. This sampling scheme is

insensitive to dc offsets and symmetric noise components.

The sampled signal amplitude A yields the voltage amplitude. The outgoing power Pf&t
2
is then obtained as Pflﬂt = %. To avoid contribution from the amplifier noise, the

quadrature signals are averaged over several periods of frequency fi.

4.2.3 Absorption efficiency

The inferred absorption efficiency from the reflection measurement is shown in Fig. 4.3.

The measurement was performed by sweeping the frequency and measuring the reflected
signal strength, both with the device loaded (Pi?'ice) and unloaded (P];rfﬂoaded). When
the sample is unloaded, the impedance is effectively approaching oo, which means that
the signal should be perfectly reflected. By then comparing this value to the measured

Pdev1ce

reflected signal power when the device is connected, Pf , we can estimate the absorption

A in the device as ,
Pdevlce
ref

re.

By comparing these two similar measurements on the same setup, differing only in whether
the device is loaded, the absorption becomes independent of the attenuation and gain on

the microwave lines.

The absorption efficiency is 95% on average over the measured 4-8 GHz band, with even
the lowest efficiency being larger than 75%. Therefore, the overall absorption is close to
unity. The peaks reaching a 100% absorption in Fig. 4.3 are most likely an artifact of
interference, and power being absorbed at other parts of the lines than the device. At 5
GHz, the absorption is around 97% while we measure 95% absorption at 7.5 GHz. These
frequencies are of particular interest as it is around these that the emission will be studied.
A difference of 100% compared to 95% equals a difference of 0.22 dB. As we will see in
Section 4.3.5, this is small in comparison to the uncertainty of the line gain, and it should

therefore be safe to assume that all the ingoing power is absorbed by the device. Since
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Figure 4.3: Absorption efficiency. Measured as the ratio of the signal strength that is
reflected when the device is connected compared to when it is disconnected. The peaks

reaching 100% absorption are an artifact of interference.

the absorption and emission efficiency are equal, the device should thus be able to achieve

close to unity emission.

4.3 The art of measuring noise

Having established that the device exhibits an emission efficiency close to unity, we now
shift our focus to the quantitative measurement of thermal noise. While the measurement
setup and sampling method remain the same as to those described in Section 4.2.3, the
transition from measuring a reflected coherent signal to stochastic emission requires a
different analytical approach. Instead of tracking a single-frequency signal with a fixed
phase, we must now characterize a signal with a constant power spectral density (PSD)

and random phase.

4.3.1 Characterizing the stochastic emission signal

The ingoing microwave line can be used to send in a coherent signal of photons toward the
copper island. These photons are absorbed with near 100% efficiency, (Fig. 4.3), and their
energy, hf, is converted into heat. This thermalized energy can be re-emitted as thermal
radiation. However, unlike the input signal, these emitted photons are no longer coherent
as they instead follow a thermal distribution, as described by the quantum Johnson-
Nyquist formula in Eq. (4.12). This emitted signal travels through the outgoing line and
undergoes several stages of amplification before reaching the digitizer, where it is recorded

as voltage fluctuations, (V?).
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White noise and statistical distribtions

In the classical limit, Johnson-Nyquist noise exhibits a constant PSD (Eq. (4.16)), which
is the defining characteristic of "white noise". While the quantum-limited PSD varies
according to Eq. (4.12), it remains approximately constant over our specific measurement
bandwidth Afgy, = 100 MHz . Such a signal is referred to as locally white noise. A
key property of white noise is that it is uncorrelated in time with an expectation value of
(V) =0 [23].

The voltage measured at the digitizer will be the result of voltage fluctuations, which
is described by the variance <V2>. Since (V) = 0, the total voltage fluctuations are

equivalent to the variance (02) of the sampled distribution:
ot = (V) — (V)2 = (V?). (4.20)

To capture these fluctuations accurately, we determine the I and () components within
one intermediate frequency period. This allows us to measure the voltage fluctuations on
a timescale of 1/ f;r. By collecting these sampled voltage points into a histogram, we can

fit them with a Gaussian distribution [24] to extract the variance (V).

The main challenge in this measurement is that the amplifiers contribute a massive amount
of background noise that completely dominates the small thermal signal from the device.
This is illustrated by the IQ histograms in Fig. 4.4. Fig. 4.4a shows the background noise
with no heating applied, while Fig. 4.4b shows the distribution when the copper island
is heated to T;g = 160 mK. Because the amplifier noise is so dominant, these two
panels look completely identical to the naked eye. However, by subtracting the unheated
background data from the heated data, we can isolate the true signal. The resulting
difference is shown in Fig. 4.4, which reveals a clear emission signal and proves that we

can successfully distinguish the thermal signal from the amplifier noise.

From measured voltage to emitted power

Once the background noise has been subtracted, the isolated voltage fluctuations can be

translated into the actual physical power emitted by the device. The measured power at

(v?)

Phoise = "R (4.21)

the digitizer is given by:

To find the actual power emitted at the device level (Pjy), we must scale this measured

power to account for the total amplification and attenuation of the line
Py = 1071 (Pyeas — Prig). (4.22)

where P, is the power calculated from the unheated background fluctuations, and
represents the total line gain (in dB) between the device and the digitizer. The precise

calibration of this line gain value S is described in detail in Section 4.3.7.
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Figure 4.4: IQ histograms of the measured voltage at the digitizer, showing the voltage
fluctuations originating from the device. The colorbar shows the number of counts. (a)
Background, without any applied heating. (b) With the copper island heated to Txig = 160

mK. (c) The difference between these two measurements.

4.3.2 Mixing and bandwidth

Before the digitizer can record the voltage fluctuations discussed in the previous section,
the emitted high-frequency signal must be translated to a lower frequency, just as in the
case of the reflected coherent signal in Section 4.2.3. This process is described in Fig. 4.5a.
If the local oscillator frequency is set as f,o = fx + fir, where fy is a frequency of interest
in the GHz regime and the intermediate frequency fi is typically on the order of MHz
(comparable to the sampling speed of the digitizer), a signal with frequency f, will have a
frequency fif = fLo — f, after mixing. Similarly, a signal with frequency f, = f+2fi; will
mix down to fro — f, = — fir. Since Asin(—z) = —Asin(z), this means that two different
high-frequency signals, f, and f,, both end up at the exact same intermediate frequency
fir- As a result, the power from both frequencies adds together at the digitizer. Because
the noise has a constant PSD, both signals contribute the same amount of power, which
doubles the measured PSD within the analogue bandwidth A fgy. This can be seen as
a doubling of the effective bandwidth. The actual noise frequencies captured with this
setup are illustrated in Fig. 4.5b, where the doubled bandwidth, symmetric around fj g,
is displayed.
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Figure 4.5: Explanation of the mixing process. (a) Illustration of the mixing process. The

signal frequency f, is mixed down with the local oscillator frequency fio, which results

in a signal with the frequency fip leaving the mixer. (b) The (locally) constant PSD of

Johnson-Nyquist noise, showing the doubled bandwidth, fi,o —Afgw to fr.o +Afew that

will be measured by the digitizer.

In the measurement setup used for the experiments, the analogue bandwidth is around
Afgw = 100 MHz. The sampling frequency is typically chosen to be at least twice the
analogue bandwidth, i.e. the Nyquist frequency, to avoid any aliasing effects. We have
thus chosen fg = 200 MHz, yielding f;y = 50 MHz. We measure emission at f, =5 GHz
and f, = 7.5 GHz giving fio = 5.05 GHz and fr,o = 7.55 GHz. The emission is thus
measured between the frequencies 4.95 — 5.15 GHz and 7.45 — 7.65 GHz.

4.3.3 Quadrature sampling of an emission signal

Fig. 4.6a and b shows IQ sampling of an signal with frequency f = fi; and f = 2f;;
respectively. The four point 1Q sampling described in Section 4.2.2 yields the correct
amplitude for the signal frequency f = fio = fir- The noise signal has however all the
other frequencies nearby as well. We therefore need to consider what the measurement
result for f # fr.o + fir will be.

While considering the IQ sampling of thermal noise we describe it as a signal S =
Asin (27 ft + ¢) with a random amplitude A and a phase ¢ uniformly distributed over
[0,27]. In describing the fluctuations as a random sinusoidal we are essentially abandon-
ing the white noise description used earlier in Section 4.3.1. The variance of this sinusoidal
signal is V[S] = %E[AQ] = %(E[Iﬂ +E[Q?%) [23]. This is equal to defining the RMS-voltage
as V/1/2 as is typically done for a sinusoidal signal.

Derivation of the sampling attenuation

To estimate how much of the emission signal that is effectively measured with IQ sampling,
we calculate the attenuation for a specific signal frequency f. A general signal of arbitrary

frequency f can be written as Asin(27ft 4+ ¢) and the four samples s,, is sampled at the
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times t, = n/fg =n/(4fif). The amplitude obtained with IQ-sampling is then:

X1 =(sg—59)/2= g (sin (¢) — sin (7Tf + ¢)> = —Asin (5> cos (g + (b)

fit 2
A/, (rnf . (3nf A
Xo=1(s1—s3)/2= 5 (sm (2fif + gb) —sin <2fif + qb)) = —Asin (2> cos (0 + ¢),

(4.23)
where g = 27}1-; and the trigonometric identity sina — sinb = 2sin (%) cos (%H’) has

been used. The total measured squared amplitude will then be

o 0

A2 e = X7+ X3 = A%sin® (2> (cos (2 + ¢> + cos (§ + qb)) , (4.24)

which will depend on the phase of the signal. The used measurement scheme determines
A eas OVer several intermediate frequency periods. This corresponds to taking an average
over all the phases ¢, as the phase is randomly varying for a thermal signal. The average

measured power can then be estimated by averaging over all phases ¢:
1 2 A? A? Tf

A?Wg = %/0 A2 do = o> (1 —cos(9)) = -5 (1 — cos (ﬁf)) . (4.25)

The result is plotted in Fig. 4.6¢c. The signal frequency will thus affect the size of the

measured amplitude when IQ sampling is used. The measured amplitude of the signal

with frequency f =0 or f = 2f; will for example equal zero, while A,,,=A for f = f;.
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Figure 4.6: 1Q sampling of an emission signal. (a) IQ sampling in the ideal case, with the
signal frequency f = fif (b) IQ sampling of a signal with the frequency f = 2fi. (c) szg
from Eq. (4.24) as a function of frequency after mixing.

We can assume the amplitude of the emission signal to be more or less constant for the

frequencies that are within the bandwidth of the oscilloscope after mixing, since the PSD
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is locally constant. We can then calculate the effective bandwidth of our measurements

Afeg = ;/AAJZV:V <1 — cos (;ﬁ)) df = <AfBW — % sin <7TA£;3W)> , (4.26)

which yields A f.g = 100 MHz for our particular setup.

4.3.4 Sampling from a statistical perspective

Instead of viewing the sampling of noise by considering the noise as a random sinusoidal
signal as done above, we can choose to view it from a more statistical perspective. Each

voltage sampled by the digitizer v; can then be seen as a sample point from a Gaussian

distribution v; € N'(0,c). The voltage fluctuation, i.e., the variance of the sampled signal,
is calculated as
n—1
> (vF). (4.27)
i=0

o = <V2> =
V)

The measured noise power at the digitizer can then be extracted as P,, = ~p*~. Because

S|

this direct statistical approach treats every sample point uniformly, it does not introduce
the frequency-dependent filtering inherent to the four-point I1Q scheme. Consequently, the
signal is measured evenly across the entire downconverted spectrum, meaning the relevant
bandwidth is simply the full doubled bandwidth after mixing, 2A fgw = 200 MHz.

It is straightforward to show that from a statistical perspective, quadrature sampling is
mathematically identical to this direct variance calculation. Assuming the same sampled

points v;, the sum of the variances of the I and @ quadratures is:

(n—1)/4 2 (n—1)/4 2
4 V; —U; 4 v; —U;
(8)+ () =2 () ) s (e

1=4n i=4n

a O Q) | (o) | (o) | (o)
s (LR
.

1=0

where we use the property that the covariance between two separate samples of white
noise is zero. This proof demonstrates that looking at the data as a collection of Gaussian
distributed points yields the exact same total variance 02, confirming that the statistical
interpretation naturally spans the full 200 MHz bandwidth. This should be compared to
the effective bandwidth of 100 MHz, when the same samples are viewed as the result of

an [Q sampled random sinusoidal signal.

This comparison resolves an important distinction between the signal-based and statistical
interpretations. While the absolute measured power and the theoretical thermal power
predicted by Eq. (4.14) scale differently because they rely on different bandwidths and
power calculations, the ratio P/A f remains perfectly constant between them. Therefore,
evaluating the emitted noise in terms of power spectral density (P/Af) is the most mean-
ingful approach, as it ensures the results are independent of the chosen mathematical

framework and directly reflect the physical properties of the emitter.
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4.3.5 Determination of line gain and attenuation

The thermal noise emitted from the copper island passes through several amplifying and
attenuating components before it is measured by the digitizer. However, since the quan-
tity of interest is the power emitted from the device rather than the signal strength at
the digitizer, we must determine the total amplification the signal experiences. There is
no simple way to precisely measure the effect of every individual component, since for
example the cable attenuation at room temperature is different from lower temperature
and connecting several tens of components together may increase the total attenuation.
Instead, one must piece together various distinct measurements to estimate the line atten-
uation. We will begin by collecting these different pieces of information in Section 4.3.5,
before combining them to model the gain and attenuation of the ingoing and outgoing line
in Section 4.3.6 and Section 4.3.7.

Tabulated values for line attenuation

To estimate the line gain on the ingoing and outgoing microwave lines, we can sum the
tabulated gain for the different components at the relevant frequencies. The component

locations can be divided into four relevant placements, which are shown in Fig. 4.2:
1. Components in the ingoing line ()
2. Components in the place where both ingoing and outgoing signal passes ((35)
3. Components in the outgoing line, before the LNA (f3)
4. Components in the outgoing line, after the LNA (3,)

Table 4.1 lists the values of the gain and attenuation at these 4 locations placements, for
the frequencies 5 GHz and 7.5 GHz used in this thesis. A full list with all the individual

components can be found in Appendix A.

Element B1 B B3 By
Gain at 5 GHz (dB) -82.25 -1.51 -1.18 95.02

Gain at 7.5 GHz (dB) | -86.28 -1.94 -1.6 91.22

Table 4.1: Tabulated line gain/attenuation at 5 and 7.5 GHz, divided into the four different
regions that are listed in Section 4.3.5 and shown in Fig. 2.1. The total line gain for the
ingoing line is given as the sum of region 1 and 2, while the outgoing line is the sum of

region 2, 3 and 4.

With the component values we obtain a rough estimate of the gain on the ingoing and

outgoing microwave lines. Uncertainties in the specified gain arises due to that:

o Cable RT-4K and 4K-MXC (Appendix A) does not have a specified insertion loss
at the relevant frequencies, in which case a linear interpolation has been performed
to find an approximation. They also connect stages at different temperatures, and
since the attenuation is temperature dependent this results in an uncertainty in
attenuation. (81, ;)
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e There are two filters installed at 200 mK which is a lower temperature than what
they are specified for. These are assumed to have the specified insertion loss also at

these temperatures. ((3)

o There is one cable (Blueforce Cu) with an unknown attenuation, assumed to be have
the same attenuation as a similar cable (PE3WO05577 Appendix A). (55)

e There may also be small individual variations between components.

These are all uncertainties of approximately a few dB at most, but since it is important to
achieve as low uncertainty as possible, further calibration is needed. The tabulated values

will however constitute a good starting point for the following calibration steps.

Reflected signal strength

The total gain on the lines can be measured by sending in a microwave signal with a
specified power when the device is disconnected, which means that the full signal will be
reflected. The reflected signal travels through the outgoing line and is then measured by
the digitizer. By comparing the ingoing power with the measured power, the total gain

on the lines can be determined.

Measurement of the reflected signal strength was first performed during unloading of the
device, which meant that the cable located inside the probe was not included in the
reflection measurement. The temperature during the measurement was also around 500
mK instead of the base temperature 10 mK. Later, the probe was loaded empty, without
a device, to allow for measurements of the total line gain at base temperature, and with

all components included. The data from these two measurements are shown in Fig. 4.7.

The difference in line gain between measuring the full setup and having the probe dis-
connected can be explained by the attenuation of the cable in the probe, which is only
included in the full setup case. The tabulated component values predicts that this should
add approximately —1 dB at 5 GHz and —1.4 dB at 7.5 GHz (see appendix A), which
is in close correspondence with the measured difference in Fig. 4.7. Hence, the temper-
ature difference between 500 mK instead of 10 mK does not seem to influence the cable

attenuation.

The measured total gain in Fig. 4.7 can be compared to the total line gain from the tabu-
lated values in Table 4.1. This comparison is summarized in Table 4.2. The measurement
of the total line gain indicates that there should be 2.72 dB and 8.34 dB more attenuation
at b and 7.5 GHz respectively, compared to what is tabulated in Table 4.1.

Frequency 5 GHz | 7.5 GHz
Measured total line gain | 6.85 dB -8.87 dB
Total tabulated line gain | 9.57 dB -0.54 dB

Difference -2.72 dB | -8.34 dB

Table 4.2: Comparison between total tabulated and total measured line gain at the two

relevant frequencies. As is shown in Fig. 4.7 the measured line gain varies with frequency.
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Figure 4.7: Total line gain, measured by sending in a power P, = —35 dBm and measuring

the reflected power P, at the digitizer. The total line gain is then the difference between
P.— P,,. (a) Total line gain calculated over the full frequency range. The green line shows
the line attenuation measured at base temperature when the probe was loaded empty,
while the orange line shows the line gain when the probe is disconnected. The dashed
line is a linear fit (in dB) to the green line. (b) and (c) shows the total line gain for the
bandwidths given by fi,o = 5.05 GHz and f;,o = 7.55 GHz. The dashed grey lines marks

the approximate start and end of the band.

Furthermore, the reflected signal strength has been measured for different setups during
the course of the experiments. One interesting difference to study is what effect installation
of the filters in the cryostat had. This comparison is shown in figure Fig. 4.8. Apart from
adding filters to the outgoing line, the amplification after mixing was also changed from 40
dB to 20 dB between the setups, which has been accounted for in Fig. 4.8. According to
the specifications, the filters add approximately 1.2 dB attenuation at 5 GHz and 1.6 dB
at 7.5 GHz (see appendix A). Therefore, it is a bit surprising that we for some frequencies
within the bandwidth located at 7.5 GHz measure less attenuation after installation of
the filters. However, this may instead be attributed to impedance mismatches or standing

waves, which could change the amplification more than the specified insertion loss.

4.3.6 Calibrating the ingoing line

A reference point to the calibration question is obtained by comparing the two comple-
mentary heating methods of the copper island, microwave absorption and Joule heating
in the high bias regime. Joule heating was performed by applying a bias V}, > A to
an NIS junction. The applied power to the island is then V}, 1}, /2, as was described in
Section 2.1.2. The ingoing microwave line can then be calibrated by assuming that the
same applied power to the copper island ought to result in the same temperature increase.
This calibration is seen in Fig. 4.9. To get the microwave heating to correspond to the
Joule heating, 0.7 dB more attenuation is added to the tabulated values at 5 GHz and 2
dB at 7.5 GHz. This yields the total ingoing line gain 3; + 8, = —84.46 dB at 5 GHz
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Figure 4.8: Total line gain, measured by sending in a power P, = —35 dBm and measuring

the reflected power P, at the digitizer. The total line gain is then the difference between
P, — P,,. (a) Total line gain calculated over the full frequency range. The two lines show
the measured total line gain before and after the filters were installed. The line gain before
installing filters were measured with 20 dB more amplification, and 20 dB has therefore
been subtracted to get comparable data. (b) and (c) shows the total line gain for the
bandwidths given by fi,0 = 5.05 GHz and f;,o = 7.55 GHz. The dashed grey lines marks

the approximate start and end of the bands.

and B; + By = —90.22 dB at 7.5 GHz. In this calibration we have assumed all the ingoing
microwave power to be absorbed by the copper island, as was shown to be true within

95% for these two frequencies in Section 4.2.3.

4.3.7 Calibrating the outgoing line

The total line gain must be consistent with the values derived from the reflected signal
strength. Consequently, any remaining difference in total gain budget after calibrating
the ingoing line is attributed to the outgoing line. This corresponds to an additional
2 dB of attenuation at 5 GHz and 6.3 dB at 7.5 GHz. To determine if these values
represent a physically realistic calibration, we can determine the noise temperature of the
noise originating from the LNA. Comparing this value to the manufacturer’s specifications

verifies that our gain distribution after the LNA, 34, is accurate.

Amplifier noise temperature

The Low Noise Amplifier (LNA), situated on the outgoing line at the 4K stage in the
cryostat, has a specified noise temperature of close to 1.6 K at 5 GHz and around 2K
at 7.5 GHz and is the main contributor to noise in the setup. This has been confirmed
by comparing the measured noise when the amplifier is turned on and off, in which case
the power measured at the digitizer when the LNA is turned off is only 5% of what is
measured with the LNA turned on.
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Figure 4.9: Calibration of the ingoing microwave line. The attenuation at 5 GHz is 84.46
dB and at 7.5 GHz 90.22 dB, which is 0.7 dB respectively 2 dB more than what is tabulated
in Table 4.1.

The noise temperature for the LNA can be calculated from the measured background
fluctuations in Fig. 4.4a, by use of Eq. (4.16) and the tabulated attenuation in Table 4.1
for the outgoing line from the LNA and onwards. Comparing that to the specified noise
temperature, will give an indication of how well calibrated that part of the line is. At 5

GHz, the estimated noise temperature from the fluctuations is:

2 -8
T5GHZ o Pnoise _ <Vmeas> +10°™

wHz = =1.92K
noise Aka AkaR 9 )

while the temperature at 7.5 GHz instead is

TT5GHz _ ) 59K

noise

Both the noise temperatures 7}, have been calculated using the values Af = 200 MHz
and R = 501).

The noise temperature given by the tabulated attenuation in Table 4.1 is approximately
20% larger than what is specified for the LNA at 5 GHz. This corresponds to 0.8 dB more
gain on the outgoing line from the LNA and onwards than what the tabulated values
suggests. At 7.5 GHz, the discrepancy is larger, with a measured noise temperature of
26% of the specified value. To measure the specified noise temperature at 7.5 GHz, -5.9

dB less gain would need to be assumed on the outgoing line.

The total line gain needs to equal what was measured from the reflected signal strength.
Therefore, the remaining difference in gain, after calibration of the ingoing line, should
be located at the outgoing line. This gives 2 dB more attenuation at 5 GHz, and 6.3 dB
more attenuation at 7.5 GHz. This is in close correspondence to the discrepancy in noise
temperature at 7.5 GHz. At 5 GHz, we would like to assume that this extra attenuation is

located before the LNA, as any more attenuation after the LNA would result in a higher
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measured noise temperature. We thus obtain 8y + 83+ 54 = 90.33 dB of which the change
ApBys =0dB at 5 GHz and 8y + 85 + 84 = 81.38 dB of which the change A5, = —5.9 dB
at 7.5 GHz.

Final line gain estimation

The performed calibration indicates how the difference in gain between the tabulated and
measured gain should be divided between the ingoing (31, 35) and outgoing line (535, (s,
B4), together with how much that should be placed after the LNA (3,). This distribution
is enough for the purpose of the measurements in this thesis, as it is only the total gain
of the ingoing and outgoing line that is of interest. We therefore only specify the estimate

of the total gain of the ingoing and outgoing line, which is shown in Table 4.3.

Element Ingoing line (81 + Bo) | Outgoing line (55 + B3 + 54)
Tabulated gain at 5 GHz (dB) -83.76 92.33
Final gain at 5 GHz (dB) -84.46 90.33
Difference (dB) -0.7 -2
Tabulated gain at 7.5 GHz (dB) -88.22 -87.68
Final gain at 7.5 GHz (dB) -90.22 81.38
Difference (dB) -2 -6.3

Table 4.3: Tabulated and final line gain/attenuation at 5 and 7.5 GHz, divided into the

ingoing and outgoing line.

4.3.8 Estimation of the calibration accuracy

Despite calibrating the ingoing and outgoing lines as carefully as possible, some uncertain-
ties in the calibration remains. We use the approximate +2 dB variations of the measured
total line gain, illustrated in Fig. 4.7, as an estimate of the accuracy of the calibration
method.

An additional source of measurement uncertainty arises from the analogue bandwidth.
This parameter is difficult to pinpoint exactly. An increase of 25%, from an analogue
bandwidth of 100 MHz to 125 MHz, could for example account for the discrepancy observed
in the LNA noise temperature at 5 GHz. The assumed 100 MHz bandwidth merely
represents the region where the filter’s insertion loss is below 1 dB, which implies that a

substantial amount of noise power still passes through the system outside of this band.

4.4 Thermal photoemission

4.4.1 Comparison of different heating methods

The measured emission in fW/MHz is shown in figure Fig. 4.10 for 5 GHz and Fig. 4.11
for 7.5 GHz. To measure the thermal photoemission as a function of temperature, the

island is heated either by ingoing microwave photons or by applying a dc signal over an
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NIS junction. For the microwave heating signals, the frequency is above or below the
measurement band so that it does not interfere with the emission measurement. The
different heating methods show the same response and depends only on the temperature
of the copper island Tyjg. This is a strong indication that the emission is thermal, as the

emission power is independent of the heating source and follows the island temperature.

Emission at 5 GHz
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Figure 4.10: Measured emission (fW)/(MHz) at 5 GHz as a function of temperature

Tnig, for several different heating methods. The theoretical maximum unity emission

(Eq. (4.15)) is plotted as a dashed line together with the low frequency limit (Eq. (4.16))

as a reference. The gray region indicates an area of +3 dB around the dashed line denoting

unity emission.

4.4.2 Unity emission

Fig. 4.10 and Fig. 4.11 show lines for the theoretical unity emission Pjy/Af (Eq. (4.15))
and the low-frequency approximation (Eq. (4.16)) as a reference, together with the mea-
sured emission. At 5 GHz (Fig. 4.10), the emission is within a factor of 1.5 of unity, and
all of the data points fall within the +£3 dB area. At 7.5 GHz, the emission reaches 50%
of the unity-emission limit. The experimental data captures the same functional shape
and trend as the unity-emission curve at both frequencies. The emission measurements
thus demonstrate the successful realization of a thermal photoemitter operating with near-
unity efficiency, within an experimental uncertainty of approximately 50%. Furthermore,
this effectively provides a direct measurement of photonic heat flow, as it is fundamentally

equivalent to the Johnson-Nyquist noise described in Section 4.1.

This experimental uncertainty comes mostly from the line calibration rather than the
device itself. Because the absorption efficiency was shown to be around 95% in the previous
section, the actual physical emission is likely much closer to unity. The fact that the

measured data captures the same shape as the theory line further shows that the underlying
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Figure 4.11: Measured emission (fw)/(MHz) at 7.5 GHz as a function of temperature
Tnis, for several different heating methods. The theoretical maximum unity emission
(Eq. (4.15)) is plotted as a dashed line together with the low frequency limit (Eq. (4.16))
as a reference. The gray region indicates an area of +3 dB around the dashed line denoting

unity emission.

physics is correct. Therefore, the 50% uncertainty reflects the limits of the measurement

setup rather than a flaw in the photoemitter itself.
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Chapter 5

Heat flow and absorption

Up until this point, our analysis has focused on emission as a function of the island
temperature, Tyig. While the island has been heated using both microwave signals and a
voltage-biased NIS junction, this heating has simply been treated as a means to maintain a
specific temperature Tnig. This chapter shifts focus to investigate the heat flow dynamics
by examining how this applied heating power is distributed through the system. When
energy is injected to heat the island, it escapes through two primary channels. It can
dissipate into the substrate lattice via phonons, or it can be radiated away as photons
through electron-photon coupling. This electron-photon coupling produces the emission

signal we measured in Chapter 4.

The chapter begins by outlining the theory for electron-phonon and electron-photon cou-
pling. We also discuss the superconductor’s role as a thermal isolator. Following this
theoretical framework, we present and characterize the experimental results, comparing
them to a standard heat flow model. Finally, the measured heat flow is compared with sim-
ilar structures from previous studies, including a discussion on how geometric differences

might influence the heat flow.

5.1 Electron-phonon coupling

In a typical metal, heat is typically carried mainly by electrons. The electrons may also
release their kinetic energy to the lattice, i.e. the phonons. At room temperature, the
coupling between electrons and phonons is strong, which means that no temperature
difference between the systems in general is generated. At lower temperatures however
the coupling between electrons and phonons is much weaker, and as a consequence the two
systems can be driven far out of thermal equilibrium. The two systems then obtain two
different temperatures, the electron temperature 7, and the phonon temperature T, [25].
The temperature Txg probed by the NIS junction in previous experiments is the electronic
temperature 7,. This section will derive the heat flow between electrons and phonons that
arises due to this electron-phonon coupling at low temperatures. The derivation is based

on Ref. [26], but carried out for the case of a normal metal instead of a superconductor.
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To begin with, the full Hamiltonian of the system can be written as a sum of three

Hamiltonians
H= He + thn + He—phn' (51)
The energy of the electrons in the metal is described by H,

H, = Z ek,c,t’gck,a, (5.2)
k,o

2
where cz and ¢y, are fermionic creation and annihilation operators and €;, = %, >-. Similarly,

H

phn describes the phonon energy in the system as:

Zhw (bb, + ) (5.3)

where bg, b, are bosonic operators and the factor 1/2 represents the zero point energy.

The Hamiltonian for the electron-phonon interaction of the system is

H, ppn = Z 9q (c,lgck_qﬂbq + CJ,L’UckJrq,UbJ;) , (5.4)
k.q,0

where g, = uw;/ 2 typically is taken to be the coupling factor between the systems and v is a
coupling constant [25]. The first term of the Hamiltonian represents an electron absorbing
a phonon with momentum ¢ while the second term instead represents an electron losing
momentum ¢ via emission of a phonon. The interaction and coupling between electrons

and phonons can be viewed as a perturbation to the system.
The operator for the heat flux to the phonons can be found by taking the derivative of
the phonon Hamiltonian,

Hy,

ohn h[H H,) = h[He ons Hy) = vy 27 (chep_gby — clenigbl) . (5.5)

k.q
where we have used that H, and H,, commutes, together with commutator rules for
fermionic and bosonic operators respectively. To calculate the expectation value for the
heat flow operator the Kubo formula, which is an expression for the linear response of
an observable quantity when disturbed by a small perturbation [14], can be used. In this

case, the perturbation is described by H ,p,, and the Kubo formula then reads:

Qe—phn = <thn> = phn 0— h/ dt phn ) e— phn(t,)]>0

A Y w / dt' { (el (oo (g 1),y (F )y, oor (VLo

kogq i’ o'

—( [CLU () Ck+4-qo (t)bjz (t), CL/JI (t/)cklfqo'/ (t/)bq (t/)] )0 } )
(5.6)

where <H

phn>0 denotes the expectation value evaluated with respect to the unperturbed

state.The expression is simplified by noting that <thn>0 = 0 and that only commutators
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containing operators that in total keeps the number of phonons conserved will have a

non-zero expectation value.

The expectation value of the commutators can be evaluated in the Heisenberg picture,
which factors out the time dependence as b,(t) = e, and b:;(t) = eiwqb; and similarly
for the operators c:g(t) and c,(t). The first term in equation Eq. (5.6) can then be calculated
as:

([che (B ch—qo(ODbg (1), ¢y (e, o (ENEE N0 =

. f . ’ ’
i, (t 7t)ez(ekt/ﬁ—ek_qt/h+ek/t —ek/+qt )

e <[CJ1rmck—q0be’ c;’a’ck#qff'bwo -

(5.7)

eiwq(t/—t)ei(ek_q—ek)(t'—t)/h<[ i

T Ty —
ChoCh=qo P2 €y _ ot o’ Paldo =

= D= D (4 Y+ 1) — filg(1— fing) |

The operators have been paired as k = k' + ¢ and the expectation value was calculated by
using that the fermionic number operators follow the Fermi distribution, i.e. <c£ck> = fi,
while the expectation value for a bosonic number operator instead follow the Bose-Einstein
distribution as <b:5bq> = ny,.
The second term in Eq. (5.6) can be calculated in a similar manner, and by pairing the
operators with ¥* = k + ¢ and then changing the summation index from k' to k the

expectation value becomes:

([ehy () a0 (OBY(D). el (Ve o (V)0 =

. . , (5.8)
et 0T e m OO (f (1= fidng = fill = fig) (g 1)

Next, the time integration in expression Eq. (5.6) can be performed to obtain energy
conservation rules in the form of delta functions. To further simplify the expression, the
sums can be replaced with integrals. For the sum over the phonon momentum ¢, this

change looks like

.
Zq:—> ) /d?’q, (5.9)

where V is the volume of the metal and (2\/)3 is the phonon density of states (DOS) in

a 3D bulk material. Similarly, the sum over electron momentum k can be approximated

with an integral as:

k,o

where a variable change k — ¢, has also been performed to integrate over electron energies
instead of electron momentum. N(e;) here accounts for the electron DOS. The final

simplified expression after these three changes then reads:
) Voo
Qe—phn = 27TV273/ dka(fk:)/dqug
(27T) —00

X [(fe(X = fomg)(ng + 1) = foeq(1 = fr)ng) 6(hwy — €, + €4—g)
- (fk—q(l - fk)nq - fk(l - fk—q)(nq + 1)) 5(_hwq + € — Ek—q)} :

From this expression two things can be noted:

(5.11)
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1. Only electrons close to the Fermi energy E; can absorb/emit phonons and there-
fore the electron DOS can be approximated as a constant, N(e,) ~ N(Ep), as it

compared to the Fermi functions is slowly varying around Fp

2. By introducing standard spherical coordinates, dg® = ¢*sin 0 dq df dop = q* dq d(cos(0)) do
and let 6 be the angel between the k and ¢ vector, we obtain f027r dp = 2w. The
energy difference between k and ¢ then only depends on 6 and not ¢. Further-

more, by using the law of Cosine the energy difference ¢;,_, can be simplified as
fiQ\l(—q|2 R n2q’ 2kqcos(0) . h2k> 2kq cos(0)

_—— — e K 5 —

2m 2m 2m 2m 2m

€heg = where the q2 term is

—-q 2m

small in comparison and therefore neglected. The delta functions will then take the
2

form &(+ (7w, — %08(9))) Integrating these over 6 then yields [ dcos(6)d(£(hw, —

h2k‘qCOS(0))_ m . _m
m qkl® " qkph’

Implementing these changes together with w, = ¢;q where ¢; is the speed of sound, yields

the expression:

Qe—phn =2m EF / d€k27r/ dqq20l2q2 =

h
X (fk(l_fk—q)(nq+1) _fk—q(l_fk)nq) =

2 2 00 [e's}
- Cl;n];;(EF) / dek/o dqq” (eI = fo—g)(ng + 1) = fr—g(1 = fi)ng) -
TTRp -0
(5.12)

Next, the integration variable g can be changed to € = hw, = hcq which give dg =

(hcl)_lde. By also expanding and simplifying the remaining integrand, we obtain:

Qe = VEINEE) [ g, [ e (16 — ek~ D) + Flex)(1 — 16— )

7TCl th
VV mN EF
e th

oo
| dattie) - st - o) /0 dee®(n(e,T,) = (e Tynn).

(5.13)
where for the last step we have used the identity f(e,)(1—f(e,—€)) = n(e)(f(er—€)—f(€x)),
which holds in thermal equilibrium between the fermions and bosons. The electron part
of the integral can now easily be calculated as it is just the difference between two Fermi
functions shifted by ¢, and will thus equal e. The phonon part is then calculated by making
the variable change x = €/(kpT') and for each Bose-Einstein function the integral can then
be calculated as

/ dec*n(e, T) = (kgT)® / - “”j Cdr = (kgT®) - 24¢(5), (5.14)

where ((5) is the Riemann Zeta function. By defining the electron-phonon coupling con-
24¢(5)k v  mN (Ep)
2 6
™ k?Fh

stant as ¥ = the final expression then reads

Qe phn — EV(T5 phn) (515)

Over the course of this derivation, a couple of assumptions about the system have been

made implicitly [25].
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« The phonon DOS that is used, V/(2r)* assumes a 3D bulk material.

e The relation for linear dispersion, w, = ¢q, is only valid for acoustic phonons,

q
which means that the model assumes low temperatures so that only low-energy,

long-wavelength sounds are thermally populated.

1/2

e The coupling coefficient, g, = vw,’” assumes that the electron phonon interaction
can be treated as a scalar deformation potential, which means that only longitudinal

phonons couple to electrons and that transverse phonons can be ignored.

e The system is assumed to be in the clean limit, i.e. that strict momentum conser-

vation, k' = k + ¢, applies.

For a system where these assumptions are not valid, the temperature dependence for the
heat flow might not be strictly T° and can for example instead be T or T° depending on
the regime [2].

5.2 Electron-photon coupling

Apart from the electron-phonon coupling, the electron photon coupling also contribute to
the heat flow from the island. This heat flow is what was measured as thermal emission
in the last chapter. To calculate the total power that leaves the island via electron-photon

coupling we only need to integrate Eq. (4.14) over all frequencies.

® dw 1 1
Py = |75(W)|2/ 2—hw i -
0 & e -1

kpTp — 1 erBTL

_ [t@))? </°° o kBTR) @ /°° o kBTL)” @ ) (5.16)
0 0

2 hooet -1 hooef -1
|t((JJ)|2 k‘g 2 2 7T2 4RZO szﬂ'2 2 2
= —(Tp —T7)— = T, —T.
o7 h( R L) 6 (R+Z0)2 6h ( e ’7)7

where we in the last step changed from angular frequency to bare frequency and used that
t(w)|* = 4RZy/(R + Zy)?, see Eq. (4.11). Here, T, denotes the radiation temperature,
i.e. the photon temperature, while T, is the electronic temperature of the island. The
temperature 77, in Eq. (4.14) is therefore the temperature T, of the copper island and
Tr is the temperature present at the other end of the transmission line. This photonic
heat conduction has been measured experimentally in [3, 4]. Due to the T? dependence of
the electron-photon coupling, compared to T° for electron-phonon coupling, the electron

photon coupling will be the dominating heat flow mechanism at low enough temperatures.

5.3 Heat flow in a superconductor

In a bulk superconductor at low temperatures, heat conduction is exponentially sup-
pressed, and superconductors are therefore often used as thermal insulators. The Cooper
pair condensate carries no entropy or heat, which means that it is only quasiparticles

with energies above the superconducting gap A which will contribute to the heatflux in
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a superconductor [8]. This heat flow is typically negligible compared to for example the
electron-phonon coupling in a normal metal structure, but if a normal metal is brought
into contact with a superconductor, the inverse proximity effect will change the properties
of the superconductor close to the interface, and the heat flow can increase considerably
[27].

5.3.1 Quasiparticle heat flow

At low temperatures T' < T, the number of quasiparticles in a superconductor without

inverse proximity effect are exponentially small. BSC theory predicts the quasiparticle

Ny = D(Ep)\/2mkTypAe™ 2 Flav (5.17)

where D(Ep) is the density of states at the Fermi energy in the normal state and T,

density ng, to be [28]

is the quasiparticle temperature. However, experiments have shown larger quasi-particle
densities than what is predicted by Eq. (5.17) [8], especially at the lowest temperature.
Although the quasiparticle density have been shown to follow the exponential suppression
x e M down until 150 mK, ngp saturates at lower temperatures [29]. These excess
quasiparticles are most likely a result of high frequency noise radiated from the environ-

ment which can break Cooper pairs into two quasiparticles [8].

As the Cooper pair condensate carries no entropy or heat, it is only the quasiparticles
that may contribute to electric heat flow and dissipation in a superconductor. If two
quasiparticles of opposite momenta k& and —k recombine to form a Cooper pair, a phonon
with energy 2A will be released. This heat dissipation mechanism we will refer to as
quasiparticle-phonon coupling. In the limit T, < T,, < A/kp this heatflux can be

calculated as [8]

P,

p-phn = 098¢~ 2/ FeTw) sy (78 T8 . (5.18)

phn

This equation is essentially the prefactor 0.98¢ 2/ k5 Tap) multiplied with the normal state
heat flow described in Eq. (5.15). The exponential suppression of the heat flow was

experimentally tested in Ref. [30].

5.3.2 Proximity and inverse proximity effect

If a normal metal is put into direct contact with a superconductor, some of the super-
conducting properties will leak into the normal metal (proximity effect) but some of the

normal metal properties will also leak into the superconductor (inverse proximity effect).

The inverse proximity effect in a superconductor suppresses the superconducting gap A,
and introduces subgap states within the gap. An electron approaching the NS interface
from the normal metal side will survive as a subgap quasiparticle a distance L into the

superconductor with a probability proportional to e L/t

, where £ is the superconducting
coherence length [27]. The superconducting coherence length defines the length scale over
which a superconductor recovers it’s properties and is a fundamental length scale describ-

ing a superconductor [11]. This inverse proximity effect has been shown to significantly
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increase the heat conduction of the superconductor in leads up to around the distance &

away from an ohmic contact to a normal metal [27].

5.4 Measured heat flow

To study the heat balance of the island, we assume a situation as the one illustrated in
Fig. 5.1. The electrons of the copper island are heated to the temperature Tyg through ab-
sorption of microwave photons originating from an ingoing microwave signal P;,rﬁt. Along-
side this intentional signal, an environmental leakage heat flow P, also enters the system
through the microwave line. This heat leak is the reason why the electronic saturation
temperature of the island is 35 mK instead of the 10 mK base temperature of the dilu-
tion refrigerator. Because this saturation temperature was observed to change depending
on the filtering used in the microwave line in Section 3.4.2, this indicates that P, en-
ters the device through this channel. In the following analysis, this background heating
is accounted for by setting the environment temperature 7, = 35 mK and the phonon

temperature Tp, = 35 mK.

The heat flow out from the normal copper island occurs either via emission of a photon
or by transferring energy to the phonons, contributing to the heat flows Pgﬁtt and Py,
respectively. The temperature is probed using a current biased NIS junction with the
current Injg = —20 pA. This contributes with a heat flow Pf\ﬁgrm, but since the current is
small, this heat flow is assumed to be negligibly small in the following analysis. The island
can also be heated using a current biased NIS junction. As was shown in Section 4.3.6,
this heat flow is similar to the microwave heating P;fﬁt. Therefore, we choose to only focus

on the microwave heating in this chapter.

Tphn
Pout Pphn
pht
T, Cuisland s
in
pht * Pleak
therm
P NIS

Figure 5.1: Illustration of the heat flows and temperatures related to the copper island.
Py and Pgﬁgj denotes the heat flow due to electron phonon and electron photon coupling,
while Py is the heating from the applied ingoing microwave signal. PE™ g the small self-
heating power that the current biased NIS junction working as a thermometer contributes

with, while P, is a leakage heat flow.
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5.4.1 Observation of enhanced outgoing heat flow

n .

The microwave heating power, Pri)ht, required to elevate the copper island to a specific
temperature Tyg is shown in Fig. 5.2. We heated the island using several different fre-
quencies, with the ingoing lines calibrated according to the procedure in Section 4.3.6. In
the steady state, the heat flow out of the island must equal the power supplied to it, such
that P, = P,. By assuming that the primary relaxation channels are electron-phonon

and electron-photon coupling, the outgoing heat flow is:

ARZ, kim®

del
Fout™ = P + Fim = (R+ Z,)° 6h
0

(T7 = T2) + SV(T7 — Tipn)- (5.19)

For the modelling, we determine the copper island volume Vig,,q ~ 2.8 - 10720 m? by
estimating the geometrical volume from the dimensions shown in Fig. 2.2. We also account
for the two gold pads connecting the island to the aluminium lines, as they also contribute
to electron-phonon relaxation. These have a combined volume of V45 =~ 5.4 - 1072 m®.
The material constants are taken as Y¢, ~ 2-10° W/K’m® and £, ~ 2.4-10° W/K’m? [2].
These values for the electron-phonon coupling constants, together with the T° dependence
have been shown to be close to the measured electron-phonon heat flow in previous work
[7, 18]. In Ref. [7] the electron phonon-coupling constant was measured to be ¥¢, =
3.7 -10°W/K°m®. In Ref. [18] the heat flow was instead measured in a structure consisting
of both copper and gold, and the jointly measured coupling constant was found to be
Ycu/Au = 2.5%0.1- 10°W / K°m®. This structure also had a similar geometrically estimated

volume as the one investigated in this thesis.
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Figure 5.2: Heat flow P;,Iflt in from the copper island as a function of temperature Tyg,

using different frequencies for the microwave heating (PfflGHZ)

. The ingoing line is cali-
brated as in Section 4.3.6. The solid lines show the different contributions of the outgoing

heat flow in Eq. (5.19).
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The predicted heat flow from Eq. (5.19) is plotted as a solid grey line in Fig. 5.2 alongside
the measured data. As is evident from the figure, the heat flow predicted by the standard
model is lower by at least an order of magnitude compared to the measured ingoing power
P;Iflt. To explicitly quantify this difference, a dashed line showing the model scaled up
by a factor of seven is included in the plot. This scaled model matches the data well
at low temperatures, demonstrating that the enhanced heat flow is consistently seven
times larger than the standard prediction below 130 mK. Above 150 mK, however, the
discrepancy widens further as the required ingoing power begins to increase much more

quickly with temperature than even the scaled model.
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Figure 5.3: Ratio between the measured and modelled heat flow, i.e. how many times

larger the measured heat flow is compared to the modelled one in Eq. (5.19). The ratio is

shown both for the heat flow obtained with an ingoing microwave heating frequency of 5
and 7.5 GHz.

To better visualize how the presence of clean NS contacts and inverse proximity effect
changes the temperature dependence of the device, Fig. 5.3 plots the ratio P,/ Péﬁfdel
This ratio effectively quantifies how many times the actual heat flow exceeds the theoretical

prediction allowing us to identify 2 distinct regions.

« Low Temperature regime (50-130 mK): The ratio P,,/P™°% remains roughly
constant. This suggests that the measured heat flow shares the same temperature

dependence as the model.

« High temperature regime (>150 mK) The ratio P, /P2 increases quickly
from approximately 7 to almost 40. This indicates that the measured heat flow is
far more sensitive to temperature than the model, increasing much faster than the

predicted T? or T° scaling.
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5.4.2 High-Temperature Regime: (> 150 mK)

To gain an understanding of what happens in the high-temperature regime, we plot the
experimental data in Fig. 5.4 in the so-called Arrhenius plot. This is a useful tool to
determine if the data follows a thermal activation dependence of the form Ce 2/ keT),
We see that the previously curved data points of Fig. 5.2 form a straight line in the
Arrhenius plot. This implies that in this regime, a thermal activation process takes place.
With the data forming a straight line, we can quantitatively extract the activation energy
A by performing a linear fit. By taking the logarithm of the applied power and fitting it

against 1/T, we obtain:

A1
— - —+logC. (5.20)

log(Pyy) = log (Ce™ /1) = — = .
B

The fit is performed in the temperature range 160 mK < 7" < 500 mK. The resulting fit
for the 5 GHz signal yields an activation energy of A = 124 ueV, while the 7.5 GHz signal
yields A =116 peV (Fig. 5.4).
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Figure 5.4: Fit of the function e 28T ¢4 the experimentally measured heat flow of the
device, using an ingoing microwave signal of 5 GHz and 7.5 GHz, yielding A = 124 peV
and A = 115 peV. The fit is performed in the temperature regime 160 < 7' < 500 mK.

These extracted activation energies are comparable to the superconducting energy gap
of aluminium, although somewhat lower. To put the extracted value into contect, the
thin aluminium of the NIS junctions measured in Chapter 3 had a superconducting gap
of A = 240 peV. However, the aluminium used for the clean NS contacts is thicker,
which typically yields a bulk superconducting gap value of A = 180 peV [31]. Since our
extracted activation energy (~ 120 peV) is still distinctly lower than this bulk value, the
further decrease must be attributed to the inverse proximity effect. This effect locally
suppresses the superconducting gap close to the NS interface, lowering the energy barrier

for quasiparticle excitation.

Consequently, because of this lowered barrier, heat begins to flow away via the supercon-
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ducting aluminium leads in this high-temperature regime. As the density of thermally
excited quasiparticles increases, the aluminium is no longer a good thermal insulator.
As noted in previous works [27, 30], the exponential suppression become less effective as
the temperature is increased. This aligns with our observation that thermally activated

quasiparticles dominate the heat transport at elevated temperatures.

5.4.3 Low-Temperature Regime: (50-130 mK)

Although the low temperature regime follows the same dependence as the model, we still
want to test if another power-law dependence could work. We assume a simple power-law
model for the outgoing heat flow of the form P, ~ C - T", where n is an integer. By
taking the logarithm of the measured heating power P,, and performing a linear fit against
log T we obtain

log P, = log(C - T") =log C +n -logT. (5.21)

The linear slope will thus directly yield the temperature exponent n. The results of this
power-law fit for both the 5 GHz and 7.5 GHz data are shown in Fig. 5.8. Between 50
and 130 mK, the data is described by an exponent of n =~ 3. A higher exponent, n > 4 or
a lower one, n < 2, does not fit the data equally well. As the heat flow is 7 times higher
than the T° dependence arising as a combination of electron-phonon and electron-photon
coupling, see Fig. 5.2, the question is if both the electron-photon and electron-phonon
coupling can be increased as a coincident by the same amount. This is what we address

next.
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Figure 5.5: Fit of the power law C - T", to the experimentally measured heat flow of the

device, using an ingoing microwave signal of 5 GHz and 7.5 GHz.

The absorption measured in Fig. 4.3 shows that the photon absorption is close to unity. As
the photon emission is the reverse process of the absorption, this supports that the photon
emission and the corresponding photonic heat flow should be the quantum limited value

of Eq. (5.16). This was further confirmed by the measurement of close to unity emission
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in Section 4.4. Therefore, it does not seem feasible that the photonic heat flow could
be 7 times higher. The enhanced heat flow thus needs to be a result of electron-phonon

coupling.

To estimate how much added heat flow the inverse proximity effect may contribute to, we
make a rough estimate of the volume of the superconductor that is affected by the inverse
proximity effect. If we assume the superconducting material that is within a coherence
length £ ~ 150 nm [27] from the NS interface in Fig. 2.1b to contribute with close to
normal state electron-phonon coupling, the resulting affected volume will be larger than
the normal metal volume in Eq. (5.19). Although we have not directly measured the
coherence length in our device, this estimate shows that the heat flow from the inverse
proximity effect is non-negligible and need to be accounted for. Hence the inverse proximity

enhanced heat flow seems to be justified.

The last item that remains to be understood is why the temperature dependence is still T3
and not the one from electron-phonon coupling, which would yield T5 for a standard nor-
mal metal as in Eq. (5.19). This 7° dependence is a clear modification from the standard
bulk electron-phonon scaling of T° used in Eq. (5.15). However, also the T' ® dependence
can be motivated through the inverse proximity effect. As described in Section 5.3, the
electron-phonon coupling in a superconductor is exponentially suppressed with e~ A kpT)
In a superconductor affected by the inverse proximity effect, the proximitized gap will be
continuously varying from 0 at the interface until the full superconducting gap is recovered
at a length much larger than £ from the interface. The resulting heat flow will thus be a
mix of thermal activation over the different gap values and hence likely yield a different
temperature dependence than exponential or the T°. Thus the T° may likely arise from
proximity influenced temperature dependence that coincidentally match the one predicted

by the initial modelling.

5.4.4 Comparison to previous experiments

The measured outgoing heat flow from our device is significantly larger than both standard
theoretical predictions and results reported in previous works on similar structures. In fact,
several previous works [7, 18, 32] have reported electron-phonon and heat flows in line with
P,
those measured in Ref. [7, 18, 32] is the presence of clean NS contacts in our device. This

ht» Dlotted as a red line in Fig. 5.2. A main structural difference between our device and

introduces the inverse proximity effect into the superconducting leads, which is likely to

increase the heat conduction as discussed in Section 5.3.2.

Another comparison point is the experiments on photonic heat conductance in Ref. [3,
4]. In these devices, direct NS contacts were present. They found the thermal transport
to be well described by models based on the quantized photonic heat flow combined with
the usual, non-increased, electron-phonon heat flow. However, the heat flows in those
experiments were not really measured directly. Because they relied on fitting their thermal
models to temperature data, there might be some wiggle room for the electron-phonon

coupling constant or volume in the modelling. It is therefore unclear how their results
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would be affected if the actual heat flow were significantly larger, as is seen for our device.

Additionally, there is also a clear structural difference between our device and those mea-
sured in Ref. [3, 4], namely that the normal metal of our device connects to supercon-
ducting pads of a large area (shown in Fig. 2.1a). In contrast, the superconducting metal
in [3, 4] consists of narrow leads with widths similar to the normal metal. The inverse
proximity effect typically decays over the superconducting coherence length, £&. In our
geometry, the large lead area means that a significantly larger volume of the aluminium
lead is affected by the inverse proximity effect compared to the narrow-lead designs used
in previous works, and hence is a likely reason for the increased heat flow. This creates a
larger volume of superconducting metal with an increased density of quasiparticles which

can contribute to the thermal transport.

5.5 Improvements for future devices

To improve thermal isolation in future devices, the heat flows arising from the inverse
proximity effect needs to be eliminated. One way of doing this would be to fabricate a
device with narrower superconducting leads. This would directly decrease the physical
volume affected by the inverse proximity effect, thus yielding a smaller heat flow and a
device more similar to the ones measured in [3, 4]. By creating superconducting leads
with a width of 100 nm instead of the wide leads used in this device, the volume affected
by the inverse proximity effect would be reduced by an order of magnitude. As a result,

the excess heat flow should also be suppressed by an order of magnitude.

Another option would be to fabricate a similar device to the one in this thesis but using
a different superconductor with a higher critical temperature 7T,.. A higher T, provides a
larger superconducting gap, which suppresses both the inverse proximity effect, by having
shorter length scale £, and the thermal activation of quasiparticles, since the probability
scales inversely with the gap A. A common candidate for this type of experiment would
be niobium. The superconducting gap of niobium is about an order of magnitude larger
than aluminium [33], which should result in a coherence length that is around 3 times
smaller [27]. Thus the volume and heat flow is predicted to be reduced by almost two
orders of magnitude, rendering the excess heat flow resulting from the inverse proximity

effect negligible.

By fabricating a device with better thermal isolation, ensuring a heat flow governed by
Eq. (5.19), it should be possible to achieve a device with a dominating photonic heat flow
at low temperatures. With the normal metal island heated to, for example, 50 mK, such
a device should exhibit a photonic heat flow an order of magnitude larger than the heat
flow originating from electron-phonon coupling, assuming an environment temperature
of T, = 35 mK. Such an experimental regime has so far not been shown, making the
realization of a device where thermal dissipation is strictly dominated by electron-photon

coupling a goal for future work.
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Chapter 6

Conclusion and outlook

In this thesis, we have studied thermal emission and absorption of microwave photons.
A copper island has served the role of a resistor and a variable thermal bath, which we
have been able to heat either by sending in a microwave signal that gets absorbed by
the island, or by applying a voltage bias over one of the NIS junctions. The electronic
temperature of the island has then be probed through use of a current biased NIS junction.
A superconducting aluminium lead, connecting to the island via a clean NS contact, were
used to send in and emit microwave photons. We found that we can achieve and measure

close to unity absorption and emission with the device.

Being able to perform accurate thermometry of the electronic temperature of the copper
island provides the foundation for the emission and absorption measurements presented
in this thesis. In Chapter 3, a current biased NIS junction was proved to provide such
precise temperature readings. By varying the bath temperature of the cryostat we showed
that the junction works as a thermometer in the temperature range 35 — 500 mK, which is
therefore the temperature range within which the measurements of this thesis is performed.
Furthermore, the I — V characteristics of the NIS junction was measured when the island
was heated with an ingoing microwave signal, and it was shown that the temperature

readings indeed is the result of a thermal response.

Measurements of the thermal emission from the device demonstrate near-unity emission
efficiency, within an experimental uncertainty of approximately 50%. The theoretical
unity emission is predicted to follow quantum limited Johnson-Nyquist noise. Because
the absorption efficiency is close to unity, the experimental accuracy is limited by the
line calibration rather than the device itself. The emission measurements demonstrate the
successful realization of a thermal photoemitter, as well as providing a direct measurement

of the photonic heat flow.

The heat flow out from the normal metal island was shown to be enhanced compared to
what is predicted by assuming the electron-phonon and electron-photon coupling to be the
dominating heat dissipation mechanisms, and using a typical value for the electron-phonon
coupling constant . Furthermore, the measured heat flow in this thesis exceeds what has

been measured previously in other works studying similar devices. This enhancement
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is likely caused by the geometrical differences between our device and those in previous
works, most importantly the clean NS contacts and the larger area of the superconducting
leads. Our interpretation is that these contacts introduces inverse proximity effect, which
expands the effective volume for electron-phonon coupling at low temperatures, and leads

to a thermally activated quasiparticle heat flow at higher temperatures.

As a result of the thesis work, we propose the following improvements to future devices to
reduce the enhanced heat flow and achieve proper thermal isolation. A device with nar-
rower superconducting leads would decrease the volume affected by the inverse proximity
effect, and should thus yield a smaller heat flow more similar to the devices measured in
previous works. Additionally, a similar device as the one used in this thesis, but using
niobium instead of aluminium as a superconductor would also improve thermal isolation.
The larger superconducting gap A of niobium suppresses the inverse proximity effect and
the thermal activation of quasiparticles, thereby eliminating these channels for thermal
transport. Such a device should be able to reach a regime where the heat dissipation is

dominated by electron-photon coupling.

Lastly, an interesting aspect that has not been considered much in this thesis is bolometry
and sensitivity. The near to unity absorption efficiency of the device provides an excellent
foundation for it to work as a sensitive bolometer over a wide bandwidth, capable of
detecting small amounts of radiation. However, to increase the sensitivity of the device,
it would be beneficial if the enhanced heat flow of the device that is currently seen could

be suppressed.

In summary, we have in this thesis shown that we are able to achieve close to unity
absorption and thermal emission with the device, thus providing a direct measurement of
quantum limited photonic heat conduction. The device shows great potential to work as

a thermal photon source or sensitive bolometer.
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Appendix A

Tabulated attenuation

This appendix presents the complete list of the tabulated component gain along the in-
going and outgoing microwave lines at 5 and 7.5 GHz. Components for which no gain
specifications could be found are denoted with
the same as that of a similar component. Components where a linear interpolation (in

dB) for both temperature and frequency were used to obtain the gain value are denoted

nkskn

sk

Table A.1: Attenuation on Ingoing Line at 5 GHz

. The gain has then be assumed to be

Type of Component Name Gain (dB)
Cable 141-36 SM+ -0.9
Splitter ZX10R -6.73

2 x Attenuator FW-3+ 2 x (-3.35)
Cable att. to rack CBL-2MSMSM+ -1.87
Cable rack to cryostat 141-36SM+ -0.9
Cryostat attenuators -59
Cryostat lines RT-4K** 0.86mm SCuNi-CuNi, 625 mm length -2.7
Cryostat lines 4K-MXC** | 0.86mm SCuNi-CulNi, 725 mm length -3.18
Cable 086-6SM+ -0.27
Circulator LNF-ISISC4-8A -0.2
Cable 086-6SM+ -0.27
Cable* BlueFors Cu -0.52
Cable PE3W05577-33CM -0.52
Total -83.76
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Table A.2: Attenuation on Ingoing Line at 7.5 GHz

Type of Component Name Gain (dB)
Cable 141-36 SM+ -1.15
Splitter ZX10R -7.45

2 x Attenuator FW-3+ 2 x (-3.47)
Cable att. to rack CBL-2MSMSM+ -2.36
Cable rack to cryostat 141-36SM-+ -1.15
Cryostat attenuators -59
Cryostat lines RT-4K** 0.86mm SCuNi-CuNi, 625 mm length -3.6
Cryostat lines 4K-MXC** | 0.86mm SCuNi-CulNi, 725 mm length -4.27
Cable 086-6SM+ -0.36
Circulator LNF-ISISC4-8A -0.2
Cable 086-6SM+ -0.36
Cable* BlueFors Cu -0.69
Cable PE3W05577-33CM -0.69
Total -88.22
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Table A.3: Attenuation and Gain of Outgoing Line at 5 GHz

Type of Component Name Gain (dB)
Attenuation before first amplifier

Cable att. before LNA* -1.31
Circulator -0.2
Filter VHF-3100 -0.48
Filter VLF-8400 -0.7
Gain/attenuation from amplifier and onwards

Low noise amplifier (LNA) +39
Cryostat attenuators -4
Cryostat line RT-4K** 0.86mm SCuNi-CuNi, 625 mm -2.7
Cable top of cryostat 141-12SM+ -0.32

3 x Amplifiers 7X60 +3 x 20.89
3 x Attenuators FW-3A -3 x 3.35
Cable amplifier-rack 141-36SM+ -0.9
Cable rack-mixer CBL-2MSMSM+ -1.87
Mixer ZMX-10G -5.3
Gain/attenuation after mixer: 50 MHz

Attenuator FW-3A -2.9
Filter VLF-3400 -0.01
Filter VLF-80 -0.3
Amplifier FEMTO +20
Filter VLF-80 -0.3
Total Before LNA + After -2.69 + 95.02 (= 92.33)
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Table A.4: Attenuation and Gain of Outgoing Line at 7.5 GHz

Type of Component Name Gain (dB)
Attenuation before first amplifier

Cables att. before LNA* -1.74
Circulator how many? -0.2
Filter VHF-3100 -0.6
Filter VLF-8400 -1
Gain/attenuation from amplifier and onwards

Low noise amplifier (LNA) +41
Cryostat attenuators -4
Cryostat line RT-4K** 0.86mm SCuNi-CuNi, 625 mm -3.6
Cable top of cryostat 141-12SM+ -0.45

3 x Amplifiers ZX60 +3 x 20.97
3 x Attenuators FW-3A -3 x 3.47
Cable amplifier-rack 141-36SM+ -1.15
Cable rack-mixer CBL-2MSMSM+ -2.36
Mixer ZMX-10G -7.2
Gain/attenuation after mixer: 12.5 MHz

Attenuator FW-3A -2.9
Filter VLF-3400 -0.01
Filter VLF-80 -0.3
Amplifier FEMTO +20
Filter VLF-80 -0.3
Total Before LNA + After -3.54 4 91.22 (= 87.68)
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