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1. Introduction

Superconductivity, discovered by Heike Kamerlingh Onnes more than a
century ago, is an extraordinary phenomenon in which the resistance
of a material to electric current abruptly drops to zero below a certain
critical temperature. This is not the only defining characteristic of a
superconductor: they are also perfect diamagnets, expell applied magnetic
fields in the Meissner effect, and have a vanishing electronic heat capacity.
These properties are based on the pairing of electrons into Cooper pairs,
which condense into a macroscopically occupied ground state which can
be described with a single quantum-mechanical wavefunction, even when
it represents the collective motion of the billions or trillions of electrons
forming the condensate [1].

Quantum-mechanical electrical circuits built from superconducting com-
ponents are currently studied intensively for technological applications
as part of the second quantum revolution, where quantum coherence and
entanglement are used for novel technological applications. Supercon-
ducting quantum bits (qubits) [2–4] are one of the leading candidates for
platforms for building a large-scale quantum computer, and indeed quan-
tum supremacy (a quantum computation faster than a classical algorithm
for the same problem) was recently first achieved with superconducting
qubits [5]. Superconducting devices have also many other applications, for
instance as sensitive radiation detectors [6–10].

At low temperatures compared to the critical temperature, there should
only be Cooper pairs and no unpaired electrons left in the superconduc-
tor, because there is an energy gap for excitations. However, there is
considerable experimental evidence that an excess density of unpaired
electrons, known as quasiparticle excitations, persists down to the lowest
temperatures [11–14]. Although there may be less than one unpaired
electron per billion Cooper pairs, the residual excitations are enough to
limit the performance of many types of devices. Quasiparticle excitations
cause decoherence in several types of superconducting qubits [15–18], set
a fundamental limit to the sensitivity of kinetic inductance [7, 12, 19]
and quantum capacitance [9] detectors, and degrade the cooling power of
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superconducting microcoolers [20] and current quantization in proposed
metrological current sources [21]. Although these nonequilibrium quasi-
particles have been studied extensively over the past decades, the origins
of the excess density at low temperatures are yet only partially understood,
and schemes for mitigating their effect are a topic of active investigation
as well.

In this thesis, we study nonequilibrium quasiparticles using single-
electron devices, where the electrostatic energy cost for adding a single
electron to a micrometer-scale island is larger than the relevant thermal
energy scales. If the island is superconducting, there is an additional
energy cost for having an odd number of electrons present, which leads to a
parity effect in the number of electrons – even when there are a billion total
electrons on the island [1, 22–24]. As such, single-electron devices are a
very natural system for studying excess quasiparticles, which by definition
are unpaired electrons, and indeed the first experimental evidence of an
excess of quasiparticles at low temperatures originates from such devices
[11, 25]. In our experiments, we probe the quasiparticle number on such a
superconducting island by measuring the tunneling events from the super-
conductor to a normal metal, by measuring either the direct current or the
individual tunneling events in real time with a sensitive charge detector,
which finally enabled counting the instantaneous number of quasiparticles
on a superconducting island in Publication VII.

In the following two chapters, we discuss background material on super-
conductivity and single-electron devices, respectively. We present basic
properties of quasiparticle excitations as well as the processes contribut-
ing to their dynamics in Chapter 2, and review the tunneling processes
in normal metal-insulator-superconductor (NIS) junctions in more detail.
We also provide a literature review on the topic of excess nonequilibrium
quasiparticles. In Chapter 3, we discuss the effects arising from the in-
terplay of charging energy and superconductivity on small islands and
the modeling of such single-electron transistors. We then briefly review
the use of single-electron transistors as charge detectors, as well as the
previous research on the backaction of such electrometers.

The experimental methods used in this thesis are described in chapter
4. We begin with the standard tunnel junction process used for fabri-
cating most of the devices in this thesis, before turning to the main re-
sult of Publication I, a process for making tunnel junctions to epitaxial
semiconductor-superconductor nanowires. We describe the refrigeration
and shielding methods used and discuss in more detail the radio-frequency
measurement setup and its noise characterization. We then present the
results of Publication II, a method for analysing noisy random telegraph
signals such as the output of a charge detector.

In Chapter 5, we present the results of this thesis pertaining to charge
detectors. We describe our implementation of a radio-frequency single-
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electron transistor [26] and the integration of a Josephson parametric
amplifier with ultralow added noise [27] into the measurement setup,
leading to substantial improvements in the time resolution for detecting
single-electron tunneling events. We also demonstrate applications of
charge detection on mesoscopic structures beyond studying quasiparticle
excitations: In Publication III, we use a single-electron transistor to mon-
itor the charge transitions in a classical two-level system, a capacitively
coupled single-electron box. We use the device test predictions of stochastic
thermodynamics [28–30], namely the limits on how much work beyond
the free energy difference can one extract from a two-level system. In
Publication V, we detect for the first time Cooper-pair-splitting or crossed
Andreev reflection events in real time [31, 32], where the electrons from
a single Cooper pair tunnel out to two spatially separated normal metal
islands whose charge was monitored in real time.

Finally, in Chapter 6, we discuss the main experimental findings of this
thesis on quasiparticle excitations. In Publication IV, the quasiparticles
on a superconducting island were mostly created via the backaction of the
charge detector used. We demonstrate in Publication VI that the backac-
tion most likely due to nonequilibrium phonons, which is a mechanism
that has not received much consideration in mesoscopic devices. We con-
clude that a fully normal-metallic charge detector is expected to minimize
backaction for our purposes, and such detectors were used in Publication V
and Publication VII. In Publication IV, we also demonstrated that simply
measuring a parity effect does not guarantee that a superconductor is free
of quasiparticles.

In Publication VI, we propose and experimentally demonstrate that
a mesoscopic superconductor can be used as a detector of Cooper-pair-
breaking radiation in a mode where the response is self-calibrating: The
current through the device is given by the elementary charge times the
rate at which Cooper pairs break on the island, which can thus be ex-
tracted without needing to know the device parameters precisely. In the
final publication included in this thesis, Publication VII, we combine the
fast charge detectors with minimal backaction with the good theoretical
understanding of a superconducting island coupled to normal leads, de-
veloped in the previous publications and thesis chapters, to measure in
real time the quasiparticle number on a superconducting island. We find
that our device is free of quasiparticles for periods up to seconds, while
the quasiparticle dynamics is quantitatively described by a simple model
where the quasiparticles only decay by tunneling to the normal metal leads.
In our device, most quasiparticles are created by a process decaying over
timescales of weeks from the start of the cooldown. This rules out all the
proposed or demonstrated sources of quasiparticles, such as stray infrared
or microwave photons [33–36], cosmic rays or environmental radioactivity
from outside the refrigerator [15, 37–40], or on-chip sources [41, 42], as
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the dominant source of quasiparticles in this experiment.
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2. Superconductivity

In this chapter, we first present some key predictions of the Bardeen-
Cooper-Schrieffer theory of superconductivity and introduce quasiparticle
excitations. We consider the processes which contribute to the dynamics
of the quasiparticles in Sec. 2.2, discussing in more detail tunneling in
normal-insulator-superconductor junctions, used extensively within this
thesis, in Sec. 2.3.1. We review the literature on excess nonequilibrium
quasiparticles in Sec. 2.4, and finish the chapter with a review of the
relevant material parameters of aluminum.

2.1 Bardeen-Cooper-Schrieffer theory of superconductivity

In this section, we briefly present key results and predictions of the micro-
scopic Bardeen-Cooper-Schrieffer theory of superconductivity [1, 43, 44].
The basic ingredient of the theory is the existense of an effective attractive
interaction between electrons. Even an infinitesimally small interaction
is enough to make the Fermi sea of the electrons unstable. The electrons
will pair into Cooper pairs, which form a condensate. In the conventional
superconductors studied in this thesis, the attractive interaction is medi-
ated by phonons. This can be intuitively understood by considering that
the electrons move much faster than the ions of the solid, so that an elec-
tron will leave behind it a positively charged cloud of ions that can then
attract the next electron. The electron-phonon-mediated quasiparticle
recombination process relevant for quasiparticle dynamics thus probes a
very fundamental aspects of superconductivity.

Although the Cooper pair condensate is behind most of the useful prop-
erties of a superconductor, we turn to the elementary excitations of the
superconductor, known as Bogoliubov quasiparticles. The creation and
annihilation operators γk of a quasiparticle with wave vector k are related
to the original operators ck of the electrons in the underlying normal metal
as [1]

γ†k0 = u∗kc
†
k↑ − v∗kc

†
−k↓ (2.1)
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γ†k1 = u∗kc
†
−k↓ + v∗kc

†
−k↑. (2.2)

The coefficients uk and vk satisfy |uk|2 + |vk|2 = 1. Thus the quasiparticles
are superpositions of electrons and holes, with the relative hole or electron
fraction depending on k and hence the energy of the excitation. Far above
the Fermi level E > Δ, the quasiparticle is essentially an electron, and
far below a hole. (Here and elsewhere in this thesis, we measure energies
from the Fermi level.) Since we consider structures with normal metal
parts, we do not need to consider the interference of the electron- or hole-
like components, although this leads to measurable consequences in fully
superconducting devices [45, 46].

The density of states of these quasiparticles is given by

nS(E) =
|E|√

E2 −Δ2
(2.3)

for |E| > Δ. There is a singularity at E = ±Δ and no states with |E| < Δ.
2Δ can be viewed as the binding energy of a single Cooper pair, as this is
the minimum energy that a photon or phonon must have to be able to create
two quasiparticles. On the other hand, this means that a superconductor
is rather sensitive to such pair-breaking radiation, enabling many detector
applications [7–9]. In aluminum devices similar to the ones studied in
this thesis, it has been shown that the density of states in Eq. (2.3) at
E = 0 is indeed very close to zero (bounded to 10−7 times the normal
state value) [35]. In other materials, subgap densities of state are often
encountered, such as in the proximitized semiconductor-superconductor
system discussed in Publication I and Section 4.1.2.

Given the density of states of Eq. (2.3), we can calculate the density of
quasiparticles in thermal equilibrium at temperature T , with the occupa-
tion probability of a state with energy E given by the Fermi distribution
f(E) = (1 + exp(E/kBT ))

−1:

nqp(T ) = 2D(EF )

∫ ∞

Δ
f(E)nS(E) ≈

√
2πD(EF )

√
ΔkBTe

−Δ/kBT , (2.4)

where the latter approximation is valid at kBT � Δ and D(EF ) is the
density of states in the normal state at the Fermi level, including spin.
Therefore the number of excitations should be exponentially suppressed at
low temperatures: for example, at a temperature of 40 mK, readily reached
by commercially available dilution refrigerators, there should be less than
one quasiparticle in a cubic meter of aluminum, an almost astronomically
large volume compared to the microscale devices studied. Often especially
in the context of superconducting qubits, the quasiparticle density is given
normalized by the "Cooper pair density" D(EF )Δ as xqp = nqp/(D(EF )Δ).

The equation (2.4) can be also taken to define the density of nonequi-
librium quasiparticles, whose distribution might be a Fermi distribution
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Figure 2.1. (a) Processes changing the number of quasiparticle excitations NQP. (b)
Schematic illustration of how the processes shown in panel (a) change the
state (N,NQP) of a superconducting island with N excess electrons and NQP
quasiparticles. Adapted from Publications PVII and PIV.

at a temperature different from that of the phonon bath, or also a non-
thermal distribution [35, 47]. Experimentally, the quasiparticle density
typically saturates at temperatures below 150-200 mK, corresponding to
nqp ≈ 1 μm−3 or xqp ≈ 10−7 or higher. Although the nonequilibrium quasi-
particle distribution may not have a thermal form, many experimentally
relevant quantities are at least approximately independent of the energy
of the quasiparticles, but depend on their total density. In this case, an ef-
fective temperature TS not equal to the bath temperature T can be viewed
as a way to parametrize the quasiparticle density, and we take this ap-
proach in calculating the phonon emission from a heated superconductor in
Publication VI. The value of the superconducting gap also depends on the
temperature and the possibly nonequilibrium quasiparticle distribution,
and in general needs to be determined self-consistently. However, in this
thesis we are mostly in the low-temperature regime T � TC/3, where Δ

can be taken to have its zero-temperature value Δ0 = 1.76kBTC .

2.2 Quasiparticle dynamics

Here, we consider processes which might change the number, energy, or
location of the Bogoliubov quasiparticles in general, some of which are
sketched in Fig. 2.1(a) and Fig. 2.2(a). Anticipating the experiments of
this thesis in Publications IV, VI and VII on single-electron devices in
which number of excess electrons N and quasiparticles on a supercon-
ducting island NQP are both relevant, we show in 2.1(a) which of these
processes change the charge on the island, although we defer more detailed
discussion of the charging effects until Chapter 3.

Quasiparticles can be created pairwise from Cooper pairs that break due
to an incident phonon or photon (pink arrows in Fig. 2.1). Conversely,
quasiparticles can decay by recombining pairwise, emitting a phonon
(purple arrows) [48, 49]. Neither of these processes changes the total
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number of electrons in the superconductor, and as such cannot be directly
measured with a charge detector. In thermal equilibrium, quasiparticles
are expected to be generated due to thermal phonons. On average, the
generation and recombination processes cancel each other out, but there
still are fluctuations in the number of quasiparticles [12, 50, 51]. The
thermal pair-breaking rates are negligible for aluminum at temperatures
below about 200 mK, and as such the Cooper pair breaking processes
observed at lower temperatures are due to non-thermal sources.

However, if a phonon with energy 2Δ is present in the superconductor,
the time for it to break a Cooper pair is expected to be on the order of
200 ps [49]. As such a phonon is emitted in the electron-phonon-mediated
recombination process, these nonequilibrium phonons can break Cooper
pairs or provide energy to quasiparticles, and potentially be re-absorbed
and re-emitted multiple times before escaping the superconductor. The
nonequilibrium quasiparticle and phonon populations in a superconductor
are in general coupled [48, 52], which makes measurements of quasiparti-
cle lifetimes in superconductors tricky to interpret. Even after the phonons
have escaped into the substrate, the mean free paths of such high-energy
phonons can exceed millimeters at low temperatures, meaning that they
can break Cooper pairs in other devices elsewhere on the chip.

As the recombination process requires two quasiparticles, a generic com-
binatiorial argument predicts that its rate should scale with the density
of quasiparticles squared (or number of quasiparticles squared in a given
volume). Consequently, the recombination rate of a thermal quasiparticle
population (with density given by Eq. (2.4)) is exponentially suppressed
as e−2Δ/kBT . The expected recombination and scattering rates have been
calculated in Ref. [49] as a function of the material parameter τ0 relat-
ing to the strength of the electron-phonon coupling, and they can be also
expressed as a function of the normal-state electron-phonon coupling con-
stant Σ [53]. There is considerable uncertainty in the values of these
material parameters and the effective recombination rates are influenced
by phonon trapping effects, which we discuss in more detail in Sec. 2.5.
We discuss the scaling of the recombination with the number of quasipar-
ticles in the few-quasiparticle regime relevant for this thesis in Sec. 3.2.
Nevertheless, the recombination time for two quasiparticles in a 0.05 μm3

island, corresponding to a thermal quasiparticle density around 200 mK,
is expected to be on the order of milliseconds. Some works that observed a
saturation of quasiparticle lifetimes at low temperatures have interpreted
this as due to another recombination pathway not due to electron-phonon
coupling [54, 55].

In Ref. [56], it was suggested that the recombination rates might become
further suppressed if the quasiparticles relax into localized states due to
e.g. spatial variations of the superconducting gap. There is some evidence
that this trapping process is the bottleneck for quasiparticle relaxation in
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the disordered superconductor granular aluminum [14]. In superconduct-
ing single-electron devices, background charge jumps by exactly 1e have
been observed on timescales ranging from minutes to hours or even days
in multiple previous works [53, 57] and in many of the devices measured
in this thesis. In Publication VII, the time between such jumps decreased
from several hours to a few seconds after a thermal cycle of the same sam-
ple, which could support the interpretation of these jumps as conduction
electrons tunneling into and out of localized states on or near the island.

An existing quasiparticle can scatter and change its energy by emitting
or absorbing a phonon or photon. While the recombination rate is expected
to depend only weakly on the quasiparticle energy, the electron-phonon
mediated quasiparticle scattering rates depend strongly on the energy of
the excitation. They are also suppressed at low temperatures, but are
typically orders of magnitude faster than the recombination rates. For
instance, for a quasiparticle energy of 1.8Δ the scattering lifetime even
at zero temperature is already less than a microsecond. The assumption
of fast relaxation has been used to justify assuming a thermal form for
the distribution of quasiparticles, but there is experimental evidence that
both in superconducting qubits [13, 58] and resonators [59] the effects
of a nonequilibrium quasiparticle distribution are measurable. For our
purposes, the quasiparticle energy distribution and consequently the scat-
tering rates are expected to be relatively unimportant, as long as the
initial quasiparticle energy is below 3Δ. If the initial energy is higher,
the relaxation phonon emitted in the scattering process can have energy
≥ 2Δ, enough to break another Cooper pair. Quasiparticle scattering due
to emission or absorption of photons may be relevant in the context of
superconducting qubits, where the energy scales of the qubit degree of
freedom are a few GHz [60, 61], or in kinetic inductance detectors where a
strong microwave probe signal is present [59, 62, 63].

Quasiparticles may be created and removed from a superconductor if
they can enter or exit the superconductor by tunneling (red arrow in Fig.
2.1) [64]. Indeed, a single electron tunneling event must either add or
remove a quasiparticle from a superconductor in addition to changing the
charge by one. Two-electron Josephson and Andreev tunneling events
(green arrow in Fig. 2.1) do not change NQP and thus do not contribute
to the quasiparticle dynamics. In Josephson-junction based qubits, quasi-
particles cause decoherence by tunneling across the junctions [15–17]. We
will discuss tunneling rates in the normal-insulator-superconductor (NIS)
junctions used in this thesis in the next section and establish that the rate
for quasiparticles tunneling out of a superconductor into a normal metal
does not depend on the energy of the quasiparticle, only their density. A
tunneling event can also be accompanied by the emission or absorption of
a photon [36, 65, 66].

In an extended superconductor, the spatial distribution of quasiparti-
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cles may vary, which has often been modeled with a diffusion equation
[67–74]. An interesting point is that the group velocity of quasiparticles de-
pends on their energy, and goes to zero when the quasiparticle has energy
E = Δ [68]. Most of the devices studied in this thesis have micron-scale
isolated superconducting islands, so that quasiparticle diffusion can be
safely neglected as it is fast compared to the tunneling or electron-phonon
timescales: in Ref. [74], the diffusion time of quasiparticles over a distance
of 60 μm in an aluminum wire was measured to be on the order of 300 ns.
We acknowledge that understanding quasiparticle diffusion is of great
practical importance in optimizing the performance of regions of lower
superconducting gap used as quasiparticle traps, discussed as strategies
for mitigation of the effects of nonequilibrium quasiparticles in Sec. 2.4.4.

To model the nonequilibrium quasiparticle and phonon populations in a
superconductor, in general one needs to solve the coupled kinetic equations
for the quasiparticle and phonon distribution functions [42, 61, 62, 75],
which is required to interpret effects such as a phonon-induced critical
current enhancement [76, 77] or the nonequilibrium quasiparticle distribu-
tion induced by a strong microwave drive in a resonator [59]. A simplified
treatment is possible by neglecting the energies of the phonons and track-
ing only the number of phonons with energy ≥ 2Δ and quasiparticles with
the Rothwarf-Taylor equations [52]. This ignores the possibility of phonons
emitted in quasiparticle scattering breaking Cooper pairs, but it is a good
approximation if quasiparticles are initially created with energies ≤ 3Δ

and the precise quasiparticle distribution is unimportant.
Another simplification can be made by noting that the characteristic

timescale for reabsorption of phonons, is several orders of magnitude
shorter than the recombination times [49]. In this case, the phonon-
trapping effect can be understood as increasing the effective recombination
time. If also spatial dependences can be neglected, the quasiparticle density
obeys an equation of type [67, 78]

d

dt
xqp = −rx2qp − sxqp + g, (2.5)

where r is an (effective) recombination constant, s describes quasiparticle
trapping, and g is the rate at which quasiparticles are generated, via
Cooper pair breaking or tunnel injection. For the average quasiparticle
number 〈NQP〉 in a given volume V , applicable to the small superconducting
islands studied in this thesis, we have

d

dt
〈NQP〉 = −ΓR〈NQP〉2 − Γtunn〈NQP〉+ Γpb, (2.6)

Here ΓR = r(D(EF )ΔV) is again an effective recombination rate, Γtunn

represents trapping, in our devices by tunneling to the normal leads,
and Γpb is the quasiparticle generation rate. The presence of a charging
energy means that in addition to the quasiparticle number NQP, we need
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to consider the number of excess electrons N on the island compared
to charge neutrality, where N and NQP are integers of the same parity,
as discussed in more detail in Sec. 3.2. Nevertheless, the quasiparticle
dynamics depend on whether the recombination term or the trapping
term dominates. The prefactor ΓR is determined by material parameters
and the device volume. The tunneling rate Γtunn can be tuned by several
orders of magnitude by changing the tunnel resistance during fabrication,
which allows studying devices in the regimes where quasiparticle decay by
recombination is dominant (Publication IV) or negligible (Publication VI
and Publication VII).

It is also possible to reach a situation where so-called branch imbalance
[79–81] is relevant, meaning that there are more hole-like than electron-
like quasiparticles or vice versa, if the quasiparticles are deliberately
injected to one branch only at a rate larger than the branch-mixing time.
We also neglect the spin of the quasiparticles in this thesis. Although spin
transport in superconductors has been studied in its own right, observ-
ing spin-dependent phenomena would require magnetic materials [82] or
very large magnetic fields [83]. Ref. [84] suggests that if quasiparticles
are created initially with random spin, large clusters of spin-polarized
quasiparticles might form spontaneously, which would decrease their re-
combination rates even further, which could partially explain the excess
quasiparticle densities. However, it seems that neither branch or spin
imbalance can be created in our experiments, where quasiparticles are
created in pairs from a broken Cooper pair.

2.3 Superconducting tunnel junctions

In this section, we will review the properties of normal metal-insulator-
superconductor (NIS) tunnel junctions, used in most of the devices in this
thesis. Although many of the applications of superconducting devices rely
on dissipationless and coherent transport in Josephson tunnel junctions,
we use NIS junctions to study quasiparticle excitations, as in them only a
few, theoretically well-understood transport processes are relevant.

2.3.1 Quasiparticle tunneling

The Fermi Golden rule expression for sequential single-electron tunneling
in a NIS junction from the superconductor to the normal side is [65]

Γ(δE) =
1

e2RT

∫ ∞

−∞
dEnS(E)fS(E)[1− fN (E + δE)]. (2.7)

Here, fN and fS are the distribution functions of electrons on the normal
and superconducting side, respectively, ideally Fermi distributions. RT is
the tunnel resistance, which incorporates the microscopic details of the
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Figure 2.2. The normal-insulator-superconductor tunnel junction. (a) Sketch of a NIS tun-
nel junction in the so-called semiconductor picture (not to scale). Shown on the
left is the Fermi distribution in the normal metal, and on the superconductor
side we plot the BCS density of states. The red arrow depicts here a tunneling
event, where an electron tunnels into the superconductor to an unoccupied
state with E < −Δ, decreasing the number of quasiparticles by one. The
purple solid and dashed arrows represent scattering and recombination of
quasiparticles, associated with the emission of a phonon. (b) Tunneling rate in
a NIS junction calculated with Eq. (2.7) with the normal metal temperature
TN = 50 mK and superconductor temperature TS = 210 mK, corresponding
to a quasiparticle density nqp = 29 μm3 or exactly one quasiparticle in the
island volume of Publication VII. The red dashed line represents processes
where the quasiparticle number increases and the solid blue line where it
decreases.

transmission probability through the tunnel barrier, and e is the electron
charge. nS(E) is the normalized density of states on the superconductor,
which may be of the ideal BCS form given by Eq. (2.3), or include nonideal-
ities such as subgap states. The energy gained in the tunneling process δE

can be provided by a voltage source (when δE = eVb) or by charging energy,
discussed in the next chapter.

Eq. (2.7) can be intuitively understood with the help of the sketch in Fig.
2.2: in order for a tunneling event to happen, there needs to be a particle
in the starting state with energy E and an empty state at energy E + δE.
The probability for finding an occupied state on the superconducting side
is nS(E)fS(E), while there is an unoccupied state on the normal side with
probability 1 − fN (E). We assume the density of states on the normal
side is constant over the small energy range considered. The rate is equal
in the directions S → N and N → S due to the assumed symmetries of
the distributions nS(−E) = nS(E), fS(−E) = 1 − fS(E), and fN (−E) =

1− fN (E), but depends on δE, the energy gained by the tunneling electron,
which typically will not be equal in the two directions.

The calculated tunneling rate according to Eq. (2.7) is shown in Fig.
2.2(b). When δE exceeds Δ, an electron from the normal metal can be
transferred to the empty states in the superconductor at E > Δ. Thus the
rate is large, and the correct order of magnitude is given by the Ohmic
current (V −Δ)/RT . At δE slightly less than Δ, only the thermally excited
electrons with E > 0 on the normal side can tunnel. Since the number of
such electrons is proportional to exp(−Δ/kBTN ), this provides the basis
for using NIS junctions as thermometers [85, 86]. In these regimes, the
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temperature of the superconductor (or more generally, fS(E)) does not
enter the tunneling rate. Setting Δ to zero in Eq. (2.7) allows recovering
the tunneling rate in a normal-metallic tunnel junction, which is activated
at δE > 0.

As we are interested in quasiparticle excitations, we will now consider
the limit of zero TN , but allow the distribution function fS(E) on the
superconducting side to deviate from the Fermi function. Considering
energy gains satisfying −Δ < δE < Δ, Eq. (2.7) becomes

Γ(δE) =
1

e2RT

∫ ∞

Δ
dEnS(E)fS(E) =

nqp

2e2RTD(EF )
, (2.8)

where we have substituted the definition of quasiparticle density from Eq.
(2.4) [35]. If we consider NQP quasiparticles confined in a given volume V,
we obtain

ΓQP =
NQP

e2RTVD(EF )
. (2.9)

This expression is used to estimate the tunneling rates for a single quasi-
particle to tunnel from a superconducting island to normal metal leads in
Publications IV, VI and VII.

According to this basic model, the tunneling rate due to excess quasi-
particles in the superconductor does not depend at all on their actual
energy distribution, but only on their total density. Furthermore, the rate
is independent of δE over a relatively large range −Δ < δE � Δ− kBTN .
For instance, an elevated temperature of the normal metal leads (see Secs.
3.3 and 5.1), or photon-assisted tunneling (see Refs. [65, 87] and below),
would lead to tunneling rates depending on δE. The energy gain is experi-
mentally conveniently tunable with the gate offset or bias voltage applied
to a single-electron transistor (see Eq. (3.2)). In Ref. [35] a tunneling
rate independent of the bias voltage applied was ascribed to quasiparticle
excitations in the superconducting leads of a single-electron transistor
with a normal-metallic island. In Publications IV and VII, we measured
tunneling rates between a superconducting island and normal metal leads
which are independent of δE, tuned by changing the gate voltage, over
a large range, and increase rapidly when δE becomes close to Δ, as ex-
pected. These plateaus allow identifying the tunneling events as due to
excess quasiparticles in the superconductor. Excess quasiparticles can also
lead to plateaus in the DC current through a NIS-based single-electron
transistor, like in Refs. [53, 71] and Publication VI, which again is use-
ful for identifying the excess current as being caused by nonequilibrium
quasiparticles.

One can also decompose Eq. (2.7) into components adding or removing
quasiparticles by considering that an electron added above (below) the
Fermi energy adds (removes) a quasiparticle, while an electron removed
from above (below) the Fermi energy removes (adds) an quasiparticle
[53]. Note that this means that a quasiparticle can tunnel out of the
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superconductor both as an electron and as a hole [88]. The rates for these
processes are sketched in Fig. 2.2(b). The rate for adding a quasiparticle
becomes non-negligible only when δE is close to Δ. It does not depend
on the number or energy distribution of quasiparticles already present,
either, as long as they are few enough to not change Δ, which is the case
in the few-quasiparticle regime studied in this thesis. The plateaus in
the rates at values given by Eqs. (2.8) and (2.9) correspond to the process
removing a quasiparticle from the superconductor. If the superconductor
is a large-volume lead, we can assume that the quasiparticle density is
unperturbed by the removal of a single quasiparticle. However, this is not
the case for a small island with only a few quasiparticles, like in Ref. [53]
and Publications IV, VI and VII. We discuss the modeling of these devices
in more detail in Sec. 3.2.

The energy cost of Δ for adding a quasiparticle from the normal metal
to the superconductor applies if we can assume that the electrons on
the normal side are well thermalized, i.e. have low energies compared
to Δ. It is possible that a quasiparticle that just tunneled out of the
superconductor would tunnel back in before having time to relax on the
normal metal side, and this possibility cannot be neglected in general when
designing quasiparticle traps [72, 89, 90]. However, for our purposes, the
electron-electron relaxation rates in the normal state are expected to be
less than a microsecond, faster than the tunneling timescales. Also, in
our geometry with extended normal leads, any excitation on the normal
side can diffuse away from the junction and thus the rate for this type of
backtunneling is even further suppressed.

The above discussion also assumes a definite energy gain δE provided to
the tunneling electron by a voltage source or charging energy of a circuit.
However, the electromagnetic environment may also provide energy, lead-
ing to excess photon-assisted tunneling events. They are usually described
by the so-called P (E) theory, in which Eq. (2.7) becomes a double inte-
gral over also the probability P (E) of the environment to emit or absorb
a photon [65]. In the experiments of this thesis, capacitive shunting of
the devices by ground planes has usually been used to suppress photon-
assisted tunneling [91] and quasiparticle tunneling according to Eq. (2.9)
dominates over photon-assisted tunneling.

2.3.2 Second-order processes

The above single-particle tunneling rate, scaling with the tunnel resistance
as R−1

T , in an NIS junction can be derived as the result of first-order pertur-
bation theory on the tunnel Hamiltonian. In this thesis, we have measured
structures where the second-order processes of Andreev reflection, crossed
Andreev reflection and cotunneling, with rates ∝ R−2

T , are also measurable.
In Andreev reflection [92, 93], an electron incident from the normal side
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of a normal-superconducting contact is retroreflected as a hole, which
transports one more Cooper pair onto the superconductor (or vice versa,
removing one Cooper pair from the condensate). The regular Andreev
process is activated when the energy gain δE in the tunneling is greater
than 0. Due to the transport of two charges, it is suppressed by charging
energy even more than single-electron tunneling [57, 94]. Because only
Cooper pairs are involved on the superconducting side, Andreev tunneling
is insensitive to the quasiparticles in the superconductor (at least as long
as the gap retains its zero-temperature value), but does depend on the
normal metal temperature. Indeed, in Publication VI we were able to note
a change in normal metal electron temperature from 42 mK to 50 mK due
to changes in the Andreev current, and in Publication VII, we inferred
the temperature of the normal-metal leads using the gate dependence of
Andreev tunneling rates. In numerical simulations we have used the rates
for Andreev tunneling given in Refs. [95, 96], which in addition to the
tunnel resistance scale with the effective number of conduction channels
in the junction.

Cotunneling is a process where two electrons tunnel simultaneously
through two tunnel junctions of a single-electron transistor [97–99]. This
means that one net electron was transferred through the whole device,
but the island was occupied only as a virtual intermediate state and thus
charging energy costs could be circumvented. In inelastic cotunneling,
electron-hole excitations are left on the island, while elastic cotunneling
created no excitations. In a structure with a superconducting island and
normal metal leads, inelastic cotunneling is expected to be suppressed at
low bias if there are no quasiparticles in the device, because creating the ex-
citations requires energy [22]. Elastic cotunneling is also suppressed, and
due to the excellent agreement of our measurements and simulations at
small bias Vb < Δ/2e neglecting cotunneling in the samples of Publication
VI we conclude that it is indeed negligible in most of our devices. At high
bias Vb > 2Δ/e, inelastic cotunneling contributes to the current [22, 57],
and this excess current was indeed measured at least in the low-resistance
phonon emitter device in Publication VI. It might be somewhat interesting
to compare the current due to cotunneling of the same device both in the
normal and superconducting state in detail. Elastic cotunneling between
two normal metal islands coupled through a superconducting lead were
observed in Publication V.

Crossed Andreev reflection occurs when the two electrons of the Cooper
pair end up in spatially separated reservoirs, and such Cooper pair splitter
devices may act as sources of entangled electrons [31, 32]. In Publication
V, discussed in Sec. 5.4, we report the real-time observation of such Cooper
pair splitting events.
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2.4 Excess nonequilibrium quasiparticles at low temperatures

In this section, we briefly review the literature on the excess nonequilibrium
quasiparticles almost omnipresent in superconductors at low temperatures.
Although nonequilibrium superconductivity and the dynamics of quasipar-
ticles either intentionally injected or created by an elevated temperature
have been studied much earlier, the term "quasiparticle poisoning" was
coined in the early 1990s in studies of the parity effect in superconducting
islands, discussed in more detail in Sec. 3.1. In the following decades
it has been found that excess quasiparticles have detrimental effects on
a wide variety of superconducting devices, as reviewed in Sec. 2.4.1. In
Sec. 2.4.2, we discuss experimental approaches to measuring the number
or dynamics of quasiparticles. We discuss suggested and demonstrated
origins of quasiparticles in Sec. 2.4.3 and strategies for mitigating their
effects in Sec. 2.4.4. Finally, we discuss applications of superconducting
devices in nonequilibrium phonon generation. Throughout this section and
entire thesis, we concentrate on aluminum devices.

2.4.1 Are quasiparticles a problem?

The answer to the first question is almost an overwhelming yes.
In a Cooper pair box qubit, where the qubit states are states with N

and N + 1 Cooper pairs on a superconducting island, the tunneling of a
single quasiparticle takes the qubit out of the computational subspace.
The resulting decay rates have been modeled theoretically [100, 101], and
many early experimental investigations of excess quasiparticles were done
on Cooper pair boxes [11, 41, 102–105]. Similarly, in Andreev [106] and
proposed Majorana [18, 107–109] qubits, a single quasiparticle tunneling
in or out of the Andreev level or Majorana state decoheres the qubit.
For Majorana qubits hosted in relatively small-volume nanowires, Ref.
[18] argues that since the Majorana zero modes themselves are effective
traps for quasiparticles, the quasiparticle poisoning events occur at a rate
comparable to the quasiparticle creation rate. As the relevant volumes are
very similar to our devices, the Cooper pair breaking events occurring only
a couple of times a second in Publication VII are very encouraging.

In charge-insensitive superconducting qubits, such as the transmon [110],
flux [111, 112], or fluxonium qubits [113], the tunneling of quasiparticles
across the Josephson junctions leads to decoherence [15–17, 114] and
result in an energy decay time proportional to the normalized quasiparticle
density xqp. If the quasiparticles are relatively ’hot’, the quasiparticles
can lead to excess excited state populations [13, 58, 115], and fluctuations
in the quasiparticle population might cause temporal variability in the
coherence times [116–118].

In pair-breaking superconducting detectors, such as the kinetic induc-
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tance and quantum capacitance detectors, it is quite obvious that if there
are many excess quasiparticles present, distinguishing the potentially
small signal from the background becomes difficult. Indeed, the fluctuating
quasiparticle population due to random recombination and pair-breaking
events leads to a fundamental bound on the noise performance [19, 119]. In
a detector, understanding the microscopics of the quasiparticle generation
process in response to radiation is also helpful.

Excess quasiparticles also degrade the current quantization in proposed
metrological current sources, such as Cooper pair pumps [21, 120] and
single-electron turnstiles [71, 121], and reduce the cooling power in NIS-
junction based refrigerators [20, 73, 122]. In the turnstiles and refrigera-
tors, quasiparticles are injected into the superconducting electrodes during
the device operation, so that efficient quasiparticle evacuation is necessary.

2.4.2 Measuring quasiparticles

As discussed in more detail in Sec. 3.1, a superconducting island with
large charging energy compared to kBT should exhibit a parity effect in
the number of electrons. There are many works from the early 1990s
measuring 2e-periodic currents in N-S-N [57] or S-S-S [23, 25, 123, 124]
structures, or the average charge on such an island [24, 125]. Yet, as Ref.
[25] puts it, "most devices we and others have measured fail to show any 2e-
periodicity", which was attributed to unpaired electrons, possibly in subgap
states. Conversely, observation of a 2e periodic charge or Coulomb staircase
has been often taken to imply the absence of quasiparticle poisoning on the
timescales of the measurement, although as demonstrated in Ref. [11] and
Publication IV, this is not necessarily the case. Measuring the periodicity
of switching current histograms in an S-S-S configuration with variable
ramp times of the current allows extracting the timescales of quasiparticle
poisoning and un-poisoning [11, 41]. More recently, such techniques have
been used to quantify the quasiparticle poisoning in materials relevant for
Majorana qubits [126, 127].

In a device with relatively high charging energy, one can hope to directly
monitor the individual tunneling events due to quasiparticle tunneling,
which is the approach that we use in Publications IV and VII. In Refs.
[102–104], this was done by monitoring the RF reflection from a Cooper
pair box at its supercurrent branch. As the quantum capacitance detector
[128, 129] is essentially a Cooper pair box modified to operate as a radiation
detector, quasiparticle tunneling events have been measured in real time
with such devices as well [9, 130]. Similar quantum capacitance-based
readout techniques have been used to study the quasiparticle dynamics on
a superconducting double dot [131–134], allowing direct measurement of
the Cooper-pair-breaking events which also transfer a quasiparticle from
one island of the dot to another [131] and studying Cooper pair breaking

17



Superconductivity

due to applied microwaves [133]. In a weak link hosting Andreev levels,
quasiparticles may tunnel in or out from the bulk superconducting leads,
which allows inferring the quasiparticle density [135, 136], and trapping
and de-trapping of individual quasiparticles in such structures has also
been measured in real time [106, 137, 138].

In NIS-junction based devices, a tunneling rate constant over a range of
energy gains in tunneling, resulting from an elevated quasiparticle density
in the superconducting leads, was clearly observed in a sample without
quasiparticle traps in Ref. [35], while such a measurement was also used
to provide one of the lowest bounds on the quasiparticle density reported.
Quasiparticles also create plateaus in the current-voltage characteristics
in some NIS-based devices which leads to rather straightforward mea-
surement of the quasiparticle density, as in Refs. [71] and [53] as well as
in Publication VI. Transport characteristics combined with modeling can
also be used to infer quasiparticle populations or related timescales in e.g.
hybrid semiconductor-superconductor systems [139, 140].

Charge transitions due to quasiparticle tunneling can be measured in
nominally charge-insensitive transmon qubits if the charge dispersion is
not quite vanishing. This has been done with pulse sequences conditioned
on the charge parity [13, 141, 142] and also by direct monitoring of the
parity-dependent dispersive shift [36]. The effects of quasiparticles can
also be inferred from measurements of qubit lifetimes or excited state
populations when combined with control parameters changing the number
of quasiparticles [37, 58] or the relative contributions of different decay
mechanisms [45]. In Ref. [116], the presence of a fluctuating quasiparticle
population was inferred from the quantum jumps of a fluxonium qubit.

In a superconducting resonator, the quasiparticle density affects the
kinetic inductance and consequently the resonant frequency. In the ki-
netic inductance detector [7], the quasiparticles are created by the in-
tentionally coupled radiation. Measuring the decay of the quasiparticle
population after an optical pulse [54, 55, 143], or background event [14]
allows measuring the quasiparticle lifetime, while quasiparticle densities
can also be inferred from measurements of the resonators’ quality factors
[19, 33, 42, 144]. Another approach to measuring the number and lifetime
of quasiparticles is measuring the noise originating from the random gen-
eration and recombination of quasiparticles, which has been done in tunnel
junction devices [50, 51] and resonators [12, 59, 145, 146]. In this case,
the characteristic roll-off of the noise at a frequency corresponding to the
quasiparticle lifetime enables distinguishing the generation-recombination
noise from other noise sources.
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2.4.3 Origins of quasiparticles

Quasiparticles are naturally present at elevated temperatures of the su-
perconductor. According to Eq. (2.4), the fairly low nonequilibrium quasi-
particle population of 0.1 quasiparticles/μm3 corresponds to a thermal
population at roughly 130 mK. Nevertheless, changing the bath tempera-
ture can be a useful control knob to study the effect of quasiparticles on a
given device.

In general, nonequilibrium quasiparticles can either enter the super-
conductor from e.g. a normal metal region, or be created as photons or
phonons break Cooper pairs. The energy down-conversion process after the
absorption of a photon in a superconducting film involves a cascade with
several steps, and the number of quasiparticles created per photon fluctu-
ates and depends on the frequency even on average [63, 147, 148]. Photons
(or even more generally particles) may also interact in the substrate, but
create phonons which will then break Cooper pairs. Therefore, it is not
straightforward to infer the energy of the incident particles even when one
has access to the number of quasiparticles created, like in Publication VII.

Nonequilibrium quasiparticle densities have been successfully reduced
by improving the filtering and shielding of the samples from infrared and
microwave radiation, originating from e.g. the high-temperature stages of
the refrigerator used, in a variety of systems [33–36, 71, 149–151]. Light-
tight box-in-a-box setups seem to produce good results, although it is
perhaps not fully understood what level of shielding is strictly necessary.
Stray photons can also directly cause photon-assisted tunneling events
[36, 66, 91, 152]. Fabricating ground planes to capacitively shunt NIS
junctions efficiently suppresses photon-assisted tunneling [91]. Shielding
from stray photons is of course more difficult when e.g. optical radiation
needs to be coupled into the sample, as for example in transducing optical
photons from superconducting qubits [153]. We discuss the filtering and
shielding solutions used in the experiments of this thesis in Sec. 4.2.2.

Intentionally injecting quasiparticles with a tunnel junction can be a
useful way to quantify their effect on a given device or the efficiency of
e.g. quasiparticle traps [47, 58, 154]. High-power microwave pulses that
created a large oscillating voltage over the Josephson junction of a qubit
have been used to inject quasiparticles to study their dynamics without
needing to fabricate separate injector junctions [78]. Even in a resonator
structure with no junctions, a microwave readout tone can increase the
number of quasiparticles due to absorption of multiple photons [62, 145].

On-chip sources may create quasiparticles if they can diffuse to the target
device, or propagate via phonons or photons even if they are galvanically
disconnected from the target device. We discuss phonons as a source of
quasiparticles (and quasiparticles as a detector of phonons) in Sec. 2.4.5,
and charge detector backaction as a source of quasiparticles in Secs. 3.5
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and 6.1.4. Also high-frequency photons able to break Cooper pairs or cause
quasiparticle tunneling events may be generated on chip [155].

The creation of quasiparticles due to high-energy impacts due to cosmic
rays or environmental radioactivity has been suggested [14, 15, 40, 156]
and to an extent verified experimentally [37–39]. Mitigating the effects of
cosmic rays is especially important for space-based detector applications,
but such events, if present, would be harmful also for large-scale quantum
computers, as they may cause correlated glitches or errors across large
distances due to the phonons. We discuss the rates expected from this
mechanism together with the results of Publication VII in Sec. 6.3.

In Publication VII, the Cooper pair breaking rate decayed over timescales
of weeks within a cooldown. This rules out all the above effects as the
dominant source of quasiparticles, and we discuss possible alternative
explanations in Sec. 6.3.

2.4.4 Mitigating the effects of quasiparticles

If one cannot suppress the creation of quasiparticles, one can try to design a
device that is less sensitive to their effects. Arguably charge-insensitive su-
perconducting qubits represent such improvements relative to the Cooper
pair box. In a fluxonium qubit biased at half a flux quantum, the electron-
and hole-like components of the quasiparticles tunneling across the Joseph-
son junction interfere destructively and the resulting dissipation is sup-
pressed [45]. Also qubit proposals based on π-periodic Josephson elements
are predicted to be insensitive to dissipation due to quasiparticles [157].
This strategy is obviously less applicable in detector applications, where
the sensitivity to quasiparticles is a feature, not a bug.

Another approach is to attempt to increase the speed at which quasiparti-
cles are evacuated from the active parts of the device, and make sure they
don’t find their way back by trapping them. How fast quasiparticles diffuse
away from the active area depends on the geometry. As their group velocity
depends on energy [68], quasiparticle diffusion can also be accelerated by
applying microwaves [14, 117]. Fabricating additional tunnel junctions to
actively extract the quasiparticles [158] has also been shown to decrease
the quasiparticle poisoning rate of a Cooper pair box [105] and improve
the performance of a hybrid turnstile [159].

Quasiparticles will be trapped in regions of lower superconducting gap
[69, 89, 123, 160], which can also be a normal metal, a vortex induced
by a magnetic field, or a localized state [56]. Ref. [18] estimates that
in a Majorana qubit, the Majorana states themselves would work as ef-
ficient quasiparticle traps. Confining quasiparticles to regions of lower
gap by tuning the oxygen doping or thickness of aluminum films has been
demonstrated to decrease the quasiparticle poisoning times in Cooper pair
boxes [11, 161], although this gap engineering seemed not to influence
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the quasiparticle tunneling rates in a transmon qubit [141]. Recently, the
poisoning rate of a hybrid semiconductor/superconductor device could be
reduced by controlling a superconducting segment used as a quasiparticle
filter with an electrostatic gate [162].

Vortices induced by magnetic fields serve as quasiparticle traps as well,
and the resulting enhanced quasiparticle decay times have been measured
in a variety of systems [67, 78, 163–165]. Normal metals have been inves-
tigated as quasiparticle traps in NIS coolers [72, 73, 122] and turnstiles
[71], where the device operation itself produces quasiparticles, as well as
in Cooper pair boxes [166] and transmon qubits [90]. Optimizing the per-
formance of such traps includes tradeoffs between having as transparent
a contact close to the active parts of the device for efficient quasiparticle
evaquation, yet minimizing the possible problems caused by the inverse
proximity effect or other dissipation due to traps [167–171]. We note that
the very low quasiparticle densities of Publication VII were reached in
a regime where quasiparticles relaxed primarily by tunneling to the nor-
mal metal leads, while recombination was at least an order of magnitude
slower. Thus that experiment can be viewed as an example of the efficacy
of quasiparticle traps, even when the tunnel junctions used were rather
resistive.

2.4.5 Nonequilibrium phonons in superconductors

As noted in Sec. 2.2, a superconductor will emit phonons with high ener-
gies if overheated even slightly, and phonons with energy larger than 2Δ

create quasiparticles, which enables phonon-mediated particle detectors
[172–174]. Superconducting tunnel junctions have been used for phonon
spectroscopy by tuning the frequency of emitted and detected relaxation
phonons by modulating the bias voltage of a phonon emitter [48, 175, 176].
Recently, such techniques have been applied in microscale devices as well
[177–180]. The device presented in Publication VI, a self-calibrating de-
tector of Cooper pair breaking radiation, could possibly also be used for
phonon spectroscopy, although in the present experiment we only mea-
sured the contribution due to recombination phonons.

However, such pair-breaking phonons may arise also unintentionally.
Phonon-mediated quasiparticle poisoning was measured in resonators in
Ref. [42] and in qubits in Ref. [181], where the quasiparticles were created
by the rapid single flux quantum driver used to generate the qubit control
pulses. In Publication VI we show that such effects cannot be neglected
even in the context of much smaller devices relevant for charge detectors.
Due to the long mean free paths, phonons may cause correlated errors over
large distances, which is especially harmful for quantum error correction.
In particular, ionizing radiation due to cosmic rays or environmental ra-
dioactivity is expected to create quasiparticles via phonons, supported by
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the correlated quasiparticle bursts in resonators [38] and charge jumps in
qubits [39] observed in devices separated by hundreds of micrometers. In
such a situation, how fast the athermal phonons decay or escape from the
substrate into e.g. the sample holder becomes relevant for device perfor-
mance, especially if the chip is thermalized from only its edges to reduce
microwave losses [40, 182].

In resonators, phonon traps fabricated of normal metals or lower-gap
superconductors have been shown to reduce the phonon-mediated quasi-
particle poisoning [42] or the effect of cosmic ray hits [183, 184]. If cosmic
rays or environmental radioactivity turn out to be a limiting source of
quasiparticles, phonon traps may become necessary in qubits, as well [40].
In some detector applications, engineering the phonon trapping in the
opposite direction to increase the phonon or quasiparticle lifetime may
increase the responsivity of the detector [185–187]. An extreme example
of the importance of phononic effects can be found in Ref. [188], where it
was found that the relaxation time of a resonator after an optical pulse
is an order of magnitude slower if the resonator is on a membrane rather
than on the substrate.

Finally, we note that two experiments in the 1960s [189, 190] measured
excess currents in superconducting tunnel junctions in response to phonons
with a frequency on the order of 10 GHz, which could in principle be due to
processes analogous to photon-assisted tunneling. These effects have not
apparently been studied since in superconducting devices.

2.5 Materials parameters for aluminum

The superconductor studied in this thesis is aluminum, chosen largely due
to the ease of fabricating high-quality aluminum oxide tunnel junctions
simply by exposing an aluminum film to oxygen. Aluminum is conse-
quently an important material for superconducting quantum technology:
state-of-the-art superconducting qubits use almost exclusively aluminum
oxide tunnel junctions, although they might incorporate other materials as
e.g. resonator structures. Due to this technological importance, it is rather
surprising how badly some of its material parameters are known. In this
section, we review some estimates and measurements of the superconduct-
ing gap Δ, density of states at the Fermi level D(EF ), the electron-phonon
parameters Σ and τ0, and estimate phonon trapping effects and phonon
absorption probabilities.

2.5.1 Superconducting gap

The superconducting gap is one of the most relevant material parame-
ters, and luckily one that is rather easy to measure, either in tunneling
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experiments [64, 191] or from measurements of the critical temperature
TC with the BCS relation Δ0 = 1.76kBTC . An interesting point is that the
superconducting gap of aluminum is known to increase with decreasing
film thickness [192, 193] for reasons that are still poorly understood. For
bulk aluminum, Δ ≈ 180 μeV, for the thin films studied in this thesis, Δ is
typically between 200 μeV and 250 μeV. Evaporating the aluminum film
in an oxygen atmosphere also increases the superconducting gap [11, 158].

2.5.2 Density of states

The density of states at the Fermi level D(EF ) enters for instance the
single-quasiparticle tunneling rate in Eq. (2.9). A potential source of
confusion is due to whether a given value includes the spin degeneracy
or not. In this thesis, values of D(EF ) count both spin species. The
textbook value for the density of states using the free-electron model is
1.45× 1047 J−1m−3 [194]. Ref. [49] gives the single-spin DOS as 1.22× 1022

states / eV / cm3, which corresponds to D(EF ) ≈ 1.5 × 1047 J−1m−3. The
few experimental values cited in the literature are 2.2× 1022 states / eV /
cm3 = 1.4× 1047 J−1m−3 obtained from surface impedance measurements
in Al [70]. Ref. [8] gives 3.44×1022 states / eV / cm3 based on measurements
of the electronic contribution to the specific heat, which apparently is the
source of the value 1.72× 1010 μm−3eV−1 from Ref. [12] corresponding to
D(EF ) = 2.15× 1047 m−3eV−1. We have used this value in this thesis, as it
seemed to give the best agreement with the single-quasiparticle tunneling
rate inferred in Publication IV.

In qubit contexts, often the relevant quantity is the quasiparticle density
xqp normalized by the "Cooper pair density" ΔD(EF ). For instance Refs.
[37, 78] use ΔD(EF ) = 4 × 106 μm−3, while Ref. [15] uses ΔD(EF ) =

2.8× 106 μm−3.

2.5.3 Electron-phonon coupling in the normal state

In a normal metal, typically the bottleneck for relaxation is the electron-
phonon coupling in the film [195, 196], for which the heat flux is given by

Q̇e−ph = ΣV(Tn
e − Tn

ph), (2.10)

where Te is the electron temperature, Tph the phonon temperature, and V
the volume. The material parameter Σ and the power-law exponent n can
be measured in experiments where a known heating power can be applied
to a film whose temperature is measured. Often n = 5 agrees well with
experiment [197]. For aluminum, the experimental measurements of Σ in
the normal state assuming n = 5 have given values ΣAl = 2× 108 W K−5

m−3 [198], 6× 108 W K−5 m−3 [199], and 3× 108 W K−5 m−3 [200]. All of
these measurements are based on fitting measured IV characteristics of
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Coulomb-blockaded structures affected by self-heating, and it is somewhat
unclear how precisely n is constrained by these fits. In manganese-doped
aluminum n = 6 may fit experimental data instead [201, 202], but as
AlMn is a normal metal even in zero magnetic field, the results might
not carry over for pure Al. In any case, due to the weak electron-phonon
coupling compared to e.g. copper, we do not expect to see the bottleneck due
to thermal boundary resistance between the film and substrate phonons
[203] in the normal state.

2.5.4 Electron-phonon times and phonon trapping

The relevant material parameters contributing to quasiparticle recombi-
nation times can be expressed in multiple forms. The intrinsic material
parameter relating to the strength of the electron-phonon interaction can
be expressed with the normal-state coupling constant Σ or the electron-
phonon time τ0 [49], while Ref. [56] expresses the recombination rates as
a function of the normal-state electron-phonon relaxation rate at energy
Δ. Σ and τ0 both incorporate the matrix element of the electron-phonon
interaction, and are connected as [197, 204]

τ0 = [24Z1(0)ζ(5)D(EF )k
2
B]/(ΣT

3
C), (2.11)

where Z1(0) is a renormalization factor slightly larger than unity [49] and
ζ is the Riemann zeta function.

Within this thesis, we are typically interested in the total recombination
rate ΓRN

2
QP of NQP quasiparticles in a given volume V (see Sec. 3.2 for

discussion of the scaling with NQP). The rate is derived in Ref. [53] and is
given by

Γrec(NQP) = ΣΔ2N2
QP/[12ζ(5)D(EF)

2k5BV] ≡ ΓRN
2
QP. (2.12)

This expression is used to calculate the recombination rates in Pubs. IV,
VI and VII. In other contexts, a more natural quantity may be the recom-
bination rate for a given density of quasiparticles, instead. This can be
expressed for instance with the prefactor r of the recombination term in
Eq. (2.5). The constant r is theoretically related to the electron-phonon
time τ0 as r = 4(1.76)3/(Fτ0) [49], where F is a phonon-trapping fac-
tor. The total recombination rate ΓR is connected to this parameter as
ΓR = r/(ΔD(EF )V). Note that our notation differs from that used in Refs.
[67, 68], where ΓR refers to a recombination rate per unit quasiparticle
density nqp.

Phonon trapping
Measured recombination times typically are affected by the phonon trap-
ping effect. The factor F intuitively represents how many times a recombi-
nation phonon is on average reabsorbed before escaping the superconductor.
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In the limit of an infinite film, the measured quasiparticle lifetimes times
represent phonon losses due to e.g. anharmonic effects or loss to the
sample holder and do not convey any useful information on the intrinsic
recombination time itself. For a film of intermediate thickness, the phonon
trapping factor can be estimated as 4d/(ηΛ), where η is the phonon escape
probability from the film to the substrate and Λ is the characteristic length
for pair-breaking by phonons [205]. In Ref. [72], a ray-tracing model of
athermal phonon propagation was implemented in a structure involving
both superconductors and normal-metal traps. Ref. [205] cites experi-
mental values for Λ in aluminum ranging from 100 nm to 350 nm, while
the measurements of Ref. [206] of ultrasonic attenuation in the normal
state (corrected to the superconducting state [207]) would give even larger
values for Λ.

The phonon escape probability at the interface can be in principle be
calculated with the acoustic mismatch model, assuming specular reflec-
tions, and the diffuse mismatch model, assuming diffuse reflections [208].
Acoustic mismatch coefficients for a variety of superconductors and typical
substrates were tabulated in Ref. [205]. Recently, Ref. [182] found good
agreement between simulations and measurements for phonon transmis-
sion from silicon substrates to aluminum resonators with the acoustic
mismatch model, and poor agreement with the diffuse mismatch model.
Our devices are complicated by the fact that our 525 μm thick silicon
substrates are covered by a 200 nm (Pub. VI) or 300 nm (Pubs. IV, VII)
layer of silicon oxide. For the devices of Publication VI, assuming that
the relevant transmission probability is η = 0.71 for an Al/SiOx interface
[205], like in Ref. [72] with similar substrates, Λ between 100 nm and
350 nm leads to F between 1.3 and 4 for the 80 nm thick films. The de-
vices of Publication IV and Publication VII had 50 nm and 35 nm films,
respectively, and could thus be expected to have a lower F , but also a 40
nm thick aluminum oxide layer between the substrate and devices. At
least crystalline sapphire (aluminum oxide) substrates are much worse
acoustically matched to aluminum than silicon oxide [205], but it is not
clear whether this applies to the thin atomic layer deposition -grown layer.

Recombination rates
Ref. [53] found a recombination rate of 16 kHz for two quasiparticles on
an island with volume V = 1.06× 0.145× 0.025 μm3 corresponding to Σ =

1.8× 109 WK−5m−3. This was obtained from the current through a NISIN
device very similar to the ones studied in this thesis where quasiparticles
were injected with an RF drive. Using D(EF ) = 2.15× 1047 m−3eV−1, and
TC = Δ/(1.76kB) = 1.4 K into Eq. (2.11), we would obtain τ0 ≈ 300 ns,
rather close to the theoretical value [49] τ0 = 438 ns. As the substrate is
the same and the device fabrication very similar to the experiments in this
thesis, we used this value in Publication IV. However, our measurements in
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the normal state in Publication VI, discussed in Sec. 3.3, are inconsistent
with such a high value of Σ, with the best fits in fact obtained with an
order of magnitude lower value Σ = 2× 108 WK−5m−3, also found in Ref.
[165] with 20 nm thick films. We have used this value in Publication VI.
In Publication VII, even with the larger value of Σ = 1.8× 109 WK−5m−3,
the probability that a pair of quasiparticles would recombine before one of
them tunnels to the normal leads is only 3% and thus the precise value of
the recombination rate is unimportant for the main conclusions.

There are also several other experiments measuring the quasiparticle
lifetimes on oxidized silicon. The measurements of Ref. [50] of quasiparticle
lifetimes with τ0 = 1.65 μs from recombination-generation noise down to
210 mK, apparently on 200 nm Al films [209], were interpreted to be in
the limit of strong phonon trapping, where the measured quasiparticle
lifetimes reflect the phonon escape rate only. Ref. [70], studying the
quasiparticle dynamics of superconducting tunnel junction x-ray detectors
again at above 200 mK, finds good agreement with τ0 = 440 ns without
correcting by a phonon-trapping factor, estimated to be on the order of 2,
for Al films with thicknesses of 150 nm. In Refs. [68] and [67], rather fast
recombination times ΓR = 22− 33 μm3s−1 corresponding to an underlying
τ0 = 58 ns and F on the order of 2, were found by modeling the diffusion and
recombination along an 70 nm thick aluminum wire where quasiparticles
were injected by a tunnel junction.

We also mention here some measurements of recombination times in
aluminum on other substrates from the past two decades. In Ref. [54],
τ0 = 687 ± 6 ns for 250 nm aluminum films on silicon substrates was
found from the temperature dependence of decay times of a resonator
after optical pulses between 200 mK and 300 mK. At lower temperatures,
the quasiparticle lifetimes saturated, and in Ref. [55] the saturating
quasiparticle lifetime decreased as disorder in the film was increased by
implanting magnetic and non-magnetic atoms. In these works, the results
were interpreted as being due to an unknown recombination pathway
rather than a saturation of the quasiparticle density itself, as quasiparticle
lifetimes in tantalum films with TC = 4.4 K saturated below a similar
reduced temperature T � 0.15TC . Ref. [78] found r =1/(170 ns) to 1/(80
ns) based on measurements of quasiparticle-induced energy decay in a
transmon qubit after quasiparticle injection. There, the phonon trapping
effect was estimated to be rather strong for the 80 nm films on sapphire (F
between 5-10), which would correspond to an underlying τ0 between 170
and 740 ns after correcting for phonon trapping . Another measurement
on sapphire can be found in Ref. [12], with τ0 = 458 ± 10 nm for 40 nm
films on sapphire, uncorrected by phonon trapping.

There are also a number of older measurements of electron-phonon times,
typically performed relatively close to TC . Some of these values, falling
into the range τ0 = 100 ns to 400 ns, are reviewed in e.g. Refs. [49, 210].
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Particularly interesting is the experiment of Ref. [211], where recombi-
nation times were measured in an aluminum film both in contact with a
helium film and in vacuum at temperatures around 400 mK. Repeating
such an experiment at lower temperatures and possibly film thicknesses
could provide interesting information on whether the theoretical scaling of
τ0 with T 3

C and thus Δ3 is satisfied without the influence of phonon trap-
ping. Recently, in Ref. [212] the decay times of quasiparticle populations
after optical pulses were studied in aluminum resonators with various
thicknesses. Indeed, an elevated TC and decay time was obtained for the
thinnest 20 nm films.

Phonon absorption probability
In Publication VI, we would also like to estimate the fraction of incident
phonons that enter the aluminum film from the substrate and are absorbed,
breaking Cooper pairs. Ref. [182] finds good agreement with the trans-
mission probability TSi→Al between 0.30–0.55 for 60 nm thick aluminum
films, where the probability 1− T includes the possibility that the phonon
was not absorbed but escaped back into the substrate. Ref. [178] assumed
a transmission probability from Si to Al larger than 0.9 and a phonon
absorption probability in 140-220 nm thick films of 0.25. Alternatively,
we can estimate the minimum time a phonon spends inside the t = 80

nm thick absorber, which is is 2t/〈s〉 = 36 ps, where 〈s〉 = 4.4 km/s is
the average speed of sound in Al [205]. Thus the minimum absorption

probability is 1 − e
− 2t

〈s〉τpb = 0.14 once the phonon has entered the film,
where we assume the characteristic pair-breaking time τpb = 242 ps [49],
but this estimate ignores multiple reflections and incidence at not normal
angles. The acoustic impedances are somewhat better matched between
silicon oxide and aluminum than silicon and aluminum, so we cautiously
estimate that 25% of the incident phonons would be absorbed.
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3. Single-electron devices

In a single-electron device, the capacitance C is small enough that the
energy associated with charging the capacitor by a single electron EC =

e2/2C can become larger than the thermal energy scales, leading to the
Coulomb blockade of transport [65, 213, 214]. A typical capacitance of
a tunnel junction is 1 fF, for which EC/kB ≈ 1 K, while temperatures
below 100 mK are routinely reached by dilution refrigeration. Single-
electron transistors or boxes were used in all the publications of this
thesis, and in this chapter, we first review the basic concepts of charging
energy and charge transport based on the orthodox theory of single-electron
tunneling [65, 213], while the relevant tunneling rates were discussed in
Sec. 2.3.1. Then, we introduce the model of Ref. [53], used in Publications
IV, VI and VII to describe the quasiparticle dynamics in a single-electron
transistor with superconducting island and normal-metallic leads. In
Sec. 3.3, we discuss thermal effects and thermometry with single-electron
devices, relevant for studying phonon-mediated effects in Publication VI.
Finally, we review single-electron transistors used as electrometers and
their backaction, as such charge detectors were used in Publications II, III,
IV, V and VII.

3.1 Single-electron and Cooper pair boxes

We begin by considering a single-electron box [215], a metallic island with
N excess electrons (compared to charge neutrality) and total capacitance
CΣ (Fig. 3.1(a)). A voltage Vg applied to a gate electrode coupled via a
capacitor Cg allows tuning the electrostatic potential of the island. The
capacitor could also represent a tunnel junction, through which electrons
or Cooper pairs may tunnel on and off the island.

The free energy of the single-electron box is given by

Ech(N,ng) = EC(N − ng)
2 + F (T )× [N mod 2]. (3.1)

Here ng is the so-called gate offset, which describes the polarization charge
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Figure 3.1. (a) Sketch of single-electron box: metallic island with N excess electrons. A
gate voltage Vg applied through capacitance Cg tune the gate offset or induced
charge on the island ng = CgVg/e. (b) Free energies for a superconducting
island according to Eq. (3.1) for even (solid lines) and odd (dashed lines) charge
states, calculated for kBT/Δ = 0.02 and EC = 0.33Δ. Panel (b) adapted from
Publication IV.

induced on the gate capacitor by the applied voltage. While ng is continu-
osly tunable, N , the number of electrons, has integer values on an isolated
island (when the tunnel resistances are large compared to the quantum
of resistance h/e2 ≈ 26 kΩ). If the island is superconducting, there is
an additional energy cost F (T ) associated with having an odd number of
electrons on the island, which depends on the temperature T . At zero
temperature, the free energy cost equals the gap Δ, and it decreases with
temperature and becomes negligible at a temperature around 200 mK for
typical micron-sized Al islands [22–24]. A Cooper pair box is also the pro-
totypical superconducting charge qubit, where the qubit degree of freedom
is encoded in the number of Cooper pairs on the island, and Josephson
tunneling provides the coherent coupling [2, 3].

If EC < F (T ), the lowest-energy state given by Eq. (3.1) always has even
parity, as shown in Fig. 3.1(b). In the absence of excess quasiparticles, one
expects to see two-electron quantization of the electron charge on a super-
conducting island [125]. Even if EC < F (T ), the charge (or conductance,
or critical current) may appear 1e periodic if there are nonequilibrium
quasiparticles present [11]: If there are single electrons anyway, there is
no extra energy cost for occupying the odd charge states. The converse,
however, is not true: 2e-periodic features do not imply a device free of
quasiparticles, as we demonstrate experimentally in Publication IV. We
note that the parity effect has seemed to be difficult to observe in materials
other than aluminum, such as niobium [216], titanium [217] or vanadium
[218], perhaps due to extra subgap states, although it was observed in a
niobium titanate nitride device in Ref. [126].

3.2 Single-electron transistors

In this section, we first discuss the basic transport features in single-
electron transistors, before turning to the effects arising from the interplay
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Figure 3.2. (a) Sketch of a single-electron transistor. Two tunnel junctions, represented by
squares, are connected in series to a bias voltage source Vb. A capacitively cou-
pled gate electrode allows tuning the gate offset ng of the device. (b) Scanning
electron micrograph of a single-electron transistor with a superconducting
aluminum island and normal metallic copper leads. (c) Measured current
I through the SET shown in panel (b), when the superconductivity in the
aluminum is suppressed by a magnetic field. Dashed lines indicate thresholds
for single-electron tunneling. (d) Measured current through the same device
in the superconducting state, showing the 2e-periodic Coulomb blockade of
Andreev tunneling. Note that the range of gate voltage is doubled compared
to panel (c). Panel (d) adapted from PVI.

of charging energy, the parity effect and different tunneling processes in a
single-electron transistor with normal leads and superconducting island
(abbreviated NISIN for normal-insulator-superconductor-insulator-normal)
[24, 53, 149, 219, 220]. Such devices were used in Publications IV, VI and
VII to study quasiparticle excitations.

If the single-electron (or single-Cooper-pair) box described above is con-
nected to two leads with tunnel junctions such that a voltage bias Vb can be
applied across the structure, we obtain a single-electron transistor, shown
in Fig. 3.2. In addition to the energy from charging according to Eq. (3.1)
we have to consider the energy provided by the voltage source. Neglecting
any possible parity effect for the moment, we obtain the expression for the
energy an electron gains when tunneling into (+) or out of (-) the island
through the left (L) or right (R) tunnel junction, i.e. from the voltage source
VL = Vb/2 or VL = −Vb/2:

δE±
i = 2EC(∓(N − ng)− 1

2
)∓ eVi. (3.2)

For processes where N changes by two, the energy gain is doubled. Re-
calling that tunneling in a normal-state tunnel junction is activated when
δE > 0, we can solve for the thresholds in Vb and ng below which no current
flows. These regions, known as Coulomb diamonds, are sketched in Fig.
3.2 along with experimental data for a device (the self-calibrating detector
of Publication VI) with EC = 92 μeV. In the supplemental material of
Publication VI, we use Eq. (3.2) to derive thresholds for the range of Vb and
ng where a SET with normal leads and a superconducting island works as
a self-calibrating detector of pair-breaking radiation (see Sec. 6.2).

In the superconducting state, for a device with NIS junctions the thresh-
olds for single-electron tunneling are shifted by Δ because at zero tempera-
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ture tunneling events occur only when δE > Δ. On this scale, the transport
through a NISIN- or SINIS-type device is similar. In the subgap regime
(|Vb| < 2Δ/e), in a device with a superconducting island the interplay be-
tween the charging energy and quasiparticles leads to various different
features. For instance, in the device shown in Fig. 3.2, in the supercon-
ducting state in the absence of quasiparticles tranport occurs through
two-electron Andreev processes. Thus we observe the 2e-periodic Coulomb
blockade of Andreev reflection in the subgap region [57, 94], where the
periodicity is doubled compared to the normal state.

The current through a SET can be calculated with a rate equation track-
ing the occupation probabilities P (N) of the charge states N .

d

dt
P (N) = −ΓN→NP (N) + ΓN−1→NP (N − 1) + ΓN+1→NP (N + 1), (3.3)

where ΓN→N ′ , N = N ′ is the total rate from state N to N ′ and ΓN→N =∑
N ′ ΓN→N ′ the total rate out of state N . In the steady state, the time

derivative must vanish, which allows solving the steady-state occupation
probabilities and the current as the weighted sum of the tunneling rates.
Simulations such as these have been used to the superconducting gap
Δ, the charging energy EC and the tunnel resistance RT of many of the
devices measured in this thesis.

To model the quasiparticle dynamics in a NISIN-type device biased at
voltages smaller than the gap, following Ref. [53] we describe the state of
the island by specifying the number of excess electrons N and quasiparticle
excitations NQP on the island. N and NQP are integers of the same parity:
if there are an odd number of electrons on the island, one of them must be
without a pair. The processes changing N or NQP on such an island were
sketched in Fig. 2.1. Quasiparticles may be created when Cooper pairs are
broken due to absorbed radiation at an essentially unknown rate. Typically
work on small devices, including Ref. [53] and Publication IV, only events
which break a single Cooper pair at a time are considered. In contrast, in
Publication VII, we show that at least 40% of Cooper pair breaking events
due to an unknown process break more than one Cooper pair at a time. In
Publication VI, the quasiparticles were created by phonons with energy
2Δ so we can safely assume that only one Cooper pair is broken at a time.

If two or more quasiparticles are present, they can recombine pairwise.
For NQP quasiparticles, simply counting the number of pairs predicts the
recombination rate should scale with NQP(NQP − 1) with some material-
dependent prefactor. However, most works in the literature either consider
recombination rates for a given quasiparticle density or give the rate as
proportional to N2

QP. This is of course valid in the limit of large NQP, when
the −1 can be safely neglected. This form of scaling was also derived in
Ref. [53] for a few quasiparticles in a given volume through a thermal
argument, and we have used this expression within this thesis. For the
experiments in this thesis, the precise functional form is not particularly
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important: The devices of Publications VI and VII are in the regime where
quasiparticle recombination is in any case negligible, as discussed below.
In Publication IV as well as in in Ref. [53], we are mostly sensitive to the
numerical value of the recombination rate of two quasiparticles, and as
discussed in Sec. 2.5.4, there is considerable uncertainty in the prefactor.
The functional form of the recombination rate might also be affected by
the spin state of the quasiparticles, if a pair can only recombine while in a
spin-singlet state [84].

Quasiparticles can tunnel in and out of the island as both electrons and
holes, as discussed in Sec. 2.3.1. For a given single-electron transition
N → N ′, if the energy gain δE in Eq. (3.2) is larger than Δ, the rate
of transitions adding a quasiparticle is on the order of a GHz or larger
for typical parameters. If −Δ < δE < Δ, tunneling events removing a
quasiparticle from the island will occur at a rate given by Eq. (2.9), which
scales linearly with NQP. The rate for a single quasiparticle tunneling
out is between 100 Hz and 1 MHz for our device parameters, and can
be controlled by changing the device volume or tunnel resistance during
fabrication.

How effective quasiparticle tunneling is in relaxing the quasiparticle
population depends on the ratio EC/Δ and the gate offset ng. If EC > Δ,
as in Ref. [53], for all values of ng the energy cost for occupying any but the
lowest-energy charge state is larger than Δ. In this case, a quasiparticle
that tunneled out is near-instantaneously replaced by another tunneling
back in from the leads. As the rate for adding a quasiparticle is several
orders of magnitude faster than the out-tunneling or recombination rates,
these processes do not change the quasiparticle dynamics, and they are
indeed unobservable in electron counting experiments such as those in
Publication IV and Publication VII. However, these cycles may lead to a
net current through the device if a voltage bias is applied, as was the case
in Publication VI.

For lower charging energies EC < Δ, at some values of ng there are
two or more charge states whose charging energy cost is less than Δ. For
example, for EC = 0.46Δ corresponding to Publication VI, at ng = 0.5 and
small Vb, quasiparticles can tunnel out between the states N = 0 and N = 1

through either tunnel junction with rates Γ1 and Γ2. In this case, assuming
that Cooper pairs are broken at a rate Γpb, we can write a rate equation
for the probability PNQP to have NQP quasiparticles present:

d

dt
PNQP = −(Γ1 + Γ2)NQPPNQP − ΓRN

2
QPPNQP − ΓpbPNQP (3.4)

+ (Γ1 + Γ2)(NQP + 1)PNQP+1 + ΓR(NQP + 2)2PNQP+2 + ΓpbPNQP−2.

The recombination term is understood to be zero for NQP < 2, and the
probabilities PNQP<0 are set to zero. In this case, the mean quasiparticle
number satisfies Eq. (2.6) (with Γtunn = Γ1 + Γ2). In Publication VI, we
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use Eq. (3.4) with ΓR = 0 to describe the operation of the self-calibrating
pairbreaking detector in the limit where recombination is negligible (Eq.
(4) in the supplement). For the devices of Publication VII with EC = 0.4Δ,
at ng = 0 the states N = 0,+1,−1 all have an energy cost less than Δ and
were observed in the counting experiments. In this case, the tunneling
terms in Eq. (3.4) needs to be augmented with additional multiplicative
terms taking into account that from state N = 0, quasiparticles can tunnel
out as both electrons at holes, while from the states N = ±1, N = 0 is
the only possible final state (see Eq. (6.3), and Eqs. (1) and (2) and the
supplementary section "Rate equation model" in Publication VII).

For a given device with the quasiparticle dynamics described by Eq. (2.6),
the relative importance of the recombination and tunneling contributions to
the relaxation depends on the device parameters. With the prefactors given
by Eqs. (2.12) and (2.9), respectively, the condition that recombination be
negligible compared to tunneling, 〈NQP〉ΓR � Γtunn, can be expressed as

RT 〈NQP〉 �
6ζ(5)D(EF )k

5
B

Σe2Δ2
, (3.5)

also given in the supplementary material of Publication VII. This evaluates
to RT 〈NQP〉 � 100 MΩ for Σ = 2 × 108 WK−5m−3 and RT 〈NQP〉 � 10 MΩ

for Σ = 2× 109 WK−5m−3 (see Sec. 2.5 for a discussion of the values of the
electron-phonon coupling constant Σ). In the experiments of Publications
IV and VII, pair-breaking is rare and there are at most a few quasiparticles
present. Thus considering NQP = 2, in Publication VII with RT = 150 kΩ,
recombination was neglibigle compared to the decay by tunneling, while in
Publication IV with RT = 15.6 MΩ and 8.9 MΩ recombination is dominant
or at least non-negligible. Note that in Pubs. IV and VII, RT refers to
the tunnel resistance of the two tunnel junctions in parallel, while in
Publication VI, RT refers to the resistance of the junctions in series.

If Cooper pairs break and recombine many times in between tunneling
events, the tunneling effectively probes the steady-state mean quasipar-
ticle population. In this case we expect the tunneling to have Poissonian
statistics described by the average population of quasiparticles in the start-
ing charge state. In contrast, if quasiparticle relaxation is dominated by
tunneling, we expect instead to see a combination of tunneling rates start-
ing from states with an integer number of quasiparticles NQP = 0, 1, 2, 3...

present and the tunneling statistics should appear highly non-Poissonian,
somewhat similarly to the non-exponential qubit decay resulting from a
fluctuating quasiparticle population [45]. This regime was indeed reached
in Publication VII.

In the case of Publication VI, we instead are interested in how high the
pair-breaking rate can be for given device parameters such that recombi-
nation is negligible. The recombination term in Eq. (2.6) may be neglected
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if Γpb � Γ2
tunn/ΓR, which leads to the limit

Γpb � 12ζ(5)k5B
ΣΔ2e4(RT /4)2V , (3.6)

given as Eq. (10) in the supplemental material of Publication VI. For the
parameters of the device used, the right-hand side evaluates to 70 MΩ and
numerical verification shows that the self-calibrating operation, based on
negligible recombination, is expected to be satisfied up to Γpb = 500 kHz
within 1% assuming Σ = 2× 108 WK−5m−3.

In this thesis, in addition to using simplified models of the sort of Eq.
(3.4), in Pubs. IV and VI we solved the full rate equation for P (N,NQP)

numerically with all the processes shown in Fig. 2.1 included. In addition
to Cooper pair breaking, recombination and single-electron tunneling, this
includes two-electron Andreev tunneling discussed in Sec. 2.3.2. Although
the Andreev processes do not contribute to the quasiparticle dynamics as
such, the presence or absence of quasiparticles may change the occupation
probabilities of the charge states and thus the current due to Andreev
processes, like in Refs. [219] and [149].

Quasiparticles may also tunnel into the island from the normal leads at
energy gains less than Δ due to a finite temperature of the normal leads
or photon-assisted tunneling. We include thermally activated tunneling
events when solving the full rate equation for P (N,NQP). All the structures
studied in this thesis incorporated either ground planes or a conductive
substrate to capacitively shunt the single-electron devices in order to
suppress photon-assisted tunneling [91]. In Publication VI, we explicitly
ruled out photon-assisted tunneling as a source of the observed features
by comparing the responses to a phonon emitter and a reference source.

3.3 Thermal effects and thermometry in single-electron devices

In this section, we discuss effects arising from a finite temperature in a
normal-metallic single-electron transistor, or the normal electrodes of a
NIS device. Although in this thesis we are mostly interested in the regime
where the superconductor is relatively hot compared to the normal metals,
it is important to be able to quantify the normal metal temperature to
check that this is the case. We also describe below how in Publication VI,
we extracted the electron-phonon coupling constant Σ and measured the
heat conduction of the substrate with the device in the normal state.

Detailed balance states that in thermal equilibrium at temperature T ,
the transition rates Γ of a process between some states requiring energy
ΔE and its reverse process (energy −δE) must satisfy

Γ(δE)

Γ(−δE)
= e

δE
kBT . (3.7)
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Figure 3.3. (a-c) Simulated (lines) and measured (gray) current-voltage characteristics of
an aluminum SET in the normal state, at Tbath = 41 mK (a), 160 mK (b) and
296 mK. Solid lines show simulations accounting for overheating of the island
with a heat-balance equation, while the dashed lines show simulations where
the island temperature Tis = Tbath. Circles indicate the maximum voltage at
a constant current of 10 pA. (d) Measured data (gray) at base temperature
(42 mK) but with 11 pW applied to the reference source, and simulations
assuming a bath temperature of 81 mK. (e) Inferred substrate temperature
as a function of power applied to two heaters located roughly 8 μm from the
"thermometer" SET. Adapted from PVI.

Even if the system is not in thermal equilibrium, the relation (3.7) is often
satisfied and can be used to define an effective temperature. This was done
in Publication III for the single-electron tunneling rates between charge
states 0 and 1, where the appropriate energy gains are given by Eq. (3.2).
In the RF-SET experiment described in Sec. 5.1, we used the detailed
balance condition to verify the thermalization of the normal metal island
down to 150 mK, and in Publication VII, we extracted the temperature of
the normal metal leads from the detailed balance of Andreev tunneling.

In a normal-metallic single-electron transistor, the effect of a finite tem-
perature is a smearing of the sharp Coulomb diamonds. Even when mea-
surements are performed at low bath temperatures, one has to take into
account the self-heating created by the Joule power deposited by the tunnel
current into the island. This can be done by considering a heat-balance
equation of the type

Q̇tunn + Q̇e−ph = 0, (3.8)

where Q̇e−ph is the electron-phonon heat flow given by Eq. (2.10) and Q̇tunn

is the heat deposited by the tunneling electrons, which can be obtained
from integrals similar to Eq. (2.7) but with an additional factor of E in the
integrand [197]. Sometimes a parasitic heating power P0 is added to the
heat balance equation to account for heating through e.g. the measurement
lines.

In Figure 3.3, we show measurements and simulations of an Cu/Al/Cu
single-electron transistor (the self-calibrating detector of Publication VI),
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driven into the normal state by a perpendicular magnetic field, at different
bath temperatures Tbath. The simulations are based on the rate equation
(Eq. (3.3)), but in addition to the current, we solve the temperature Tis of
the island of the SET self-consistently at each value of Vb and ng from the
heat balance equation (3.8). Due to their larger volume, the normal metal
leads can be assumed to be well thermalized to the bath temperature. We
are able to fit a set of measurements at bath temperatures between 40 mK
and 400 mK simultaneously with a single set of parameters EC , RT and Σ

if accounting for the overheating in this fashion. We have good agreement
with the material parameter ΣAl = 2 × 108 W K−5 m−3, which agrees
with other measurements in the normal state (see Sec. 2.5). However,
we are able to constrain ΣAl only within 1 × 108 W K−5 m−3 to 10 × 108

W K−5 m−3, as equally good fits can be obtained by slightly changing the
fitted value of charging energy. The fits also assume that the power-law
exponent in elecron-phonon heat flow (Eq. (2.10)) equals n = 5. At the
lowest temperatures, the rounding of the IV curve can also be due to
inelastic cotunneling, which leads to a current proportional to V 3 at zero
temperature [97, 99], but the resistances of our tunnel junctions seem to be
large enough compared to the resistance quantum that this contribution is
rather small in this device.

In Publication VI, we also used this temperature dependence of the IV
characteristics for obtaining estimates on the heat conduction of the sub-
strate due to thermal phonons emitted by another SET on the chip. We
used the SETs as thermometers by applying a constant bias current of
10 pA. The maximum voltage drop Vth depends on the bath temperature,
as indicated by the circles in Fig. 3.3(a-c). We obtain a calibration mea-
surement by measuring Vth as a function of Tbath, and then repeated the
measurement at base temperature and sweeping the power Pheater = V I

dissipated in a "heater" SET. In Fig. 3.3(d), we show a full IV curve of the
"thermometer" measured at Tbath = 40 mK and Pheater = 11 pW superim-
posed with simulations assuming a bath temperature Tsim = 81 mK, in
agreement with Fig. 3.3(e). In addition to the device described in Publi-
cation VI, we have repeated similar measurements in other devices with
a similar geometry and observed similar results: that is, the heating is
negligible until about 1 pW of heating power is applied, consistent with
results in the literature [221, 222]. In particular, heating the substrate
to 200 mK, corresponding to a single quasiparticle on a superconducting
island, would require larger powers than 1 nW.

Above, we considered the regime where EC � kBT . If kBT � EC , a single-
electron transistor reduces to a Coulomb blockade thermometer (CBT),
where the differential conductance exhibits a temperature-dependent dip
around zero bias [223]. The full width at half maximum of the conductance
dip is given by V1/2 = 5.4392NkBT/e, where N is the number of tunnel junc-
tions in series. The CBT is thus a primary thermometer, and the ruthenium
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Figure 3.4. Electrometry with single-electron transistors. (a) Schematic of an SET used
as an electrometer. A capacitor Cc couples the SET detector to an island
with N electrons on it, while a bias voltage Vb,det and a gate voltage Vg,det

tuning gate offset ng,det are applied to the SET. (b) Measured current through
a SINIS-type SET at fixed Vb,det = 450 μV ≈ 2.2Δ/e as a function of the gate
voltage. (c) Time trace of the current through the SET acting as a charge
detector at constant Vb,det and Vg,det. Charges tunneling in and out of another
capacitively coupled SET change ng,det by approximately κ = 0.1.

oxide resistance thermometers used to measure the bath temperatures
of our refrigerators are usually calibrated against a CBT. The dry refrig-
erator used in the RF experiments of Publication IV, Publication II and
Publication VII has a Coulomb blockade thermometer semi-permanently
mounted at the mixing chamber, which is very useful for diagnostics. The
charging energy of that device is about EC/kB ≈ 14 mK, which means that
for the lowest temperatures reached by the refrigerator EC � kBT is not
satisfied, but the operating regime of the thermometer can be extended to
lower temperatures as well [224, 225].

3.4 Electrometry with single-electron transistors

In this thesis, we have extensively used single-electron transistors as
sensitive electrometers to detect individual charges tunneling in other
nearby single-electron devices, as schematically shown in Fig. 3.4. The
operation of a SET as an electrometer [26, 213, 215, 226, 227] is due to
sensitivity of the current (or conductance) to the gate offset ng. When
an electron is added to the system coupled to the electrometer through
a capacitor Cc, the gate offset seen by the electrometer changes by κ =

Cc/CΣ,sys. Here, CΣ,sys is the total capacitance of the island whose charge is
detected. Monitoring the detector current, we observe a random telegraph
signal shown in Fig. 3.4(c) corresponding to electrons tunneling into and
out of the coupled island.

In addition to the coupling κ, key parameters of an electometer are
the bandwidth and charge sensitivity δq [21, 228, 229]. The bandwidth
describes how fast events the electrometer can measure. The intrinsic
response of a single-electron transistor used as a charge detector is fast
due to the small capacitance, and the actual readout bandwidth is usually
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limited by the measurement setup. The sensitivity of SET charge detectors
is expressed in units of e/

√
Hz, which describes how small a change in

the gate offset can be measured with a signal-to-noise ratio of one in unit
bandwidth. The units arise rather naturally when one remembers that
the standard error of the mean decreases as

√
N where N is the number of

independent measurements, which here scale with the measurement time.
The charge sensitivity is obtained by dividing the responsivity (change of
output signal in response to a fixed input signal) by the noise level in the
output, and the quantity allows comparisons between different types of
devices. Sensitivities of the order of 10−6e/

√
Hz have been reported in a

RF-SET [230], which has only recently been exceeded using gate-based
reflection measurements of semiconducting quantum dots [231]. Also
quantum point contacts can be used as electrometers capable of resolving
individual tunneling events [232, 233]. We discuss sensitivity measure-
ments and our RF-SET implementation reaching δq ≈ 2× 10−5e/

√
Hz in

Chapter 5.
The required measurement time for a signal-to-noise ratio of unity in

a single-shot charge measurement is obtained from tm = ( δqκe)
2 [229]. For

κ = 0.1, easily achieved with "bone-shaped" coupler electrodes used in
this work, a signal-to-noise of unity in a microsecond thus requires δq =

10−4e/
√

Hz, although this expression assumes the noise to be white, which
might not be the case in practice. In the devices studied in this thesis one
needs to be able to distinguish between three charge states, so κ < 0.2 is a
practical upper limit. A typical coupler capacitance might then be on the
order of Cc = κCtot = κe2/(2EC) ≈ 100 aF for κ ≈ 0.1 and EC ≈ 100 μeV.

3.5 Backaction of single-electron transistor electrometers

Backaction in general means some sort of effect on the system measured
due to a measurement device. Quantum mechanically a measurement
disturbs the system measured, but there may be also more mundane
forms of backaction. In a single-electron device, backaction due to an
attached charge detector might manifest, for instance, as an elevated
electron temperature, excess tunneling events due to photons emitted by
the detector, creation of nonequilibrium quasiparticles, or disturbance of
the qubit state in a Cooper-pair box charge qubit [21, 41, 234]. In this
thesis, we have naturally been most interested in the kinds of backaction
that create excess quasiparticles. This has previously been observed in
experiments on single Cooper pair boxes in at least Ref. [41], where it was
found that it was possible to measure a 2e-periodic Coulomb staircase only
if the single-Cooper-pair transistor was used in the supercurrent branch.

In a single-electron transistor used as charge detector, the detected signal
is based on the capacitive coupling, quantified by κ defined above. The

39



Single-electron devices

same coupling allows the measured system to see the shot noise or fluctu-
ations due to charge tunneling in the charge detector. This fundamental
mechanism of backaction has been studied in the context of using single-
electron transistors as readout devices for Cooper-pair box charge qubits,
and it was predicted that this should be low enough to enable single-shot
qubit readout [229, 235, 236].

The low-frequency limit of this type of backaction is that the effective
operating point (value of ng) seen by the system fluctuates, which leads that
the measured tunneling rates are averaged over a range of ng. Analogous
to the coupling κ defined above, a fraction κ′ = Cc/Cdet of the fluctuating
charge is coupled back to the system. This effect has been measured and
modeled in Refs. [237] and [238]. It was also suggested in Ref. [239] that
this mechanism could lead to high effective temperatures measured in
an electron counting experiment. However, in this thesis we are mostly
interested in tunneling events due to excess quasiparticles, where the
rates are constant over a relatively large range of ng (see Sec. 2.3.1) and
thus this mechanism is not relevant. For our purposes, a more serious
consideration about shot noise arises at high frequencies, as the spectral
density is non-zero at frequencies relevant to photon-assisted tunneling
(tens of GHz) or Cooper pair breaking (>100 GHz). It was suggested in Ref.
[35] that fabricating the coupling element out of resistive chromium wire
would filter out the high frequency components of the shot noise. We have
followed this approach in this thesis but have not been able to quantify its
efficiency (see Sec. 6.1.4).

Photon-assisted tunneling events due to detector backaction have been
observed in NIS structures in Refs. [152] and [240]. In the latter, a
separate SINIS-type emitter was included in addition to a charge detector
SET used to determine the hold times in a single-electron trap. The
voltage dependence of the hold times (time between tunneling events)
was found to be more consistent with a model of photon emission from a
NIS junction, as a current dependence is expected for shot noise. Fully
superconducting single-Cooper pair transistors are also known to emit
photons, and photon-assisted tunneling events on another Cooper-pair
transistor due to such radiation have been measured in Ref. [155]. We
note that as the frequencies considered increase, the effective coupling
between a photon emitter and absorber most likely cannot be assumed to
be mediated by the engineered coupling capacitor: indeed in Ref. [155]
there was no intentional coupling between the devices.

Phonon-mediated backaction in the form of substrate overheating due
to the dissipated power in the detector has been considered to some ex-
tent in Ref. [237] and its effects estimated in Ref. [21]. Based on the
measurements of substrate heat conduction in Sec. 3.3, this effect should
be completely negligible for devices separated by 10 μm if the dissipated
power is less than 1 pW, easily satisfied for practical detectors. If the
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devices are closer or powers are larger, one would expect this effect to
show up in an increase of the effective electron temperature. However,
backaction possibly mediated by nonequilibrium phonons, emitted by any
heated superconducting structure, has not been quantitatively considered
in the case of small mesoscopic devices as considered in this thesis and
Publication VI, although the possible effect was mentioned in Ref. [41].
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4. Experimental methods

4.1 Fabrication

Most of the devices studied in this thesis have been fabricated with the
multiple-angle evaporation technique [214, 241] commonly used for fab-
ricating aluminum oxide-based tunnel junctions, described in the first
subsection of this chapter. The second subsection describes the process
developed in Publication I for creating aluminum oxide tunnel barriers into
epitaxial nanowire devices. The growth of the epitaxial nanowires [242]
used in Publication I falls outside the scope of this thesis. Similarly, we do
not discuss further the niobium trilayer process [243] used to fabricate the
Josephson parametric amplifier used in Publication VII.

4.1.1 Fabrication of metallic tunnel junction devices

The studies of this thesis are mostly made on superconducting aluminum
thin films, connected to normal metallic copper films. The devices are
fabricated using electron beam lithography for patterning, and metallic
films were deposited in an electron-beam evaporator. The starting point of
the fabrication is a blank commercial silicon wafer, covered with 200 nm
to 300 nm of thermal silicon oxide. We have used two differently boron-
doped silicon substrates: one with a resistivity of 1 Ωcm to 30 Ωcm at
room temperature, and another of 0.001 Ωcm-0.005 Ωcm. The latter stays
conducting down to millikelvin temperatures, and it was used in Publi-
cation I as a bottom gate. Depending on the device, one to three rounds
of lithography are needed. For instance, in the devices of Publication IV,
Publication VII and Publication V the first lithography step was used to
deposit Ti/Au/Ti ground planes and alignment markers for subsequent
deposition steps. The ground planes provide a capacitive shunt between
the leads of the device, which suppresses photon-assisted tunneling [91].
However, the capacitive shunt is not desirable when one needs a capacitive
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coupling between a device and charge detector. Thus the actual islands of
the single-electron transistors are not on top of the ground plane. The extra
capacitance from the ground planes is also undesirable for RF readout,
and thus the leads of the charge detectors in the devices of Publication
IV and Publication VII were routed outside the ground planes. In the
experiment of Publication VI, we intentionally wanted to suppress all elec-
tromagnetic coupling between the single-electron transistors in order to
study phonon-mediated backaction, and used the conducting substrate for
that purpose.

For the devices used in Publication IV, Publication VII and Publication
V, we deposited capacitive coupling electrodes of chromium in a second
electron-beam lithography step. One could also fabricate couplers (and
bottom gates) out of gold in the first lithography round. In the devices with
ground planes or couplers, a 40 nm thick insulating aluminum oxide layer
was grown by atomic layer deposition to insulate these layers from the
actual devices.

In the final lithography step, we use a multilayer resist stack, which
forms an undercut enabling the deposition of multiple metal layers evap-
orated with the sample at different tilt angles. We have used both "soft"
masks with copolymer and PMMA, as well as "hard" masks which have a
Ge layer and include an additional reactive ion etching step in the develop-
ment. Because the evaporated atoms travel in a line-of-sight fashion, one
can then by careful design of the lithography mask make tunnel junctions
and clean contacts in desired places, as shown in Fig. 4.1. A tunnel junc-
tion is formed when an aluminum film is exposed to oxygen, and typical
oxidation times and pressures were 2 minutes and 2 mbar. We have also
used the laterally proximitized junction technique [244] to create normal-
state (or nearly so) tunnel junctions to investigate and minimize charge
detector backaction.

4.1.2 Fixed-barrier tunnel junctions to epitaxial nanowire
devices

In Publication I, we presented a fabrication process for making single-
electron transistor devices based on aluminum oxide tunnel barriers
from epitaxial semiconductor nanowires covered with epitaxial aluminum
[242, 246]. A one-dimensional semiconductor proximitized by a supercon-
ductor is predicted to host Majorana zero modes [247, 248] at its ends,
and potential signatures of such states might have been observed exper-
imentally [249, 250]. Such devices could potentially be used to realize
topologically protected qubits which would be immune to local noise, but
the topological protection is lost if the fermion parity of such a device
changes, that is, if a quasiparticle tunnels in [18, 107, 139, 140]. Our
process allows fabricating fixed-barrier aluminum oxide tunnel junctions
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Figure 4.1. (a) Schematic cross section of a sample after deposition of the final metal
layers but before liftoff of the resist layers. The sketch is not to scale. The
thicknesses of the deposited Al and Cu layers vary from 15 nm to 120 nm and
are typically around 50 nm. (b) False-color scanning electron micrograph and
sketch of typical room-temperature DC measurement setup. Au ground planes
(yellow) and a Cr coupling capacitor (green) are under 40 nm of atomic-layer
deposition grown aluminum oxide, and the Al (blue) and Cu (orange) layers
forming the NIS devices on top of the oxide layer. Panel (b) adapted from PIV.

on devices covered by a full cylindrical shell of aluminium, as shown in Fig.
4.2(a). These junctions require no tuning during the measurements and
typically have many low-transmittance conduction channels contributing
to the current, in contrast to the commonly used tunnel junctions defined
by electrostatic gates. Hence, our method allows for a complementary
method of studying such devices.

The fabrication process of such junctions is described in considerable
detail in my Master’s thesis [245], and we will only briefly discuss it
here. The nanowires are grown from metallic seed particles. For the fixed
tunnel barrier process, we use nanowires where the semiconducting shell
is covered completely by an epitaxial aluminum layer. We used simply a
piece of cleanroom paper to transfer the wires from the growth substrate
to a silicon chip with prefabricated bonding pads and alignment markers.
This leads to the nanowires being positioned essentially randomly on the
chip, and we located them in a scanning electron microscope before coating
the chip with electron-beam resist. For some of the devices, we first etched
the Al shell away from areas defined in a first lithography step by wet
etching.

In the actual tunnel junction deposition step, we etched the native oxide
on the aluminum shell of the nanowire by plasma etching in the same
evaporator and during the same vacuum cycle just before depositing the
leads. The etching time was adjusted as to not etch all the way through
the Al shell. In the next step we controllably re-oxidized the remaining
aluminum by letting a small amount of oxygen into the evaporator. Mea-
suring these devices, we found that some of the devices where the Al shell
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Figure 4.2. (a) False-color scanning electron micrograph of device C-Al’ in the notation
of Publication I. (b) The large-scale current-voltage measurements (black)
appear similar to as expected for a metallic single-electron transistor, with
simulations (red) for a superconducting island with gap Δ = 192 μeV and
charging energy EC = 30 μeV, and total resistance of tunnel junctions 126 kΩ.
The simulations show the maximum and minimum current or conductance
for each value of Vb. (c) The subgap conductance (black) is relatively well
reproduced by simulations with the above parameters and a Dynes density
of states with parameter γDynes = 6× 10−4, except at the smallest Vb. (d) At
zero voltage bias, we observed a 2e-periodic dip in the conductance, while the
conduction at Vb = 50 μeV is already 1e-periodic. Adapted from Ref. [245] and
PI.

had been etched away had extra quantum dots appear, but the devices with
a protective GaAs layer or no etched sections between the tunnel contact
seemed to behave similarly to metallic single-electron transistors.

However, the semiconductor did influence the transport properties: some
subgap conduction appeared, which was relatively well reproduced in
simulations with a Dynes density of states with parameter γDynes = 6 ×
10−4. Still, the conductance is suppressed by several orders of magnitude
compared to the values with Vb > 2Δ/e. Hence the superconducting gap
may be termed relatively "hard", although in fully aluminum devices a
similar upper limit is on the order of 10−7 [35]. We also measured a parity
effect appearing as 2e-periodic features at zero bias. However, this in itself
indicates only that the average quasiparticle number on the island is not
much above one. At the time of the measurements we were unable to apply
a magnetic field along the wire, which would be needed for tuning such
a device into the topological regime, and a perpendicular magnetic field
simply drove the aluminum into the normal state.

46



Experimental methods

4.2 Low-temperature measurements

We describe in this section briefly the basic measurement techniques used
in this thesis: electrical measurements at low temperatures, starting with
refrigeration techniques. We will then describe shielding solutions used
for our low-frequency measurements. Discussion of the RF measurement
setup is deferred to later sections.

4.2.1 Refrigeration

For the purposes of this thesis, we need to reach temperatures low com-
pared to the critical temperature of aluminum and the charging energies
of our devices, which both are somewhat above 1 K. Temperatures below
100 mK, easily reached by conventional dilution refrigerators, satisfy both
of these requirements. Dilution refrigeration is the only continuous cooling
method capable of reaching such temperatures, and it is based on the heat
of mixing of the two stable helium isotopes 3He and 4He. As a starting point,
one needs to precool to a temperature of a few kelvins either with a liquid
helium bath ("wet" refrigerator) or a closed-cycle pulse-tube cooler ("dry"
systems). A detailed description of the operation principle of a dilution
refrigerator can be found in, for example, Ref. [251].

The main experimental results presented in publications Publication
I, Publication II, Publication IV and Publication VI were measured in
our home-made plastic dilution refrigerators (PDRs), which reach a base
temperature of 40 mK to 60 mK and require a liquid helium bath for
precooling. Although in most of these refrigerators only low-frequency
measurements are possible and there is very little space to install cryogenic
amplifiers or further components, the benefit is a relatively quick cooldown
as well as low noise and less grounding problems. In these refrigerators,
it is also possible to apply magnetic fields perpendicular to the sample
up to ∼ 0.1 T, enough to suppress superconductivity in our aluminum
films, using a superconducting coil in the liquid helium bath. A typical
measurement setup for DC measurements using room-temperature voltage
sources and current amplifiers is sketched in Fig. 4.1(b).

The RF measurements of Publication II, Publication IV and Publication
VII were measured in a dry dilution refrigerator with a base temperature
of 15 mK. It has in principle similar low-frequency input lines as the
PDRs, but also RF input and output chains centered around 600 MHz
with cryogenic amplifiers, circulators and filtering, which are described in
sections 4.3.1 and 5.2.1.

In addition to refrigeration, one needs to be able to measure the tempera-
ture reached. We use calibrated resistive ruthenium oxide thermometers
to monitor the bath temperature. In the dry refrigerator used in the RF
measurements, a primary Coulomb blockade thermometer is also semi-
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permanently attached to a separate sample holder, which is particularly
useful at at the lowest bath temperatures. We have also measured devices
designed specifically as thermometers, such as NIS thermometers [252]
and two-junction CBTs [253], to verify that the setup allows reaching low
electron temperatures.

4.2.2 Shielding and filtering

In addition to reaching low phonon bath temperatures, a requirement for
reaching low electron temperatures and quasiparticle densities is efficient
shielding and filtering of high-frequency electromagnetic radiation. The
filtering and shielding solutions used in the measurements in this thesis
are mostly the same or similar as those described in Ref. [254], and
the sample stages used in the dry fridge are the ones developed in Ref.
[255]. We will nevertheless review them briefly here due to their central
importance for minimizing the density of excess quasiparticles.

In most of the measurements of this thesis, the low-frequency measure-
ment lines were filtered with 1 to 2 m of Thermocoax [256], from the 1 K
stage downwards in the PDRs and all the way from room temperature in
the dry fridge. The filtering of the radio-frequency lines is shown in Figs.
4.3 and 5.2.

The experiments of Publication I and Publication VI were performed in
sample stages corresponding to the "baseline" design in Ref. [254]. In those
devices, a conducting substrate acted as a ground plane capacitively shunt-
ing the devices. This was sufficient shielding against external microwave
radiation to observe a parity effect in Publication I, and infer an upper
bound of Γpb = 1 kHz on external pair-breaking radiation in Publication
VI. In the other devices studied in this thesis, a ground plane shunting the
leads of the single-electron devices was specifically fabricated to suppress
photon-assisted tunneling [91].

The DC measurements of Publication IV and Publication III were done in
the kind of microwave-tight sample stage described in Ref. [254], which had
a threaded cap in addition to the inner indium-sealed cover. However, the
electron counting experiment of Publication III saw a very high effective
temperature even with ground planes present and measured in a similar
sample stage as Publication IV, due to an unknown reason. The sample
stage used in most of the RF experiments presented in this thesis had
only a single indium-sealed cap, with a layer of Eccosorb, presumed to be
an efficient infrared absorber, on the inside of the cap. We also present
some data from a sample similar to those of Publication IV, measured a
another sample holder, where the quasiparticle densities reached were
not quite as good, presumably due to insufficiently rf-tight connectors,
although an indium-sealed cap was used there as well. We note that
in this dry refrigerator, the radiation environment outside the sample
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stage was set by the radiation shield mounted at the still flange, whose
temperature is estimated between 0.5 K and 1 K, while in the PDRs the
radiation environment is that of the vacuum can of the 4.2 K helium bath.
To summarize, although the importance of good shielding is evident in the
experiments in this thesis, it is not altogether clear what constitutes a
necessary level of shielding for reaching low quasiparticle densities.

The Josephson parametric amplifier requires a magnetic shield. The JPA
is installed inside its own small magnetic shield, while larger magnetic
shields have been used inside the room-temperature vacuum can and the
70 K radiation shield.

4.3 Radio-frequency measurements

A relevant timescale for quasiparticle excitations is set by the recombina-
tion times, expected to be on order of a millisecond for a few quasiparticles
in a small-volume superconductor (Sec. 2.5). In order to study the quasi-
particle dynamics in the time domain, one needs to be able to monitor
the quasiparticle number or density on timescales faster than this. In
a DC measurement (such as that used in Pubs. III and V), typically ca-
bling capacitance or 1/f -type noise limits the readout bandwidth to less
than 10 kHz. In this thesis, we have implemented a RF-SET [26] operat-
ing at around 600 MHz based on an existing setup for fast thermometry
[255, 257, 258], and incorporated an ultralow noise Josephson parametric
amplifier into the setup. In the following subsections, we discuss basic
concepts related to the RF setup and describe the resonant circuits used in
our RF-SET implementation, as well as the basic measurement setup used
in the RF measurements of Publications II and IV. Then, we discuss noise
and and present the Y-factor method used to characterize the noise perfor-
mance of the setup used in Publication VII. The results on the performance
of this setup are presented in Secs. 5.1 and 5.2.

4.3.1 Radio-frequency measurement setup

At our operation frequency of 600 MHz the wavelength is tens of centime-
ters and our samples can be treated as lumped elements. Yet we find it
useful to describe our system in terms of propagating waves, instead of
directly specifying currents and voltages. The ratio between the voltage
and current waves propagating in the same direction is given by the charac-
teristic impedance of the medium (usually 50 Ω for a coaxial cable). Waves
are reflected and transmitted at interfaces of different materials, and radio
waves are no exception. The transmission and reflection properties of a
given sample can be described by the scattering parameters sij , defined as
the ratio of outgoing voltage wave at port i to the incoming wave at port j
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when all the ports are terminated by an impedance-matched termination.
The s-parameters are vector quantities having both a magnitude and a
phase, and often depend on frequency. The squared magnitude |s21|2 gives
the fraction of power transmitted from port 1 to port 2.

In a charge detection application, we want to measure the change in
reflected or transmitted waves when the impedance (or differential con-
ductance) of a SET changes from tens of kΩ or more to possibly >10 MΩ in
Coulomb blockade. Both of these look almost like open circuits compared
to the 50 Ω cable impedance, and the change in the response would be very
small. To overcome this, the sample is typically embedded in a resonant
circuit which acts as an impedance transformer [26]. The resonance fre-
quency of the resonant circuit could in principle be chosen relatively freely.
The 600 MHz band used here is relatively convenient in that components
such as circulators are commercially available, even if they are rather
bulky. Yet the frequency is low enough that one does not need to consider
the impedance matching of sample holders or their printed circuit boards,
which becomes necessary frequencies above a few GHz. We also speculate
that it is easier to filter against spurious microwave radiation when the
readout frequency is relatively low.

In this thesis, we have used similar resonant circuits as developed in
Refs. [255] and [258] for radio-frequency NIS thermometry. They consist of
spiral inductors formed by evaporating 100 nm of aluminium on a separate
silicon chip, which is connected to the sample chip by wire bonds. When
the resonator is on a separate chip, the same sample design can be used
for both DC and RF measurements, as was done in Publication IV. An
equivalent circuit of the resonant circuit is shown in Fig. 4.3(a), and
the bonding arrangement in Fig. 4.3(d). One spiral inductor forms the
inductance in the resonance circuit, while the capacitance is mainly set by
parasitic capacitance. Consequently, the resonant frequencies can differ by
up to 10% with nominally identical resonators and samples depending on
the exact positioning of the chips and bond wires. A second spiral inductor
serves as a rf choke enabling biasing the detector through the resonator. A
resistor soldered onto the printed circuit board serves as a part of a cold
voltage divider, although here it may not be strictly necessary as we do not
need to minimize the electron temperature of the detector itself, unlike in
thermometry applications.

In Fig. 4.3(b,c), we show the measured magnitude and phase of s21
through such a resonant circuit. We see that the magnitude of the trans-
mission becomes slightly lower when the gate offset of the charge detector
is changed, but the resonance frequency is nearly unchanged, because the
detector impedance is mostly real. The 3-dB bandwidth of the resonator
used is around 1 MHz, which is enough for our purposes. As a function
of detector gate voltage (Fig. 4.3(d)), we see the familiar periodic gate
modulation, which appears here rather to be rather noisy, but the nois-
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Figure 4.3. (a) Equivalent circuit for the RF readout scheme. The sample, represented
here with a (differential) conductance GSET , is connected in parallel with a
resonant circuit. We measure the transmission through the circuit, which is
coupled to input and output ports with capacitors C1 and C2, respectively. (b)
Measured magnitude and (c) phase of transmission s21 through the resonator
circuit with a SET-based charge detector at two different values of the detector
gate voltage. Here, the dB value includes the attenuation of the input line
as well as the gain provided by the amplifiers at the 2 K stage and at room
temperature. (d) Magnitude of transmission at f = 581.82 MHz as a function
of the detector gate voltage. (e) Schematic of the RF setup used in Publications
II and IV. Orange lines indicate bonding wires between the sample stage and
resonator and device chips. Panels (a) and (e) adapted from PIV. Panels (b,c,d)
show data from the device used in PVII.

iness is here due to actual tunneling events on the island this detector
was coupled to. Although the absolute change in transmission is rather
small, this type of sample and resonant circuit enabled the few μs time
resolution in Publication VII due to the excellent noise performance of the
setup, as discussed in Sec. 5.2.2. Further optimization of the detector itself
or resonant circuit might allow improving the performance even further.

The simple measurement setup shown in Fig. 4.3(e) was used in the
RF experiments reported in Sec.5.1 and Publications II and IV. For the
time-domain measurements used in the electron counting experiments, we
have used a fast RF digitizer to measure either the transmitted power or
both the in-phase and quadrature components of the microwave field. We
discuss noise measurements in Sec. 4.3.2 and the setup used in Pub. VII
in Sec. 5.2.
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4.3.2 Noise and noise measurements

In this section, we review properties of (thermal) noise and the constraints
they place on our RF measurement setup. We then discuss the Y-factor
method [259] of measuring amplifier noise, which was used to characterize
our setup. The approach here is based on the noise measurements in Refs.
[27, 260], and similar calculations have also been presented in Refs. [261]
and [262].

Noise
In thermal equilibrium at temperature T , a resistor R produces voltage
fluctuations with a spectral density

SV = 2kBTR (4.1)

This is the Rayleigh-Jeans limit of Planck’s law for blackbody radiation in
one dimension, and holds at low frequencies compared to the temperature
[259, 263]. The noise temperature TN of a particular component, such
as an amplifier, is defined as the temperature that a resistor connected
to the input of a (fictitious) noiseless amplifier with otherwise the same
properties, would have in order to produce the same noise power at the
output as the real, noisy amplifier. The noise temperature need not be
related to the physical temperature of the amplifier, and it is also typically
frequency dependent. The total noise temperature of a system of cascaded
amplifiers with gains Gi and noise temperatures Ti in series is given by

Tcascade = T1 +
T2

G1
+

T3

G1G2
+ ... (4.2)

If G1 is large, the noise from the first amplifier in the chain dominates.
At low temperatures compared to the frequency, noise does not decrease

to zero as Eq. (4.1) would seem to predit. This is due to quantum fluctua-
tions. As the physical temperature of our noise source is always above hf ,
quantum noise does not lead to qualitative changes in our results, but in
the noise measurements described below, we will use the effective noise
temperature

Tin =
hf

2kB
coth

hf

2kBTbath
(4.3)

at frequency f in the calculations instead of the physical temperature Tbath

of the noise source. Quantum mechanics also imposes a limit on the noise
added by any amplifier which amplifies both of two conjugate observables,
such as the two quadratures of a microwave field [263, 264]. The quantum
limit for added noise is ’half a photon’ hf/2, which corresponds to a noise
temperature of 14 mK at 600 MHz.

Also components at room temperature generate thermal noise according
to Eq. (4.1) (and possibly additional noise), which needs to be filtered out
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Figure 4.4. (a) Y-factor measurement for a frequency-mixing amplifier, showing how the
noise at the signal frequency Tin and at the idler frequency Tidler both are
amplified and contribute to the total output noise (Eq. (4.5)). The subscript
HEMT refers here to the HEMT amplifier as well as the room-temperature
chain following it up to the spectrum analyser. (b) As in (a), but with the noise
at the idler frequency referred to the input.

before it reaches a sample residing at millikelving temperatures. The
filtering of the low-frequency signal lines was described in Sec. 4.2.2. For
higher frequencies, we mount attenuators at the different temperature
stages of the refrigerator as shown in Figs. 4.3 and 5.2. A rough rule of
thumb is to attenuate corresponding to the ratio between the temperature
stages: if attenuated by a factor of 100 (20 dB), the noise power from 300
K equals the noise from a component at 3 K. Distributing the attenuation
with the aim of minimizing the heat load to the various temperature stages
as well as the noise reaching the samples is discussed in Ref. [265]. In our
case with only a few input lines and low required input powers, we have
opted on the side of caution and added extra attenuation at the lowest
temperature stages. We have also used commercial low-pass filters at the
mixing chamber stage of the refrigerator, as well as home-made Eccosorb
filters in the second cooldown of Publication VII. However, it is worth
noting that not all commercial components such as filters, attenuators or
terminations work or are impedance matched at low temperatures. In the
output lines, the circulators mounted between the sample and the amplifier
at the 2 K stage of the refrigerator provide typically 20 dB isolation each.

Noise measurements with the Y-factor method
The noise power at the output of a noisy amplifier with gain G and noise
temperature TN is

Pout = GkB(TN + Tin)B, (4.4)

where B is the bandwidth considered, G is the power gain and Tin is the
temperature characterizing the noise signal present at the input. Since
noise is incoherent the noise powers add. In our measurements, we use a
spectrum analyser whose resolution bandwidth determines B. If the output
power is measured with sources at two different, known Tin = T1/2, the
Y-factor is then defined simply as Y = Pout,1/Pout,2 = (T1 + TN )/(T2 + TN ),
and as the gains and bandwidths cancel out, the added noise can be solved
from the expression. In practice, we measure the output power at several
Tin and fit the slope and intercept to obtain the added noise.

The complications in the noise measurements of the Josephson para-
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metric amplifier (JPA) discussed in Sec. 5.2 arise from the fact that the
JPA is a frequency-mixing device. In addition to the amplified signal at
frequency fin, a copy of the input signal appears at frequency fidler satis-
fying fpump = fin + fidler, where fpump is the frequency of the pump tone.
Conversely, the JPA output at frequency fin contains not only the input
signal at fin, but also the noise present in the input at frequency fidler
amplified with a conversion gain Gconv. This is schematically shown in Fig.
4.4(a). Tin and Tidler represent the noise temperatures (calculated with Eq.
(4.3)) at the probe and idler frequencies, while Textra represents possible
excess noise added by the JPA. As in a practical experiment, we show here
the case where parametric amplifier is followed by a second amplifier with
noise temperature THEMT and gain GHEMT . The total noise power at the
output of such a chain is given by

Pout

kBB
= [GJPA(Tin + Textra) +GconvTidler + THEMT ]GHEMT (4.5)

= [GJPA(Tin + Textra +GconvTidler/GJPA) + THEMT ]GHEMT .

The conversion gain ideally satisfies Gconv = GJPA − 1, where both
gains are power gains, because one "original" signal photon and N pump
photons are converted into N + 1 signal photons and N idler photons. If
Textra = 0 and Tidler = hf/2kB, we obtain the quantum limit on added
noise (1 − 1/GJPA)hf/2. This limit can be beaten by operating in the
phase-sensitive mode where fin = fidler, but then only one quadrature of
the signal is amplified [263, 264].

Returning to measuring the added noise, the desired result is a noise
temperature characterizing the total noise added by the JPA, including
both the contribution of the idler and the possible extra contribution Textra.
Practical noise sources usually emit broadband noise and thus it is not
easy to change Tin while keeping Tidler constant. This applies especially to
the JPA considered in this thesis, where fidler is typically within a MHz of
fin. Thus assuming Tin = Tidler, we may solve for Tin from Eq. (4.5):

Tin =
Pout

kBBGHEMT (GJPA +Gconv)
− THEMT +GJPATextra

GJPA +Gconv
≡ b · Pout + Tx.

(4.6)
The values for the coefficients Tx and b as well as error estimates can be
now obtained from fitting the measured values of Pout versus Tin. In the
fits, we take into account both uncertainty in the measured noise source
temperature and statistical uncertainty of the measured Pout with the
method of Ref. [266]. In the limit where there is no JPA , i.e. GJPA = 1,
Gconv = GJPA − 1 = 0 and Textra = 0, we recover the usual Y-factor result
b = 1/kBBGHEMT and −Tx = THEMT . In this parametric amplifier noise
measurement, Tx however does not have a simple physical interpretation.
It is also straightforward to extend a calculation like the one done here
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where Tin = Tidler but both are known, like in the noise measurements of
traveling-wave parametric amplifiers in Refs. [261, 262].

We can now calculate the total system noise, defined here as the total
noise at the system output, including the input noise:

Tsys ≡ Pout/(kBBGHEMTGJPA)

= THEMT /GJPA + Textra + (1 +Gconv/GJPA)Tin)

= (1 +Gconv/GJPA)(−Tx + Tin). (4.7)

Here, one should use the (lowest) value of Tin that makes sense in the
physical situation, usually limited by the noise temperature corresponding
to the physical temperature of the refrigerator. One can then further
separate this total system noise into contributions as such expected from a
chain of cascaded amplifiers:

Tsys = Tin + TJPA + THEMT /GJPA. (4.8)

Since Tin is known and THEMT and GJPA may also be measured, one can
for instance solve TJPA, the total noise added by the JPA. In our convention,
with Tsys including the input noise, the quantum limit on Tsys is hf/kB,
while the quantum limit on the noise added by the amplifier chain Tsys−Tin

is ’half a quantum’ hf/2kB . We also can see that with THEMT ≈ 5 K, a JPA
gain of 20 dB is enough to reduce the noise contribution THEMT /GJPA to
the same scale as the other contributions to Tsys.

In the above derivation, we have neglected the effects of any possible
impedance mismatch in the setup, as well as potential loss between the
noise source and the JPA. In our setup, we assume that impedances are
relatively well-matched at least around 600 MHz according to the speci-
fications of the amplifiers and circulators. However, the circulators and
directional couplers in the setup indeed have loss on the order of 1.5 dB,
part of which is between the sample and the JPA.

4.4 Analysing time traces

In this section, we describe the results of Publication II: a method for
analysing noisy random telegraph signals, such as the output of an electron-
counting experiment. In Publications III, IV, V and VII, the signal-to-noise
obtained after digital filtering of the raw charge detector output was high
enough that we could deduce the instantaneous charge state from the
measured signal. This was done simply by defining thresholds for which
signal value corresponds to which charge state (see the supplemental
materials of Pubs. V and VII for details), although more sophisticated
methods, such as wavelet-based methods [267] or hidden Markov chain
models [137] could also be used. The main limitation of thresholding is that
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Figure 4.5. Cumulant-based method for extracting tunneling rates. (a), (b) Measured
time traces at Vb = 0 and Vb = 200 μeV, respectively. (c) and (d) show the
normalized third and fourth cumulants, respectively, obtained from filtering
the measured random telegraph signal shown in panel (b) with different time
constants τf , along with theoretical fits. In panel (e), we show that the rates
extracted from fitting the cumulants are consistent with extrapolation from
lower voltage biases. The data correspond to ng = 0.42, while in panel (a) the
trace is shown for ng = 0.48. Adapted from Publication II.

one needs a relatively high signal-to-noise ratio in order to not interpret
noise as tunneling events, and the low-pass filtering leads to missing some
of the fastest tunneling events and consequent underestimation of the
tunneling rates [268].

If the underlying signal can be assumed to be a random telegraph signal
characterized by two transition rates, these rates can be extracted even if
the two-level signal is not at all apparent, as we demonstrate in Publica-
tion II. The method is based on low-pass filtering the signal with different
filter time constants τf , calculating the third and fourth cumulants of the
filtered data C3(τf ) and C4(τf ), and fitting the normalized cumulants to
theoretical expectations. The benefit of this approach is that it is insensi-
tive to Gaussian white noise, which our typical experimental noise largely
resembles.

In Figure 4.5, we show an example of extracting tunneling rates using
this method when the signal-to-noise was too low for thresholding. The
sample, denoted Sample B in Publication II, and the measurements are
described in more detail in section 5.1. In Fig. 4.5(a) and (b) we show
examples of measured time traces, sampled at a rate of 10 kHz. At zero
voltage bias applied to the system island, a signal switching between two
discrete levels is clearly observed. At Vb = 200 μV it is not obvious at all
that there even is an underlying random telegraph signal. Fitting the
cumulants of the signal at Vb = 200 μV with the expressions given in the
publication (Fig. 4.5(c) and (d)) allows extracting the tunneling rates, which
are consistent with extrapolation of the values obtained by threshold-based
methods at lower bias voltages, as shown in Fig. 4.5(e). In this case, the
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accuracy of the method was however limited due to non-Gaussian noise
present, and also by the rather small sampling rate used compared to the
tunneling rates. This method could be useful in characterizing a system at
elevated temperature, where typically the tunneling rates increase and the
detector performance deteoriates such that the threshold-based method is
not applicable.

We note that this method is not applicable to the experiments presented
in Publications III, V and VII, which all relied on extracting more in-
formation than just transition rates from the measured time traces. In
Publication VII, we verified threshold-based analysis used by generat-
ing simulated time traces, adding noise and running the simulated data
through the same analysis procedure as the experimental data. The main
limitations arise from the finite bandwidth, and the missed tunneling lead
to some parameters being under- or overestimated by 20% or less, but these
effects lead to no qualitative changes in the data (see the supplementary
material of PVII for more details).
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5. Results on charge detectors

In this chapter, we discuss results on improvements or applications of
charge detectors. In the first section, we describe our implementation of a
radio-frequency single-electron transistor, which was used in Publication II
and Publication IV. Then, in Sec. 5.2 we describe in detail the integration
of a Josephson parametric amplifier into the setup, and the correspond-
ingly improved time resolution enabled the experiment of Publication VII.
Finally, we discuss the results of Publications III and V in Secs. 5.3 and 5.4,
where we use similar charge detectors with DC readout to study stochastic
thermodynamics and Cooper pair splitting to spatially separated islands,
respectively.

5.1 RF-SET implementation

In this section, we show that our implementation of a RF-SET, discussed in
Sec. 4.3.1, can be used to measure individual tunneling events to and from
a normal metallic island with a better time resolution than in a DC electron
counting setup, such as that used in the DC measurements of Publications
IV and III, and for instance Refs. [35, 87]. The data presented is from the
sample denoted as Sample B in Publication II, shown in Fig. 5.1(a). It
has two SINIS-type single-electron transistors (with aluminum leads and
copper islands) coupled capacitively with a gold strip. The system SET
had a total tunnel resistance of 250 kΩ and its leads were shunted by a
gold ground plane (not shown), while the leads of the detector were not on
top of the ground plane to avoid extra capacitance. The two gates of the
detector are connected to separate DC and RF gate lines, where the RF
gate could be used to measure the charge sensitivity. The measurement
setup, which was also used in the RF measurements of Publication IV, was
described in Sec. 4.3.1.

In Fig. 5.1(b) we show a measured time trace when the system is tuned
close to charge degeneracy. A random telegraph signal jumping between
two states is clearly observed, when each point is averaged for 40 μs
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Figure 5.1. (a) Sample measured: a copper island (top) is capacitively coupled to a SINIS-
type charge detector (bottom) by a gold strip (yellow). A gold ground plane
(not shown) shunts the leads of the copper island, but not the detector. (b)
Measured time trace of transmitted power through the device. (c) Measured
tunneling rates and exponential fits Γ = Γ0 exp(±EC/kBTeff (N + ng − 0.5))
fits with EC = 80 μeV and Teff = 150 mK. (d) Rate at degeneracy (ng = 0.5)
versus voltage bias applied to the system. The rate saturates at |Vb| < 80
μeV. The solid line indicates simulated tunneling events in a SINIS device
with Δ = 200 μeV, TN = 115 mK and TS = 137 mK, which corresponds to
a quasiparticle density nqp = 0.2 μm3. The tunneling rate resulting from a
quasiparticle density nqp = 0.2 μm3 in the superconducting lead is indicated
by a dashed line.

with no further filtering applied. Calculating the tunneling rates between
states as the inverse mean dwell times and correcting for finite detector
bandwidth with the method of Ref. [268], we find that the gate dependence
of the tunneling rates is exponential. The rates can well be fitted with an
exponential, and using the detailed balance condition (Eq. (3.7)) we obtain
TN ≈ 150 mK, the (effective) temperature of the normal-metal copper
island. This measurement proves that the RF readout does not heat the
island excessively, although the temperature is still higher than those
achieved in the electron counting experiments of e.g. Ref. [87]. Plotting
the rates at charge degeneracy ng = 0.5 as a function of the bias voltage
Vb, we observe that the rates saturate at |Vb| < 80 μV. As discussed in
Sec. 2.3.1, this could be interpreted as being due to excess nonequilibrium
quasiparticles, similarly as to the reference sample with no quasiparticle
trap in Ref. [35]. Estimating the quasiparticle density from the tunneling
rate with Eq. (2.9), we obtain nqp ∼ 0.2 quasiparticles/μm3, which is quite
close to the results obtained in the same setup and similar detector, but
with a superconducting island (sample B in Publication IV).
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5.2 Parametric amplifier integration

Parametric amplification based on the nonlinearity of Josephson junc-
tions has been demonstrated already more than 30 years ago [269], and
near-quantum-limited parametric amplifiers are becoming increasingly
standard in the typical circuit quantum electrodynamics frequency range
of 4 GHz to 8 GHz [270]. The Josephson parametric amplifier operating
around 600 MHz used in this thesis and Publication VII has been provided
by VTT Technical Research Centre of Finland. The amplifier design is
reported in Refs. [260] and [27], and such amplifiers have been used also
in Refs. [271] and [272].

As the focus of this thesis is on studying nonequilibrium quasiparticles,
we will not discuss the amplifier design or Josephson physics further.
Instead, we present a brief practical introduction to the measurement
setup and amplifier operation. Then, we discuss noise measurements done
using the method described in Sec. 4.3.2, and finally demonstrate that the
JPA indeed improves substantially the performance of a single-electron
transistor used in an electron counting experiment.

5.2.1 Amplifier setup and operation

The parametric amplifier used is flux-tunable and flux-driven [273]. It
incorporates a chain of superconducting quantum interference devices
(SQUIDs), and applying a DC current to an on-chip flux line tunes the
resonant frequency of the structure. The operation is based on three-wave
mixing: signal photons are amplified when pump photons with roughly
twice the frequency of the signal split into so-called ’signal’ and ’idler’
photons. The pump tone is also applied to the flux line, while the input
signal to the amplifier is applied to a separate port, and the amplified
output signal is reflected from the same port.

Low-temperature setup
The JPA integration in our setup follows relatively closely the measure-
ment setup used in Ref. [27]. We have measured two parametric amplifiers
in our setup: first a device similar to those presented in Ref. [27], and a
next-generation device with a higher gain-bandwidth product. The higher-
bandwidth amplifier was used in Publication VII, and the measurements
shown in this section were also performed on that device. A simplified
schematic of our low-temperature JPA setup, used in Publication VII and
the results presented in this section, is shown in Fig. 5.2. The JPA itself is
mounted on a sample holder inside a magnetic shield, visible towards the
left edge of Fig. 5.2(b).

The input port of the JPA is connected to a circulator (labeled B), so that
the amplified signal is routed to the next-stage amplifier. In our setup,
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Figure 5.2. (a) Simplified schematic of the JPA circutry inside the fridge and (b) photo-
graph of part of the mixing chamber of the setup. The JPA magnetic shield is
visible (cylinder on the left), as are the three circulators labeled A, B, and C,
attached to the mixing chamber flange. Part of the filtering and attenuation
of the input signal lines are visible on the right. The sample stages are not
shown. Panel (a) adapted from PVII.

there are two attenuated input lines through which we can provide the
signal to the amplifier: the probe signal is transmitted through the sample,
while the "cancellation" line is routed directly to the JPA. These signals are
combined with a directional coupler (labeled D in Fig. 5.2). The cancellation
line is convenient for JPA tuning without having to consider the effects
of the sample, and it was used in Publication VII for interferometric
cancellation of the steady-state signal from the sample, as discussed below.
Additional circulators provide isolation between the potentially impedance
mismatched sample and the JPA (circulator A), and the JPA and the
noisy semiconductor amplifier at the pulse tube flange of the refrigerator
(circulator C). The presence of the circulator A also means that it would be
very straightforward to adapt the setup to a reflection measurement of the
sample.

The DC flux bias and RF pump tone are routed through twisted pairs and
a attenuated coaxial line, respectively, and are combined with bias tees. In
our setup, the bias tees are located on the still flange of the refrigerator
due to lack of space at the lower temperature stages, but this had the
additional benefit that the dissipation in the DC path of the bias tees did
not heat the mixing chamber of the refrigerator. A typical DC flux bias to
tune the resonant frequency from its maximum value (slightly above 700
MHz) to 580 MHz is on the order of 0.5 mA.

Heuristic for JPA tuning
The JPA operating point depends on a number of parameters, and what
to optimize for depends on the demands of the particular application
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Having fixed a probe frequency and DC flux bias where the JPA resonance
is reasonably close to the probe frequency, we can start tuning the JPA by
applying a pump tone at frequency somewhat detuned from the doubled probe
frequency as well as a (small) probe tone. (c) Fine-tuning the flux bias and
pump power by repeating signal-to-noise measurements such as shown in
panel (b). Filled circles indicate gain and open squares the correponding SNR
improvement. In all panels we only use the "cancellation" input line in the
schematic above and send no signal through the sample.

and/or sample measured. The tuning can be automated to some degree,
as was done in Ref. [27]. For our purposes, one needs gain only around a
single input frequency set by the sample. Here, we present some heuristic
considerations on how to tune the amplifier operating point in such a
situation. The tuning is convenient to do through the cancellation line
whose transmission is relatively flat between 400 MHz and 800 MHz,
unlike the transmission of the resonant circuits used (see Sec. 4.3.1).

Amplification is only possible at probe frequencies relatively close to the
resonant frequency of the amplifier. Once the desired probe frequency has
been identified, the DC flux bias can be tuned into a suitable operating
point by measuring the phase of the transmission as a function of frequency
with a vector network analyser with no pump tone applied, as shown in
Fig. 5.3(a).

Having fixed the DC flux bias, it is then convenient to monitor the output
signal with a spectrum analyzer (Fig. 5.3(b)). We apply a fixed probe signal
at fprobe, keep the DC flux bias fixed and change the power of the pump
tone applied at fpump = 2(fprobe + Δf). A reasonable probe offset Δf for
tuning need not be the same as used in actual measurements. With no
pump tone applied, we see only the initial probe signal, and the noise floor
dominated by the semiconductor amplifier. Increasing the pump power,
we see that the input signal is amplified, and that an idler tone appears
at fidler = fpump/2 + Δf . Also the noise level increases, but overall the
signal-to-noise ratio improves. From this measurement, we can obtain the
gain, as well as the signal-to-noise (SNR) improvement as the difference
of the signal-to-noise ratios measured with the JPA pump on and off. To
obtain a reliable reference measurement in the case where the pump is
off, the JPA resonant frequency should also be detuned away from the
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frequency range of interest, such that the amplifier reflects all the incident
power.

The SNR improvement is often a useful figure of merit to optimize for.
In Fig. 5.3(c), we show the SNR improvement as a function of pump
power for several values of the flux bias. We see that the obtained SNR
improvements as well as gain are very sensitive to the pump power, and
that at too large pump powers the signal-to-noise crashes: at too high
pump powers the JPA would still provide gain, but also add noise. This
means that the stability of the power output of the pump generator or the
transmission of the pump line is important. One can also optimize for e.g.
the bandwidth (measured by sweeping the probe frequency) or dynamic
range (measured by sweeping the probe power). Typically the bandwidth
decreases when gain increases (the gain-bandwidth product is roughly
a constant), and dynamic range decreases with operating frequency, but
tuning the JPA resonance relative to the probe may allow to optimize one
figure of merit (signal-to-noise improvement, bandwidth, dynamic range)
at the expense of the others.

For a given pump power and flux bias, the highest gain is typically
achieved when the probe frequency is close to fpump/2. In a time-domain
measurement, if the signal is demodulated at fprobe, the idler appears as a
sinusoid at frequency 2Δf , although it can be eliminated by signal process-
ing if the measurement can be averaged. However, in Publication VII, we
needed to obtain a high signal-to-noise ratio in as short a single-shot mea-
surement as possible. In this situation, operating in the phase-sensitive
mode improved the performance, but at the cost of added measurement
complexity.

Phase-sensitive mode and interferometric cancellation
In the phase-sensitive mode, where fpump = 2fprobe exactly, the amplifier
need not necessarily add any noise, but only one quadrature of the incident
signal is amplified. This is sufficient for our purposes, but necessitates
tuning the relative phases of the pump and probe signals. We have also
incorporated interferometric cancellation of the steady-state probe tone to
overcome the dynamic range limitations of the JPA. The idea of interfero-
metric cancellation is that the time-dependent signal S(t) coming from the
charge detector can be written as S(t) = A(t)ejωt = (A0 +ΔA(t))ejωt. Here
ω = 2πfprobe is the carrier frequency and A0 is its steady-state amplitude,
while ΔA(t) is the time-varying part. In our case, the charge response
changes the amplitude and not the phase of the signal, and thus ΔA(t) is
real. A0 cannot always be decreased indefinitely, as the response of the
charge detector depends on the incident power. Adding a cancellation tone
Scancel = A0e

j(ωt+π) coherently with the same amplitude but opposite phase,
we are left with only the small-amplitude time-varying part containing the
interesting information from the detector.
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Figure 5.4. (a) Room-temperature setup used in Publication VII. (b) Gain and signal-
to-noise improvement as a function of the phase of the probe signal in the
phase-sensitive mode, measured with the JPA tuned to 670 MHz as shown
in Fig. 5.3(b). (c) Phase-sensitive bandwidth measurement: the output of
the amplifier chain is shown normalized by the JPA gain when square pulses
are applied to the cancellation line. Solid lines are exponential fits with time
constants 260 ns and 520 ns for 24.5 dB and 31.6 dB gain. All traces are
averages over 4× 104 measurements. Panel (a) adapted from PVII, and panel
(c) shows data at the operating frequency used in PVII. The data shown in
panel (b) was measured in a different cooldown.

We now have three input signals (probe, pump and cancellation tones)
which all need to be phase coherent. We have derived the signals from
a single RF generator (the vector network analyser output) with a room-
temperature setup shown in Fig. 5.4(a), similar to that used in Ref. [27].
The signal is divided into three paths with analog splitters, and the ampli-
tudes and phases are tuned with variable attenuators and line stretchers
(which change the phase of the reflected signal). A frequency doubler
generates the pump tone. Additionally, we have incorporate switches to
allow using the second generator of the VNA as a pump tone in the phase-
insensitive mode, or turning the cancellation tone off, and a mixer in the
cancellation path to enable time-domain measurements of the JPA band-
width in the phase-sensitive mode. A simpler setup for the same purposes
could probably have been built from IQ mixers, instead.

In Fig. 5.4(b), we show phase-sensitive gain and the corresponding signal-
to-noise improvements measured similarly as in 5.3(b). In Fig. 5.4(c), we
show the bandwidth of the amplifier measured directly in the time domain
similarly to Ref. [274]. A function generator is used to generate square
pulses applied to the input of the mixer in the cancellation path. The rise
time with the JPA off is near-instantaneous compared to the sampling rate
of 100 MHz. With the JPA on, we see that the rise is well described by
exponential fits with time constants less than a microsecond even with 30
dB gain, which is fast enough for our purposes.
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Figure 5.5. (a) System-added noise with the JPA off and detuned, when heating the
noise source (purple) or the whole mixing chamber (pink). (b) Gain of the
setup obtained from the same measurement. The total gain includes the
contribution of the room-temperature amplifiers (around 50 dB).

5.2.2 Noise measurements

In this subsection, we present measurements of the JPA noise performance
done with the Y-factor method described in Section 4.3.2. For this purpose,
we connected a noise source instead of a sample to the input of circulator
A in Fig. 5.2, but otherwise the setup was the same as that in Publication
VII. As a noise source, we use a heated attenuator, used also in Refs.
[27, 260], and similar to the noise sources presented in Ref. [261]. A 30 dB
cryoattenuator, a ruthenium oxide thermometer and a resistor for heating
are connected to a copper body weakly thermally coupled to the mixing
chamber by a single brass screw. In our setup, the wiring to the noise
source heater also heated the mixing chamber, and closed-cycle PID control
of both the noise source and mixing chamber temperatures was necessary.
Keeping the mixing chamber at a constant 40 mK allowed heating the
noise source up to 0.5 K. The noise signal is connected to the input of
the JPA chain with a superconducting NbTi coaxial cable, minimizing
losses and thermal conduction. We measured the noise performance in
a dedicated cooldown, but integrating a switch in the refrigerator would
allow for calibrating the amplifier in the same cooldown where an actual
sample would be measured. For instance shot noise thermometers [275]
have also been used as cryogenic noise sources [262, 276].

First, we characterize the noise temperature of the setup with the JPA
off and detuned from the frequency range of interest. We can perform a
standard Y-factor measurement by changing the temperature of the noise
source, obtaining the system noise including the possible contributions of
the circulators, coupler and HEMT amplifier. Alternatively, we can heat the
entire mixing chamber, which effectively gives us the noise temperature
of the HEMT amplifier and the room-temperature circuitry only. The
measured system noise temperatures are shown in Fig. 5.5. The system
measured by heating the mixing chamber is between 3 K and 4 K for the
whole frequency range between 400 MHz and 800 MHz, which agrees with
the amplifier (Caltech CITLF2) noise specification of 3.5 K up to 1 GHz.
However, the measured gain decreases by roughly 1.5 dB and the noise
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Figure 5.6. (a) Total output noise with the JPA on as a function of frequency at different
input noise temperatures Tin. (b,c) Examples of Y-factor fits of Pout versus
Tin with the JPA on in (b) and off in (c). (d) Solid line: total system noise
Tsys (including the input noise) with the JPA on, uncertainty indicated by
gray shaded area. The shaded rectangles include the contribution of the input
noise Tin, the idler Tidler, and the next-stage amplifier THEMT .

increases to 5 K when the noise source is heated instead, with even larger
changes at the edges of the frequency band. This is well in line with the
loss of the circulators (specified maximum insertion loss 0.4 dB at 600 MHz,
0.2 dB measured at 77 K for circulator A) and coupler (room-temperature
insertion loss specified less than 0.5 dB), which also leads to increased
noise according to Eq. (4.2). Somewhat more than half of this loss is
before the JPA: half of circulator loss if they are assumed identical, and the
coupler loss. The circulators used (Quinstar UTC and QCY) are nominally
specified for operation only within a 50 to 80 MHz band around 600 MHz,
so the reasonably flat gain and noise temperature over 200 MHz between
500 MHz and 700 MHz is already better than expected.

We now turn to characterize the noise with the JPA turned on. Here we
show an example obtained with the JPA pump at 1240 MHz and 23 dB gain
close to 620 MHz. In Fig. 5.6(a), we show the measured noise power at the
amplifier chain output at different temperatures of the noise sources. We
clearly see how the JPA gain decreases at frequencies away from fpump/2.
Panels (b) and (c) show example of the Y-factor fits done at each frequency.
The total system noise at this operating point, shown in Fig. 5.6(c), is
160 ± 30 mK. Of this, the input noise and idler noise contribute 44 mK
each, while the HEMT contribution is expected to be THEMT /GJPA ≈ 25
mK. The total noise added by the amplifier chain is Tsys − Tin = 117± 30

mK. The rest of the noise might be due to loss of the circulators before the
JPA or additional noise added by the amplifier itself. These figures may
be compared to the noise added by a JPA and a HEMT of roughly 50 mK
each in Ref. [231], or the noise added by a microstrip SQUID amplifier of
48 mK in Ref. [277] operating at similar frequencies.

As we have not automated the JPA tuning procedure, we have performed
detailed noise measurements at only a few operating points. However, as
the noise of the HEMT amplifier appears relatively flat and good signal-to-
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Figure 5.7. Time traces obtained in an electron counting experiment (panels (a,c,e)) and
the same data shown in the IQ plane (panels (b,d,f)). In (a,b) the cancellation
and JPA pump tones are turned off and the JPA resonance frequency is tuned
far away. In panels (c-f) the JPA resonance is tuned close to the measured
frequency and the pump tone is on; in panels (c,d) the interferometric can-
cellation tone is on, while it is turned off in panels (e,f). The JPA combined
with interferometric cancellation clearly improves the counting performance.
Grey lines are data sampled at 400 kHz and red after low-pass filtering with
a cutoff at 10 kHz.

noise improvements can be obtained with the JPA at least between 550
MHz and 680 MHz, the JPA noise performance seems to not substantially
depend on the operating frequency within this range. We have not charac-
terized the noise of the two quadratures in the phase-sensitive mode, but
the signal-to-noise improvements of over 20 dB (referred to the noise of the
amplifier chain with the JPA off of 6.5 K at 670 MHz) in Fig. 5.4, measured
with a spectrum analyser the same way as in the phase-preserving mode,
indicate that the noise performance is quite good.

5.2.3 Electron counting with a JPA

In this section, we show that the JPA setup indeed improves the perfor-
mance in an RF electron counting experiment. In Fig. 5.7 we show time
traces measured with a charge detector similar to that used in Publication
VII. With the JPA off (panels (a) and (b)), a random telegraph signal is
barely distinguishable, but with the JPA turned on at the exact same
operating point, we see a clear counting signal (panel (c)), and the signal
separates into two (somewhat overlapping) blobs in the IQ plane (panel (d)).
We also see that the interferometric cancellation was absolutely necessary:
in Fig. 5.7(e) the cancellation tone was turned off, and we observe large-
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Figure 5.8. (a) Charge sensitivity measured with the JPA on and (b) with the JPA off.
(c) Histogram of the signal values corresponding to three charge states (after
low-pass filtering and rotating the signal so that the charge response is along
one quadrature only), and Gaussian fits (solid lines). Adapted from PVII.

amplitude periodic disturbances instead of reliable amplification. The
amplitude of the probe signal had been optimized with a charge sensitivity
measurement with the JPA off. At this operating point with only 11 dB JPA
gain, low-pass filtering with a cutoff at 10 kHz was required to distinguish
the charge states. Here the JPA was operated in the phase-preserving
mode, and the idler tone was suppressed by sampling at a frequency of
exactly Δf = 400 kHz (the probe offset).

In Publication VII, by operating in the phase-sensitive mode and opti-
mizing the JPA operating point more carefully, we were able to obtain
signal-to-noise ratios of 6.5 after low-pass filtering with a cutoff at 150
kHz, leading to a rise time of 3 μs, as shown in Fig. 5.8(c). Here the
signal-to-noise ratio is calculated like in Ref. [278] as the separation of the
peaks corresponding to different charge states, divided by the widths of
the Gaussian peaks fitted to the data.

We also quantify the performance of the charge detector used in Publica-
tion VII by doing a charge sensitivity measurement in the frequency do-
main. Here, we applied a small AC signal with RMS amplitude Δq = 0.04e

to the gate of the charge detector and measured the response in a spectrum
analyzer. Calculating the sensitivity from the measured signal-to-noise
ratios of 31 dB and 18 dB with the JPA on and off, respectively, in a resolu-
tion bandwidth of B = 1 kHz as δq = Δq√

2B10SNR/20 [230, 279] gives 2.3× 10−5

e/
√

Hz and 1.1× 10−4 e/
√

Hz. From these values, we can estimate that the
JPA improved the time resolution in the experiment by roughly (11/2.3)2,
more than a factor of 20. With the JPA on, the noise level increases some-
what when the probe tone is turned on, meaning that we are not seeing
only the noise from the amplifiers but some noise from the sample as well.
In principle, measuring the noise from the charge detector as a function
of the DC current could be used as a shot noise source to investigate the
noise performance further. Unfortunately, in this particular measurement
we were not able to apply a DC bias to the charge detector and could not
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tion of a section (c) of the protocol. (d) Obtained work histograms. Adapted
from PIII.

perform such a measurement.

5.3 Optimal probabilistic work extraction in a single-electron device

In this section, we describe the results of Publication III, which is an ap-
plication of single-electron transistors used as charge detectors to study
stochastic thermodynamics. In stochastic thermodynamics, one considers
small thermostated systems where fluctuations of thermodynamic quanti-
ties, such as heat and work, may be comparable to their mean values and
thus fluctuations cannot be neglected [28–30]. This general observation
has a connection to the results of Publication VII, where the fluctuations
in the number of nonequilibrium quasiparticles on a superconducting is-
land are indeed orders of magnitude larger than the mean number of
quasiparticles. Here, we instead study such fluctuation phenomena in a
well-understood and controlled setup, namely a classical two-level system
based on a single-electron box [215, 280]. Experimental tests of stochastic
thermodynamics can also be done with, for example, colloidal particles
[281] or biological molecules [282].

The two levels are the charge states with 0 and 1 excess electrons, respec-
tively. The level spacing can be controlled by the gate offset ng, and the
tunneling rates between the levels depend on ng exponentially and satisfy
detailed balance (Eq. (3.7)). When the control parameter ng is changed in
some predetermined manner (according to a protocol), the heat absorbed
by the system can be measured by monitoring the tunneling events and
summing the energy exchanged in each event, which depends on the in-
stantaneous value of ng. In this way, one can measure the probability
distributions of the heat and work over realizations of the protocol.

In general, the fluctuations of work W satisfy the so-called Jarzynski
equality [28],

〈e−W/kBT 〉 = e−ΔF/kBT (5.1)

which states that the exponentially averaged work W equals the free
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energy difference ΔF between the initial and final points of an arbitrary
out-of-equilibrium driving protocol. Applying Jensen’s inequality, one
recovers the second law of thermodynamics 〈W 〉 ≥ ΔF , which is thus
still valid when considering the work averaged over a large number of
realizations, but the equality above also means that there is nothing
forbidding that some realizations satisfy W ≤ ΔF if the work is not
exactly the same in each realization. In Publication III, we implemented
optimal protocols which were designed to maximize either the probability
of extracting more work than the free energy difference, or the amount of
work extracted in a successful extraction event. The protocol, an example
of charge detector output and the extracted work distributions in the latter
case are shown in Fig. 5.9. Of course, the second law of thermodynamics in
its traditional sense still holds: even if you may win over half of the time,
you will eventually lose all that you gained when repeating the experiment
a statistically significant number of times. Events where you pay work
as a penalty (you "lose") are less frequent but energetically more costly,
comparatively.

In this experiment, performed at a cryostat bath temperature around
100 mK, the tunneling rates between the two occupied charge states the
our system satisfied detailed balance with an effective temperature Teff

= 670 mK. However, this temperature does not correspond to a physical
temperature of the electrons on the normal-metal island of the system,
and indeed the thermal tunneling rates in the SINIS-type structure at
670 mK would be several orders of magnitude higher. We stress that the
results presented in the publication are valid as long as detailed balance is
satisfied, but the origin of this high effective temperature is interesting
with regards of understanding electron thermalization, shielding and
detector backaction, relevant for the other studies in this thesis.

A similarly high effective temperature was measured also in the counting
experiment of Ref. [239], where it was attributed at least partially to
detector backaction on the studied double-dot system. The charge detector
used in Publication III was relatively similar to that used in Sec. 5.1,
where effective temperatures around 150 mK were reached, so it is unlikely
that the high Teff were entirely due to detector backaction. One possible
reason for the high Teff could be due to a difference in the device design
between Publication III and Ref. [239] on one hand, and the devices used
in this thesis and e.g. Refs. [87, 283] on the other. In the former, the
gate electrodes were fabricated in the same metal layer as the ground
planes (see Sec. 4.1.1) and separated from the single-electron boxes only
by the aluminum oxide insulation layer tens of nm thick. Compared
to the side gates fabricated in the same fabrication step as the tunnel
junctions, as in this thesis, this enables stronger coupling to the gate
electrodes and less cross-coupling, but conceivably also more noise could
couple to the devices. Also, the experiment of Ref. [239] was performed in
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Figure 5.10. Measuring Cooper pair splitting in real time. (a) False-color scanning
electron micrograph, with a superconducting lead (blue) and two normal
metal (orange) islands that are coupled capacitively to charge detectors.
(b) Measured time traces from both detectors, with events corresponding
to sequential tunneling (1 and 3), Cooper pair splitting (2) and elastic co-
tunneling (4) indicated. (c) Cross-correlation function between transitions
S → L and S → R. The correlations are enhanced, which means that indeed
two-electron processes involving both islands occur. Adapted from PV.

an ’unshielded’ sample stage (see Sec. 4.2.2 and Ref. [254]), so that the
effective temperature could plausibly be due to photon-assisted tunneling
due to radiation from the higher temperature stages of the wet dilution
refigerator used. However, the experiment of Publication III was performed
in a similar indium-sealed sample stage as e.g. Publication IV. We note
also that Teff decreased slightly with increasing bath temperature, which
in Ref. [87] was attributed to photon-assisted tunneling.

5.4 Measuring Cooper pair splitting in real time

In this section we summarize the results of Publication V, where have mea-
sured Cooper pair splitting events in real time. We emphasize that Cooper
pair splitting, also known as crossed Andreev reflection, is distinctly differ-
ent from the Cooper pair breaking processes studied elsewhere within this
thesis, as the former results in the constituent electrons of the Cooper pairs
in spatially separated locations. Such a Cooper pair splitter could act as
an efficient source of entangled electrons for various quantum information
applications [31, 32]. In previous studies, crossed Andreev reflection has
been measured from non-local conductance [284] or noise measurements
[285] in normal metal-superconductor devices as well as in other types of
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devices. Here, we instead detect Cooper pair splitting events in real time
by monitoring the charge on the two separated normal metal reservoirs.

The rate of crossed Andreev reflection is expected to be suppressed
relative to the ’regular’ Andreev reflection by a factor of exp (−d/ξ), where
d is the distance between the two normal metal contacts and ξ � 200 nm
is the coherence length for aluminium, and it additionally depends on
the normal-state resistance of the superconducting lead. For most of the
devices used in this thesis, the distance d between two tunnel junctions
from a superconductor to a normal metal is on the order of 1 μm so that
crossed Andreev reflection is strongly suppressed. The sample used in
Publication V is shown in Fig. 5.10(a). Here, the superconductor is a bulky
aluminum lead connected to two normal metal copper islands. The distance
d between the two tunnel junctions is only about 100 nm, and the charging
energy of the islands is decreased by increasing their size and thus self-
capacitance. Both of the normal metal islands are capacitively coupled to
normal-metallic charge detectors with chromium couplers insulated by an
aluminum oxide layer. As discussed in Section 6.1.4, we expect this kind of
detector to minimize backaction due to nonequilibrium phonons. A ground
plane shunts capacitively the leads of both the Cooper pair splitter and the
detectors, which we expect to reduce spurious single-electron tunneling
events due to photon-assisted tunneling.

Monitoring the current through both of the charge detectors (Fig. 5.10(b)),
we observe tunneling events between the superconductor and both of the
islands. Simultaneous transitions in both detectors are due to two-electron
processes involving both islands: in a cotunneling event, the charge on one
island increases while the other decreases, while in a Cooper pair splitting
event the charge on both islands increases simultaneously. To verify that
the measured events are indeed due to correlated processes rather than
coincidentally simultaneous single-electron events, we calculate the cross-
correlation function g

(2)
x (τ) of transitions to different islands, defined in Eq.

(2) of the supplementary material of Publication V. In Fig. 5.10(c), g(2)x (τ)

is two orders of magnitude higher at short delay times τ than g
(2)
x = 1,

which would be expected for uncorrelated events. An additional benefit
of this measurement scheme that the split Cooper pairs are stored on the
islands for relatively long times. It would be in principle straightforward
to increase the time resolution of the charge detectors with RF readout,
like described earlier in this chapter, as the detectors are very similar to
those used in Publication VII. This could enable detecting the split Cooper
pair while the electrons were still entangled if the normal metallic islands
were replaced with semiconducting structures with longer spin coherence
times.
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6. Experiments on nonequilibrium
quasiparticles in aluminum

In this chapter, we present the main results of this thesis on nonequilib-
rium quasiparticles. In the first section, we show that phonon-mediated
charge detector backaction can be a dominant source of quasiparticles
(Publications IV and VI). Then, we present a self-calibrating detector of
Cooper-pair-breaking radiation (Publication VI). Finally, we describe the
experiment of Publication VII, which was enabled by the improvements
to the charge detection setup described in the previous chapter, as well as
minimizing the backaction by fabricating normal-metallic charge detectors.
By monitoring the charge tunneling from a superconducting island, we
detect in real time every quasiparticle-generating event and the subse-
quent decay by tunneling. We find that a superconductor can indeed be
free of quasiparticles for times up to seconds, while our observation of
a time-dependent rate of quasiparticle creation events rules out all the
previously suggested sources of quasiparticles.

6.1 Charge detector backaction as a source of nonequilibrium
quasiparticles

In this section, we discuss the observation of charge detector backaction
based on the measurements of Publication IV, discuss the origins of the
backaction with additional unpublished data, and finally show with the
data of Publication VI that the backaction was likely mediated by nonequi-
librium phonons.

6.1.1 Detector backaction as a source of quasiparticles

In Publication IV, we monitored the charge state of a superconducting
island with normal leads in real time with a capacitively coupled SINIS-
type charge detector, as shown in Fig. 6.1. The device had charging energy
EC = 0.33Δ, and so at low temperatures in the absence of quasiparticles
we would expect to see the island in its ground state with an even number
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Figure 6.1. (a) False-color scanning electron micrograph of a device lithographically
identical to samples A and B of Publication IV. A superconducting alu-
minum island (top, blue) with normal metal copper leads (orange) has volume
V = 2× 0.55× 0.05 μm3, superconducting gap Δ = 206 μeV, charging energy
EC = 68 μeV, and tunneling resistance RT = 15.6 MΩ. It is capacitively
coupled to a SINIS-type charge detector (bottom). (b,c) Measured time traces
of charge tunneling on and off a superconducting island to normal metal
leads, shown at ng = 0 (panel (b)) and ng = 1 (panel (c)). (d,e) Measured
single-electron tunneling rates ΓN→N±1 as a function of ng (symbols), along
with simulations (solid lines). Adapted from PIV, while the simulated curves
have been recalculated (see the erratum to Publication IV).

N of excess electrons. Instead, at all values of the gate offset ng, we observe
three charge states with non-negligible populations and single-electron
tunneling events between them at rates on the order of 100 Hz. Intuitively,
this is expected if excess quasiparticles are present: there are three values
of N with charging energy cost (Eq. (3.1)) less than Δ, which can be
occupied. This interpretation is confirmed by the tunneling rates between
the charge states (Fig. 6.1(d-e)), which form plateaus over a range of ng, as
expected for tunneling events due to an excess quasiparticle population on
the island (see Sec. 2.3.1). The mean quasiparticle number 〈NQP〉 in each
charge state can be extracted from the rates at the plateaus according to
Eq. (2.9), and it depends on the parity of N : in the odd charge states, there
must be at least one quasiparticle present, while in the even states there
need not be any.

We repeat the experiment at different operating points of the charge
detector and extract the quasiparticle populations on the island for even
and odd N from the tunneling rates at the plateaus. The tunneling rates
ΓN→N±1 and the corresponding quasiparticle populations increase close
to linearly with the detector current Idet. The tunneling rate for N even
extrapolates to close to zero at Idet = 0. This indicates that charge detector
backaction is the dominant source of quasiparticles on the island. For N

odd, the rate at Idet = 0 instead saturates to somewhat below 100 Hz, close
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Figure 6.2. (a) Tunneling rates on the quasiparticle-induced plateau as a function of the
current through the charge detector used, when the initial charge state is even
(red circles) or odd (blue triangles). Solid lines indicate simulated tunneling
rates assuming a linear relation between the Cooper-pair-breaking rate Γpb =
AIdet/e, where A = 1/4, 000, 000. (b) The even-to-odd tunneling rates from
panel (a) (red circles), compared to data collected from the same sample
two weeks earlier (green diamonds). (c) Tunneling rates and quasiparticle
populations in a similar sample with RT = 500 MΩ, measured in another
sample stage, versus the detector current extrapolate to roughly 〈NQP〉 = 3.
Panels (a) and (b) are adapted from PIV, while the simulated curves have
been recalculated (see the erratum to Publication IV).

to the expected rate 110 Hz for a single quasiparticle on the island (Eq.
(2.9) with NQP = 1 and RT = 15.6 MΩ).

We obtain good agreement between experiments and simulations using
the rate-equation model tracking the probability to have N excess electrons
and NQP quasiparticles present on the island described in Sec. 3.2, incor-
porating single-electron tunneling and quasiparticle recombination. The
nonequilibrium Cooper pair breaking rate Γpb is the only free parameter
of the model (note that here we assume that only a single Cooper pair
breaks at a time). The detector backaction can be modeled by assuming
a pair-breaking rate Γpb = AIdet/e linear in the detector current, where
A = 1/4, 000, 000 is a fit parameter. However, we are only sensitive to
the ratio of the pair-breaking rate to the recombination rate: the fits stay
equally good if Γpb and the electron-phonon coupling constant Σ are scaled
up or down with a similar factor (see also the erratum to Publication IV).

Assuming Σ = 1.8× 109 WK−5m−3, the expected recombination rate of
two quasiparticles is Γrec = 600 Hz. As this is faster (or at least comparable
to if Σ were smaller) than the measured tunneling rates, often a broken
Cooper pair will recombine before the quasiparticles have time to tunnel
out. Thus the island is still poisoned for timescales of milliseconds in the
sense of having quasiparticles present, although no tunneling events occur.
Also, even though the quasiparticle tunneling rates are substantial and for
the data shown in Fig. 6.1 the mean quasiparticle number is on the order
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of one, the most probable charge state always has even parity. Observing
such a parity effect does not in itself mean that a superconductor would
be free of quasiparticles: for instance, in sample B with reduced detector
backaction, the average charge on the island would appear near perfectly
2e periodic, even though the parity of the island in fact changes several
times a second.

Similarly, in this experiment "parity lifetimes", defined as the interval
between single-electron tunneling events, are here relatively long only
thanks to the quite resistive tunnel junctions. After all, an isolated island
would always have an infinite parity lifetime. For studying the origins of
quasiparticles, the quasiparticle generation rate is a much more interesting
quantity, but one that we can here extract only based on assumptions
on the strength of the electron-phonon coupling. We note that despite
the uncertainty in the electron-phonon coupling, in Publication IV the
waiting time distributions between the tunneling events were always well
described by Poissonian distributions, indicating that the quasiparticle
relaxation is dominated by recombination. The devices of Publications VI
and VII, in the opposite regime where recombination is estimated to be
negligible compared to tunneling, allow obtaining a much more reliable
estimate of the intrinsic quasiparticle generation rate.

In addition to the charge detector backaction, external sources can also
contribute to the Cooper pair breaking. The data shown in Fig. 6.1 and
6.2(a) (of sample A in the notation of Publication IV) was measured several
weeks after the start of a cooldown. In another dataset measured roughly
two weeks earlier during the same cooldown of the same sample with
no substantial changes to the setup, the rate from even charge states
would extrapolate to 30 Hz at Idet = 0, corresponding to 〈NQP〉 ≈ 0.3. In
a similar sample with RT ≈ 125 MΩ measured in another sample stage
and refrigerator, the tunneling rate extrapolated to 〈NQP〉 = 3, instead
(Fig. 6.2(b-c)). Both of these sample holders had indium-sealed caps
expected to be microwave-tight, but the difference could be due to the
presence of potentially leaky RF connectors in the latter sample holder.
The measurements of Publication VII and Sample B in Publication IV
were performed in a third sample holder, also incorporating RF connectors,
in which quasiparticle generation due to stray photons appears to be
negligible, but a time dependence was again observed as discussed in Sec.
6.3.2. The differences between different measurement setups highlights
the importance of good shielding in reaching low quasiparticle densities,
as already observed in multiple previous works.

6.1.2 Probing the backaction mechanism

A NISIN-type device is a convenient system for studying the origins of
quasiparticles, as they must be created within the well-defined island
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Figure 6.3. Subgap current through a superconducting island with (a) zero current
through a SISIS-type quasiparticle source (sample AU) and (b) with the
quasiparticle source biased at Vb,source = 1 mV with Isource = 2 nA. Panel (c)
shows a simulation using device characteristics obtained from independent
high-bias measurements and an elevated temperature TS = 316 mK of the
superconductor, corresponding to NQP = 340 excitations on the island. (d)
Extracted quasiparticle numbers on a superconducting island as a function
of the current through various quasiparticle sources. Device parameters are
given in Table 6.1.

volume. Even in the regime where quasiparticle relaxation has contribu-
tions from both tunneling and recombination, the subgap current through
such a device forms plateaus as shown in Fig. 6.3. The current at the
plateau depends linearly on the quasiparticle population on the island, as
well as the tunnel resistance and island volume (Eq. (2.9)). This allows
studying also quasiparticle sources not capacitively coupled to the sample,
in addition to the backaction of practical charge detectors.

If the islands studied have an identical geometry and share the same fab-
rication process, we moreover can expect the recombination contribution to
be similar between different devices, although the tunnel resistances vary
between the different fabrication rounds due to variation in the junction
size and oxidation parameters. In Table 6.1, we list the parameters of
several devices we have fabricated, which all have similar superconducting
islands as the samples of Publication IV, but different types of charge
detectors viewed as quasiparticle sources in this context. In addition to
studying SISIS, SINIS and NININ-type charge detectors, we have var-
ied the type of capacitive coupler used, the substrate material, and the
distance between the superconducting island and quasiparticle source.
The resistive chromium coupler electrodes used are 10 μm long and only
roughly 50 nm wide and 10 nm thick, and consequently have a resistance of
several tens of kΩ. In Ref. [35], such coupler electrodes were suggested to
help in filtering out the high-frequency components of shot noise that could
cause backaction. Leaving the capacitive coupler out altogether should
eliminate all types of backaction mediated by the capacitive coupling, while
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Quasiparticle Distance Coupler Substrate Rsource RT EC

Sample source (μm) type type (kΩ) (MΩ) (μeV)

AU SISIS 4 Au regular 270 2.5 140

CR SISIS 10 Cr regular 400 0.75 110

NO SISIS 10 none regular 300 0.8 100

CO SISIS 10 none conducting 55 0.52 80

NIS SINIS 10 none conducting 610 1.45 80

NIN NININ 10 none conducting 220 0.170 90

Table 6.1. Parameters of the backaction devices measured. RT is the total tunnel resis-
tance and EC the charging energy of the superconducting island, while Rsource
is the resistance of the quasiparticle source. All samples had a geometry similar
to that shown in Fig 6.1(a), with differences only in the Δ = 190 to 210 μeV
and EC,det 0.1Δ to 0.3Δ. For samples with an Au or Cr coupler, the coupling
κ between the devices and detectors was 0.08 to 0.2, and for samples with no
coupler, κ < 0.02.

fabricating the devices on top of a conducting substrate was expected to
eliminate any type of electromagnetic backaction.

In Fig. 6.3(d), we show the measured quasiparticle population 〈NQP〉
of the devices tabulated in Table 6.1. We can make several qualitative
observations: The quasiparticle population is typically zero within mea-
surement precision if the current through the quasiparticle source, Isource,
is zero. In all the devices with SISIS-type charge detectors, the quasiparti-
cle population increases rapidly practically immediately at any non-zero
Isource, irrespective of the coupler or substrate type. The slope of 〈NQP〉
is approximately constant for the devices CR, NO and CO with 10 μm
between the quasiparticle source and the superconducting island, while
the faster increase for device AU could be due to a shorter distance or
possibly the coupler material. In contrast, for the devices with a SINIS- or
NININ-type quasiparticle source, 〈NQP〉 stays roughly constant within the
measurement precision (below 3) at low Isource and starts increasing only at
considerably higher currents. We additionally note that in device CO with
a low-resistance SISIS quasiparticle source, the quasiparticle population
for a given Isource is lower at the double-Josephson-quasiparticle peak than
in the quasiparticle branch, like in Ref. [41].

As discussed in Sec. 3.5, there are a number of potential mechanisms
for this quasiparticle generation. We can rule out direct substrate heating
out based on the measurements shown in Sec. 3.3. As quasiparticle
creation was observed even in devices with no coupling capacitor, this rules
out low-frequency fluctuations in the gate offset ng due to the capacitive
coupling. The remaining potential mechanisms are photon and phonon
emission. The insensitivity to coupler type and substrate material are
against an electromagnetically mediated backaction mechanism, although
we have not attempted to quantitatively model the propagation of 100
GHz photons relevant for Cooper pair breaking. On the other hand, the
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Figure 6.4. (a) False-color scanning electron micrograph of the experiment and sketch of
measurement setup. The phonon absorber (top) and phonon emitter (bottom
left) are both single-electron transistors with superconducting aluminum
(blue) islands that are connected to normal metal copper (orange) leads via
aluminum oxide tunnel junctions. The reference source (bottom right) has
a copper island connected to aluminum leads, instead. (b) Comparison of
quasiparticle poisoning caused by current through the phonon emitter (black)
or reference source (purple). (c) Measured (symbols) and simulated (solid
lines) current through the self-calibrating detector at Vb = 110 μV versus
the gate offset at different phonon emission rates Iemitter, reproduced in the
simulations by a pair-breaking rate Γpb = AIemitter/e. (d) Current in the
detector at ng = 0, ng = 0.5 and ng = 1 as a function of Iemitter. Adapted from
PVI.

phonon propagation at frequencies relevant for Cooper pair breaking can
be assumed relatively unaffected by the doping of the substrate or the
presence or absence of a coupler, but the phonon generation rate should
indeed depend on the type of the quasiparticle source.

6.1.3 Phonon-mediated quasiparticle poisoning of a mesoscopic
device

We now describe the experiment of Publication VI, designed to test for the
possibility of quasiparticle poisoning mediated by nonequilibrium phonons.
The device is shown in Fig. 6.4(a). It consists of a superconducting island
used as a self-calibrating detector of pair-breaking radiation, as described
in Sec. 6.2, and two quasiparticle sources. The phonon emitter is also a
NISIN-type single-electron transistor with an isolated superconducting
island. A voltage bias Vb,emitter > 2Δ/e injects quasiparticles on the island,
which will then recombine and emit phonons with energy 2Δ. The reference
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source is a SINIS-type device. Although its superconducting leads will
also be somewhat overheated, the leads overlap with their normal metallic
copies created by the two-angle shadow evaporation process at a distance
of about 0.5 μm from the tunnel junctions. The quasiparticles will relax
primarily by diffusion and trapping to these shadow copies, and thus this
source will emit orders of magnitude less recombination phonons. On the
other hand, we expect the phonon emitter and reference source to emit
photons at comparable rates when biased at the same voltage, as both
devices have two NIS junctions in series.

Comparing the response of the superconducting island to the two dif-
ferent quasiparticle sources thus allows distinguishing between photon-
and phonon-mediated backaction. In Fig. 6.4(b) we show the current of
the pair-breaking detector I and the corresponding pair-breaking rate
Γpb = I/e versus the current through either quasiparticle source. We find
that the phonon emitter creates quasiparticles with currents as low as 10
pA, corresponding to less than 10 fW dissipated power, while the refer-
ence source does not cause poisoning until currents almost three orders of
magnitude higher are applied, corresponding to several pW of dissipated
power. This clearly proves that phonon-mediated quasiparticle poisoning
can be relevant in a small mesoscopic system, where the powers are orders
of magnitude smaller than in e.g. Refs. [42, 178].

The measured Cooper pair breaking rate is linear in the current through
the phonon emitter, as shown in Fig. 6.4(c-d), with the proportionality
constant A = 7.8× 10−5. To model the phonon emission, we use a thermal
model of the emitter island, which we believe to be appropriate here as
the currents in a NIS device and the recombination rates are insensitive
to the exact quasiparticle distribution. Hence we use the superconductor
temperature TS as a convenient way to parametrize the quasiparticle
density. We solve a heat balance equation similar to Eq. (3.8) used in the
normal state. The heat flux to the phonon bath is given by Eq. (3) in Ref.
[53] and the heat flux due to tunneling is given for instance in Ref. [197].
In this calculation, we also incorporate the temperature dependence of
the superconducting gap, but it is suppressed from its zero temperature
value by less than 2% when Iemitter < 0.5 nA. After solving Iemitter and TS

self-consistently as a function of Vb,emitter and ng,emitter (Fig. 6.5(a-b)), we
calculate the recombination phonon emission rate Γ2Δ according to Eq. (4)
in Ref. [53] (Eq. (3) in the supplement of Publication VI):

Γ2Δ =
πVΣ

6ζ(5)k5B

[
kBTSΔ

3 +
7

4
(kBTS)

2Δ2

]
e
− 2Δ

kBTS (6.1)

We use Σ = 2 × 108 WK−5m−3 as the electron-phonon coupling constant,
determined from measurements in the normal state (see Sec. 3.3), and do
not correct further for phonon-trapping effects (see Sec. 2.5 and Supple-
mentary Material of Publication VI for more discussion).
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Figure 6.5. (a) Current-voltage characteristics of the phonon emitter in the superconduct-
ing state. Measurements (gray) are swept over several periods of ng,emitter,
while the simulations show the minimum and maximum current at each
Vb,emitter, obtained at ng,emitter = 0 (solid lines) and ng,emitter = 0.5 (dashed
lines), respectively. (b) The self-consistently solved temperature TS on the
superconducting emitter island versus voltage. (c) The emitter temperature
as a function of Iemitter. The temperature for all values of ng,emitter collapse
on top of each other, and the emitter starts to overheat already at currents
below 1 pA. (d) Rate of recombination phonon emission Γ2Δ according to Eq.
2.12, calculated from the simulated TS shown in panels (b) and (c) (circles),
and a linear fit between Γ2Δ and Iemitter (solid line). (e) Detector current
and (f) emitter current when the emitter is biased with a constant voltage
Vb,emitter = 395 μV. Adapted from PVI.

Our simulations show that for a given Iemitter, the temperature of the
superconducting island and hence the phonon emission rate is independent
of ng,emitter (Fig. 6.5(c-d)). To verify this dependence in the experiment,
we measure the Cooper pair breaking rate on the superconducting island
at a fixed Vb,emitter as a function of ng,emitter, and find that the Cooper pair
breaking rate on the island clearly depends on Iemitter (Fig. 6.5(e-f)). This is
in stark contrast to the observations of voltage-dependent photon-mediated
backaction from NIS structures in Ref. [240], further confirming that the
mechanism here is indeed due to phonons.

The simulated phonon emission rate is roughly linearly proportional to
the emitter current, Γ2Δ = ηIemitter/e, where η = 0.68, as shown in Fig.
6.5(d). Phonon emission rates roughly proportional to the injection current
in a NIS device were found also in Ref. [42]. Although the numerical value
of the efficiency of phonon generation η depends on the value used for Σ to
some extent, an upper limit is given by η = 1. This is because when a single
electron passes through the device, at most two new quasiparticles are
injected, one through either junction, and they cannot produce more than
one recombination phonon as long as the injection voltages are low enough
that relaxation phonons cannot break Cooper pairs. Combining η and the
parameter A, we can extract the fraction x = A/η = 1.1× 10−4 of emitted
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phonons that are finally absorbed the superconducting island. This fraction
is difficult to estimate by other means due to the long mean free paths
of such phonons and the uncertainties in the transmission probabilities
between the substrate and superconducting film. However, the devices
presented here could actually be useful in determining such quantities due
to their compact size and well-defined emission and absorption volumes,
and relatively well-understood phonon emission rates.

Based on the value of x, we can make a crude estimate of the phonon-
mediated backaction expected in the geometry of Publication IV. In those
devices, the charge detectors had superconducting leads with a cross sec-
tion of 200 nm × 50 nm, connecting with their normal metal shadows
acting as quasiparticle traps at a distance of 7 μm. At bias voltages close
to the gap, relevant for the electron counting experiments, we can esti-
mate that all the power dissipated in a NIS junction is dissipated on the
superconducting side. At a typical charge detector operating point, the
power injected to each lead is thus roughly 200 pA × 450 μeV/2 = 45 fW.
Assuming that the injected quasiparticles primarily decay by diffusing
to the traps, we obtain the temperature of the superconducting leads at
the junctions as 290 mK by solving a diffusion equation similar to Ref.
[71]. Here we have used ρN = 90 nΩm as the normal-state resistivity
of aluminum [159]. Then, we again use Eq. (4) of Ref. [53] to calculate
the phonon emission rate, and assume that x = 1 × 10−4, scaled by the
volumes of the superconducting islands, is a good estimate for the fraction
of phonons absorbed. This rough calculation leads to a pair-breaking rate
on the order of 100 Hz. Due to the number of simplifying assumptions
and the unknown phonon propagation factor, this is in relatively good
agreement with the experimental Γpb = 300 Hz and indicates that the data
are consistent with a phonon-mediated backaction mechanism.

6.1.4 Mitigation of charge detector backaction

Regardless of the exact mechanism of detector backaction, the observed
current dependence in Figs. 6.2 indicates that a straightforward way to
reduce backaction is to decrease the current through the charge detector.
As shown in Fig. 6.6, the detector backaction and the quasiparticle density
can be substantially reduced by operating the detector as an RF-SET. In
the device denoted sample B in Publication IV, the DC current through
the SINIS-type charge detector was estimated to be less than 10 pA. This
reduced the occupation probabilities of the odd charge states by over an
order of magnitude, and the Cooper pair breaking rate, obtained from
simulations, from 370 Hz to 6 Hz.

For Publication V and Publication VII, we fabricated fully normal-metallic
charge detectors with the inversely proximitized tunnel junction technique
[244] in order to eliminate entirely the possibility of phonon-mediated
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backaction, while keeping the possibility of using them with a finite bias
voltage for use in a DC setup, like in Publication V. In Publication VII,
we were unfortunately not able to study backaction at different DC bias
voltages of the charge detector, but changing the RF probe power at zero
voltage bias increases the root-mean-square voltage over the detector. At
ng = 0 the rate of quasiparticle bursts was unchanged (Fig. 6.7). However,
at around ng = 1 we find that the occupation probability of the charge
state N = 1 increased with probe power. This could plausibly be attributed
to photon-assisted tunneling due to photons emitted by the detector. In
principle, the geometry of Publication V would be better for studying quan-
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Figure 6.8. (a) Sketch of self-calibrating detector: a mesoscopic superconducting island
(blue) is coupled to normal metal leads (orange) and biased with voltage
Vb < 2Δ/e. Cooper pairs break at the island with a rate Γpb, and they relax
by tunneling out through either lead with rate NQPΓtunn if there are NQP
quasiparticles present. The steady-state quasiparticle population is thus
〈NQP〉 = Γpb/Γtunn. (b) Energies of the lowest-energy charge states with N
excess electrons when the gate offset is close to ng = 0.5. The quasiparticles
decay by tunneling out between the states N = 0,+1, while the current is
carried by cycles involving the higher-energy states N = −1,+2. (c) The
simulated current through the device with the full model (red dashed line line,
see text) agrees with the ideal characteristics (solid line) up to Γpb = 500 kHz
within 1%. Symbols indicate the measured data with Γpb = xηIemitter/e, where
η is the phonon emission efficiency and x the fraction of emitted phonons
reaching the detector. Adapted from PVI.

titatively such effects. One charge detector could be used to monitor the
tunneling events at a suitable operating point while another, possibly
capacitively decoupled one, could be used as a photon emitter, while the
normal-metallic structures would avoid a phononic backaction component
that likely was present in the similar experiments of Ref. [240].

6.2 A self-calibrating detector of Cooper-pair-breaking radiation

In this section, we describe the self-calibrating detector of Cooper pair
breaking radiation proposed and demonstrated in Publication VI. Our
device has the unique advantage that the response is a current

I = eΓpb, (6.2)

(Eq. (1) in PVI), where Γpb is the rate at which Cooper pairs are broken
on the island and e is the elementary charge. That is, exactly one electron
passes through the device for pair of quasiparticles created. This relation
is satisfied for a experimentally accessible range of device parameters and
thus operating the detector does not require calibration or modeling in
order to extract the pair-breaking rate.

The pair-breaking detector, sketched in Fig. 6.8, is a single-electron tran-
sistor with a superconducting island and normal metal leads with EC < Δ

but operated at low temperatures such that kBT � EC . The external
Cooper-pair-breaking radiation creates quasiparticles on the island with a
rate 2Γpb. The quasiparticles will relax by tunneling out through either
junction with a rate ΓtunnNQP, and in the limit where relaxation by recom-
bination is negligible compared to tunneling the steady-state quasiparticle
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population is given by 〈NQP〉 = Γpb/Γtunn. Around ng = 0.5, the process
occurs between the charge states N = 0,+1, as the quasiparticles can
tunnel out both as electrons and as holes.

Even when a small voltage bias Vb < 2Δ/e is applied, the relaxation
process between states N = 0,+1 leads to no net current, because the
quasiparticles can tunnel out through either junction, although these
tunneling events can be detected with a charge detector like in Publication
VII. However, a net current is carried by cycles involving the higher-energy
states N = −1,+2, as depicted in Fig. 6.8(b): quasiparticles can tunnel
out to these states with the same rate ΓQPNQP in the direction of the
bias voltage. That is, if a positive bias voltage Vb is applied to the left
lead, a quasiparticle can tunnel out through the left (right) junction as an
electron (hole), leading to a charge transition N = 0 → −1 (N = +1 → +2).
As occupying these charge states has a charging energy cost larger than
Δ, the system returns to its previous charge state near-instantaneously
when another quasiparticle tunnels in through the right (left) junction to
restore the previous charge state N = 0 (N = +1). Each of these cycles
transports one net electron through the device, and the cycles occur at a
rate 〈NQP〉Γtunn. Combining this with the mean quasiparticle population
〈NQP〉 = Γpb/Γtunn (Eq. (2) in Publication VI), we find that the net current
through the device is given by Eq. (6.2).

Because the quasiparticle tunneling rate is constant for a range of the
energy δE gained in the tunneling event with δE given by (3.2), we expect
the simple picture sketched above to hold over a range of Vb and ng, leading
to plateaus in the measured current. The thresholds for the self-calibrating
operation depend on the ratio EC/Δ, but for zero temperature of the
normal metal leads such an operation point exists as long as EC < Δ.
The thresholds are derived in the supplementary material of Publication
VI, where we also show that the current satisfies I = eΓpb even if the
resistances of the two tunnel junctions are unequal. We verify this simple
picture discussed above by simulating the current-voltage characteristics
of such a superconducting island with the rate equation model tracking N

and NQP discussed in Sec. 3.2. We find that for EC = 0.46Δ = 92 μeV at
Vb = 110 μV and ng = 0.5, corresponding to the experimental parameters
of Publication VI, the effects of Andreev tunneling or a finite electron
temperature are negligible. The presence of a finite recombination rate
reduces the quasiparticle population and thus the current from its ideal
value, but for Σ = 2 × 108 WK−5m−3, this effect is less than 1% at pair-
breaking rates as high as 500 kHz, corresponding to several femtowatts of
absorbed power.

In Fig. 6.9, we compare the simulated characteritics to the subgap
current-voltage measurements of the device shown in Fig. 6.4(a). In
addition to a pair-breaking detector, the device incorporates another super-
conducting island used as phonon emitter and a normal-metallic reference
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source. When the phonon emitter is turned off (Iemitter = 0), the current
through the pair-breaking detector at ng = 0.5 is zero within measure-
ment precision, but when the emitter current is increased to 30 pA or
120 pA, the current increases and forms a plateau around ng = 0.5 and
Vb = 100 μeV. The current level increases also at ng = 0, where it is due
to Andreev tunneling [57, 219]. We obtain excellent agreement between
simulations and experiment by changing only Γpb in the simulations. Thus
our simulations incorporate all the processes relevant for transport. In con-
trast, when the current through the reference source is increased, the only
effect on the detector characteristics is a slight rounding of the Andreev
current peaks, consistent with the substrate overheating measured in the
normal state (Fig. 3.3). This confirms that our detector indeed detects
pair-breaking phonons, rather than photon-assisted tunneling events like
in previous detector proposals utilizing similar devices [149, 220]. At small
pair-breaking rates, the detector response can be enhanced by operating at
ng = 0, where the current is due to Andreev events, after calibration in the
self-calibrating mode (see Fig. 6.4(c)).

6.3 A superconductor free of quasiparticles for seconds

In this section we discuss the findings of Publication VII.

6.3.1 Counting quasiparticles in real time

The device utilized in Publication VII is rather similar to the ones studied
in Publication IV, which were shown in 6.1(a): it consists of a supercon-
ducting island with volume V = 2× 0.5× 0.035 μm3, superconducting gap
Δ ≈ 220 μeV and EC ≈ 90 μeV, capacitively coupled to a charge detector.
Due to the improved measurement setup and a normal-metallic charge
detector, we were able to monitor the charge on the island with a time
resolution of roughly 3 μs with negligible detector backaction at ng = 0.
The parallel resistance of the two tunnel junctions was RT = 150 kΩ, and
thus we expect the sample to be in the regime where quasiparticle decay
by tunneling dominates over recombination.

Monitoring the tunneling events in real time (Fig. 6.10), we observe
quiet periods up to seconds long with no tunneling events when the island
is in the state N = 0. These are punctuated by bursts of two or more
tunneling events between the states N = −1, 0,+1 within a millisecond.
Motivated by the separation of timescales by several orders of magnitude,
we separate the measured time traces into bursts of tunneling and waiting
times between the bursts. The lengths of the quiet intervals between the
bursts of tunneling are distributed according to an exponential distribution
(Fig. 6.10(d)), indicating that the bursts are created by a Poissonian process.
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Figure 6.10. (a) Time trace of charge detector output (red) and corresponding charge state
N (black) measured at ng = 0, with quiet, quasiparticle-free intervals indi-
cated by blue lines. (b) Zoom-in to time trace shown in panel (a), and (c) the
number of quasiparticles NQP on the superconducting island inferred from
the measured time trace: each tunneling event removes a single quasiparti-
cle from the island, as they can tunnel out as both electrons and holes. The
initial Cooper pair breaking event is not directly observed, here indicated by
a dashed line. (d) Histogram of the lengths of the quiet periods between the
bursts of tunneling. The solid line is an exponential fit ∝ exp(−Γburstt) with
Γburst = 1.7 Hz. (e) Histogram of the number of Cooper pairs broken per burst
NCP, experimentally obtained from the number of single-electron tunneling
events in each burst. The solid line is an exponential fit ∝ exp(−2λQPNCP).
Adapted from PVII.

Within the bursts of tunneling, we identify the tunneling events as either
Andreev or single-electron tunneling events. The single-electron rates
within the bursts of tunneling are close to the expected tunneling rate 17
kHz for a single quasiparticle tunneling out of the island (Eq. (2.9)).

We interpret the highly non-Poissonian tunneling statistics as follows.
During the long quiet periods, the island is free of quasiparticles. A burst
of tunneling starts when one or more Cooper pairs are broken, creating
NQP quasiparticles. Recombination is expected to be at least an order of
magnitude slower than the rates for quasiparticle tunneling out to the
leads, so the quasiparticles will relax by tunneling to the leads one by one
either as electrons or holes. The rates of tunneling events adding a quasi-
particle into the island are expected to be suppressed at low temperatures,
which we verify by additional analysis discussed in the Supplemental
Material of Publication VII. Thus each tunneling event removes a single
quasiparticle from the island, and we can infer the instantaneous number
of quasiparticles, as shown in Fig. 6.10(c).

We can directly extract the distribution of quasiparticles created per
event from counting the number of single-electron events within a burst of
tunneling, shown in Fig. 6.10(e). The distribution appears exponential ∝
exp(−λQPNQP) with λQP = 0.45, meaning that in 40% of events, more than
one Cooper pair was broken. This could be due to a single absorption event,
where the initially created two quasiparticles with energies ≥ 3Δ quickly
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rates ΓN→N±1(t) within the burst. In both panels, solid lines are simulated
calculations obtained from Eq. (6.3), and symbols are experimental data.
Error bars in panel (b) represent statistical uncertainty due to the number
of events in each time bin. Adapted from PVII.

down-convert, emitting relaxation phonons with energy ≥ 2Δ, which will
break more Cooper pairs. Another possibility is that an absorption event
in the substrate generates many high-energy phonons, a fraction of which
will break Cooper pairs in the superconductor.

As the quasiparticles leave the island one by one, we expect there to be
more quasiparticles present at the beginning of each burst compared to the
end. We calculate the probability P (NQP, t) for having NQP quasiparticles
present at a time t after the first tunneling event of a burst (Fig. 6.11) by
counting the number of tunneling events until the burst ends. Most bursts
have ended by t = 150 μs. We also calculate the effective tunneling rates
ΓN→N±1(t) (Fig. 6.11(b)), which are expected to be directly proportional to
the average number of quasiparticles present in charge state N at time
t. We find that the rates decrease over the first 150 μs, before saturating
at ΓN=±1→0 = 8 kHz ≡ ΓQP and ΓN=0→±1 = 15 kHz. The factor of two
between these limiting values is expected and corresponds to having one
quasiparticle present in odd charge states N = ±1 and two quasiparticles
in the even state N = 0, as we condition the rates on the bursts of tunneling
not having ended yet, and N and NQP must have the same parity. The
measured rate ΓQP = 8.0 kHz for a single quasiparticle tunneling out from
the island is in fair agreement with the estimate 17 kHz based on previous
experiments (Ref. [35] and Pub. IV). The initial decay of the rates verifies
our interpretation that in part of the bursts, initially more than one Cooper
pair was broken.

We model the dynamics of the quasiparticles within a burst of tunneling

91



Experiments on nonequilibrium quasiparticles in aluminum

waiting time, t  odd (μs) waiting time, t  even (μs)

(a) (b)

-3 QPNe

- QPNe

-8 QPNe -4 QPNe

co
un

ts

all
last wait 
of burst
not last wait
of burst

all
2nd-last wait 
of burst
not 2nd-last 
wait of burst

0 50 100 150 200 0 50 100 150 200101

102

103

104

Figure 6.12. Waiting times within the bursts of tunneling in odd (panel a) and even
(panel b) charge states. Red squares show only those waiting times before
the last (last but one) tunneling event in each burst in panel a (b), while blue
triangles show the distribution of all but the last (second last) waiting time
of each burst. Black circles show all the waiting times within the bursts. Red
and blue lines are exponential distributions, while solid black lines indicate
a sum of exponential distributions.

with a rate equation for P (NQP, t), the number of quasiparticles present at
time t. In this simple model, we assume that quasiparticles decay only by
tunneling to the normal leads with rate NQPΓQP from the state with NQP

quasiparticles, which leads to the equation (see Eqs. (1) and (2) and the
supplementary section "Rate equation model" in Publication VII)

dP (NQP, t)

dt
= −σΓQPNQPP (NQP, t) + σ̄ΓQP(NQP + 1)P (NQP + 1, t) (6.3)

The factors σ = 1, σ̄ = 2 (σ = 2, σ̄ = 1) for NQP odd (even) arise from there
being two odd charge states but only one even. As the initial condition,
we use the measured distribution of quasiparticles created per burst (Fig.
6.10(e)). We find excellent agreement with experiment with ΓQP = 8.0 kHz
as the only free parameter.

As a complement to the analysis presented above and in Publication VII,
in Fig. 6.12 we show the waiting times between single-electron tunneling
events within the bursts of tunneling. We have here combined the charge
states N = ±1 so the waiting times reflect the intervals between the
quasiparticle tunneling events only, not the Andreev tunneling events that
occur between the two odd charge states. The waiting times are not well
described by a single exponential in the even or odd charge states. However,
when we plot the waiting time distribution of only the last waiting time
within each burst, which by definition corresponds to an odd state, the
distribution is well described by a single exponential with rate parameter
ΓQP = 8 kHz, the single-quasiparticle tunneling rate extracted above. The
distribution of the second-to-last waiting times of each burst, by definition
in even charge states, is also well described with a single exponential with
rate parameter 4ΓQP, as expected for two quasiparticles with two possible
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Figure 6.13. Dependence of (a,d) burst rate, (b,e) number of single-electron tunneling
events per burst, and (c,f) burst length distributions on bath temperature
(a-c) and gate offset (d-f). Solid lines in (b,e) indicate the distribution ∝
exp(−λQPNQP) with λQP obtained at Tbath = 0 and ng = 0. Black solid lines
in (c,f) indicate the burst length distribution corresponding to our model
with ΓQP = 8 kHz, while green lines in (c) show the burst length distribution
calculated with ΓQP = 13 kHz. Adapted from PVII.

final charge states. The waiting times occurring earlier within each burst
are on average shorter and thus correspond to having more quasiparticles
present on the island, further confirming our interpretation above that the
quasiparticles tunnel out one by one. The total waiting time distributions
(black circles in Fig. 6.12) are well described by sums of exponentials
proportional to∑

NQP=1,3,...

e−σΓQPNQPte−λQPNQP and
∑

NQP=2,4,...

e−σΓQPNQPte−λQPNQP , (6.4)

where the first exponential in each sum describes the rate at which quasi-
particles tunnel out from a state with NQP quasiparticles, and σ = 1 (σ = 2)
for NQP odd (even) again accounts for the number of possible final states.
The second exponential describes the probability with which a burst of
tunneling has NQP tunneling events, corresponding to NQP = 2NCP quasi-
particles created. The good agreement with the measurement reinforces
the validity of our interpretation that each tunneling event removes ex-
actly one quasiparticle from the island, and that the rate for removing a
quasiparticle is linearly proportional to NQP.

The data shown above was collected 130 days after the start of the
cooldown at ng = 0 and the refrigerator base temperature Tbath = 20 mK,
although the electron temperature inferred from the gate dependence of
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the Andreev tunneling events saturated around 100 mK. We have also
measured similar datasets at different ng and Tbath, shown in Fig. 6.13.
The rate of the bursts of tunneling is unchanged up to Tbath = 125 mK and
ng = 0.8, and the number of single-electron tunneling events per burst is
also constant up to Tbath = 84 mK and ng = 0.6. This is expected, as the
source of the quasiparticle generating events must be non-thermal. The
measured quantities are constant over a relatively large range of ng around
zero (see also Fig. 6.6), which also further confirms that the observed events
are truly Cooper pair breaking events within the superconductor: if the
tunneling events were due to photon-assisted tunneling instead, we would
expect the rates to depend on the energy gain in the tunneling event and
thus ng (see Sec. 2.3.1). At higher temperatures and ng close to 1 thermally
activated tunneling events start to dominate.

In Fig. 6.13(e-f), we show the distribution of the lengths of the bursts
of tunneling. According to our model, at long times the distribution is
independent of the number of quasiparticles initially created and only
depends on ΓQP. Experimentally, it requires less statistics to extract
reliably than the quantities shown in Fig. 6.11. We find that the burst
lengths decrease with increasing temperature, while the distribution at
Tbath = 57 mK (Tbath = 84 mK) can be well described with an increased
ΓQP = 11 kHz (13 kHz). This is in contrast to the expectation that the
single-quasiparticle tunneling rate should be independent of the normal
metal temperature. At higher temperatures, we expect that thermally
activated backtunneling of quasiparticles increases both the number of
tunneling events per burst and the burst lengths.

6.3.2 Origin of quasiparticles

We have shown above that quasiparticles are created by random-in-time
events occurring independent of each other. Suprisingly, the Cooper pair
breaking rate Γburst changed over time, decreasing according to a power-law
behaviour reproducibly in two subsequent cooldowns of the same sample,
as shown in Fig. 6.14. The number of tunneling events per burst as well
as the single-quasiparticle tunneling rate ΓQP were constant over these
time periods. As the number of tunneling events per burst equals the
number of quasiparticles created, this hints that the same time-dependent
source of quasiparticles was dominant even at 130 days after the start
of the cooldown. We can convert the rate of bursts of tunneling into a
time-averaged quasiparticle number NQP = 2.5Γburst/ΓQP = 4.7 × 10−4

quasiparticles at 130 days from the start of the cooldown, where Γburst =

1.5 Hz. This corresponds to a quasiparticle density nqp ≈ 0.013 μm−3 or
normalized quasiparticle density xqp ≈ 2 × 10−9, on par with the lowest
reported measurements [35, 36, 142].

All the suggested or observed sources of quasiparticles, reviewed in
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Sec. 2.4.3, are expected to create quasiparticles at a rate constant over
timescales of weeks. Clearly the dominant source of quasiparticles in
Publication VII must be a source intrinsic to the sample itself or the
refrigerator used that is replenished by a thermal cycle. Although not
previously considered as sources of quasiparticles, heat leaks decreasing
over time are well known in experiments at low temperatures [251]. In
our case, the mechanism needs to be capable of releasing relatively large
amounts of energy at a time compared to the thermal energy scales, as
the minimum energy to break a Cooper pair is 2Δ = kB× 5.1 K. We can
also calculate a lower limit for the absorbed power assuming that creating
each quasiparticle requires energy 2Δ, which is on the order of 10−21 W
for a burst rate of 10 Hz. However, it is perhaps likely that part or most
of the energy released is deposited into the substrate, and only a fraction
of it reaches our small-volume superconductor through nonequilibrium
phonons. In this case, the number of quasiparticles NQP created per
event would probe primarily the phonon propagation from the substrate
to the film rather than the underlying mechanism of energy release, and
the observed quasiparticle generation events would be consistent with
e.g. hits of high-energy particles due to cosmic rays or environmental
radioactivity, although the time dependence rules such external sources
out. Nevertheless, the fact that the distribution of NQP per burst was
unchanged over time could suggest that the distribution of energy released
by the unknown source was unchanged, with only the total rate of events
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decreasing.
One possible mechanism is the ortho-para conversion of hydrogen molecules.

The nuclear spin state of a hydrogen molecule can be either symmetric
(ortho-hydrogen) or antisymmetric (para). 75% of hydrogen at thermal
equilibrium at room temperature is in the ortho state due to the different
degeneracies of the two spin isomers, but at low temperatures hydrogen
should be found only in the para form which has the lowest rotational
energy. In the absence of catalysts, the conversion from ortho to para
hydrogen is very slow, but a single molecule releases ×kB170 K, which
would be consistent with large amounts of energy absorbed per burst of
tunneling. Ref. [251] gives the fraction x(t) of ortho-hydrogen as a function
of time after cooling down

x(t) = x0/(1 + x0kt), (6.5)

where x0 is the starting concentration (0.75 at room temperature) and k =

1.8%/hour. At times longer than a few days Eq. 6.5 appears proportional
to t−1, close to the observed power law dependence t−0.9. The total heat
release due to 1 ppm H2 in 1 kg of copper after 1 week is about 5 nW [251].
The copper sample stage used weighed about 0.5 kg, while the sample
itself also included copper in the normal metal leads and the large bonding
pads of the device.

Another known source of time-dependent heat leaks is heat release due to
two-level systems in amorphous materials or lattice defects in crystalline
materials, which also can release relatively large amounts of energy in
an individual event. There are many amorphous materials present in
the experiment: the oxide on the surface of the aluminum island itself,
the aluminum oxide layer insulating the ground planes from the device,
silicon oxide on the silicon surface, vacuum grease gluing the sample to the
sample holder, as well as other materials further away from the sample
itself. Thus it seems difficult to estimate even the order of magnitude
of this contribution, but again a time dependence proportional to t−1 is
expected [251].

Although we have attempted to pay attention to careful thermalization
of the various components of the low-temperature setup, it is of course also
possible that the observed time dependence were due to a component poorly
thermalized to the rest of the mixing chamber. In this case the Cooper pair
breaking events could be due to the high-energy tail of blackbody radiation
from the component. However, even the intentionally poorly thermally
coupled noise source used in the noise measurements described in Sec.
5.2.2 (not present in the cooldowns here) reached below 100 mK within a
day or so, so this feels like a rather unlikely explanation, although e.g. the
bias tee connected to the gate of the charge detector (see Supplemental
Material of Publication VII) was thermalized more by copper tape rather
than being properly clamped into place.
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The time dependence rules out external radioactivity as the dominant
source of quasiparticles. However, radioactive contaminants within the
refrigerator could lead to a decaying quasiparticle generation rate, and the
combination of several radioactive species with different half-lifes could
produce an approximately 1/t time dependence. In Ref. [38], a substantial
fraction of quasiparticle bursts measured in a granular aluminum res-
onator were estimated as being due to radioactive contamination in the
measurement setup, if radio-purity of the materials was not taken care
of. However, in our case, we observed a similar decay of the Cooper pair
breaking rate in two subsequent cooldowns, with only minor changes (de-
tailed in the supplement of Publication VII) to the setup in between. This
somewhat limits the possible contaminants: for instance, the indium wire
used to close the sample holder was not exchanged between the cooldowns.

The only other report of a quasiparticle density decreasing over time
to our knowledge is in sample A, reported in Publication IV included
in this thesis, where the dominant source of quasiparticles was charge
detector backaction, but the background quasiparticle density extrapolated
at zero detector current decreased between datasets acquired two weeks
apart. The measurements were performed in another sample stage and
refrigerator, but as both copper and amorphous materials were present in
the samples themself this does not rule out either the ortho-para conversion
or two-level systems as the source of quasiparticles. We also note that the
Cooper pair breaking rate of 6 Hz measured in sample B of Publication
IV was measured roughly 50 days after the start of the cooldown in the
same sample stage and refrigerator as the results of Publication VII, but
unfortunately no data of the possible time dependence was measured.

Finally, we can compare the expected quasiparticle generation rates by
cosmic rays or environmental radioactivity based on the recent measure-
ments of Refs. [37–39]. Although quantitative estimates would require
measurements of the radiation level in the measurement laboratory, mod-
eling the propagation of such particles through the refrigerator, as well as
estimates of the radioactive sources within the refrigerator itself, none of
which we have available, we can still make a number of useful comparisons
of the signal expected due to sources outside the refrigerator.

The devices in Refs. [38, 39] were thermally anchored to the sample
holder from their edges or corners only to reduce microwave losses, and
Ref. [40] states that some qubit chips are thermalized by their wire bonds
only. The sample of Ref. [37] appears to be connected to the sample holder
throughout its backside, like in our experiments, and then the sample
holder itself can be expected to work as a phonon trap, so that similar
amounts of absorbed radiation in the chip lead to less quasiparticles. Also,
in our experiment quasiparticles decay by tunneling on a timescale of
100 μs, while the recombination-limited quasiparticle decay in Ref. [37]
appears to be an order of magnitude slower. Thus even if our measured
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quasiparticle density is below the limit xqp = 7 × 10−9 estimated to be
produced by background radiation in Ref. [37], this can be viewed as due
to the efficient quasiparticle evacuation by normal metal traps.

Our superconducting island is also orders of magnitude smaller than
the transmon qubits in Refs. [37, 39] and especially the resonators in Ref.
[38]. A naive estimate would be that the quasiparticle generation rate
would be proportional to the volume of the device. On the other hand our
device is sensitive to much smaller absolute numbers of quasiparticles
created (or energy absorbed), and thus the total rate of high-energy impact
on the total chip is a reasonable upper bound to compare with. The total
quasiparticle burst rates measured in above-ground laboratories in Ref.
[38] are somewhat below 100 mHz, while Ref. [39] estimates the impact
rate by gamma rays to be on the order of 20 mHz on the entire 6.25 mm2

chip with cosmic ray muons producing a smaller contribution. Clearly,
both of these rates are much lower than the time-dependent quasiparticle
burst rate Γburst = 1.5 Hz. We did attempt an experiment with a lead
shield outside the refrigerator in the spirit of Ref. [37], with no significant
difference between the burst rates measured with the shield in the up
and down positions, but cannot rule out an effect on the scale of 100 mHz,
especially given that the efficiency of our shield is not known. Thus our
experiment cannot be used to rule out a contribution from environmental
radioactivity or cosmic rays on the level of that suggested in Refs. [37–39].
If the time-dependent quasiparticle source were eliminated, our device
could be an excellent tool to study such effects due to its sensitivity to
much smaller numbers of quasiparticles.
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7. Discussion and conclusions

The main topic of this thesis was studying the nonequilibrium quasiparti-
cles in superconducting devices (Publications IV, VI and VII). We have also
improved the performance of single-electron transistors used as charge
detectors (Publication II and results presented in Ch. 5) and used such
charge detectors in detecting Cooper pair splitting in real time (Publication
V) and in an experiment on stochastic thermodynamics (Publication III).

Most of the experiments in this thesis were on metallic aluminum-based
devices. In addition, in Publication I we developed a method for fabri-
cating single-electron transistors with aluminum oxide tunnel junctions
to semiconducting nanowires covered by a full shell of superconducting
aluminum. This complementary method of making tunnel contacts might
be of renewed interest, as signatures of topological superconductivity have
been observed in such full-shell nanowires with a magnetic field applied
along the axis [286].

We have improved the time resolution of electron counting experiments
in metallic devices by integrating an ultralow-noise Josephson parametric
amplifier [27] with a radio-frequency single-electron transistor operating
at 600 MHz. The setup, described in Secs. 5.1 and 5.2, allows reaching
relatively low electron temperatures in an electron counting experiment.
The total noise added by the amplifier chain was measured to be below
150 mK, which is comparable to the state of the art in this frequency
range [27, 231, 277]. The JPA improved the time resolution of our charge
detectors roughly by a factor of 20, which enabled the time resolution of a
few microseconds in Publication VII. The measured charge sensitivies are
two orders of magnitude worse than the state of the art [230, 231], but they
could likely be still improved by optimizing the resonant circuit or charge
detector itself. On the other hand, the low noise of the measurement setup
relaxes the constraints on the detector design. An example of a experiment
that could benefit from this improved time resolution could be detecting the
transfer errors in a single-electron turnstile used as a metrological current
source [287]. The measurement setup itself can of course be used for
other purposes as well, such as fast thermometry experiments operating
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in the same frequency range [257, 258, 288]. One could also measure
the intrinsic noise of the inversely proximitized Al/Cu charge detectors
themselves, which might differ from predictions for purely normal-metallic
single-electron transistors.

As applications of single-electron transistors used as charge detectors, in
Publication III, we study stochastic thermodynamics to quantify how much
work beyond the free energy differences can be extracted in individual
realizations of a given protocol on a single-electron box. As the laws of
thermodynamics are sometimes summarised as "there is a game", in this
paper we quantified how much or often it is possible to win in a single
round of the game. In Publication V, we measured in real time the Cooper
pair splitting events, where the two entangled electrons of a Cooper pair
tunnel to two spatially separated normal metal electrodes, whose charge
was monitored in real time. It would be straightforward to incorporate
the fast charge detection with either of these experiments. In particular,
the radio-frequency readout would be faster than the spin coherence times
of semiconductor structures that could replace the normal metal islands
in Publication V, enabling detection of the split Cooper pair while the
electrons would still be entangled.

We have investigated the backaction of metallic single-electron transis-
tors in detail, especially the mechanisms through which such charge detec-
tors produce quasiparticles on a nearby superconducting island, which was
the dominant source of quasiparticles in Publication IV. In Publication VI,
we found that the backaction is likely mediated through nonequilibrium
phonons, a mechanism not previously observed at such low dissipated
power levels. In the improved normal-state charge detectors subsequently
used in Publication V and Publication VII, Cooper pair breaking due to
detector backaction was negligible. However, there might still be photonic
backaction mechanisms which might explain the observed increase in odd
charge state populations as a function of detector power. This could be
measured in a geometry somewhat similar to those of Publication V, Pub-
lication VI or Ref. [240] but with fully normal-metallic charge detectors
and photon sources. These findings are especially relevant for proposed
Majorana qubits, some of which incorporate charge detectors as part of the
readout chain [108].

In Publication VI, we showed that a mesoscopic superconducting island
can be used as a detector of Cooper-pair-breaking radiation in a regime
where the response is self-calibrating: exactly one electron is transferred
through the device per broken Cooper pair, in an experimentally accessible
parameter regime. The well-defined compact absorber volume as well as
the self-calibrating operation could be especially useful in spatially resolved
studies of athermal phonon transmission on chips, which is important
to understand for both detector and quantum information applications
[42, 182].
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Finally, in Publication VII, we were able to detect in real time individual
Cooper pair breaking events by monitoring the quasiparticle tunneling
events with a fast charge detector, while the time-averaged quasiparticle
density was close to the lowest values reported in the literature. Be-
tween the Cooper-pair breaking events, the device was completely free
of quasiparticles for periods up to seconds long. Although fluctuations in
the quasiparticle population have been measured to some extent previ-
ously, no previous experiments have been able to unambiguously identify
quasiparticle-free periods. Our device has a similar volume to nanowires
proposed as platforms hosting Majorana qubits, where the quasiparticle
poisoning has been predicted to occur only in conjunction with the quasi-
particle generation events themselves [18]. One could also imagine doing
a similar experiment but by monitoring the charge on a normal-metallic
(or lower-gap superconducting) quasiparticle trap, instead, similarly to the
photon detector proposal of Ref. [289]. It might be conceivable to attach
such a trap to e.g. a flux qubit, where the quasiparticle population is also
known to fluctuate at levels corresponding to a few quasiparticles in the
entire device [116, 117], and attempt to correlate the measured qubit relax-
ation times with the quasiparticle population inferred from the tunneling
events.

Our results confirm the importance of efficient infrared and microwave
shielding for obtaining low quasiparticle populations, as well as the ef-
ficacy of normal-metal quasiparticle traps for evacuating quasiparticles:
Without the normal metallic leads connected to the device, the sample
of Publication VII would have had at least an order of magnitude higher
quasiparticle density with the same Cooper pair breaking rate due to the
slowness of decay by recombination. The recombination rate and the fun-
damental electron-phonon material parameters for such a technologically
important material are in fact relatively poorly known. The recombination
rate could perhaps be also extracted from the statistics of quasiparticle
tunneling in a device with intermediate tunnel resistance compared to
the devices of Publications IV and VII, while vortices induced by a mag-
netic field could be used to change the quasiparticle decay in situ from
recombination-dominated to trapping-dominated, although unfortunately
no suitable coil was available in our experimental setup. At higher bath
temperatures, one expects to see a crossover from nonequilibrium to ther-
mal fluctuations, investigated in Ref. [50]. This could likely be investigated
even with existing data, although the performance of the charge detector
detoriated towards higher temperatures. Here, methods such as developed
in Publication II for analysing noisy telegraph signals might be useful.

The device of Publication VII also allowed counting the number of quasi-
particles created in an individual quasiparticle generation event. This
could be also used to study various mechanisms of quasiparticle creation,
by incorporating e.g. phonon emitter similar to that in Publication VI on
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chip, or exposing the device to microwave, infrared, optical or ionizing radi-
ation as in many previous works. The device could be possibly also adapted
to function as a single-photon detector of terahertz radiation similar to the
quantum capacitance detector [9]. An experiment that could have worked
even without any changes to the sample or setup would have been to apply
a large voltage (tens of volts) to a gate electrode within roughly 100 nm.
In this case, we would expect to see field emission of electrons from the
gate, and could study the interaction of such high-energy electrons with
the superconductor, as the field emission mechanism has been suggested
[290–292] to explain observation of gate-tunable supercurrents in metallic
devices [293]. The gate electrode of the measured sample was at roughly
a similar distance from the superconducting island than in Ref. [292],
but unfortunately we were not able to test this field emission mechanism
because of a disconnected bonding wire.

Our work has also shown that quasiparticle poisoning mediated by
nonequilibrium phonons cannot be neglected, even in small devices, if
even a tiny power is dissipated within an on-chip superconductor. De-
vices for which the effect might be relevant include, in addition to charge
detectors, rapid single flux quantum logic for qubit control [42, 181] or
refrigerators used for resetting qubits [294]. As noted in several recent
works, nonequilibrium phonons are extremely important also in mitigating
quasiparticle poisoning due to high-energy impacts [37–40]. It would be
interesting to integrate several devices similar to those of Publication VII
on the same substrate to monitor in real time the correlations between
Cooper-pair-breaking events, providing complementary information to that
obtained Ref. [39], as our device can be used to measure the number of
quasiparticles created. If it turns out that quasiparticle generation in qubit
chips is dominated by correlated bursts of quasiparticles due to ionizing
radiation, our device could potentially operate as a relatively compact
detector of such poisoning events. However, our results in Publication
VII showed a Cooper pair breaking rate that decreased over timescales
of weeks reproducibly over two cooldowns. This rules out all the previ-
ously suggested or determined sources as the dominant one, although the
experiment cannot rule out the presence of a contribution due to cosmic
rays or environmental radioactivity from outside the refrigerator on the
level of the measurements in Refs. [37–39]. Although some potential
time-dependent processes were discussed in Sec. 6.3.2, further research is
needed to identify this source of quasiparticles.

To conclude: even if superconducting circuits may exhibit macroscopic
quantum phenomena that can be described with only few degrees of free-
dom of an artificial atom, the underlying circuit is still made of very real
electrons and an ion lattice, whose degrees of freedom, the quasiparticle
excitations and phonons, cannot be neglected.
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Errata

Publication IV

The recombination rates in this publication were calculated incorrectly
due to a numerical error. The error does not affect the main conclusions
of the manuscript on the observability of a parity effect in the presence
of quasiparticles or charge detector backaction as the dominant source of
quasiparticles, but a number of numerical values given in the manuscript
are incorrect. As we stated in the original manuscript, our simulations are
sensitive to the ratio of Cooper pair breaking rate to the recombination
rate rather than to either of these quantities separately. The simulated
curves in Figs. 3 and Fig. 4 are nearly unchanged, but the top x-axis of Fig.
4 should span 0 to 780 Hz. Simulations corresponding to Figs. 3 and 4 and
Supplementary Fig. 2 of the publication with the correct recombination
rates are shown in Figs. 6.1, 6.2, and 6.6 within this thesis.

On page 3, the sentence starting the second column should read "The
expected recombination rate is 0.6 kHz for NS = 2 and larger for more
quasiparticles (assuming the electron-phonon coupling constant Σ = 1.8

W K−5 m−3), several times larger than the measured tunneling rates."
The last sentence of the caption of Fig. 3 should read "Solid lines are
simulations with the Cooper pair breaking rate Γpb = 370 Hz as the only
free parameter." The last sentence of the caption of Fig. 4 should end
"which corresponds to Γpb = 120 Hz." On page 4, the correct value for
A is 1/4,000,000, and the pair-breaking rate for sample B is 6 Hz. In
the supplemental material, the correct values for the pair-breaking and
recombination rates are Γpb = 6 Hz and Γrec = 600 Hz.
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