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Chapter 1

Introduction

In recent decades, the scientific results of superconducting electronics
have been remarkable. Observation of complex quantum phenomena,
such as quantum coherence or manipulation of electronic quantum
states, is nowadays commonplace. The thermal counterpart of
superconductive electronics is the field of coherent caloritronics,
which is used to control and manage heat transfer in superconducting
circuits. Micro- and nano-structured superconductors are excellent
laboratories for investigating and implementing low-temperature
thermal manipulation architectures, primarily due to their unique
density-of-states and coherence properties. Although this topic has
been extensively studied in recent decades and several experimental
and theoretical results have been achieved, flexible, scalable
architectures for thermal transport management systems and
reliable platforms for thermal energy manipulation remain missing.
The lack of practical implementation of coherent caloritronic devices
is primarily due to the need to utilize magnetic fields in all proposed
architectures. This makes the devices less scalable and more
complex, as is usually the case with magnetic fields.

The purpose of our work is to pave the way for a real and scalable
implementation of caloritronic architectures that leverage electrical
fields. In fact, given the experience with CMOS transistors, it is
evident that electrical fields are easier to generate and more scalable
than magnetic fields, which require uncomfortable coils or flux
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lines. The fundamental structure used throughout this thesis is the
top-gate architecture, consisting of a metallic electrode separated
from the portion of the device where we want to apply the electric
field by an insulating layer.

This thesis consists of two main results: the first one refers to
the generation of thermoelectricity with superconductors and its
manipulation with the application of a gate potential; the second
one refers to the photonic heat transfer due to electron-photon
coupling in superconducting circuits, which we will show can be
manipulated via a top gate. Both of these results had already been
achieved using magnetic fields, rendering the proposed devices
practically useless for real applications. We will show that to reach
our results, we had to find new solutions and implement novel ideas
to make the structures suitable for gate tuning.

The thesis is organized as follows.

Chapter 2 is a theoretical introduction and background of
all the phenomena, which will serve for the analysis of the
experimental results. We will start with the basics of the BCS
theory of superconductors, then show the main properties of
the weak links we will encounter. We will then provide details
of the phenomena that will be crucial to the thesis’s results,
including superconducting bipolar thermoelectricity, sequential
tunneling and Coulomb blockade, heat relaxation in mesoscopic
circuits, and photonic heat transport.

Chapter 3 focuses on the practical details about the micro-
and nano-fabrication of the devices and the experimental details
of the measurement setups used for collecting the data shown.

Chapter 4 is a theoretical work on the possibility of allowing
electrical tuning of superconductive bipolar thermoelectricity
with a single electron transistor. We will present the theoretical
model as a mean-field interpretation of bipolar thermoelectric-
ity. We will then display the numerical results and differences
with conventional thermoelectricity in quantum dots.
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Chapter 5 provides the basics for the results in subsequent
chapters, demonstrating the attractive thermal properties of
InAs-on-Insulator, a novel semiconductor platform. We will
present the experiment on electron-phonon coupling in InAs-
on-Insulator and a theoretical model to interpret the results.
Of particular interest will also be the comparison with other
commonly used materials in caloritronics.

Chapter 6 explores the photonic heat transport field, with
a brief state of the art and some considerations on what can
be improved in the field. Moreover, we will discuss the charac-
terisation of the building blocks (inductors and capacitors) of
the superconducting photonic circuit, which we will use in the
subsequent chapter.

Chapter 7 gives the final and most important results of
this thesis on the electrostatic manipulation of photonic heat
transfer. We will explain the experiment in detail and then
provide the experimental results. We will show that InAs-
on-Insulator yields results that are notably better than those
reported in the literature. The experimental data will also
be interpreted with the theoretical model shown in Chapter
1. Finally, we will consider these results and their potential
impact on the field of caloritronics.

Chapter 8 concludes this thesis, offering final considerations
on the results achieved and outlining future perspectives for
gate-tunable caloritronics.






Chapter 2

Theoretical background

2.1 Fundamentals of BCS theory

The Bardeen-Cooper-Schrieffer (BCS) theory [9], formulated in 1957,
provides the first successful microscopic explanation for conventional
superconductivity. It describes superconductivity as a macroscopic
quantum phenomenon in which two electrons in the Fermi sphere
with opposite momenta and spins can form a singlet bound state
called a Cooper pair (CP). This phenomenon is mediated by an
attractive potential v that arises from a weak attractive interaction
between electrons and lattice phonons [10]. Since this interaction
between electrons is attractive, the Fermi sphere becomes unstable,
and electrons (now Cooper pairs) can condense into a lower-energy
ground state. Since CPs are bosons, the ground state of BCS
theory is the same for all CPs. It can be described by a unique
complex wavefunction ¥ « Ae?S, where A is the superconducting
energy gap and ¢g is the phase of the ground state (a Bose-Einstein
condensate). The energy gap A(T) is a function of temperature
and has to vanish for T' > T, where T, is the critical temperature
at which the superconductive-normal metal transition occurs. This
energy gap indicates the separation in energy between the CPs and
the non-condensed electrons, which we will call quasiparticles because
of their excitation nature over the ground state condensate of CPs.

The fundamental equation that the BCS theory was able to predict
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FIGURE 2.1: (a): Calculated superconductive gap A(T) as a function
of temperature. (b): Calculated superconductive DOS as a function of
energy. The solid line represents the BCS formula in Eq. 2.4 while the red

dashed line includes the parameter vp = 10"*Ag as in Eq. 2.5.

describes how A(T') varies with the pairing potential u [10]:

1 hwp d

B € - e+ A(T)?
NOyu ) gy /e +A(T)? tanh < 2kpT ) 2D

where F is the reduced Planck constant, N(0) is the electronic density
of states (DOS) at the Fermi level at 0 temperature, wp is the Debye
frequency, and kp is the Boltzmann constant. Solving this self-
consistent equation gives the value of A(T) for a specific material (u
and wp are material-dependent quantities). A handy approximation
for Eq. 2.1 to find A(T) can be found in [10] and will be used for
future calculations in this thesis:

A(T) ~ Ag tanh l1.74 <?> - 1] , (2.2)

Where Ay is the value of A(T') for T = 0. The behavior of Eq. 2.2
can be observed in Fig. 2.1 (a). For elemental superconductors (i.e.
Al, Pb, V| etc), the weak coupling approximation holds N(0)u < 1,
and after some algebra, one can find the following

Ao = 1.764kpT... (2.3)
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Another crucial feature of superconductors that we will extensively
use is their DOS. The energy of a quasiparticle not condensed
in the ground state of BCS, with respect to the ground state, is
E = /e2+ A(T)? where € is the energy of a free electron in a
conduction band of a normal metal with respect to the Fermi en-
ergy Er. Considering the complete symmetry that exists between
the quasiparticles with respect to the ground state of the BCS and
the electrons with respect to the Fermi energy, one can equate
dENpcs(E) = deNn(e) where Ng n are the DOSs of the supercon-
ductor and the normal metal, respectively. Now, if we consider that
for elemental superconductors Ay < Er we can neglect the weak
dependence of Ny (€) on € and substitute Ny (e) ~ N(0), we find:

Npcs(B,T) _ de E - )
e == T A(T)QG(E A(T)?),  (24)

where O is the Heaviside function. It is worth noting that the DOS is
0 for |E| < A, which means that the formation of a superconductive
gap suppresses exponentially quasiparticle excitations having that
energy range. Moreover, it is worth noting that the BCS DOS
exhibits a divergence at |E| = A. This kind of divergence can be
smeared with the introduction of a phenomenological parameter ~vp
[11]:

Npos(E,T) = Re E—ip ) (2.5)

N(0) V(E —ivp)? — A(T)?

The difference between smeared and non-smeared BCS DOS can
be observed in Fig. 2.1 (b). This parameter vp takes into account
physical processes that can make sub-gap energy states available
for single electrons (quasiparticles), for example, phonon-assisted
quasiparticle recombination [11]. In the following studies, we will
make use of Eq. 2.5 when referring to the DOS of a superconductor,
with values of yp ~ 107%Ay.




8 Chapter 2. Theoretical background

To conclude this section, we present the key superconducting
parameters for aluminum thin films, since it will be the only super-
conductor used throughout this thesis. Al has a superconductive
gap Ag that ranges from 160 peV (bulk case [10]) to 230 ueV (for
thin films [8]), and a consequent critical temperature T, that is in
the range 1.2 — 1.6 K, depending on the film thickness.

2.2  Weak-links

In the broadest sense, superconductive weak links are those regions
in space where superconductive circuits have weaker superconduc-
tivity. To be more specific, the latter sentence means that a weak
link is a portion of a superconductor where, somehow, the critical
current is reduced with respect to the neighboring regions. Usu-
ally, this feature is reached when two large superconductive leads
are speared by a non-superconductive material or a much weaker
superconductor, forming what we will call a junction. For example,
a weak link can form with an insulating barrier, a normal metal,
a semiconductor, a geometrical constriction, or even a ferromag-
net. In this thesis, we will be interested in two types of weak-links,
the superconductor-insulator-superconductor (SIS) junction and the
superconductor-normal metal-superconductor (SNS) junction, whose
details will be given in the next two sections.

The most important property of a weak-link is its current-phase rela-
tion (CPR), which is the functional that correlates the supercurrent
flowing through a weak-link (I(¢)) with the phase difference across
the structure (¢) [10, 12]. This function must satisfy the following
conditions independently of its specific composition:

e Periodicity Since a rotation 27 of the phase of a supercon-
ductor does not change the quantum state of the condensate,
the CPR must satisfy I(¢) = I(p + 2)

e Time reversal symmetry Since the time reversal symmetry
holds (apart from systems which violate the time reversal
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symmetry such as strong spin orbit coupling, ferromagnets,
not treated in this work), a change in the current sign must be
matched with a change in the phase sign, and hence the CPR
has an odd dependence on the phase I(—p) = —1(p)

The combination of the two above properties also tells us that
I(nm) =0, where n is an integer. All these properties together can
be summarized in a Fourier series, which tells us that

I(p) =Y Iesin(ke), (2.6)
k

which is the most general CPR for a weak-link that satisfies the
above properties. Another general property of weak-links introduced
by Josephson in 1962 [13] is the evolution of the voltage across the
Jjunction

h Op

V= TR (2.7)
This property is even more general than the CPR in Eq. 2.6, which
could depend on the specific features of the weak-link, and always
applies to weak links. This property is useful to carry out one more
relation, which will be useful in the following paragraphs, which
relates the free energy F(y) of the weak-link to the phase. This
relation can be obtained by the integration over time of the power
generated by a weak-link:

E(y) = /Ith: 2—2/](90)(190 = I(p) = Q;ags(f). (2.8)

From now on, since we will treat weak-links where Josephson physics
applies, we will refer to the weak-links as Josephson junctions (JJs).

2.2.1 SIS junction

Josephson first studied the SIS junctions in 1962 [13], and he pub-
lished the key prediction that two superconductors separated by a
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a) b)
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FIGURE 2.2: Schematics of the two types of junctions studied in this
work. (a): an SIS junction with blue superconductive electrodes and a
green insulating barrier. (b): an SNS junction with blue superconductive
electrodes and in red the normal metal (or doped semiconductor). The

source (S) and drain (D) electrodes are indicated for clarity.

tunnel barrier could support a supercurrent due to CP tunneling,
with CPR and phase evolution:

I(p) = Lesin(ep),

dp 2V (2.9)

A
where I, is the maximum supercurrent that the JJ can support in
the non-dissipative state (this parameter will strongly depend on
temperature, as we shall see). As already said, the second equation
in Eq. 2.9 is very general and it applies to most weak links, while
the purely sinusoidal CPR is a limit in the case of weak coupling of
the more general case in Eq. 2.8 as we will see in the next section.
The rules above for SIS tunnel junctions apply to CP tunneling, but
this regime applies only when the resistance of the tunnel barrier Ry
is low enough to make the Josephson energy E; = hil./(2e) < 1/Ryr
(this will be clear in the next section) much higher than the typical
thermal fluctuation energy kgT. On the other hand, if the tunnel
resistance is high enough to realize the condition F; < kgT, the
Josephson effect will be negligible for a SIS junction and the main
electronic transport channel will be due to quasiparticle tunneling'.

'We note that in the case of SIS tunnel junctions, normal electronic conduction
is considered forbidden due to the insulating nature.
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To treat this phenomenon, we consider biasing the SIS junction in Fig.
2.2 (a) with an external voltage V', hence the two electrodes of the
junction will be at different electrochemical potentials p, namely for
the S electrode pg = +€V/2 and for the drain electrode up = —eV/2
(with respect to the Fermi energy). The general expression for the
quasiparticle current, considering only single-electron tunneling, will
be given at the first order perturbation theory by the Fermi golden
rule [14]:

1 Foo
Iyp = %[ dENp[l — fsD(E — up,Tp)|Nsfs(E + ps, Ts),
(2.10)

where in our case for SIS Ngp = Npcs and fgp =
11 are the Fermi-Dirac equilibrium distributions

1
exp[(E—pus,p)/kpTs, D]
at two different temperatures T's p. We note that Eq. 2.10 has to be

considered valid only in equilibrium or quasi-equilibrium (stationary
conditions) regime, so that the distributions of electrons in the leads
can be described by Fermi-Dirac statistics. Moreover, we have to
point out that we will neglect any superior perturbative order when
considering quasiparticle transport through SIS structures, such as
electron cotunneling.

2.2.2 SNS junction

The modern approach to treating JJs and, more generally, weak
links is through Andreev bound states (ABS). This kind of state
emerges from the Andreev reflection process at the interface between
a normal metal and a superconductor, as depicted in Fig. 2.3.

An electron e is reflected as a hole At with opposite quantum
numbers (spin, momentum, and energy with respect to Er) and a
CP is transferred to the superconductor. This process leads to the
formation of spatially localized electron-hole states, which allow a
CP to pass through the SNS junction in Fig. 2.2 (b), in the form of
a counter-propagating electron-hole pair [12, 15]. Since in principle
many transport channels could be available, we will have n transport
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FIGURE 2.3: Schematics of an Andreev reflection process at the
interface between a normal metal and a superconductor.

channels, and each of them will have a pair of states with opposite
energy EF with respect to Er due to electron-hole symmetry. We
can rewrite Eq. 2.8 with the introduction of ABS:

e +
o) = 23 s 22, (.11)

where f(EF) is the equilibrium Fermi-Dirac distribution.

The CPR due to ABS in an SNS junction can be influenced by several
factors, such as the intrinsic material properties of the normal metal,
the geometry, the quality of the contacts between the superconductor
and the normal metal, and also external fields. We will give some
insight into two interesting regimes which will be useful during
the discussions in this thesis: the short- and long-junction regimes.
However, before starting the discussion of these two regimes, we
have to explain what short or long junction means in terms of the
relevant energy scales in SNS systems. The two most important
energy scales are the superconducting gap of the leads A and the
Thouless energy Erp, which is an energy scale related to the inverse
of the time it takes for an electron to pass through the junction. Erp
has two different forms depending on the type of transport in the
N-part of the junction: for ballistic transport Ep;, = hvp/L where
v is the Fermi velocity and L is the length of the junction, and
for diffusive transport Erp = \/hD/L?, where D = vpl./d is the
diffusion coefficient, I is the electron mean free path of the N-part of
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the junction and d is the dimensionality of the transport. The ratio
between A and Erj determines whether a SNS junction is in a short
or long regime. If A/Ep, < 1 we are in the short junction regime,
conversely, for A/Epy, > 1 we are in the long junction regime. Those
inequalities can also be rearranged in length terms, which is maybe
clearer, considering the coherence length £ = hvp/A for ballistic
transport and £ = y/AD/A for diffusive transport. The coherence
length is the scale that determines the typical spatial extension of a
CP; the stronger the superconductive pairing potential, the smaller
the CP. Finally, we can rewrite the above inequalities, such as L < &
for the short junction and L > £ for the long junction.

2.2.3 Short junction

To extract the relevant formulas for the short-junction limit, we
must start from the spectrum of Andreev states. For L < &
those states have a known dispersion in the literature [16] E:X () =

+A4/1— 7,sin*(¢/2), where 7, is the transmission probability co-
efficient for the n-th channel. Using the Fermi-Dirac equilibrium
distribution for f(EF) one obtains

eA? — T sin(p) En(p)

It is useful to study some limits of Eq. 2.12:

e Perfect transparency, ballistic transport 7, = 1. For a one-
dimensional short junction in the ballistic transport regime
(L < l, < &) with 7, = 1 we can rewrite Eq. 2.12 in the
Kulik-Omelyianchuk (KO-2) formula [12]

A cos(p/2)
%BT} . (2.13)

) =Y ;A sin(p/2) tanh [

o Diffusive regime. For a one-dimensional diffusive short junction
(le ~ L < &), the treatment is more complicated, involving the



14 Chapter 2. Theoretical background

use of Usadel equations. Following the results of Kulik and
Omelyanchuk in [17] for CPR, we find

I(0) = 47;];12T Z Acosé(gp/2) arctan [Asinégoﬂ)} @1

n=0

where § = \/AZcos2(p/2) + w? and w = 7kpT(2n + 1) are
the Matsubara frequencies, and Rg' = e?k%A/(472h) is the
Sharvin resistance of the N-part of the junction, with kr the
Fermi wavevector and A the transpersal area of the weak-link.

o Tunnel regime 7, < 1. In this regime, it is straightforward to
exploit the limit for 7, < 1 in Eq. 2.12 to extract

I(p) = Lsin(p), (2.15)

where I, = 6%7 tanh ﬁ is the Ambegaokar-Baratoff formula

for the critical current Io(7'). From Eq. 2.15 we can see that
the Josephson prediction for tunnel junctions is also recovered
in the ABS framework.

2.2.4 Long junction

The long-junction regime is valid for L > £ and is more complicated
to treat because the ABS phase evolves during its travel time through
the junction. The number of transport channels increases with the
length of the junction in both the ballistic and diffusive regimes.
Here we will cite only the behavior of the critical current I.(T') for
kT > 5E7;, whose solution is well known [18]:

 GdrkpT i g A (1) expl—y/ 777
eRN = w46+ /2(62 +wd)?

where § and w are the Matsubara frequencies. The result in Eq. 2.16
will be useful for the SNS thermometry in the chapter 5.

1.(T) (2.16)
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2.3 Superconductive bipolar
thermoelectricity

In this section, we will introduce a topic of interest of this thesis,
which is bipolar thermoelectricity, a novel phenomenon that
arises from thermally biased SIS’ structures. We will explain the
difference between bipolar thermoelectricity and "conventional"
linear thermoelectricity and give an insight into how this effect arises.

When considering the linear regime in temperature gradients,
conventional thermoelectricity requires breaking of the electron-hole
(EH) symmetry at the scattering level, implying a non-reciprocal
IV characteristic, i.e., I(V,AT) # —I(=V,AT), where AT is the
temperature difference. For this reason, metals that are almost
spectrally EH symmetric show nearly negligible Seebeck coefficients
[19] and present zero thermovoltages in the superconducting phase,
which is by definition EH symmetric (see Eq. 2.4). However, in
the non-linear temperature regime, it has been demonstrated both
theoretically and experimentally [20-22], that an SIS’ thermally-
biased superconducting tunnel junction, when the Josephson coupling
is sufficiently suppressed, spontaneously develops a voltage bias:
a manifestation of spontaneous breaking of the EH symmetry of
the whole junction. The system exhibits significant thermopower,
producing an effective Seebeck coefficient (S) as large as ~ 10°
times its value in the normal state [22, 23]. Crucially, the spectral
EH symmetry of each of the leads of the structure determines a
full bipolar effect, i.e., reciprocal IV characteristics. We will call
this effect bipolar thermoelectricity. Notably, the effect emerges
in SIS’ structures when the temperature difference is of the order
of the gaps and it non-linearly depends on the gaps asymmetry.
Moreover, two different energy-gap superconductors are required for
the manifestation of this effect.

For the sake of clarity, we must say that when we refer to an EH
spontaneous symmetry breaking of the whole system, we refer to a
specific configuration of DOS, gaps, and thermal biases, and not to
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FIGURE 2.4: (a): Example of a thermally biased SIS’ structure with
the hot left electrode L and the cold right electrode R. (b): The combina-
tion of the gap in the hot electrode (left) and the monotonically decreasing
DOS above the gap of the cold electrode (right) produces a particle current

which flows in the opposite direction of the chemical potential gradient.

the altered DOS of a single superconducting contact with respect
to the Fermi energy. Looking at Fig. 2.4 (a), we can see the
configuration of the SIS’ structure that we want to investigate, with
a hot left electrode (in red) and a cold right electrode (in blue). In
addition, the left electrode has a larger superconducting energy gap,
A > Ag. What we mean by spontaneous symmetry breaking of
the EH is that the DOSs profile of the whole junction is altered by
the voltage generated inside the junction itself, as can be seen in
Fig. 2.4 (b). When the temperature difference between the leads
is sufficiently large (on the order of the gaps kT ~ Ay g but still
in the superconducting regime), if we think of a positive voltage
fluctuation across the thermally biased structure, the DOS shift in
the way depicted in Fig. 2.4 (b), and hence holes in the left lead will
find a higher DOS on the right lead, resulting in a higher tunneling
rate of quasiparticles. This generates a current of opposite sign to the
bias, and as a result, the bias is further increased (absolute negative
conductance). This is due to the monotonically decreasing DOS
for both positive and negative energies. This mechanism resembles
what happens in other spontaneous broken-symmetry phenomena,
where, at criticality, symmetry breaking emerges even from a small
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fluctuation.

As discussed in chapter 4, assuming a fully particle-hole symmetric
DOSs in the leads taken separately, the sufficient condition for the
mentioned mechanism is a monotonic decreasing DOSs that rigidly
shifts with the electrochemical potential (see again Fig. 2.4). The
usual shape of the superconducting DOSs ensures the former property.
At the same time, the latter is guaranteed by the interacting nature of
superconductors, which is fully captured by the BCS theory (which,
in the end, is a mean-field theory). Indeed, in chapter 4 we will
clearly show that the role of interactions is a necessary condition
for spontaneous EH symmetry breaking. This is fully revealed by
investigating the quasiparticle tunneling rates and observing the
"strong detail balance violation", as discussed in section 4.1.1.

2.4 Sequential tunneling and Coulomb
blockade

In this section, we will provide basic information on two low-energy
phenomena that may occur in the presence of a tunnel junction
(either superconductive or metallic). Consider now a simple metal-
insulator-metal junction, where an electron can pass from one side to
the other. The resulting voltage change in the junction is AV ~¢/C
with C being the capacitance of the junction. For a junction of
100pm?, this value is AV ~ 10~?V. Since at room temperature the
voltage fluctuations due to thermal excitation are of the order AV ~
kpT/e ~ 1072V, any effect related to single electron tunneling is
absolutely covered by thermal fluctuations. However, if the tunnel
junction gets small enough and the temperature gets low enough to
reach a regime where

2

e
Ec=— kT 2.17
C 20 > Kkpd, ( )

Single-electron effects can play a crucial role in the physics of a
tunnel junction. In addition, we must also have a very low tunnel
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FIGURE 2.5: (a): Circuital scheme of the type of structure studied.
The central metallic island is separated from the source (S) and drain (D)
electrodes by two tunnel barriers with resistances Rt and capacitances C}.
A bias voltage V is applied to the whole structure. (b): Energy scheme of
a Coulomb blockade configuration. The central island has the last occupied
state at electro-chemical potential u,, and the first free state at p,41. The
energetic configuration of the S and D electrodes does not allow electron
tunneling (at least at first order). To pass into the regime of single electron

tunneling, the source potential has to be increased.

conductance G = 1/Ryp with respect to the conductance quantum
Go = 2¢%/h, so Ry > h/2e%. This last condition, together with
Eq. 2.17 states that the charging energy of an electron tunneling
is much bigger than both the thermal fluctuation energy scale and
the quantum fluctuation energy scale ~ fi/7p where 70 = C/Gr.
This regime is usually called sequential tunneling, which means that
the tunneling of electrons through tunnel barriers cannot occur mas-
sively for a large number of electrons (usual resistive transport), but
each tunneling of electrons produces a crucial effect on the whole
system. In addition, we will also neglect the Josephson effects in the
presence of superconductors since we will always be in the condition
E; x 1/Ryr < kT, hence avoiding any effect of CP tunneling.

To understand the importance of charging phenomena and sequen-
tial tunneling, in Fig. 2.5 (a) we depicted the typical system which
we will study in the sequential tunneling regime, the so called single
electron transistor (SET): a voltage biased metallic island connected
via two insulating barriers to a source (S) and drain (D) electrodes.
In Fig. 2.5 (b), a situation that can occur under the conditions
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explained above is shown, where the electrochemical potential ug
of the source electrode is between the last electronic occupied state
of the island p, and the first free electronic state pi,41. In this
case, transport through the structure is blocked, and we refer to this
regime as the Coulomb blockade. If we raise the Source potential in a
way that it becomes higher than p, 1, we move onto the sequential
tunneling regime, where one electron at a time can tunnel through
the structure. Equivalently, suppose that the island is equipped
with a capacitively coupled voltage generator (usually called a "gate
voltage"). In that case, the energy levels p; of the electrons in the
island can be changed by applying a gate voltage to it. In this way,
we can reach a configuration where one level p,; is between pg and
pp and allow tunneling. However, we note that further shifting of
the levels of the island causes the system to periodically return to
the blockade regime when the island levels configuration is the one
depicted in Fig. 2.5 (b) (this phenomenon will become clearer later
in this section).

The theoretical treatment of the SET starts by considering the tun-
neling rates for the possible tunneling processes of electrons in the
structure in Fig. 2.5 (a). In the sequential tunneling regime, where
Ec > kT and G < Gy, we can safely neglect the tunneling
processes of multiple electrons and focus on single electron tunneling.
We have four possible events with associated tunneling rates:

e An electron tunneling forward from the S electrode to the
island through barrier 1 — we will call this tunneling rate T’}

e An electron tunneling backward from the island to the S elec-
trode through the barrier 1 — we call this tunneling rate
|

e An electron tunneling forward from the island to the D elec-

trode through the barrier 2 — we call this tunneling rate
Ty,

e An electron tunneling backward from the D electrode to the
island through the barrier 2 — we call this tunneling rate I'; .
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FIGURE 2.6: Phase diagram of the SET for single-electron tunneling
(sequential tunneling regime). The rhomboids covering the Ng-axis represent
the Coulomb blockade regime where the tunneling rates FfQ vanish and

the electron transport is prohibited.

The 1, 2 indices denote the different tunnel barrier, while the +, —
sign denotes the forward and backward tunneling, respectively.
Now that we have identified the processes in our structure, we need
to calculate the tunnelling rates for each of them. To do this, we
start by considering the energy change introduced by each process to
our system. For completeness, we also assume that the central island
is coupled to an external gate voltage V, through a capacitance Cj.
We obtain for the energy shifts:

suE = _° (—3 ¥ (Ne — Nye) iClV>,
Cgﬁ g (2.18)
SUZE = o (—f + (Ne — Nye) & cgv) ,

where N, = C,V, /e represents the offset charge of the island. It is
useful to construct a phase diagram of the SET setting 6UE 2 =0.
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To simplify the calculation, we set Cy = Cy = Cy = C, Cior = C1 +
Cy + Cy and Ry, = Ry, = Ry. Figure 2.6 shows the phase diagram
of the SET in the N4-V plane, often also called Coulomb diamonds
for the rhomboidal structure. The solid blue lines correspond to
the equations § Uf2 = 0, while the rhomboids covering the N4-axis
represent the equilibrium condition (U < 0 and 6U; < 0) of the
SET where transport is prohibited. For each of those rhomboids,
there exists a value of n that puts the SET in the condition depicted
in Fig. 2.5 (b) where transport is prohibited (Coulomb blockade)
and all tunneling rates FfQ disappear (see after) [14].

Tunneling rates FfQ are calculated in the first perturbative order
using the Fermi golden rule [14, 24]:

1 +oo
TE(6U, Tys, Ty,) = oy / dEN;s(E 40U, Tis)[1 — fis(E + 86U, Ty))]

x Niu(E, Ty) fr.(E, T.),
(2.19)

where N;(E, Tj) are the DOSs in the islands (is), the sources (S) and
drains (D) and f; are the Fermi-Dirac distribution at equilibrium
temperature T; (with j = is,.5, D) for each electrode. We stress
again that this approach is a first perturbative order theory (i.e.,
we are using the Fermi golden rule), hence disregarding any higher
order process like double electron tunneling (cotunneling), which
would result in higher perturbative order terms, or CP tunneling
(also possible in the case of superconducting structures).

The physical quantity we ultimately wish to extract is the current
through the i-barrier, as it is experimentally straightforward to
measure the current flowing through the structure as a function of
the applied voltage. Following the derivation in [14], we have for the
current through the i-th barrier as a function of time:

n—=—oo

L= Y oy (n) - T; (n), (2.20)

n=—oo
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where o(n, t) is the probability that n electrons will be on the island
at the time t. Equation 2.20 has an obvious physical meaning: it tells
us that the current on the i-th barrier is equal to the probability of
having n electrons on the island multiplied by the difference between
forward and backward rates and summed over all possible electronic
states n of the island. Since the current must be conserved in the
SET structure depicted in Fig. 2.5 (a), the current through each
barrier will be the same, so that we can compute it only through
one of the tunnel barriers. We now miss only an expression for the
probability o(n,t). We can write a so-called master equation for
the probability o(n,t) considering the only four possible tunneling
processes that we have in our system:

8 t)
o(n, ZF"’n—l (n—1,t)+T; (n+1)o(n+1,t)
i=1,2 (2.21)

= [[F (n) +T7 (n)]o(n, 1)

Again, the physical meaning of Eq. 2.21 is clear to understand:
the evolution of the probability of having n electrons on the island
at time t is equal to the probability of having n — 1 electrons and
one electron tunnels on the island (I} (n — 1)) plus the probability
of having n + 1 electrons and one tunnels away from the island
I'; (n+ 1), minus the probability of having exactly n electrons and
one tunnels on (I'} (n)) or out (I'; (n)) the island. We will always
be interested in the steady state solution of our systems, hence we
can drop the t dependence of the above equations and write down
an equation for the probability o(n):

S I (=)o (n=1)+T; (n+1)o(n+1)—[IF () +T; (o (n) = 0,
i=1,2

(2.22)
which can be solved through a standard master equation approach
as will be done in chapter 4.
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2.5 Heat relaxation in
mesoscopic circuits

In this section, we discuss thermal relaxation mechanisms in meso-
scopic circuits, as heat transport is the primary focus of this thesis.
The usual experimental configuration is depicted in Fig. 2.7. A
heat current J;,; is injected into an electron gas (drawn in red). It
can relax through coupling ~._. with other electrons or through
coupling with lattice phonons (depicted in yellow) Ye_pn, generating
the heat current J._p, towards the lattice phonons. These phonons
are coupled via the Kapitza resistance to the bath phonons with
the heat current Jg. We note that the electron gas in Fig. 2.7 will
always be experimentally realized through a thin layer of n4+ InAs,
which can effectively be treated as a normal metal for transport
properties [2].

Since we will need to define the temperatures within each of these
three main subsystems, we need to understand how each subsys-
tem can be in an equilibrium state; otherwise, the thermodynamic
definition of temperature has no meaning. If all three reservoirs
have the same temperature, the system is considered in equilibrium
and the temperature can be easily defined; however, this case is
not experimentally interesting since we will always inject some heat
current J;,; to measure different kinds of effects, and this brings
the whole system out of equilibrium for sure. Now, let us consider a
configuration in which the subsystems have different temperatures
and each is in equilibrium because the internal relaxation rates are
faster than the external energy injection/relaxation rates. In this
configuration, the distribution probability for electrons is described
by Fermi-Dirac statistics (or Bose-Einstein for phonons), and the
temperature is well defined; we will call this configuration quasi-
equilibrium. Finally, if each subsystem receives energy faster than it
can relax, then the temperatures are not well defined. We will call
this configuration out of equilibrium. The experimentally relevant
configuration is the quasi-equilibrium one, and we now discuss how
to achieve it with our experimental configurations.
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J Jext

FIGURE 2.7: Scheme of the relevant thermal subsystems and heat
currents considered in this work. In the experimental configuration we
inject a heating current J;,; inside the electron gas (in red) which relaxes
at the rate ve_. with other electrons and at the rate ve._,, with the lattice
phonons (in yellow) generating the heat current J._,p. The lattice phonons
are coupled via a Kapitza resistance to the bath phonons at temperature
Thatn, with the heat current Jx. To define the temperatures (and the
distribution functions) of the different reservoirs, T, for electrons, Tpp
for phonons and Ty.:n for bath phonons, we need that each of them is
in stationary conditions or quasiequilibrium. The direction of the heat
currents is valid for the usual experimental configuration T > Ty = Thath-

First, we consider the Kapitza resistance. This coupling accounts
for phonon scattering at the interface between a thin normal-metal
film and the substrate. Since the typical phonon wavelength at
sub-kelvin temperatures is Ay, = hvg/(2kpT) ~ 200 — 300nm for
GaAs (our most common substrate), and the thicknesses of the
normal metal layers are about 80 — 100nm, we can safely neglect the
Kapitza resistance [25] and fix the lattice phonon temperature at
bath temperature Ty, = Tpqth-

We now have to consider the interaction v._. and its ratio with
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the injection rate of hot electrons 7;,;. Typically for normal metals
Ye—e ~ 109 [26] at Ther, = 25mK and scales with temperature such
as Ye_e o< T2 for ballistic transport [27] and 7._. o T2/3 for the
quasi-classical diffusive limit [28]. The injection rate of hot electrons
can be calculated with the formula 7;,; = (462N0RT), where Ny is
the DOS at the Fermi level of the heated normal metal and Rr is
the resistance between the injection electrode and the normal metal
[29]. For our structures 7,; ~ 105 — 10%, we can consider that the
electron gas in Fig. 2.7 is in the quasi-equilibrium condition.

To finish this section, we have to treat the electron-phonon inter-
action ve_pp in Fig. 2.7. This interaction was measured to be
Yeph ~ 10° — 106 at 200mK [30] in Cu films, finally realizing the
last condition for the quasi-equilibrium regime given above (we will
demonstrate in chapter 5 that in our devices made by n-doped InAs,
it will be even slower). The temperature behavior depends on the
transport regime, Ye_pn X T3 for clean metals [, > Aph [27], and
Ye—ph < T? —T* for diffusive metals depending on the nature of the
disorder [31].

In chapters 5,7, formulas for the e-ph heat current will be useful.
From [32], we find:

Jewph = BV(T = Tioun), (2.23)

where Y is the e-ph coupling constant and n is the exponent of
the power law. The usual values for ¥ and n for normal metals
are ¥ ~ 3 x 10°W/(m3K"™) and n ~ 5 [32], however, they are very
material-dependent. In chapter 5 we show how these numbers are
much different for our n-doped InAs.

For the sake of completeness, we conclude this section with the
relations for e-ph coupling in superconductors. Since quasiparticles
are exponentially suppressed at T" < T, e-ph coupling in supercon-
ductors is much weaker than in normal metals. Moreover, the energy
gap between the quasiparticles and the ground state (i.e., the CP
condensate) makes the process of two combining quasiparticles with
the emission of a phonon at energy 2A energetically unfavorable.
This leads to an exponential depression of the e-ph coupling rate
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Ye—ph X T1/2¢=A/CEBT)  The heat current due to e-ph coupling in

superconductors can be expressed with the formula [33]:

ZV (o) oo
JS :7/ dEE/ dec’sgn(e) L p
R T96¢(5)k3, o . e

X [coth (%B;ath) X (fg — fete) — fESfE4e + 1|,
(2.24)

where fp = f(—E) — f(E), f(E) is the Fermi-Dirac distribution
for quasiparticles at temperature 7;, and the phonons are assumed
to be in thermal equilibrium with the Bose-Einstein distribution
at temperature Tpqen. The term Lg pie = Npos(E,Te)Npces(E +

2
g, Te)[l — ﬁ(é:fg)]. For temperatures T' < T./2 this interaction
produces a very weak heat current with respect to the other heat
currents in play and can safely be neglected as we will do in chapters

5,7.

2.5.1 Energy balance

As already said, all the experiments in this thesis are done in the
quasi-equilibrium regime. This means that, after a transient, the
system has reached stationary conditions. From a physical point of
view, this means that for a single electrode, the sum of the incoming
and outgoing heat currents, with the correct sign, must be 0. Let
us take, for example, the red electronic reservoir in Fig. 2.7, the
thermal balance equation is:

Jinj - Je—ph — Jezt = 0. (225)

Here J;,; is the incoming power that we supply to the reservoir
to raise its temperature, J._pp, is the outgoing e-ph heat current,
and J.,;¢ summarizes all the energy loss processes not considered in
the above section. One of those processes can be electron-photon
coupling, an energy-loss channel that can be activated when the
heated electrode has good impedance matching with another resistive
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electrode. This heat transport channel will be one of the main topics
of this thesis.

2.6 Photonic heat transport

The phenomenon of photonic heat transport will be central to this
thesis. This phenomenon arises due to the correspondence of Johnson-
Nyquist noise and black body radiation when two resistive reservoirs
at different temperatures are coupled with an electrical circuit [34—
36]. To understand this phenomenon, we start from a theoretical
perspective, outlining the rules and formulas that we will extensively
use in chapters 6 and 7.

2.6.1 Theoretical circuital approach

The theoretical circuit approach extensively discussed in [36] can be
worked out starting from the consideration that in the absence of
voltage or current generators, the thermal transport between two
generic impedances Z; and Z5 kept at different temperatures 77 o is
due to current and voltage fluctuations. Following the analysis in
[36] we can decompose the current fluctuation on the i-th element

m:
AL = 6T + (%)Av; (2.26)

where AV} is the voltage fluctuation in the i-th element and d1; is
the current fluctuation due to Johnson-Nyquist noise. This quantity
can be further exploited by making use of the fluctuation-dissipation
theorem:

(5I;(w)0I;(w')) = 2m6(w — w')C P, (2.27)

where (...) denotes a thermal average and Ci(Q) =
hwRe[1/Z;] coth(B;hw/2), where B; = 1/kgT; is the inverse
temperature of each impedance. We are interested in the power
exchanged between the two reservoirs Q;(t), which can be worked out
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Z.

FIGURE 2.8: Two generic impedances Z; and Z, kept at different
temperatures 77 and 75 are connected with a superconductive circuit and
coupled via a third impedance Z..

from the frequency-dependent correlation function (AI(w)AV (w'))
by the inverse Fourier transformation:

Qi(t) —/Z::/(Z_/eMe“%AI(w)AV(w')). (2.28)

For the case of our interest depicted in Fig. 2.8, considering that
Z. is purely reactive, we can simplify Eq.2.28. Using Eq.2.27, the
fact that (0I1013) = 0, and the two identities Z(—w) = Z*(w) and
coth(z) = 1+ 2nz where n = (e — 1)~!, we can write:

. . * dw 2hwRe[Z1 (w)]|Re[Za(w)]
t) = —Qa(t) = = - .
() = ~Qatt) = [ G2 HEE S ) - )

(2.29)

This expression can be further simplified if we define the photonic

thermal transmission coefficient 7

(W) = 4Re[Z1(w)]|Re[Z2(w)]
| Ztot(w)[? ’

(2.30)
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and we note that the integrand in Eq.2.29 is an even function of w
we can write:

(oo}
Q)= ~Qalt) = [ SEhr@lm() —na(w). (231
oo 2T

We must note that all these calculations are valid in the lumped
element approximation for the circuit in Fig. 2.8, meaning that
the electromagnetic waves generated by the fluctuations must have
a wavelength A\, o< 1/w shorter than the typical dimension of the
circuit.
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Chapter 3

Experimental methods

In this chapter, we will provide details on the nanofabrication meth-
ods and the cryogenic measurement setups that will be used through-
out the rest of this thesis.

3.1 Nanofabrication techniques

The samples fabricated in this thesis were made starting from the
heterostructure of InAs on Insulator (InAsOI), which consists of
a 100-nm-thick epitaxial layer of InAs doped with Si nt+ grown
on top of a metamorphic buffer layer of InAlAs, having a graded
In concentration to reduce the strain between the GaAs insulating
handling substrate and the InAs layer[37, 38|.

The fabrication process involved several steps: positive and negative
electron-beam lithography (EBL), e-beam and thermal evaporation,
wet etching, and ALD growth. We can summarize the complete
process in the following steps:

1. Cleaning in ACE and IPA for 5" each inside the sonicator, and
cleaving of the InAsOI substrate.

2. Verification of the InAsOI cryogenic properties: The InAlAs
buffer layer needs to be a cryogenic insulator, which means
that below a specific temperature (usually 70K), the buffer
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layer becomes an insulator. This test was performed before
the start of any fabrication process to avoid using substrates
that would introduce undesired leakage currents between the
patterned pins.

3. Positive EBL and evaporation to pattern an array of markers,
which will be used for future re-alignments of lithographies.

e Spin coating of a PolyMethylMetacrylate PMMA positive
resist (AR-P 679.04) at 4000rpm for 1’

e Baking of the resist at 160°C for 1’

e Positive EBL with dose 330uC/cm? to define the markers
at the four edges of the sample

e Mask developing in MIBK:IPA - 1:3 for 90s

e Oxygen plasma ashing of the mask at 20W power for 2’ to
avoid PMMA residues after the developing and enhance
the adhesion of the evaporated metals.

e Thermal evaporation of Ti/Au markers with thickness
10/40nm and rates 0.1/0.2nm/s. The Ti serves as a sticker
layer to enhance Au adhesion and make the markers as
solid as possible.

o Lift-off of the mask in ACE
4. Patterning of the InAs mesas via negative EBL and wet etching

e Spin coat of negative resist (AR-n 4340) at 3000rpm for
30s

e Baking of the resist at 90°C for 1’

o Negative EBL aligned with the markers, with dose
130uC/cm? to define the InAs mesas. During this EBL,
the markers’ areas were also exposed to leave a resist
patch on them. This was done to prevent the wet etching
solution from etching beneath the markers, which would
cause them to be removed.
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e Developing in MF-319 for 45 — 50s

o Wet etching in the etching solution
HQO/CGH807/H202/H3PO4 : 21/5/05/025 vol
(C6H807 11\/[7 H202 30% in mass and H3PO4 85% in
mass, etching rate ~ 50 nm/min). More on the wet
etching solution and details in the next subsection

e Resist removal in AR 600.71 at 80°C for 5’

5. Now we realize a UV-positive lithographic mask only on the
marker frame to be able to lift this mask and have clearly
visible markers after the passivation and evaporation process.

e Spin coat of UV positive resist S1805 at 5000rpm for 1’
e Baking of the mask at 115°C for 1/

e UV positive lithography aligned with the markers, with
dose 60pJ /cm?

e Development of the mask in MF-319

6. InAs surface passivation and consecutive Al evaporation to
create a clean Andreev contact.

e The sample with the etched mesas and the mask on the
markers is dipped for 45s into a (NHy4)2Ss solution that
is supersaturated with additional S and heated to 45°C.
This solution etches the oxides on the InAs surface and
saturates the InAs dangling bonds with S.

e After a fast DIW rinsing, the sample is inserted inside
the vacuum chamber of an e-beam evaporator to avoid
the re-oxidation of the surface.

e Inside ultra-high vacuum S atoms are desorbed from the
sample surface, and we have a clean InAs surface where
we can deposit by e-beam evaporation 100nm of Al at the
rate of 0.2nm/s.
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Lift-off of the UV mask in ACE to have clear sight on the
markers

Negative EBL to define the Al contacts on InAs and InAlAs
e Spin coat of negative resist (AR-n 4340) at 3000rpm for
30s
e Baking of the resist at 90°C for 1’

e Negative EBL aligned using the markers with dose
1304C/cm? to define the Al wires and contacts

e Developing the negative mask in MF-319 for 50 — 60s

e Al contacts are finally defined via wet etching inside Al-
etchant type-D (Transene company) at 40°C for ~ 30s
(this time was very variable).

e Resist removal in AR 600.71 for 5
Up to this point, we described the full fabrication process for

samples without top-gating structures. The next steps are
necessary only for top-gate fabrication.

. ALD growth of 30nm of HfO5 done in a controlled atmosphere

of HfO5 precursor and water at 130°C for ~ 16h
Positive EBL lithography to define the top-gate contacts
e Spin coating of a PolyMethylMetacrylate PMMA positive
resist (AR-P 679.04) at 4000rpm for 1’
e Baking of the resist at 160°C for 1/

e Positive EBL aligned on the markers with dose
330uC/cm? to define the top gates

e Mask developing in MIBK:IPA - 1:3 for 90s

e Thermal evaporation of Ti/Au with thickness 10/100nm
and rates 0.1/0.2nm/s.

o Lift-off of the mask in ACE
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FIGURE 3.1: Example of a well-contacted InAs mesa. We can see how
the Al transmission lines mount over the InAs mesa without interruptions.

At this point, we realised that the Al contacts over the InAlAs
were too weak for the wire-bonding process, so we will need to
measure the samples. To overcome this issue, we decided to
evaporate a sim200 nm Ti/Au patch over all the Al bonding
pads to make them more resistant to wire bonding.

11. Positive EBL lithography for strengthening the bonding pads'.

Spin coating of a PolyMethylMetacrylate PMMA positive
resist (AR-P 679.04) at 4000rpm for 1

Baking of the resist at 160°C for 1’

Positive EBL aligned on the markers with dose
330pC/cm? to define the bonding pads

Mask developing in MIBK:IPA - 1:3 for 90s

Thermal evaporation of Ti/Au with thickness 10/200nm
and rates 0.1/0.2nm/s.

Lift-off of the mask in ACE

!Independently from the fact that the resolution needed for patterning those
bonding pads was safely reachable with an UV lithography, we note that we
could not do this step with it because the developer (MF-319) of optical resists
is quite a strong etchant for Al.
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12. Wire bonding of the sample on a 24-pin DIL chip carrier to
measure it in a dilution cryostat

3.1.1 Wet etching

The definition of InAs mesas via wet etching was a crucial step in
our fabrication process. What we needed was a wide open obtuse
angle formed between our mesas and the rest of the substrate, to
have a safe and straightforward way of contacting the InAs mesa
with Al, as we can see in Fig. 3.1. Unfortunately, this property was
not easy to reproduce, and several tests had to be performed.

The first solution tested was made by HoO/HyO5/H3POy4 : 20/1/1
vol (H202 30% in mass and H3 POy 85% in mass, etching rate ~ 100
nm/min). We found that etching the InAs with an Al layer already
on top produced acute mesa angles, as shown in Fig. 3.2. So we
tried etching the InAs mesas before Al deposition, as explained in
the above section. This partially solved the issue, but the angles
were still not as comfortable.

Here, the problem concerns the contacts that will be evaporated
after defining this mesa. This mesa edge shape is not compatible with
standard perpendicular evaporation, so we will need to complicate
the process by adding two tilted evaporation steps (one for each
mesa side). This would also imply that we should find a way to
determine the sample’s direction with certainty, and would force all
the mesas to be in the same direction. It is clear that finding the
way to have an open angle is the right path to have a nice and safe
fabrication process.

The issue was solved completely by adding citric acid (CgHgO7)
within the etching solution and a consequent different tuning of the
rest of the solution. The optimal one is, as mentioned above, in the
fabrication process:

L] HQO/C6H807/H202/H3PO4 : 21/5/05/025 vol (CGHSO7 11\/[7
H205 30% in mass and H3 PO,4 85% in mass, etching rate ~ 50
nm,/min)
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InAlAs

FIGURE 3.2: Tilted SEM micrograph of a cleaved InAs mesa. This
image was taken to see the angle formed with the rest of the substrate.

As we can see in Fig. 3.3, the angle between the InAs mesa and
the etched InAlAs metamorphic buffer layer is obtuse as we wanted,
making it more straightforward to step on the InAs mesa with the
Al contacts.

3.2 Low temperature measurement setup

All measurements that will be shown in this thesis were performed
in a filtered cryo-free dilution refrigerator (Triton 200 by Oxford
Instruments). The base temperature of this cryostat was around 25
mK.

The electrical scheme used to characterize the samples presented in
the thesis is shown in Fig. 3.4. Multiple electrical DC lines connect
the external room-temperature instruments to the cryostat sample
holder, which is thermally anchored to the mixing chamber (MC)
plate at the base temperature. Mounted on the sample holder of the
fridge is the 24-pin DIL with the sample.
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% InAlAs

InAs

FIGURE 3.3: SEM image of a cleaved InAs etched mesa. The angle
formed between the InAs mesa and the InAlAs wet-etched metamorphic
buffer layer is visible. The value of ~ 1350 suggests that the etching rate

in the vertical and horizontal directions is the same.

To reduce room temperature noise, each line is filtered with two
series low-pass RC filters, with resistances and capacitances R = 1k{2
and C' = 47nF, two LC 7-filters, and another low-pass coaxial filter
(VLFX-80 by Mini-circuits) with a cut-off frequency of 80MHz. As
we can see in Fig. 3.4, one of the m-filters is placed outside the
cryostat at room temperature, the coaxial filter is placed inside the
cryostat but outside the MC, and the last two RC and 7 filtering
stages are inside the MC. In addition to frequency filtering, multiple
cold-filtering stages along the DC line are necessary to thermalize the
signal and reduce noise from room temperature. The total in-series
resistance of the filters is ~ 2.11kQ) and the resulting cutoff frequency
is ~ 1kHz.

The sample holder is placed at the center of a superconducting coil,
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FIGURE 3.4: Electrical scheme used for the measurements. The
elements inside and outside the cryostat are shown, as long as the elements
inside the MC plate.

which can generate magnetic fields orthogonal? to the sample surface.
The field/current ratio is 0.1663T /A, and the maximum field that
can be generated is 0.4T. The magnet is driven by a Keithley 2602
power supply, which is used as a current source.

All the room temperature instrumentation is handled by a PC (with
LabVIEW software) and connected to it via a General Purpose
Interface Bus (GPIB, IEEE 488).

2; also parallel magnetic fields are available if a suitable sample holder is
mounted, but we will never use them and so this feature will not be mentioned
anymore
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CRYOSTAT

FIGURE 3.5: Logical scheme of a 4-wire switching current measure-
ment, where a current source (Ips), a voltage drop measure Vpg at room
temperature, and a superconductive structure with switching current I'g

inside the dilution cryostat are shown.

3.2.1 Switching current measurements

The most recurring measurement throughout this work will be about
switching currents. This measure is taken through a standard 4-
wire measurement setup where a current Ipg is injected from the
source electrode (S) to the drain electrode (D), and at the same
time, the voltage drop Vpg is recorded across the structure studied.
Although the structure is superconducting Vpg is 0% but when
the current injected exceeds the maximum value supported, the
structure becomes resistive and a non-0 Vpg is measured. The
current source shown in Fig. 3.5 is generated by a voltage source
(Yokogawa GS200) with a series load resistor. This setup creates an
ideal current generator if the load resistor is much larger than the
series resistance of the DC line and the sample. The usual values
for this load resistor are 100 k2-1 M. The voltage is measured
with a voltage amplifier (DL Instruments 1201), which has a variable
amplification factor of 1 to 10000 and an input impedance of 5 GS2.
The output signal from the voltage amplifier is finally measured via
a multimeter (HP/Agilent 34410a).

3From the experimental point of view, the measured voltage cannot be
identically 0, more precisely, our 0 V will be represented by the noise bandwidth
of the measurement setup.
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Chapter 4

Bipolar thermoelectric
single-electron transistor

This chapter describes a theoretical work on bipolar thermoelectricity
on a single-electron transistor. In line with the aim of this thesis
as a whole, the main feature analyzed is the possibility of tuning
thermoelectricity via electrostatic gating.

In this theoretical work, we consider an SIS’IS structure where
a central superconducting (SC) island featuring strong Coulomb
interaction is sandwiched between two SC leads via tunnel barriers.
In such a system, the origin of the bipolar thermoelectric properties
differs significantly from that of the standard thermoelectricity
in quantum dots. The reason lies in the substantial violation of
the detailed balance induced by the temperature difference in the
junction and the interacting nature of the BCS theory. Furthermore,
we exploited the Coulombic island’s gating properties to control
the engine’s thermoelectric performance. This unique electrical
tunability differs from other platforms [39], and can be relevant for
on-chip energy harvesting and other energy management purposes
in superconducting quantum processors and radiation sensors [40].
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FIGURE 4.1: (a): Scheme of the SIS’IS transistor. The red-coloured
parts show the hot superconductors and the blue-coloured part shows the
cold ones. V and Vg denote respectively the source-drain and gate voltages.
(b): Sequential tunneling rates versus energy for different values of T}, ¢ at
Teota = 0.2 Tc. Here we set A = 220 peV (corresponding to Al, aluminum),
A;s = A/2, which can be obtained using a normal metal-superconducting

bilayer [22], and all identical barrier resistances R = 1MSQ.

4.1 Theoretical model

The SIS’IS structure under investigation is shown in Fig. 4.1(a),
and consists of two superconducting (SC) leads (L, R, red part in Fig.
4.1(a)) with an SC gap A put in tunnel contact with a Coulombic
island (central blue part in Fig. 4.1(a)) with a different SC gap Ay,
through two identical barriers of resistance R, g. To observe bipolar
thermoelectricity, the leads are chosen to have a larger gap than the
island, A > A;s. They are kept at a temperature Ty > Teoiq greater
than the island temperature, T;s = Tioiq = 0.2 T, where T is the
critical temperature of the superconducting leads. Tunnel barriers are
assumed to be resistive enough to make Josephson energy negligible
with respect to thermal energy, allowing Josephson coupling to be
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neglected [41]. However, to observe the Coulomb blockade, we assume
the charging energy of the central island, Ec = €2/2C;,, with Cyor
the total capacitance of the island, large enough for Ec > kpT;
with [ =is, L, R and Ec = A.

As already analyzed in section 2.4, for sufficiently resistive barriers
we are in the sequential tunneling regime and the full transport
properties of the system can be described through the rates I';(6U),
with 7 = R, L, which describe the tunneling probability through the
j-th barrier by the Fermi golden rule [14, 24]

T, = E;Rj /_ZE nis(E + 8U)[1 = fio(E + 6U)|nj (E) f;(E), (4.1)

where e is the electron charge, §U is the electrostatic energy
acquired (6U > 0) or lost (6U < 0) during the tunneling process
[14], n(E) = ‘Re[(E + i)/ (E +iv)2 — AZQ(TZ)]‘ is the (smeared
by non-zero v < A;) BCS density of states (DOS) of the | = is, L, R
element [11], and f;(E) the Fermi-Dirac distribution function at
equilibrium temperature 7;. We assumed that the SC island was
fully in equilibrium at its temperature T;s.

4.1.1 Strong violation of detail balance

The electron tunneling rate from the lead to the island as a function of
the electrostatic energy difference U contains crucial physics for the
bipolar thermoelectric effect, and it is shown in Fig. 4.1(b) for differ-
ent temperatures Thor. At equilibrium, Ty = Teoiq (dark blue line),
we notice a small peak at JU* = A — A;; > 0, which corresponds to
the matching of the DOS divergences of the two different supercon-
ductors and is activated by temperature, since at zero temperature
it is completely Pauli blocked. At finite temperature in equilibrium,
the rates satisfy the detail balance T'(—6U) = e %U/*¥sTT(§U), so
correspondingly we expect a small peak [although not visible in
Fig. 4.1(b)] to exist at negative energies U = —dU™* as well. More
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intriguing physics arises in out-of-equilibrium conditions. By in-
creasing the lead temperature, Thot > Teo1q, the peak at negative
energy emerges and becomes much stronger than its counterpart
at positive energy (brown line). This is an unusual situation in
which T'(—|6U]) > T'(|dU]), and we identify it as a strong violation
of the detailed balance. This arises from a finite temperature differ-
ence, which populates more states at higher energy in the hot leads.
From Eq. (4.1) a strong violation is possible only if for some energy
€,6U > 0 we have

This inequality constitutes a necessary condition and depends only
on the island DOS and on its Fermi function. It can be shown that
Eq. (4.2) is meaningful only if there is a gap asymmetry between
the hot and cold sides, and the superconducting DOS features
a monotonically decreasing energy dependence for |E| > A [20].
Furthermore, to be satisfied, Eq. (4.2) implicitly requires that the
BCS island DOS shifts with the electrochemical potential (the
electrostatic energy difference 6U in the rate). Indeed, if the DOS
does not depend on 6U (i.e., substituting n;s(e+0U) — n;s(€) as in a
semiconductor) Eq. (4.2) cannot be satisfied since n;s > 0. Thus, the
substantial violation stems essentially from the interacting character
captured by the BCS mean-field theory, and, as we are going to
show, it is the essential precursor of the bipolar thermoelectric
phenomena. The fundamental role of the interaction also clarifies
well why this effect can be associated with spontaneous symmetry
breaking of the PH symmetry induced by the out-of-equilibrium
condition [20, 22, 23].

4.1.2 Sufficient conditions for the strong violation
of the detailed balance

It is interesting to discuss which are the conditions to observe the
strong violation of the detailed balance reported before for the golden
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rule rate of Eq. (4.1). For a Coulomb island, at equilibrium in the
temperatures, the rates usually satisfy the detailed balance

[(—6U) = e~ PUT(5U), (4.3)

with the inverse temperature 8 = 1/kgT. This property guarantees
that the final distribution of the quantum dot states follows the
standard Boltzmann distribution, so that the n charge states of
the island have an occupation probability p(n) o< e #Fe(") wwith
E.(n) the energy of the state [42]. However, it is clear that when
the island and the leads have different temperatures 3; # 5;s, the
detailed balance is necessarily violated. We showed a case where the
violation is extreme: when the "backward" rate (which promotes
electron tunneling in an energetically unfavorable state) is favored
in comparison to the "forward" rate, i.e.

T(—6U) > T(5U), (4.4)

with 6U > 0. Observing that the functions determining the rate are
all positive, 0 < f;,n;, and the Fermi distribution satisfies f; < 1,
and assuming the EH symmetry for the leads, one can easily see
that Eq. (4.4) can be satisfied (as seen in the previous section) only
if for some energy U > 0 we have

nis(€ — U1 — fis(e = 8U)] > nys(e + 0U)[1 — fis(e + 6U)]. (4.5)

Since this is a necessary condition, it is instructive to examine the
requirements the island DOS must meet to promote the strong vi-
olation. We see immediately that for an energy independent DOS
of the island n;s(e) = const (non superconducting metallic island),
the inequality cannot be satisfied since the Fermi function is a
monotonously decreasing function of the energy, i.e. f;(E) > f;(E’)
for £ < E’. Without any other assumptions about the DOS, it
immediately follows that an NIN junction cannot ever exhibit a
strong violation of detailed balance. This argument also implies that
an SIN junction cannot show any strong violation of the detailed
balance. In turn, for an SIS junction, inequality Eq. 4.4) can
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be potentially satisfied because, for a standard BCS DOS, it can
happen that n;s(e — 6U) > n;s(e + 0U) for € > A;,, compensating
the natural opposite behavior induced by the term 1 — f not to
violate the inequality. This demonstrates the importance of the
DOS’s energy dependence at least for some energies. However, one
needs to exclude the case of two identical superconductors. Indeed,
for a pure SIS case, i.e. n;s(€) = n;(e), an exchange in the roles
of the DOS between the lead and the island is fully equivalent to
a change in sign of the temperature difference, with a consequent
temperature-independent violation of the detailed balance, which im-
plies the violation of the second principle of thermodynamics. Thus,
the condition of strong violation of the detailed balance identifies
a physical mechanism in which, for some states in a certain range
of energies, it is convenient to go against the electrostatic energy.
It is important to stress again that the inequality Eq. (4.5) is a
necessary condition but not a sufficient one to realize the reported
strong violation (notice that the inequality Eq. (4.5) depends only
on the island temperature and, obviously at equilibrium, the de-
tailed balance must be satisfied, implying the necessary character of
Eq. (4.5) but not the sufficient one). As discussed also in 20, 43] the
temperature difference must be operated in such a way that the large
gap is kept at a temperature higher than the small gap. Furthermore,
the condition of the monotonously decreasing density of states for
€ > 0 does not necessarily imply superconductivity as a requirement.
This was discussed in the supplementary material of Ref. [20], for
example a Lorentzian density of state n;s(e) oc /(72 + €2), if always
centered on the chemical potential, can also determine the violation
of the inequality, thus enlarging the range of cases where the strong
violation of the detail balance can be indeed similarly reported be-
yond BCS superconductivity. Finally, we wish to note, importantly,
another requirement that needs to be satisfied in order to make
possible the strong violation of the detail balance. By inspection
of Eq. (4.5), it follows that the argument of the island DOS must
shift with the energy dU, i.e., n;s(e = 6U). Indeed, the DOS shifts
with dU because the SC gap opens at the Fermi energy as a result
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of the intrinsic interacting nature of the Cooper instability. Notably,
this complexity is elegantly accounted for by BCS mean-field theory,
whose simplicity, in turn, may mask its profound origin. For example,
in a semiconductor with a similar band gap, the chemical potential is
determined by the electron density. It is not fixed to reside in the gap.
It follows that the DOS does not shift with the electrostatic energy.
In turn, in a superconductor, when the electrochemical potential is
changed, such as by a bias is applied to a junction, the DOS shifts
with it. In the Coulomb island we are considering, the role of the bias
is essentially played by the electrostatic energy difference 6U. The
importance of the interaction was never particularly stressed before.
Still, the rate analysis discussed here shows it in a crystal clear
way and also sheds light on the physics of bipolar thermoelectricity
in the whole sense [20, 43]. In that case, we can also state that
the mean-field nature of the BCS theory, which properly takes into
account the important part of the interaction, is a crucial ingredient
behind the bipolar thermoelectricity in the tunneling limit. This con-
clusion can also be inferred from the experimental observation that
bipolar thermoelectricity is associated with a spontaneous breaking
of the EH symmetry. In the experimental demonstration of the
bipolar thermoelectric effect, we also observed a current-controlled
hysteretic cycle of the junction, clearly demonstrating the reality
of spontaneous symmetry breaking of EH symmetry. The analysis
presented so far assumed a finite JU, thereby implying nonlinearity
in the electrostatic energy difference. This is meaningful since the
maximum violation of the detail balance appears in the match-peak
conditions 60U = +(A(T) — A;5(T)). However, it is interesting to
look at what happens at very low energies U — 0. By expanding
the rate, we find that

AoU lsu—o €2 Oe

o, 7 de( e - nu0 2 ) s,

(4.6)
Clearly, the first term is not present if the DOS of the island 7;, is not
affected by the energy 60U, and we are left with only the second term
that is always positive. So only if the island DOS is monotonously
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decreasing, i.e. d.n;s < 0 for € > 0, one could even have a negative
OI'; /06U < 0 which strongly violates the detailed balance. So, the
arguments that we have made before in nonlinear cases (6U # 0)
can be repeated in the linear case. In particular, the presence
of a negative 0I';/06U in the linear regime of U is necessarily
associated with the interaction effects included by the island DOS
by the BCS theory. A similar phenomenology is also observed at
the current level of the SIS’ junction, where at low bias a negative
differential conductance is reported [20]. This is again connected to
the SSB of the EH symmetry, which creates an unstable situation,
as shown by the substantial violation of detailed balance, where the
system tries to push particles against the natural direction dictated
by the electrostatic energy. This intrinsic instability constitutes,
at the same time, an arbitrarily substantial violation of the non-
equilibrium fluctuation-dissipation theorem, which is nevertheless
valid at thermal equilibrium due to detailed balance.

4.1.3 Quasiparticle current

In the sequential tunneling approximation we get the electric current
already shown in Eq. 2.20 through a standard master equation ap-
proach [42, 44-46], in which the time-evolution of the population o(n)
of the island charge state n is determined by 6(n) =", , W, o(n’).
The kernel W,,,,, = Z —R.L F”" with the diagonal terms W, fixed
by the conservation of probablhty, Yo, 0(n)=11implies Y Wy, =
0. The rates F" mEl I';(6U,, n+1) correspond only to the transitions
n=n'+t1 descrlbed by the rates of Eq. (4.1). The electrostatic en-
ergy difference is §Uy, p41 = U(n+1)—U(n)+£eV/2 [14, 42, 47], with
V = VL, — Vg the source-drain bias, and U(n) = Ec(n — q;s/e)?/2
the electrostatic energy, which depends on the offset charge on the
island ¢;5 = CyV, + Zj C;V;, with Cy the gate capacitance and C}
the j-th barrier capacitance (for which Cyor = Cy + Cr + Cg). In
the stationary limit [47], the current can be calculated simply in the
right lead I = Ip = —I, = e, [[%" T — T4 1o%(n) where 0°(n)
is the stationary probability of the 1sland charge states. This general
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FIGURE 4.2: (a),(b): Charge current flowing through the SIS’IS
structure at thermal equilibrium (a) and in the non-linear regime (b) versus
V and Ng = CgVg/e. The color scale is the same for both graphs. (c):
Blow-up of the red-dashed region shown in panel (b) where the onset of
the thermoelectric behaviour is clearly visible. The calculation parameters

are as in Fig. 4.1.

numerical approach can be further simplified in the Coulomb block-
ade regime kpT < E¢ by noting that the dominant contribution to
transport at one resonance is associated only with tunneling rates
involving neighboring charge states n — 1 = n. The current in such
a case can be written as

I (n = DIf(n) = T4 (m)D(n — 1)

b
= L
= ep{(n — 1) +ThH(n) + T8 (n) +Th(n —1) (4.7)

I

where we use a shortened notation for the rates F;c / b(n) =
I'j(£6Up nt1). Since we are mainly interested in the deep subgap
regime in the bias range |eV| < 2A with Ec = 4A, we approximate
the current considering the dominant contribution of two neighboring
Coulomb resonances, i.e., I = I,, + I,,41 + (’)(e‘Ec/QkBThot).

4.2 Results
4.2.1 Coulomb diamonds

Figures 4.2(a),(b) show the current I as a function of the source-
drain bias V and the gate-tunable offset charge Ng = C,V,/e.
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Typical Coulomb diamonds appear, which display periodicity in
the offset charge N¢ in units of the electron charge e. The system
does not present any even-odd effect since the average Cooper pair
recombination rate in our system I', ~ 16kHz [48] is much smaller
than the tunneling rates I'; ~ I'/e (inverse average electron dwelling
time on the island). Coulomb diamonds in equilibrium are shown in
Fig. 4.2(a). As a guide for the eye, we show with black dashed lines
the boundaries of the Coulomb diamonds for A = 0 (see also Fig.
2.6), where the electrostatic energies vanish, U, n+1(Ng,V) = 0.
As expected, the SC gap shifts the boundaries of the Coulomb
diamonds to higher energies. The charge transport is suppressed in
the (Ng, V) plane domains satisfying (eV < 2A + 2A;5 = 3A) due
to the vanishing DOS for quasiparticles in this range!.

In Fig. 4.2(b) we show the results for the non-equilibrium case,
Thot = 0.7 T > Teorq- Subgap conduction channels become clearly
visible, as thermally excited states promote the stronger emergence
of the matching peak resonances. At integer Ng and |eV| ~ 3A,
where transport is dissipative (IV > 0) even if it is entirely within
the Coulomb blockade diamond, we clearly see the appearance of
yellow (blue) crosses at positive (negative) V. These features stem
from the enhancement of the negative energy peak in the tunneling
rate for electrostatic energy dU ~~ —6U™* [see Fig. 4.1(b)], and are
also a direct consequence of the substantial violation of the detailed
balance, even if their nature is still dissipative. More intriguingly,
for half-integer Ng and eV ~ A/2, the sign of the current becomes
opposite to the bias IV < 0, as shown in the blow-up of Fig. 4.2(c).
This behavior is a signature of thermoelectricity, and appears only
when a finite temperature difference is applied between the island
and the hot leads. These subgap structures are present at both
positive and negative biases for the same temperature difference,
showing the full bipolar character enforced by the EH symmetry of

I'We remember that, as previously said in section 2.4, we are considering only
quasiparticle transport because of the ratio between the Josephson energy E; =
hl./(2e) < 1/Ry and the thermal fluctuations, E; < kpT which suppresses all
the Josephson effects.
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FIGURE 4.3: Out-of-equilibrium (Thot = 0.7T¢) current I as a
function of: (a) N¢ for different values of V', and (b) V for different values
of N (respectively horizontal and vertical cuts of Fig. 4.2(b)). The dashed
lines correspond to the prediction of the simplified model Eq. (4.7), showing
its validity in the case of Ec > eV. (c): Out-of-equilibrium zero-bias

conductance as a function of Ng calculated for the curves in (b).

the unbiased system. The emerging bipolar thermoelectric effect is
similar to SIS’ systems [43]. Furthermore, our bipolar thermoelectric
superconducting transistor offers the possibility of being manipulated
via Coulomb interactions and associated gating effects. We also
notice that, unlike a conventional quantum-dot thermoelectric effect
[49, 50] that is activated by a temperature gradient between the leads,
the present effect appears when the leads have the same temperature,
higher than the Coulomb island

Figure 4.3(a) displays cuts of Fig. 4.2(b) at different V. In a
region around half-integer gate charge N¢, we clearly see a change of
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FIGURE 4.4: a: Seebeck voltage (left y-axis) and nonlinear Seebeck
coefficient |S| (right y-axis) versus Ng for different values of Tho. b:
Maximum thermocurrent versus N¢g for different values of Thot. c: Power
output P,yt = —I V versus Ng for different values of the load resistor. I
and V are the solutions of the intersection of the I'V characteristics with
the load line of the resistor. Note that among all possible solutions, only
the electrically stable one, i.e., that with dI/dV > 0, can be operated by

the engine [20, 41].

the sign of the current around the Coulomb resonance in opposition
to the bias (thermoelectric effect). In particular, the sign of the
thermoelectric current does not change passing through the resonant
value due to the unique bipolar nature, unlike the conventional
(unipolar) thermoelectric effect on a quantum dot [51].

In Fig. 4.3(b) we show cuts of Fig. 4.2(b) at fixed Ng. We first
focus on the zero-bias behavior: as we vary Ng towards half-integer
values, the zero-bias conductance (ZBC) Gog = dI/dV |y —¢ becomes
negative at the critical value N¢ ~ 4.42 [see Fig. 4.3(c)]. This
behaviour blatantly suggests the spontaneous breaking of the EH
symmetry of the system [20, 43], and highlights the unique capability
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of gate control in our system, which, unlike other platforms [39],
allows us to tune the emergent bipolar thermoelectric properties
continuously. A negative ZBC, together with the condition
I1(0, AT) = 0 dictated by the EH symmetry, implies the existence
of thermoelectricity (IV < 0) and the existence of a Seebeck
voltage Vg, since at high biases eV > 3A the system necessarily
becomes dissipative again, IV > 0. Interestingly, this implies
that the Seebeck voltage (i.e., the open-circuit voltage defined by
I(Vs) = 0) is expected to depend on the gate voltage, Vs(Ng),
with clear consequences for the gate-tunability of the thermoelectric
performance. At finite values of V', the current exhibits a peak
change in sign (thermoelectricity) when Ng approaches half-integer
values. The system shows an absolute negative conductance and
thereby thermopower, W = —IV > 0. Furthermore, for some values
of Ng, the IV curve presents more than one resonant peak (see
yellow line): this is a consequence of the Coulomb blockade, since the
island electrostatic energy differences 6U for different rates depend
on the gate Ng and bias V, and correspondingly, the matching peaks
resonance of the dominant rates appear split for non-resonant values
Ng # 1/24n of the IV curve. Note that a similar double-peak struc-
ture can also be observed as a function of Ng, as shown in Fig. 4.3(b).

4.2.2 Thermoelectric figures of merit

The intrinsic nonlinear nature of this effect does not allow us to
describe the thermoelectric figures of merit of our system using a
linear thermoelectric approach [52]. However, we can still define a
Seebeck voltage Vs and a nonlinear Seebeck coefficient S = Vg /AT
with AT = Thot — Teorq- We stress that EH symmetry implies
two Seeback voltages, Vg, and a bipolar S [20]. Figure 4.4(a)
shows Vg (solid line, left scale) and |S| (dashed line, right scale)
as a function of Ng for different temperatures of the leads. By
changing Th,:, the Seebeck voltage shows horn-like nonlinear
features that are even higher at a slightly lower value of Tj.
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FIGURE 4.5: (a):Source grain current I as a function of source drain
bias V with Teo1q = Tis = 0.2T¢, T} = 0.7T¢ and T,. = 1.3T}, for different
values of N¢.(b):Source grain current I as a function of source drain bias

V with A;s = A/2, Ay = A and A, = 0.9A, for different values of N¢.

Inspecting Fig. 4.3(b), we recognize that the yellow curve has two
peaks and for specific values of AT the second peak can even
cross the I = 0 axis, returning a higher open circuit (Seebeck)
voltage. Analogously, § is also similarly affected and its maximum
value is not necessarily associated with the maximal thermovoltage
(due to the nonlinearities, it is not even necessarily associated
with the highest temperature difference AT). In Fig. 4.4(b) the
maximum thermocurrent 4. (Ng) = maxocy <aa/e[[I(V, Ng)|] as
a function of N¢ is shown to gradually decrease while lowering
Thot, as expected, since the temperature difference is not enough
to trigger bipolar thermoelectricity [22, 23]. The character of a
transistor thermoelectric generator appears when the circuit is
closed on a load resistor. Figure 4.4(c) displays the output power of
the structure as a function of Ng for different values of the load
resistor, demonstrating the ability to fine-tune the gating control
of the output power. The maximum achievable output power is
typically associated with the smallest possible load resistance and is
dependent on several parameters.
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4.3 Differences with the conventional
thermoelectricity in quantum dots

In this section, we discuss the crucial differences between the bipolar
thermoelectric effects of the system studied in this work and the
unipolar thermoelectricity that usually appears in conventional quan-
tum dots [49, 50]. Quantum dots can be tuned via an external gating
to be non EH symmetric [14], thus generating a thermoelectric effect.
It is well known that quantum dots can exhibit a gate-dependent
linear thermoelectric effect when a thermal gradient is applied across
the system, i.e., when the temperatures of the source and drain
leads differ. In particular, the sign of the Seebeck coefficient can
be reversed by appropriately applying a gate. The gate is indeed
capable of moving the system from an electron-like to a hole-like
character. However, we term this effect unipolar since once the
gating condition is fixed, a change in the thermal gradient causes
a sign change in the thermoelectrical response. Furthermore, the
presence of a thermal gradient between the leads makes, in general,
the structure also non-symmetric by inversion, so in the case of
a unipolar thermoelectric effect, a non-reciprocal IV characteristic
I(V,AT) # —1(—V, AT) also appears. This situation differs signifi-
cantly from the bipolar thermoelectric effect reported in this work,
where the temperature difference between the island and the leads
does not determine the sign of the thermoelectricity; instead, it is
determined solely by spontaneous symmetry breaking. This is a real
crucial difference between the two effects. Indeed, in the system
we discuss in this work, it is essential to apply a thermal gradient
between the central island and the two external leads (kept at the
same temperature). This configuration is not expected to generate
any net thermoelectric effect classifiable as a standard unipolar ther-
moelectrical contribution. Indeed, the thermal gradients at the two
junctions have opposite signs relative to the current flow through the
system, and, for identical left/right tunnel barriers, we consider that
no net unipolar thermoelectric contribution is generated. Notice
that this thermal configuration is well known not to create a net
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(unipolar) thermoelectric effect. For comparison, thermoelectric cells
usually combine materials with p- and n-type characteristics, with
opposite signs of the thermoelectric coefficient (thermocouple config-
uration). In conclusion, the temperature configuration considered
in the system uniquely proves the bipolar nature of the effect. This
has also been discussed elsewhere [43], but here we demonstrated
that the same arguments also apply substantially in the presence of
Coulombic effects.

At the same time, one can speculate that if the right/left barrier
symmetry is broken, a net linear thermoelectrical effect may eventu-
ally emerge. General considerations arising from the EH symmetry
of the system [53] suggest that, at the linear level, this configuration
would not generate any linear thermoelectric effect. However, the
bipolar effect is nonlinear, requiring a finite temperature difference
and sometimes a finite bias, so those general linear arguments do
not apply. It is interesting to explore how different conditions for
the system (and its parameters) affect the reported evidence. We
tested a different set of cases, changing the structure in Fig. 4.1(a),
keeping the exact configuration of temperatures (cold island and
with hot leads at the same temperatures). In particular, we tested
all the following configurations:

e Full metallic structure (no superconductors) with equal tunnel
barriers (R; = R,),

e Full metallic structure with different tunnel barriers (R; # R,.),

e Metallic dot with superconductive leads with equal tunnel
barriers (R; = R;),

e Metallic dot with superconductive leads with different tunnel
barriers (R; # R,),

e Superconductive dot with metallic leads with equal tunnel
barriers (R; = R;.),

e Superconductive dot with metallic leads with different tunnel
barriers (R; # R,.).
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None of these configurations showed any thermoelectricity. This
result can be seen as a consequence of the fact that thermoelectricity
in our system is strongly correlated with the nature of the BCS DOS
of the island and, as pointed out in the previous discussion, leads to
the necessary conditions for bipolar thermoelectricity.

4.4 Robustness of the effect

However, if the temperatures of the external right/left superconduct-
ing leads differ, one can expect a contribution from the standard
unipolar thermoelectric effect. So, even in the case of a non-perfect
temperature profile, an experiment can address the signature of the
reported effect. Similarly, one could speculate about what happens
if the gaps in the superconducting leads are not identical, as we
assumed before. In other words, hereafter we want to discuss the
robustness of the effect with respect to changes in the temperatures
or gap profiles assumed before. We will separately consider the
two most interesting cases: i) the temperature of the leads is not
perfectly equal and i) the SC gap of the leads is not perfectly equal.

Taking into account the first case, in Fig. 4.5(a), it can be ob-
served that the IV characteristic is higher than the temperature of
the right lead than the temperature of the left lead. Here we have
Ti;s =02T¢, T} = 0.7T¢, T, = 0.8T¢, where T; is the temperature
of the island and T;, T, are the temperatures of the left and right
leads, respectively. These curves are still reminiscent of the bipolar
thermoelectric effect discussed earlier in Fig. 4.3(b). However, on top
of that, we can recognise the contribution of the unipolar thermoelec-
tric effect that mainly shifts the intercept of the curves to zero bias.
Indeed, these IV curves lose reciprocity I(V,AT) = —I(—=V,AT), as
a direct consequence of the emerging unipolar thermoelectricity that
the non-symmetric temperature configuration of the external leads
will determine, being associated with the conventional thermoelec-
trical behavior of the quantum dots. However, if the quantum dot
is gated exactly at the Coulomb resonance, such as Ng = 4.5, the
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EH symmetry of the symmetry is again restored: there are no linear
unipolar thermoelectric effects and the reciprocity of the IV curves
is fully restored. However, in that case, intriguing differences can
also be seen with respect to the result reported in Fig. 4.3(b). In
particular, the difference between the IV curves where two thermo-
electric peaks appear at the Coulomb resonance is shown, whereas
in Fig. 4.3(b) we have only a peak matching one-peak for that gate
value. Indeed, the temperature difference of the leads also deter-
mines a different value for the superconducting gaps in the leads,
ie. An(T) # Ai(Th), as predicted by BCS [10]. So, correspondingly,
two different matching peak values depend on which barriers the
tunnelling takes place. This results in a double-peak structure also
at the resonance. However, even if some of the peculiarities of the
bipolar thermoelectric effect are lost, at least comparing Fig. 4.5(a)
with Fig. 4.3(b), we can still conclude the existence of the bipolar
thermoelectric effect component. Many of the figures of merit dis-
cussed in this chapter remain roughly valid and are not substantially
affected by a moderate temperature gradient across the leads.
Finally, we wish to show the possible consequences of the fact
that two external leads have slightly different zero-temperature gaps.
However, for simplicity, the temperature configuration is taken to be
the same as before. In this case, it can be seen from Fig. 4.5(b) that
the situation reminds one of aspects of the previous case. Anyway,
the right /left symmetry is also broken here. In this case, too, we can
conclude that the effect previously described is sufficiently robust
and does not need fine-tuning of the parameters to be observable.
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Chapter 5

e-ph coupling in InAs on
insulator (InAsOTI)

In this chapter, we aim to lay the groundwork for the caloritronic
experimental work presented in Chapter 3. Here, we aim to demon-
strate the promising properties of the InAs-on-insulator (InAsOI)
platform for caloritronic applications. In particular, we will explain
why we chose this semiconductive platform and why it is crucial
for the implementation of performing and electrostatically gateable
caloritronic architectures.

The central figure of merit to be discussed is the electron-phonon
interaction, as it is one of the main energy-loss processes in heat-
transport and energy-management experiments.

5.1 Aim of the work

Past research has explored hot-electron effects and the electron-
phonon (e-ph) interaction in semiconductors [54-56]. It is known
that semiconductors have a weaker e-ph interaction compared to met-
als. However, a significant drawback for coherent caloritronics and
Josephson physics applications is the non-Ohmic barrier that they
typically create in superconducting metals. In this study, we focus
on investigating a recently proposed superconductor-semiconductor
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hybrid platform based on an InAs heterostructure grown on an in-
sulating buffer of InAlAs, known as InAs On Insulator (InAsOI) !
[57], which, as we will show, has an extremely weak e-ph interac-
tion. This can be demonstrated by the minimal power required to
raise the electronic temperature above the phonon bath temperature
by a significant amount. Additionally, our platform forms a clean,
Ohmic contact with metals, resulting in a robust proximity effect
[57]. This enables the incorporation of superconductive Josephson
physics within the caloritronic framework with relative ease.

To measure the electron-phonon interaction, we use a superconductor-
normal metal-superconductor (S-N-S)? Josephson junction (JJ) as an
electronic thermometer to monitor the equilibrium electron tempera-
ture. Similarly, we apply constant heating power to the structure. By
repeating this measurement at different temperatures of the phonon
bath, we can determine the electron-phonon interaction using a
power law fit of 7" as described in Wellstood et al. [25].

5.2 Device layout

The device fabrication followed the details given in chapter 3,
using an InAsOI with a two-dimensional charge carrier concen-
tration (extracted by room-temperature Hall measurements) of
nep = (1.20 4 0.02) x 102 cm™2. The result of the fabrication
process is shown in Fig. 5.1(a), where the Joule heaters (in red) and
the JJ leads (in blue) are visible.

The InAs mesa (in yellow) is ~ 20 pm long and ~ 6 pm wide. The
distance between the Joule heaters (in red) is ~ 17 pm, and the
separation between the leads of the JJ is ~ 550 nm (in blue). The
grey contacts were used to attempt another type of thermometry

IF. Giazotto, G. De Simoni, L. Sorba, A. Paghi, O. Arif, and C. Puglia,
”Josephson Junction and superconductor field effect transistor”, Filling number:
102024000008983 (19/04,/2024)

2As shown in [58], the behavior of the n-doped InAs layer in the InAsOI
heterostructure is effectively that of a normal metal with respect to Josephson
physics; however, its semiconductive nature preserves the gating capabilities.
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FIGURE 5.1: (a): Scanning electron micrograph of a representative
sample from this study showing the wiring used for measurements. The
red contacts represent the Joule heaters; the blue contacts are the leads
of the Josephson junction, separated by approximately 550 nm; and the
yellow area indicates the InAs mesa. (b): Resistance as a function of the
temperature of the Josephson junction in device 1. (¢): Diagram of the
InAsOI heterostructure used, with the thickness of each layer shown on the

right.

technique based on the zero-bias anomaly at the contact between a
superconductor and a disordered semiconductor [59, 60]. However,
this thermometer was overly sensitive to even minor magnetic field
fluctuations, making this approach unstable and impractical. As a
result, these contacts are not used in the results presented in this
work.

5.3 Thermometers calibration

The devices were wired as shown in Fig. 5.1(a) and cooled in a
cryogen-free dilution refrigerator to reach the superconducting tem-
perature for Al. Figure 5.1(b) shows the resistance of JJ (R) as a
function of the bath temperature (Tpq:n). It can be seen that the
critical temperature of the JJ is T, ~ 1.2 K, which is approximately
equal to the Al one TA! = 1.196 K [57, 61]. This originates from
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a very good proximitization stemming from the InAs Fermi level
pinning above the conduction band when interfaced with a metal [62,
63] and from the high doping of InAs, which makes it a degenerate
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FIGURE 5.2: (a): Critical current (I.) of the Josephson junction as
a function of bath temperature Ty4:n for both devices. The red lines best
fit Eq.5.1 for both devices. The green-shaded area highlights the region
used for the thermometer calibration. The inset shows a scheme of the
predominant heat currents flowing through the InAsOI system: Q;n; is the
injected power from the Joule heaters, whereas Qefph represents the power
dissipated to the substrate lattice phonons residing at the temperature
of the cryostat. (b): I. as a function of the out-of-plane magnetic field
(Fraunhofer-like pattern) of device 1 taken at Thqtp, = 30mK. The red dot
in the panel indicates the critical current value used for the temperature
calibration curves of the thermometer in panel (a). (c): Temperature
responsivity a = |0I¢ /8Tyarn| (absolute value of the first derivative of the
curves in (a)) of the Josephson thermometers, as a function of Thqp for

both devices.

semiconductor.

Figure 5.2(a) shows the measured critical current I, as a function of
Tpatn for the two samples considered in this study. These measure-
ments are taken with the heaters off (so we assume that Tpaep, = Te),
and while Tpq¢p is changed, the critical current of the JJ is measured.
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These represent the cornerstone characteristics of this work, as they
provide the calibration curves for the thermometers used to probe
the InAs electronic temperature T, locally. To gain some insight into
the effective length of the junctions, the curves in Fig. 5.2(a) were
fitted using the model for the critical current of a long diffusive JJ in
the high-temperature regime, so considering only the experimental
data that satisfy the condition kgT 2 5E7y [18]:

LTy S4rkeT i By A% (1) expl—y/ 577 5.)
‘ eRN = [wn + Qn + V/2(02 + w, 2))2 '

where Erpyp is the junction Thouless energy left as the only fitting
parameter, kp the Boltzmann constant, Ry the normal-state
resistance of the JJ,

A(T) = 1.764kpT.tanh[1.74/(T./T) — 1] is the temperature-
dependent superconducting energy gap, w, = (2n + 1)7kgT, and
Qn, = /w2 + A%(T) are the Matsubara frequencies. The result of
the fit is Ey,, = 4.7-10724J and Ey,, = 3.5 - 10724]J for device 1
and 2, respectively. On the other hand, Erj, = hD/L? [64], where L
is the length of the JJ, D = l.vp/3 is the 3-dimensional diffusion
coefficient, [, is the electron mean free path, and vg is the Fermi
velocity. So, one can find the effective lengths of the JJs via the
fitted Eyp, ,, obtaining Ly ~ 1.43 pym and Ly ~ 1.71 pm for devices
1 and 2, respectively. The discrepancy with the nominal length
of the JJs, which is ~ 550 nm, has to be ascribed to the diffusive
behavior of the InAsOI platform. Indeed, the length extracted
by the fits might be taken as an effective length over which the
correlated electrons forming Cooper pairs can travel from one lead
to another. Moreover, note that the critical current values and
the quality of the fitting curves for device 2 and device 1 differ
significantly. This can be attributed to the imperfect equality of the
JJs due to the small differences that may arise during fabrication.
In particular, the passivation step and the contact definition via
EBL may not yield identical results, leading to devices with slightly
different properties.
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The optimal operating region for the thermometer is the green-
shaded area in Fig. 5.2(a), ranging from 100 mK to 500 mK. This
region is optimal because the curve has a quasi-linear slope, enabling
a reliable numerical conversion between I. and T,. In other regions,
the curve flattens, making it less suitable for defining the conversion
from I. to T,.

5.3.1 Behavior of the thermometers in a magnetic
field and temperature sensitivity

Figure 5.2(b) shows the Fraunhofer-like interference pattern of one
of the JJs, which is constructed by measuring the I, of the JJ vs
the out-of-plane magnetic field (B). This pattern demonstrates
the coherence of the Josephson effect [65, 66] and the ability to
adjust the JJ’s critical supercurrent with an external magnetic field.
The red spot in Fig. 5.2(b) indicates the optimal magnetic field
working point, around B ~ 0 T, for the calibration curves shown
in Fig. 5.2(a). This specific magnetic field value was selected to
achieve a higher I., resulting in a more significant response from the
Josephson thermometer.

Figure 5.2(c) shows the computed thermometer responsivity
a = |0I¢/0Tparn| as a function of Tyae,. This parameter represents
the slope of the curves in Fig. 5.2(a), measuring the degree of
sensitivity of the thermometer to temperature variations. We
can evaluate the Noise Equivalent Temperature (NET) (i.e.,
temperature sensitivity) of our thermometers as NET = /S;/a [67]
where the noise spectral density of the detected switching current I
can be evaluated as S; = (01¢)?/Bw with 6Ic ~ 30 nA being the
experimental uncertainty of the switching current and Bw ~ 300
Hz being the bandwidth of our setup. Using this estimation, one
finds NET ~ 100 — 200 K /+/Hz throughout the temperature range
studied. This NET is comparable with state-of-the-art devices
[32, 67], making this platform attractive as a building block for
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calorimetric measurements and single photon detection [68-71].

5.4 Energy relaxation experiment

In this section, we present the results of the experiment and the
theoretical phenomenological model used to interpret the data.

5.4.1 Phenomenological model

The inset displayed in Fig. 5.2(a) shows the scheme of the predomi-
nant incoming and outgoing heat currents for the InAs mesa. The
input power QmJ is supplied by the Joule heaters, and the outgoing
heat current Qe,ph represents the power relaxing in the InAlAs
insulating buffer layer due to the electron-phonon interaction. We
assume that the power leakage through the contacts (i.e., the Joule
heaters, the JJ, and the other two unused contacts) on the InAs
mesa is negligible because all those contacts are superconductors
that behave, at low energy, as almost ideal Andreev mirrors. This is
valid since the electron temperatures explored throughout all mea-
surements are in the limit kg7, < A 4;, where kg is the Boltzmann
constant and A 4; ~ 180 eV [10]. In our analysis, we also assume
that there is negligible electronic heat loss through the electrically
insulating InAslAs buffer (with substrate resistance > 10 TQ2) and
that the InAs lattice phonons are thermalized at the cryostat bath
temperature Tpq;p as well as the rest of the heterostructure due to
the vanishing Kapitza resistance. Under these assumptions, we can
write down the power balance equation for the InAs mesa in the
stationary regime:

Qinj - Qefph = Oa (52)
where Qinj = IgVH, and Ig and Vg are the current and voltage

drop across the Joule heaters in the InAs mesa. The dissipated
power due to the e-ph interaction can be written as [25, 56, 72, 73]:

Qe—ph = EV(TE” - Tﬁzth)a (5-3)
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FIGURE 5.3: (a)-(d): Experimental data and the fit using Eq.5.4
are shown at selected bath temperatures (indicated in each panel) for the

electronic temperature T, as a function of the injected power Q.i"j for device
1. (e),(f): The value of ¥ and n extracted from the fitting procedure as
a function of Tpatn for device 1. (g)-(j): Experimental data and the fit
using Eq.5.4 are shown at selected bath temperatures (indicated in each
panel) for the electronic temperature T, as a function of the injected power

Qinj for device 2. (k),(1): The value of ¥ and n extracted from the fitting

procedure as a function of Thatn for device 2.

where V represents the geometric volume of the InAs mesa, assumed
to be uniformly thermalized, ¥ is the electron-phonon coupling con-
stant that we aim to derive, and n is the exponent of this power
law. Typically, n = 5 for thin metallic films [25]. However, both
experimental evidence [72] and theoretical predictions [31, 32| in-
dicate that this value can vary depending on the specific material
and the regime, such as ballistic or diffusive. The electron-phonon
heat losses of highly doped InAs have been studied since the 1970s
[54]. Initially, it was predicted that the couplings would be very
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low. Early estimations predicted that at extremely low temperatures
(sub-Kelvin), the temperature dependencies would be very low and
quasi-linear, approximately n ~ 1. However, a later study [55] found
different values of n, specifically n = 5 and n = 7, for highly doped
GaAs, related to piezoelectric coupling and the deformation poten-
tial, respectively. The disorder can lead to changes in the power-law
behavior in metals, with values of n ranging from 4 to 6 [31]. For
these reasons, we opted to treat n as a free-fitting parameter for the
variability. Using Eqs.5.2 and 5.3, we can express:

n Qinj

T =
¢ XV

+ Tyatn: (5.4)

where ¥ and n are fitting parameters of the dependence on QmJ
and Tbath~
By keeping the bath temperature Tpq:, constant and adjusting the
injected heat flux Q,;nj, we can measure the electronic temperature
T, in the InAs mesa to extract the energy relaxation curve inside
the InAs.

5.4.2 Experimental results

Figures 5.3(a-d) and (g-j) show selected curves for different bath
temperatures for the two samples studied. These curves were then
fitted with Eq.5.4, and the results for the fitting parameters ¥ and
n are resumed in Figs.5.3(e,f) and (k,1). The agreement between
theory and experiment is evident through the reduced chi-square
X2.4> With the worst value approximately x?2_, ~ 1.1-107%.

In Fig. 5.3(e,k), the electron-phonon coupling constant ¥, similarly
to the exponent n, is shown to be almost constant in the green
shaded region, ranging from 100mK to 220mK. The values are
S = (4.24£0.4)- 107 W/(m*K") and ¥ = (3.0 £0.3) - 107 W/(m3K")
for devices 1 and 2, respectively. These values are notably low
compared to those of other common metals [32] such as copper
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[Cu, By ~2-10° W/(m3K5)| [74], aluminum [Al, ¥4 ~ 0.2 - 10°
W/(m3K?)| [74], aluminum manganese [AlMn, ¥ 4507, =~ 4.5 - 10°
W/(m3?K9)] [75-77], doped silicon on insulator [SOI, Ysor ~ 0.1-10°
W/(m3?K?)] [78], and InAs nano-wires [Srpasnw =~ 4.7 - 10°
W/(m3K?)| [79].

Looking at Figs.5.3(f,1), we can see that the value of the exponent n
in the green shaded region from 100mK to 220mK remains almost
constant (n = 5.84 £ 0.14 for device 1, n = 5.72 £ 0.12 for device 2).
Once again, having a value of n greater than 5 means that phonon
losses are even smaller at low temperatures, indicating that the
InAsOI platform is well-suited for coherent caloritronics.

The properties mentioned above of InAsOI make it an excellent
choice for caloritronic applications because of the minimal interaction
between electrons and lattice phonons. The low electron-phonon
coupling allows the electronic temperature to be significantly
altered with minimal power input, resulting in a more stable and
controllable caloritronic technology with reduced phonon losses.
The low values of the parameter ¥ compared to those in metals
may be due to the lower electron carrier density. However, it is
important to note that the main physical mechanism responsible for
these properties has not been definitively identified. This is largely
due to the limited knowledge of other physical parameters required
to calculate the electron-phonon coupling for this specific layered
material.

5.5 Comparison with other commonly
used materials

It is important to note that the electron-phonon coupling constants
3. of different materials have different physical dimensions due
to the different power law exponent n. In Fig. 5.4, we compare
the electronic temperature as a function of the injected power for
different materials. The curve for our InAsOI device 1 is shown at a
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FIGURE 5.4: Comparison of the electronic temperature as a function
of the injected power for different materials (as indicated in the legend) at
a bath temperature of Tpetp = 100mK. The curve for InAsOI represents
the fitted data obtained for device 1. In contrast, the curves for the other
materials were calculated using literature values for ¥ and n (SOI [78], Al
[74], AIMn [76], Cu [74], and InAsNW [79]), applying Eq.5.4 with the same

volume as our InAs mesa.

bath temperature of 100 mK. For other materials, we calculated
theoretical curves using Eq.5.4, with the same volume for the InAs
mesa and Tpqsp, = 100 mK. This approach eliminates variations in
the physical dimensions for ¥ and n. It allows us to observe that
the increase of T, in our InAsOl is significantly greater compared
to other common materials when the same power is applied to the
structure. Although the change in electron temperature may seem
small in absolute value, due to the power-law scaling, it corresponds
to differences in ¥ of orders of magnitude. For example, comparing
the lines for Al (cyan) with Cu (light brown), there is a difference
of more than an order of magnitude in X. The expected electronic
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temperature variation for InAsOI is much higher than that of all
other metallic materials. This supports our conclusion that there is
a very weak electron-phonon coupling, maintaining good quality of
the Josephson junction [57].

5.6 Further considerations on the model

In the study of III-V materials at low temperatures (i.e., T' < 1 K),
it was initially expected that the power exponent n would be 5 due
to piezoelectric coupling [55]. However, our research found that for
Thatn < 220 mK, n exceeded 5, approaching 6. This observation
deviates from the predicted value due to certain conditions, specif-
ically in the dirty limit, where the mean free path of the electron
lo is much smaller than the wavelength of the phonon A,,, and
power dependencies such as T are predicted to occur [31]. For our
specific case, we calculated [. to be approximately 178 nm using
equation [, = pvpm* /e, where vp is the Fermi velocity, m* = 0.023
is the effective mass of InAs, u = 4970 cm?/(V-s) is the mobility
of electrons and e is the charge of electrons. Additionally, we de-
termined that the phonon wavelength is Ay, = hvs/(kgTpan) ~ 1
pm for Typeep, = 200 mK, where h is the Planck constant, kg is the
Boltzmann constant and vg ~ 4.2 - 103 m/s is the sound velocity in
InAs [80]. These calculations indicate that our devices operate in the
dirty limit, where I < App, potentially contributing to the observed
value of n exceeding 5. Nevertheless, the underlined reasons for the
small ¥ and high n values remain unclear.

The values of ¥ and n show another unexpected feature: in Fig.
5.3(e,f)-(k,1), it is evident that both parameters start to decay for
Tyarn > 220 mK. This behavior can be explained by considering the
length of the electron-phonon scattering, L._,5. This length can be
estimated as Le_pp = /DTe—ph, Where 7._py, is the electron-phonon
scattering time calculated using the relation 7._p, = C/Gyy,. Here,
C = yVT, is the thermal capacitance of the electron gas, 7 is the
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Sommerfeld constant, where v = m2n3pkp/2Tr, Tr = Er/kp is the
Fermi temperature, Fr = (h?/2m*)(37%n3p)?/? is the Fermi energy
and Gy, = aQG_ph/aTe =nXVT? ! is the thermal conductance of
the electron gas. When we calculate L._,; using these parameters,
we find:

I w2k m*nég vple (5.5)
e—ph — K2 (37T2)2/3 3nETe"72' :

The value L._p;, measures the distance over which one can assume a
constant electronic temperature. When using the values of ¥ and n
found in the 100-220 mK region, this distance becomes shorter than
20pm (which is the longitudinal dimension of the InAs mesa) when
T, ~ 380 mK. This could make our model unreliable for fitting the
data at higher temperatures, and the decay of ¥ and n could be
ascribed to this.

5.7 Final consideration on InAsOI

The performance of electron-phonon coupling, compared to met-
als such as chromium (Cr) [72], copper (Cu) [81] or gold-palladium
(AuPd) [82], is remarkably good with values of ¥ ~ 3-107 W/(m3K")
and n ~ 5.8. Looking at other semiconductors [55, 79] the compari-
son is encouraging because of the low electron-phonon interaction
of the platform and the potential to implement effects such as su-
perconducting proximitization and Josephson coupling, which are
hardly feasible in materials such as Si [73, 83]. This makes the
platform an ideal candidate for all coherent caloritronics experiments
[72, 84-86], as well as single-photon detection and bolometry [68-71,
87]. Furthermore, the semiconductive nature of InAsOI allows for
modifying its properties, such as charge density, through external
electrostatic gating. This ability, not possible with conventional
superconducting metals, presents further opportunities for coherent
caloritronics and gateable superconductivity.
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Chapter 6

Photonic heat transport

In this chapter, we provide an overview of what has been done so
far in photonic heat transport and what we can improve with our
InAsOI platform. Moreover, we will give the details of the building
blocks of the coupling circuit for photonic heat transport, which we
will use in the next chapter.

6.1 Photonic heat transport

Photonic heat transport in superconducting circuits is a well-studied
phenomenon that has been investigated in numerous works over the
past few decades [72, 82, 88-91]. This phenomenon arises due to the
correspondence of Johnson-Nyquist noise and black body radiation
when two resistive reservoirs at different temperatures are coupled
with an electrical circuit [34, 35].

6.1.1 Brief state of the art

So far, the photonic thermal transport has been investigated in
different forms. In particular, the possibility of tuning the heat
flow was studied both theoretically [92-96] and experimentally [72,
82, 88]. This feature is implemented by introducing a coupling
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inductor Z.(w) that depends on an external controllable parame-
ter, such as a magnetic or electric field. For example in [82] this
possibility was exploited via the introduction of a superconducting
quantum interference device (SQUID) which can change with an
external magnetic field its inductive impedance Z. = L; ~ h/(2els)
where Ig ~ Igg|cos(m¢p/¢pg)| is the critical current of the SQUID,
Isq is the critical current in absence of magnetic field and ¢ is the
magnetic flux piercing the SQUID loop. In this work, the authors
experimentally demonstrated that introducing a tunable impedance
enables manipulation of radiative heat transfer processes, confirm-
ing theoretical predictions. As a figure of merit for heat transfer
manipulation, the authors monitored the temperature of the cold
reservoir as the magnetic field varied. They recorded variations of
up to ~ 5 mK. Subsequent works again demonstrated the possibility
of exploiting heat transfer manipulation via an external magnetic
field 72, 90, 97]; however, [88] demonstrated for the first time that
an electrostatic field could also be used to manipulate radiative heat
transfer processes. This was achieved by introducing a coulombic
metallic island, whose impedance can be periodically altered via
an external electrostatic gate. The authors showed that they could
change the temperature of the cold reservoir by up to ~ 2 mK.

6.1.2 What can we improve?

Our idea is to exploit the properties of the InAsOI platform to
improve the performance of this class of devices. Basically, this
platform has two main and obvious advantages over what was tried
in the literature:

e The e-ph coupling is very low compared to that of the metallic
materials often used in caloritronics. This provides a clear
advantage in the realisation of the reservoirs, as the heated
electrons will lose less energy to the phononic bath. In princi-
ple, this can lead to better temperature modulations and will
enhance the thermal signal-to-noise ratio.
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e The semiconductive nature of InAsOI guarantees the possibility
of introducing an electric field-dependent Z,. that can be tuned
with a scalable and straightforward top-gate architecture.

The first advantage mentioned can be realised by fabricating InAs
mesas that will serve as resistive reservoirs. Compared with the
metallic resistive reservoirs used in previous experiments, our reser-
voirs will have a significantly lower e-ph coupling as pointed out in
section 5.5 the low e-ph coupling comes with no effort as a property
of the platform, avoiding energy losses of the electrons through the
lattice phonons, hence enhancing the resulting electronic tempera-
ture when a power is injected.

The second advantage can be exploited by introducing a circuit
element whose impedance is affected by an external electric field. A
clear candidate with these properties is the Josephson field-effect
transistor (JoFET), which, in our case, is made from a semiconduc-
tive JJ with a top gate over the semiconductive weak link. Following
the results in [5], these structures have the property to change their
critical current I. with the electric field applied, and, thanks to
the relation Ly = h/(2elg) it turns out that the impedance of this
architecture will result in a function of the gate voltage applied (The
JoFET details and properties will be treated in the next section).
Together, these advantages may lead to a structure with better tem-
perature modulation and simpler and more scalable control. The
top-gate architecture is indeed much simpler than introducing a
Coulomb island, as done in previous work, and is clearly more scal-
able than using external magnetic fields.

Another unexploited possibility of photonic transport is the non-
galvanic coupling between reservoirs. All previous work included a
coupling circuit that establishes galvanic contact between the two
reservoirs. If we think that photonic heat transport has a precise
application in on-chip energy harvesting and manipulation, this
galvanic contact may, on occasion, lead to undesired quasiparticle
transport. This can be avoided by interrupting the coupling circuit
with capacitors. Photonic transport does not need galvanic contact
and therefore, the introduction of capacitors in the coupling circuit,
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/
VDC J/ MIM Capacitor
/

Active Area

FIGURE 6.1: (a): 3D sketch of a MIM capacitor with. The inset shows
a section of the capacitor’s active area. (b): Optical microscope image of
one of the measured chips featuring capacitors with different areas.

in principle, will not affect heat transport once they are included in
the calculation of the coupling coefficient 7(w).

6.2 Field effect control of photonic heat
transport: building blocks

In this section, we will provide details on the building blocks of
our coupling circuit. As mentioned before, we will exploit the non-
galvanic contact between the reservoirs; hence, the realization of
capacitors will be fundamental. Moreover, the gate dielectric for the
top-gate architecture and the JOFET element will be discussed, as
they will be crucial to our experiment.
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6.2.1 Gate dielectric characterization and planar
capacitors

Here, we provide useful parameters for HfOo, which will be used
both as the top-gate insulating layer and as the dielectric layer
ofcapacitors’, as mentioned before in chapter 3.

To characterize the performance of HfO4, we start by creating planar
metal-insulator-metal (MIM) capacitors as shown in Fig. 6.1 (a). The
capacitors are made of two metallic Ti/Au layers with thicknesses of
10/40 nm, separated by a 30 nm-thick HfO5 insulating layer grown
by ALD at 130°C. As is visible in Fig. 6.1 (b), the area of the
capacitors can be decided depending on the superposition of the top
and bottom metallic layers. Once the capacitors are wired, we can
measure their impedance (magnitude and phase) in the frequency
range from 100Hz to 100kHz using an LCR meter (Precision LCR
meter HP 4284A), which applies a sinusoidal voltage signal with 250
mV,.,s amplitude. This was done in an experimental setup where
the cold coaxial, RC and 7 filters were removed to avoid cutoffs
below 100 kHz. From the impedance characteristics, we will infer the
relevant parameters of HfO5, taking measurements at both room and
cryogenic temperatures for completeness. Using a lumped element
model where the impedance is purely capacitive Z = 1/(27fC)
where f is the frequency of the AC oscillation of the probe, we can
obtain the capacitance values from the Bode diagrams in Fig. 6.2
(a) and then fit them to obtain the relative permittivity with the
model:

A
C = Eok?7 (61)

where ¢ is the vacuum permittivity, &k is the relative permittivity,
A is the capacitor area, and t is the dielectric thickness. The results
are shown in Fig. 6.2 (b) for both room temperature and cryogenic
temperature, and the extracted relative permittivity k is 17.9 and
16.5, respectively, for 300 K and 3 K. This data allows us to efficiently
design the capacitance of the coupling capacitors that we will use in
our coupling circuit for the realization of non-galvanic photonic heat
transport.
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FIGURE 6.2: (a): Bode diagram with magnitude |Z| and phase ¢(Z)
of the impedance of the capacitors as a function of the frequency measured
at room temperature. (b): Data points and linear fit of capacitance C as a
function of the area of the capacitor measured at room temperature (300K)

and at cryogenic temperature (3K).

Since, for simplicity, the same dielectric will also be used for the
insulating layer of the top gate structure, another crucial feature of
our HfO, is its breakdown field Egp. This field corresponds to the
maximum sustainable electric field before the onset of an undesired
avalanche breakdown, which would cause a significant current leak
from the gate to the JOFET channel [4]. To determine this number,
we measured the current through the test capacitors as a function
of the applied voltage (I — V curves) and identified the voltage
Vsp at which the capacitors exhibit avalanche breakdown. This
voltage value is clear to determine because of the abrupt change
in the increase in leakage current, from linear growth before the
breakdown to exponential dependence afterwards. Using the formula
Egp = —Vgp/t, we finally could extract that our HfO, has a
breakdown field of ~ 330 MV /m. Knowing this number allows us to
determine the voltage values that can be applied to the top gates of
our JoFETs without causing undesired changes in leakage current.
For example, if we have a thickness of ~ 30 nm, we know that it will
be safe to reach —5 V with the gate voltage without worrying about
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FIGURE 6.3: (a): Sketch of the cross-section structure of a JOFET
built on InAsOI. (b): Optical microscope image of the 4-terminal JoFET
architecture. The electrical measurement configuration is also shown, with
Ips the drain-source current, Vpgs the voltage drop across the drain-source
terminals, and V; the gate voltage; the scalebar is 100 pm. (c) Tilted-view
SEM micrograph of the red inset in panel (b) showing a representative

JoFET; the scalebar is 1 pm.

leakage currents or breakdown.

6.2.2 Tunable impedance: JoFETs with InAsOI

Here we will introduce the JoFET element that will be used as
electrically tunable impedances Z.(w, E).

As we can see in Fig. 6.3 (a), JOFETs are built using the InAsOI
heterostructure previously discussed. The device consists of an SNS
JJ, as previously mentioned, with a top-gate structure to apply an
electrical field directly to the semiconductive channel. The top gate
is implemented by ALD growth of 30 nm of HfO, as a dielectric layer,
followed by e-beam deposition of 10/100 nm of Ti/Al. A top view of
a representative device with the electrical measurement scheme can
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FIGURE 6.4: (a): Vps vs Ips curves of a representative device
measured while lowering the value of V from 0 to —4.5 V (b): Switching
current Is as a function of ascending and descending V, indicated by the
arrows. (c): Normal state resistance Ry as a function of ascending and

descending V, indicated by the arrows.

be seen in Fig. 6.3 (b), while a close-up image showing the active
part of the JOFET can be seen in Fig. 6.3 (c).

The devices were then measured in the previously described cryo-
genic measurement setup to evaluate their features and performance.
Figure 6.4 (a) shows the Ipg — Vpg characteristics of a JOFET with
an increasing value of |V;|. This measure is taken by injecting an
Ipg into the JOFET from 0 to 6 and back to 0 pA while record-
ing the voltage drop across the structure. Panels (b) and (c) of
this figure show the two main features that we care about when
using this kind of structure. Panel (b) shows the dependence of the
switching current I on V;. To take this measure, we record the bias
current when the voltage drop across the structure deviates from
0, indicating that the JoFET is no longer superconducting and has
switched to a normal conducting state (switching current). Figure
6.4 (b) shows that the switching current decreases when lowering
the value of V, and has a hysteretic behavior. This hysteresis is
due to the ferroelectric behavior of HfO, [4]. The lowering of the
critical current follows the depletion of the semiconductive channel
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under negative voltage: the charge density within the InAs decreases
and the proximity effect, which is responsible for superconductive
transport in SNS junctions, becomes progressively weaker. Consid-
ering the dependence of Josephson inductance on switching current
Ly = h/2els(Vy,), we have found an element whose impedance can be
efficiently tuned with an external electric field. Due to its scalability,
this kind of element can be introduced inside the coupling circuit
between the resistive reservoirs as a coupling impedance Z¢(w, E) in
Fig. 2.8. Moreover, we can see that, independently of the direction
of Vg, there always exists a regime where I's = 0 and therefore the
JoFET is not superconductive. This gate-driven transition is of
fundamental relevance to our purposes as it allows us to significantly
alter the inductance of our JoFET with an external electric field.
Figure 6.4 (c) shows how gate voltage affects the normal state resis-
tance Ry of JoFET. Each data point is the result of a linear fit of
the normal conductive branch of the I — V' curves in panel (a) with
Ohm’s law. We can see that reducing V; generally increases Ry due
to the depletion of the semiconductive InAs channel. A hysteretic
trend persists due to the same ferroelectric behavior of the dielectric
layer described above.
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Chapter 7

Field effect tunable
photonic heat transfer

In this chapter, we examine the photonic heat transport between
two resistive reservoirs separated by a distance of ~ 1 mm. This
macroscopic distance was chosen to highlight the robustness of the
platform at macroscopic scales and to avoid spurious substrate-
phonon-mediated thermal coupling between the reservoirs. For
the first time, we couple two terminals via a non-galvanic electrical
circuit, employing a gate-tunable JoFET to manipulate photonic heat
transfer. Our results on temperature modulation significantly surpass
the current state of the art by more than an order of magnitude [88].
Our device represents a significant advancement for fields such as
caloritronics [32, 86, 98—-100], thermal and energy manipulation [76,
101], bolometric radiation detection [68-70], and thermal logic gates
and memory systems [102-104].

7.1 Explanation of the experiment

The conceptual experimental scheme is illustrated in Fig. 7.1 (a).
Two different resistive reservoirs Rpo¢, Reoq at different tempera-
tures Thot, Teorq are in thermal contact with the phonon bath, which
we consider fixed at temperature Tpqsp. If resistors are enclosed in
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FIGURE 7.1: Schematic representation of the experiment. (a):
The following describes the heat balance scheme of the system: Qinj
represents the injected power into the hot resistor, Qe—ph denotes the
electron-phonon heat exchange towards the thermal bath, QW indicates
the photonic heat current, and Qcq¢ refers to other incoming or outgoing
parasitic heat currents in the cold resistor. (b): This illustrates a lumped
element model of the reservoirs, with the hot one shown in red and the cold
one in blue. The coupling circuit includes capacitors Cj 2, a gate voltage
Vg, and the resistances of the two reservoirs, denoted as Rpo¢ and Reord-
Additionally, Z(w,Vy) represents the frequency- and voltage-dependent
impedance of the JoFET, while upot,cota are the two effective Johnson-
Nyquist AC voltage sources. (c,d): These panels illustrate the functioning
principle of the experiment. The two reservoirs are interconnected by a
circuit whose total complex impedance can be adjusted via an external gate
voltage V,. Applying this gate voltage suppresses the superconductivity
of the JoFET, leading to a resistive state. When the JoFET is in a
superconducting state (c), the impedance is purely inductive, allowing for
maximum photonic heat transfer through the system (green semaphore).
Conversely, when the JoFET transitions to a resistive state (d), it creates
an impedance mismatch in the coupling circuit, resulting in backreflection
of some of the radiation flowing from the hot reservoir (red sempahore).

an electrical circuit, as shown in Fig. 7.1 (b), black-body radiation
arising from Johnson-Nyquist thermal noise [34, 35] causes voltage
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fluctuations unoet,cota to take place between the hot and cold sec-
tions of the circuit. The introduction of a gate-tunable impedance
Z(w,Vy), where Vj is the external gate voltage, enables the manipula-
tion of photonic heat conduction. This Z(w, V;) was implemented via
a JoFET, which was modeled using the resistively and capacitively
shunted Josephson junction model (RCSJ) [105], where Josephson
junctions are characterized by an inductance, a resistance, and a
capacitance arranged in parallel. The latter can be safely neglected
in SSmS junctions. In particular, Z(w, V;) shows two mutually exclu-
sive behaviors: it could act as a resistance R;(V}) or as a Josephson
inductance L;(V;). In fact, when V, > V, the SSmS element is
superconductive with negligible resistance, presenting mainly an
inductive component, and when V, < V", the element is no longer
superconductive, presenting mainly a dissipative component.

At low temperatures, since the typical thermal photon wavelength
is (Ay = he/nokpT ~ 3 cm at T = 100 mK, where h is the Planck
constant, ¢ the speed of light and njy,s ~ 4 the effective refractive
index of our heterostructure [106]) is much longer than the charac-
teristic size of the electrical elements, we can neglect their precise
geometric design using the standard lumped element approximation.
In such a limit, the thermal transport Qi/_’k between two generic
reservoirs can be calculated using the scattering formula [36] as seen
in chapter 2:

Gt = /O " () s (w) — m(w)]

%7

(7.1)

where n; j(w) = 1/[exp(hw/kpT; ;) — 1] are the Bose-Einstein distri-
butions for the thermal photon population in the reservoirs. Here,
the power transmission coefficient 7;;(w) is obtained within the stan-
dard circuit approach previously described (see chapter 2). For the
two terminal configuration represented in Fig. 7.1 (b), in particular,
Tik(w) = %, where Z;ot(w,Vy) is the total series impedance
of the circuit and R; j are the resistances of the reservoirs [36]. By
assuming C7; = Cy = C, it can be approximated with:
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4R; R *
Rt RosP b (v — % for Vo 2 Vg,
Tik(w) =~ (7.2)
[Rhot+ Reotat R (Vo) 2+ - 2212 for Vo S Vg,

The expected behavior of the proposed setup is illustrated in Figs.
7.1 (c,d), where two distinct regimes are depicted for Q’;"led. The
case of the transmissive photonic channel (Fig. 7.1 (c)) is realized
when the JoFET shows an inductive behavior: the impedance
matching of the coupling circuit is optimal and the heat transfer
due to the photonic current is maximum. The coupling circuit is
conceptually depicted as a green semaphore in this case. By contrast,
the reflective photonic channel case (Fig. 7.1 (d)) is realized when
the JoFET acts as a resistor, the impedance mismatch worsens,
and the coupling circuit reduces radiative heat transfer. The
coupling circuit is therefore conceptually depicted as a red semaphore.

7.2 Device and experimental setup
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FIGURE 7.2: Structure and wiring of the gate-tunable photonic
heat transfer experiment. (a): Schematic circuit including SEM pho-
tographs (the white scale bars in those photos are 5 pum) of the devices
integrated on the InAsOI platform, wiring, and supply/measurement setup.
Red- and blue-shaded SEM images show the hot and cold resistors, re-
spectively, equipped with JJ thermometers. The green-shaded SEM image
shows the gate-tunable photonic heat modulator, achieved by using two
JoFETs connected in parallel and driven simultaneously. The ring-like
configuration realizes a superconducting interferometer (SQUID). The hot
and cold resistors are non-galvanically connected via the two capacitors.
Red and blue wiring and schematics refer to the supply/measurement setups
of the hot and cold reservoirs, respectively. (b): 3D representation of the
hot and cold resistors equipped with the Josephson thermometer. The two
Al fingers in the middle define the SSmS JJ used to measure the electronic
temperature. At the same time, the lateral Al leads connect the InAs mesa
to the rest of the circuit and also provide the heating current. (c): 3D
representation of a single JoFET. The superconducting source and drain
leads on the side define the SSmS junction, with the InAs mesa patterned
on the electrical insulating substrate. The gate finger in the middle is
non-galvanically connected to the InAs channel via the HfO, insulating
layer. It is used to tune the electron density of the InAs channel, thereby

affecting the photonic heat transfer.

87
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The device fabrication followed the details given in chapter 3,
using an InAsOI with a two-dimensional charge carrier concen-
tration (extracted by room-temperature Hall measurements) of
nop = (1.20 £ 0.02) x 10'2 cm~2. The metamorphic InAlAs buffer
behaves as an electrical insulator at cryogenic temperatures. InAsOI
interfaces very well with superconductors due to the lack of a Schot-
tky barrier at contact with the metal, allowing us to create SSmS
JJs and JoFETS [5, 58].

Figure 7.2 (a) illustrates the structure and wiring of the fabricated
circuit, accompanied by scanning electron microscopy photographs
of the fabricated devices. The chip employs three InAs mesas,
highlighted in yellow. The InAs mesas were defined via selective wet
etching of the excess InAs epilayer and electrically decoupled by the
electrical insulating behavior of the InAlAs metamorphic buffer at
cryogenic temperatures, here depicted in gray. The superconducting
Al leads, along with the signal lines, are delineated in violet, whereas
the Ti/Al gate lines are distinguished by green coloring. Gate lines
are electrically isolated from signal traces by a 31-nm-thick HfOq
insulating layer deposited by ALD.

The InAs mesas were configured in two different arrangements:
hot and cold resistive thermal reservoirs equipped with heaters and
Josephson thermometers (red and blue photographs in Fig. 7.2 (a),
schematized in Fig. 7.2 (b)) and a voltage-controlled JoFET used
as a thermal current modulator (green photograph in Fig. 7.2 (a),
schematized in Fig. 7.2 (c)). The resistive reservoirs (10 ym long, 5
pm wide) are macroscopically spaced 1 mm apart on the chip. The
value of their resistances was measured to be Ry ¢ = Reoig = 360110
Q. Both reservoirs were equipped with Josephson thermometers (vio-
let source (S) and drain (D) contacts in Fig. 7.2 (b)) for the purpose
of monitoring their electronic temperature, evaluated by measuring
the temperature-sensitive switching supercurrent of the SSmS JJs
defined between the Al superconducting fingers positioned in the
middle of the InAs mesas. The inter-finger distances defining the JJ
lengths are 450 nm and 550 nm for the hot and cold reservoirs, respec-
tively, to get different sensitivity ranges in the electronic temperature
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(see section 7.4 for more information on thermometric calibrations).
The temperature measurement is performed by supplying a cur-
rent Iﬁﬁt)col 4 to drive the JJ junction, while the voltage drop across it

V,ff;t_wl 4 Was measured to identify the switching current and convert it
by calibration to the JJ electron temperatures. It is essential to note
that the temperature measurements on the mesas were conducted
non-simultaneously to mitigate potential thermal disturbances to
the system arising from switching Josephson thermometers.

The external control of the electronic temperature of the heated
hot resistor is obtained by providing an additional external current
Theqt directly injected from two additional Al lines, inducing Joule
heating QmJ = R’wt[i%eat directly within the InAs mesa. This
current is supplied by an externally floating current generator that
is electrically isolated from other sources to prevent the occurrence
of unintended ground loops.

Incorporation of components C; and Cs is essential to achieve
direct current (DC) isolation between the heating circuit and the
cold reservoir. Indeed, they ensure galvanic isolation between the
two reservoirs. These components have been strategically integrated
between the hot and cold resistive reservoirs, as well as between
the hot resistive reservoir and the JoFET, to complete the circuit
configuration. Each capacitor consists of a series configuration of
two identical metal-insulator-metal parallel-plate capacitors, with Al
electrodes (area of 130 ym?) separated by the HfO, insulator, result-
ing in an inter-electrode distance of 31 nm. The design anticipates a
capacitance C; = Cy = C of ~ 70 pF [4].

In contrast to the simplified scheme illustrated in Fig. 7.1 (b),
in the actual setup, the voltage-tunable electrical impedance used
as the thermal transport modulator is realized using two nominally
identical JoFETs implementing an SSmS superconducting quantum
interference device (SQUID) equipped with a superconducting flux
line. However, it was determined that the magnetic field-induced
inductance variation exhibited an insignificant effect on the transmis-
sion coeflicient 7y (refer to the discussion in appendix A) as a result
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FIGURE 7.3: Top view of a representative sample. False color
optical microscope top view of the device. In purple, the superconducting
Al structures, in green, the top gate structures, and in grey, the InAlAs
metamorphic layer. The two capacitors used C1 2 are also visible. Each of
those capacitors is the resultant of a series of two planar metal-insulator-

metal (Al-HfO2-Al) capacitors.

of the excessively large screening parameter of the SQUID. Conse-
quently, a common gate voltage V,; was applied to both JoFETs,
which operate practically as a single JOFET element, having the sole
mechanism of regulating photonic heat transport. The adopted InAs
mesa is 15 pm long, 5 pm wide, with a 4 ym separation between the
two JoFETs. The interelectrode distance of the gate-tuned JJs is
~ 450 nm. The Ti/Al gate fingers of 1.5 pm in width are centered
on the fabricated JJs and separated from the SSmS channel by the
HfO, layer described above. Details on the electrical properties of
the JoFETs are reported in the following section.

A representative top-view of one sample can be seen in Fig. 7.3

7.3 JoFET characterization

To identify the actual value of the threshold gate voltage V' of
our system and extract the crucial parameters, in Fig. 7.4 (a),
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FIGURE 7.4: JoFET characterization. (a): I — V curves taken for
an auxiliary JOFET at different gate voltages. (b): The critical current
I for the auxiliary JOFET as a function of the applied gate voltage. (c):
Characterization of the inductance L j(Vy) curve of the auxiliary JoFET.
This curve was calculated from the critical current data via the formula
L;(Vy) = ¢0/2wIs(Vy) at Thaer = 30 mK. (d): Normal state resistance
R; as a function of the Vy at Tpq¢n = 30 mK. The normal-state resistance
was extracted from a linear fit in the region where the JoFET exhibits
Ohmic behavior in the I-V curves, as shown in panel (a). The curves in
panels (b), (c), and (d) were used both to determine V,* and to extract the

parameters for theoretical simulations.

we show the measured I-V curves of the two JoFETs by injecting
a current bias and measuring the voltage drop across the JoFET
structure. Those measurements were performed on a nominally
identical JoFET structure to the one embedded in the photonic circuit
and manufactured on the same chip, because of the impossibility
of measuring the full JOFET properties in the circuit coupled with
resistors (a detailed discussion of this point can be found in the
appendix A).

Figure 7.4 (b) reports the gate dependence of I;. At a voltage
of V, S V= =3V, the switching current reaches a value of zero,
thereby eliminating the non-dissipative characteristics of the JoFET.
Assuming that the JOFET operates in the linear response regime, its
Josephson inductance in the superconducting state can be evaluated
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using the relation L;(Vy) = h/2el,(Vy) (e is the elementary charge)
and plotted as a function of V; in Fig. 7.4 (c) on a logarithmic scale.
Inductance L increases with decreasing V;, in agreement with the
suppression of the switching current, eventually diverging to +oo for
Vg — Vg* since I, — 0.

The normal state resistance of JOFET R ;(V,) is a crucial param-
eter for our study and was determined by a linear fit of the Ohmic
region of the I-V curves in panel (a) of this figure. The results of
R;(V,) are shown in Fig. 7.4 (d). In Fig. 7.4 (c,d), the two shaded
regions corresponding to the resistive and inductive voltage ranges
are shaded, respectively, in green (V, < V;) and orange (V, > V).
The boundary between these regions is at V" = —3 V, which is the
voltage threshold at which the JoFET switches from superconducting
to fully normal.

7.3.1 Operation regimes

To better understand the operation of the device, a numerical
calculation of the photonic heat current from the hot to the cold
reservoir Qf;"t_’c"ld(Thot, Teold, Vy) was performed in Fig. 7.5,
making use of Eqs. (1) and (2), for a fixed temperature of the
two reservoirs (Ther = 350mK and T,.pq = 30mK) and for three
different circuit configurations. Our experimental situation is
represented by the orange and green curves in Fig. 7.5, which show
the two distinct regimes of Z(w, Vy). The orange part of the curve
represents the heat current when the inductive nature dominates the
impedance for V; > V* where, instead, the green section shows the
resistive-dominated regime when V, < V*. Photonic heat transport
Q,’;"tﬁc"ld(T hots Teold, Vy) decreases monotonically with decreasing
gate voltage, with a steep reduction for V,; < —2.5 V. This explains
the two regimes shown in Fig. 7.1 (¢,d), the transmissive one where
the heat transfer is maximum (orange plateau for 0V < V; < 2V)
and the reflective one where the heat transfer is minimum (green
plateau for 4.5 V <V, < 5 V). However, the superior response of the
JoFET due to its superposition of inductive and resistive responses
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FIGURE 7.5: Numerical calculation of the photonic heat current
from the hot to the cold reservoir Q’;“tﬂc"ld(Thot, Teotd, Vy) as a function
of V; for three different hypothetical configurations. The black curve is
calculated as if the coupling circuit were embedded with a conventional
field-effect transistor (FET) with resistance parameters equal to those of
our JoFET; the black labels for the impedance indicate the configuration’s
exclusively resistive nature. The orange and green curves are computed for
our JoFET in the coupling circuit, showing the two regimes: the inductive
one in orange (both the curve and the impedance labels) and the resistive
one in green (both the curve and the impedance labels). The purple curve
was calculated in the absence of any variable inductors in the coupling

circuit; hence, it is independent of V.

is clarified by the comparison with the dashed black curve in Fig.
7.5 where instead we computed the same heat current but assuming
only the resistive response. This corresponds to the case where the
modulating element of the circuit is a standard field-effect transistor
(FET), whose only dissipative component is assumed to be equal to
the one measured in Fig. 7.4 (d). The comparison between the two
situations shows that, for V;, < V*, the two configurations produce
a similar curve; however, the inductive component of the JoFET
shows greater heat transfer, resulting in a better contrast between
the transmissive and reflective regimes. In other words, the presence
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of an inductive component in a JoFET optimizes impedance
matching. For the sake of completeness, in the magenta curve, we
also computed the case where no modulating elements are included
in the circuit. This curve shows no dependence on the gate voltage,
as expected, but reveals an interesting feature of our configuration.
The heat transfer in the first plateau is higher in the presence of
a JoFET than it would be in the absence of whatever impedance.
This behavior is due to a better impedance match throughout the
circuit with the inclusion of an inductor. This is mathematically
confirmed by examining the denominator of 7, (w, V) in Eq. 7.2 for
Vy > V*. The presence of an inductive component that contributes
in the opposite phase with respect to the capacitative terms
reduces the imaginary component of the total impedance Z;,(w)
at the denominator, increasing the value of 7;; in the gate voltage
regime. So we can conclude that the introduction of a JoFET is
not only better than the presence of a normal FET but also more
convenient, enabling compensation of unavoidable capacitive terms
that outperform even the case of complete absence of impedance.
This unique gate-tunable impedance matching engineering improves
the performance compared to all other configurations.

7.4 Thermometry

The JJs were connected with a standard 4-wire measurement setup
(see Fig. 7.2 (c)) where a current is injected I}iﬁt’wld and the voltage
drop across the structure V}fgwold is simultaneously detected to
extract the switching current I7°4<?!d. Since I, has a monotonic
temperature dependence, we can first measure I, versus Ty of each
junction to calibrate the thermometers and then use the measurement
of I to infer the electronic temperature of the InAs mesas when
the hot reservoir is heated. Radiative thermal transport heats the
cold reservoir. The calibration measurements for the thermometer of
the cold (hot) reservoir are shown in Fig. 7.6 (a) ((c)). The shaded
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FIGURE 7.6: Calibration of the thermometers and critical
temperature. (a), [(c)]: Switching current I¢°'? [1"°] of the thermometer
on the cold [hot] reservoir as a function of Tpatr. The shaded region shows
that this thermometer is operational across the entire range of required
temperatures. The experimental data and error bars are the mean and
standard deviation of 6 switching current measurements. The solid curve is
the result of polynomial interpolation and serves as the calibration curve for
inferring the electronic temperature Teoiq [Thot| from measured switching
current. (b), [(d)]: Sensitivity o = 8121t /9Ty ,,), as a function of
Thatn- (€): Resistance of the JJ on the hot reservoir R;; as a function of
Thatn- Bach point and error bar (not visible since smaller than the point
size) in this graph is the result of the mean and standard deviation of 5

resistance measurements.

region in those panels displays the suitable regime of operation of
each thermometer, showing that for the cold reservoir detectable
temperatures start from 30 mK and go up to 330 mK (there was no
need to calibrate the thermometer for higher temperatures), while
for the hot reservoir the range of operation of the thermometer is
between 260 mK and 730 mK. Those ranges correspond to non-
negligible values of the sensitivity o = 0I5/0Tpqtp, as shown in Fig.
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7.6 (b,d). The critical temperature T, of the JJ in the hot reservoir
(Fig. 7.2 (c), red shaded panel) was also measured, the results are
shown in Fig. 7.6 (e), and we obtained T, = 1.12K. This result is in
agreement with the values in the literature of Al-InAs-Al JJs [5, 58],
which shows the sound quality of the proximization effect and the
interface between Al and InAs.

7.5 Experimental results

In this section, we present experimental results on manipulating heat
transfer from the hot to the cold reservoir, as well as the impact of
the bath temperature on the phenomenon.

7.5.1 Photonic heat transfer manipulation

The samples were measured inside a dilution refrigerator equipped
with filtered electrical lines to minimize external noise. We start by
injecting a current into the hot resistor, which raises its temperature,
Thot- Measurement T,y enables us to monitor the temperature
variation in the cold resistor caused by radiative heat transfer. Dur-
ing this process, we also attempted to manipulate the heat transfer
through V, by using the radiative transport properties of the cou-
pling circuit in Fig. 7.1(b) and Eqgs. 7.1, 7.2.

Figure 7.7 (a) shows the results of the radiative heat transport
experiment, specifically T4 as a function of V; for various tempera-
tures of the hot reservoir, T}, at a bath temperature of Ty, = 30
mK. From Fig. 7.7 (a), looking at the values of V, = 0, it is visible
that the higher T}, the higher T,,;4 due to the open photonic heat
channel which can transfer heat from the hot reservoir to the cold
one. More importantly, it is shown that for V, < —2.5 V all the T4
curves taken for different T}, start to decrease (except for the one
for T}ot = 470 mK). This behavior is due to the progressive change
in photonic transport due to the impedance mismatch created by
the gate voltage that causes the JoFETs in Fig. 7.2 (b) to increase
their inductance L;(V,) first, and then overcome a transition to the



7.5. Experimental results 97

Thath= 30 mK
150 ——Theory
160 130} —e— Exp. Data
140 _ 110 Thot =350 mK
< X 125
)é 120 g 09000005900500733%0 é
2100 300 31" )
8 270 [ Thot =325 mK
8of & 90
60la) 70
sof d) Thoe =270 mK
5 4 3 2 -1 0 5 4 3 2 1 0
Vv, [V] v, VI
g g
x 108
7.0 - ! %60 % i %
-
€65 : é ¢ % % 3 § 5.0 % \} 3
I 1
60 e) ] ¢ Saoff) I $
- | 1
30 110 190 270 350 30 110 190 270 350
Thatn [MK] Thotn [MK]

FIGURE 7.7: Photonic heat transport experimental data. (a):
Teora as a function of V, for different Tj,o¢ in legend at Thein = 30 mK.
This panel illustrates how the photonic heat transfer channel can be opened
for V4 > —3 V or closed for Vy; < —3 V, demonstrating control over the
radiative heat processes. Each point in this figure represents the mean of
six critical current measurements of the thermometer on the cold reservoir;
the error bars are smaller than the point size. (b,c,d): Comparison of
the theoretical model for T.o1q(Vy) with the experimental data for three
different chosen Thot at Thetr = 30 mK. (e,f): Results of the analysis on
the exponent of the power law n and the e-ph coupling constant X as a
function of Tyatn. The yellow shaded region represents the range of validity

of the analysis (see appendix C and [2]).

normal state with a progressive increase in their resistance R;(Vj),
as shown schematically in Fig. 7.5 (c). This is the closed configura-
tion shown in Fig. 7.1 (d), which features the minimum photonic
heat transport between the reservoirs. The observation that the
curve corresponding to T+ = 400 mK exhibits minimal influence
from V,, while the curve for T}, = 470 mK remains completely
unaffected, can be ascribed to the impact of increasing Tj,,¢. This
increment extends the dominant frequency range determined by the
Bose-Einstein distribution, surpassing the tunable operating cut-off
of the JoFET, which is typically on the order of a few tens of GHz,
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due to gate residual capacitance shunting [57].

To better understand the behavior of the system up to Tp, = 350
mK (where the system shows considerable modulation and where
the lumped element approximation is still valid), numerical simula-
tions for Tipq4(Vy) were performed. To perform these simulations,
it is essential to note that for V; < —3 V, JoFETs become fully
resistive, serving as a third reservoir in our system. However, the
fact that R;(Vy) < 100 Q < Rpot, Reota causes this third reser-
voir to be severely mismatched with the other two. Hence, we can
consider that the photon heat current from the hot and cold reser-
voirs is much smaller than that from the hot to the cold reservoir
Q?t’“’ld%‘]"F BT « Q?t_’wld. Considering now that the three reser-
voirs are made of the same material and have the same volume, and
therefore the strength of the e-ph coupling will be the same for all
three reservoirs, we can conclude that the temperature variation in
the JoFETs is negligible, and we can set it to Tpqen. These assump-
tions enable us to set the temperature of R; to the bath temperature.
At equilibrium, all the incoming and outgoing heat currents must
sum to 0, and hence the thermal balance on the cold resistor can be
calculated as:

Yh ld Ycold— JoF ET
Q oo (Thot; Tcolda Vg) - Q(—:yo —Je (Tcolda Tbath; Vg)
Qe ph( cold Tbath) Qemt = 07

where QQ_”“ and 7;1, are calculated using Eqgs. 7.1 and 7.2 respectively
using resistance and inductance parameters for JoFETs in Fig. 7.5
(¢,d), and using for the e-ph coupling Q._ ph =SV (T2 — T8,
where V is the InAs volume of the cold resistor, ¥ = 5.4 - 108
Wm? /K" is the e-ph coupling constant for this specific material and
n = 6.7 is the exponent of the power law (a further explanation of
how ¥ and n were extracted will be given below). We arbitrarily
added the term th to account for unknown power losses in our
coupling circuit. We solve Eq. 7.3 for T4 as a function of V; and
compare these results with the experimental data shown in Fig. 7.7
(b,c,d), where the comparison is made for three different values of
Thot- What is evident is that the theoretical model reproduces the

(7.3)



7.5. Experimental results 99

shape and dependence of T¢oq(V,) very well. In addition, the reason
for the high and low plateaus in the T,;q vs. Vj curves is now more
apparent. The first (high) plateau arises from the fact that the
change in L; with V, produces a negligible change in 7(w, V,) up
to Vg simeq — 2 V, and hence in the temperature modulation. The
second (low) plateau is instead due to a flat R;(V},) characteristic of
Vy < —4.5 V that causes 7(w, Vy) to be independent of th; without
its introduction, we would not have achieved such gth of the term
Qezt was adjusted to align the simulations with the experimental
data, and without its introduction, we would not have achieved such
an agreement. In particular, we estimate Quut = 8, 5, and 2 fW for
the curve at 270, 300, and 350, respectively. This term accounts
for power dissipation processes in our coupling circuit, which are
currently unknown but certainly present.

To extract ¥ and n to perform the calculations in Fig. 7.7 (b,c,d), an
extensive characterization of the e-ph coupling on this heterostructure
was made in a similar way to what has been shown in chapter 5 (for
more information on this characterization, see Appendices C and

[2)-

7.5.2 Influence of bath temperature

To assess the robustness of the effect of modulation on photonic
transport in relation to bath temperature, measurements analogous
to those presented in Fig. 7.7 (a) were carried out, by which Qj,; ~
2.6 pW was kept constant while Ty, varied. The injected power
corresponded to that utilized for the light green curve in Fig. 7.7
(a) at Thot = 350 mK and Tpaep, = 30 mK. The results are depicted
in Fig. 7.8 (a), demonstrating that up to Tper = 150 mK, a
modulation in T,y remains discernible; conversely, at higher bath
temperatures, the effect disappears due to the augmented e-ph
interaction on the InAsOI platform. This finding corroborates our
experimental results, theoretically predicted in Fig. 7.8 (b), when
we reported the curve N1 = (Teota — Toatn)/(Thatn) VS Tpatn, which
denotes the relative difference between T,,q and Ty varying bath
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FIGURE 7.8: Influence of the bath temperature on the gate-
tunable photonic heat transport modulation (a): Experimental gate-
dependent T,oiq for different Tyetn (reported in the legend) at Thot = 350
mK. Each point represents the mean of six switching current measurements
taken on the thermometer at the cold reservoir; error bars are smaller than
the point size. (b): Numerical simulation of N = (Teota — Tvath)/(Tbath)-
The horizontal gray dashed line corresponds to n7. = 0.1, where the relative
difference between Tio1q and Thetn is negligible. The vertical gray dashed
line indicates Tj,,, = 170 mK associated with n; = 0.1. The blue-
shaded region represents the bath temperature range in which the cold
reservoir operates properly. (c¢)-(d): Temperature difference 67014 of the
cold reservoir between the JoFET operating in the superconducting state
(Vg > —2V) and the resistive state (V; < —4V'). Black points in panel ¢
report data versus Tpq¢n While green points in panel d report data versus
Thot- (€)-(f): Gate-dependent thermal transimpedance 8 = 0T¢o1a/0Vy
for two different selected Thot at Tharn = 30 mK. The magenta curve refers
to experimental data, while the black dashed curve indicates theoretical

results obtained with the model.

temperature (a comprehensive discussion of the methodology of this
simulation is provided within appendix B). As the photonic heat
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current Qg"t_’c"ld, at a constant injected power Qinj, depends on
the temperature differential between the reservoirs, an increase in
the bath temperature evidently results in a decrease in the relative
variation of T,,q. For a plausible representative value of Qmj = 2.6
pW, the relative difference between Ti;q and Tpaep is not negligible
(nr > 0.1) only if Tyen < T, = 170 mK. This interval of values
of Tyatn, which is expected to be the optimal regime for observing
thermal modulation, is highlighted as a blue-shaded area in Fig.
7.8 (b). For Tyarn > Ty, the electron-phonon (e-ph) coupling
becomes predominant, thus entirely overshadowing the influence of
the photonic heat current Q@Ot_’wld.

To comprehensively assess the performance of our device, we
have derived the maximum temperature variation 07,4, calculated
as the difference between the upper and lower temperature plateaus
of the Tro1q versus V curves of Fig. 7.7 (a) and 7.8 (a). Figures 7.8
(c) and (d) report 6T .oq as a function of Thae, and Thet, respectively.
Analyzing 6T, against T, the presence of JOFET allows the mod-
ulation of the cold-resistor temperature of ~ 45 mK for T3, = 270
mK, setting the record value of the state of the art (2 20 times) for
the modulation of temperature achieved through electrostatic control
[88]. This breakthrough temperature modulation is attributed to the
implementation of JoOFET on the InAsOI platform, which has been
recognized as an optimal candidate for gate-tunable heat transport
architectures due to its reduced electron-phonon coupling, compared
to traditionally used metals [2, 5] and, at the same time, for the
better impedance matching determined by the JoFET inductive
component.

The 6T¢o1q vS. Thot shows a monotonic decrease with increasing
Thot, becoming negligible at T, ~ 470 mK, where the effect vanishes.
An analogous decrease is observed for 6T¢o1q vS. Tpatn, reaching
negligible levels for Tyt 2 170 mK. These trends are due to two
different phenomena, as explained above, and confirm what was
already mentioned. In the first case, an increase in Tj,; produces
a higher-frequency spectrum of thermal radiation, which is more
strongly affected by capacitive shunting of the modulating impedance
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of the JoFET due to gate capacitances. In the latter, the increase
of Tyqtn reduces the relative significance of the contribution of the
photonic heat current to the definition of T,1q (see Fig. 7.8 (b)).
Figures 7.8 (e) and (f) illustrate the impact of V;; on T¢q4, calcu-
lating the thermal transfer function 8 = 0T.0q4/0V; as a function of
Vg for Thor = 350 mK and T}« = 300 mK, respectively, at Tyq:n, = 30
mK. In particular, for both curves, V; exerts minimal influence from
—5 V to —4.5 V, then significantly affects T,,;4, achieving values
of 20 mK/V for V, ~ V*, followed by negligible effects between —2
V and 0 V, in alignment with the properties of the JoFET. The
black-dashed lines depict the results of the theoretical model. The
comparative analysis demonstrates that the model accurately pre-
dicts gate dependence, as previously described. This observation
highlights the model’s ability to precisely characterize the dynamic
behavior of T,..q as a function of gate voltage, thereby resolving
uncertainties associated with unavoidable gate-independent terms.

7.6 Final considerations

In summary, we have presented a hybrid semiconductor-
superconductor device that demonstrates giant thermal modulation
of up to 07,514 ~ 45 mK in a fully wireless, non-galvanic environment
at a remarkable distance of ~ 1 mm. This was achieved by utilizing
the gating properties of two JoFETs embedded in a lumped-element
circuit, which enabled us to modify the photonic heat transfer from
a hot reservoir to a cold reservoir as a result of blackbody radiation.
Our work sets a new record in the electrostatic control of radiative
heat transfer, outperforming the values in the literature by more than
one order of magnitude [88]. We also demonstrated the suitability of
the InAsOI platform for heat management experiments because of
its low electron-phonon coupling, scalable gating options, and ease
of integration of highly sensitive SSmS thermometers. Our device
operates at bath temperatures up to ~ 170 mK and represents a
step forward toward the implementation of heat management and
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routing structures [81, 91, 104]. Those effects are of great interest in
the fields of radiation sensing [68, 107, 108] and energy management
of quantum architectures [90, 97, 109, 110], as long as the realization
of thermal logic gates and memories [102, 103, 111].






105

Chapter 8

Conclusions and future
perspectives

This thesis was motivated by the challenge of developing efficient
and scalable architectures for coherent caloritronics. Although micro-
and nanoscale superconductors offer a unique playground for low-
temperature thermal manipulation, the field has historically relied
on magnetic fields for control. This approach suffers from significant
drawbacks in scalability, integration, and overall complexity. The
primary objective of this work was therefore to investigate and
demonstrate a new paradigm for thermal management based on
electrostatic control, paving the way for a more practical and scalable
"caloritronic architecture" that leverages electric fields, much as
modern CMOS technology does.

To this end, this work has delivered two main results, supported
by a crucial investigation into a novel material platform.

First, we present a comprehensive theoretical framework for a
bipolar thermoelectric superconducting single-electron transistor
(SET). This study, detailed in Chapter 4, established the theoretical
feasibility of manipulating superconducting thermoelectric effects
purely via a gate voltage. By analyzing the system in the sequential
tunneling regime and under Coulomb blockade, we demonstrated
how an applied gate potential could tune the device’s thermoelectric
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properties, representing a significant step toward the electrical control
of heat currents in solid-state devices.

Second, and most significantly, this thesis presented the first
experimental demonstration of a gate-tunable photonic field-effect
heat transistor. This device, the central focus of Chapter 7, utilizes
a hybrid semiconductor-superconductor platform to electrostatically
control radiative heat transfer between two reservoirs separated
by a macroscopic distance of ~ 1 mm. The key innovation was
the integration of gate-tunable Josephson Field-Effect Transistors
(JoFETS) into a lumped-element circuit, enabling modulation of the
coupling channel impedance by an electric field. This electrostatic
control resulted in a giant thermal modulation of the cold reservoir’s
temperature (07coiq ~ 45 mK), a performance that surpasses the
current state-of-the-art by more than an order of magnitude.

The success of this experiment was underpinned by the work pre-
sented in Chapter 5: the characterization of the InAs-on-Insulator
(InAsOI) platform. We demonstrated that this novel material ex-
hibits extremely weak sub-Kelvin electron-phonon (e-ph) coupling.
This property is paramount for caloritronic applications, as it ther-
mally decouples the electronic system from the lattice phonons,
minimizing energy losses to the substrate and maximizing the elec-
tronic temperature changes that are crucial for device operation. The
suitability of InAsOI was further confirmed in Chapter 6 through the
successful fabrication and characterization of the essential building
blocks for the photonic transistor: high-quality gate dielectrics and
high-performance JoFETs.

In summary, this thesis has successfully established that top-
gated hybrid semiconductor-superconductor systems, and the InAsOI
platform in particular, are a viable, scalable, and high-performance
solution for coherent heat management. We not only proposed a
new electrically driven thermoelectric device, but also demonstrated
a record-breaking non-galvanic photonic heat transistor, advancing
the field of coherent caloritronics a significant step closer to practical
and complex applications.
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Future Perspectives

The results obtained in this thesis open several promising avenues for
future research, building directly upon the foundations laid herein.

1. Ezperimental Realization of the Thermoelectric SET

The theoretical proposal of the gate-tunable bipolar super-
conducting thermoelectric SET in Chapter 4 is a compelling
candidate for experimental verification. A clear and immediate
future perspective is the fabrication and characterization of
this device. This would lead to the realization of an active
element which can convert thermal energy to electrical energy,
controllable via an external electrical field.

2. Integrated Caloritronic Circuits

Demonstrating a functional heat transistor is the first step
toward more complex thermal circuits. The non-galvanic,
"wireless" nature of the photonic device is particularly well-
suited for integration. Future work should focus on scaling this
concept to create integrated architectures, such as heat routers,
splitters, and interferometers, in which multiple reservoirs are
coupled and local gates actively and independently control
their thermal links. This could lead to the realization of the
previously envisioned thermal logic gates and memories.

3. On-Chip Thermal Management for Quantum Systems

The ability to actively manage heat at the nanoscale is of
profound interest for quantum computing and sensing architec-
tures. A future direction would be to integrate our photonic
heat transistor directly with quantum circuits (e.g., supercon-
ducting qubits or bolometers) to perform active, on-demand
thermal management. This could involve using the device as a
"thermal switch" to isolate a quantum processor from a noisy
environment or to reset quantum devices to their ground state
rapidly.
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4. Performance Optimization and Higher-Temperature Operation
Although our device sets a new record, its performance can
be further optimized. Future studies could explore different
circuit parameters to improve impedance matching and increase
modulation depth. Furthermore, investigating materials with
similar weak e-ph coupling but larger superconducting gaps
could raise the operating temperature of these devices above the
7170 mK limit observed in this work, making them compatible
with a broader range of cryogenic systems.

5. Further Ezxploration of the InAsOI Platform
The "attractive thermal properties" of InAsOI make it a promis-
ing platform beyond the specific devices studied here. Its semi-
conducting nature, combined with superconductivity and low
thermal losses, invites the exploration of new hybrid phenom-
ena in which charge, heat, and superconducting coherence are
intertwined and controlled by an electric field.

In conclusion, the work of this thesis has helped establish a new,
robust, and scalable pathway for controlling heat at the nanoscale.
The future of the field lies in harnessing this electrical control to build
the complex, integrated caloritronic circuits that will be essential for
the next generation of quantum technologies and advanced sensors.
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Appendix A

Auxiliary JoFET
characterization

In this appendix we are going to give the details on how we could mea-
sure the parameters of the JoFET without influencing the coupling
circuit of the studied device.

The electrical performance of the JOFET architecture was evalu-
ated on a twin architecture fabricated on the same chip (Fig. A.1
(a)), which was useful to avoid the impacts of parasitic elements due
to the fabrication of the bonding pads and the relative measurement
setup.

Fig. A.1 (b) shows the dependence of Iy on Ty, where a
monotonic decrease trend is observed as expected. Figure A.1 (c)
reports the dependence of I as a function of the out-of-the-plane
magnetic field B, where the B-tuned typical SQUID-like behavior is
apparent. In particular, the interference pattern minima show I, of
about ~ 500 nA, instead of reaching a null switching current. This
results in reduced variation of the B-tuned Josephson inductance
L, causing a negligible impact on the modulation of the photonic
heat current Qf’/Ot_’c"ld. The results achieved ruled out the use of
SQUID-like interference as an effective method for tuning photonic
heat transport in our experimental configuration.
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FIGURE A.1l: JoFET twin architecture present on the same
chip. (a): SEM image of the twin JoFET architecture with the wiring
setup used for the measurements. The two JoOFETs are also embedded in
a SQUID loop, as in the coupling circuit of the studied device. The flux
line that passes over the loop is also visible, but it was not used in the
experiment. (b): Switching current I, of the twin JoFET architecture as a
function of the bath temperature Tyqtp. (€): Switching current of the twin
JoFET architecture as a function of the out-of-plane magnetic field B.
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Appendix B

I;ka ‘o calculation

In This appendix we are giving more details on the calculation
performed to find out the limit bath temperature until which our
photonic device works properly.

The temperature of the cold terminal is mainly determined by two
competing heat fluxes: QQ‘”HCOM and Qe_ph, as shown in Eq. 7.3.
In order to give an estimate of the conditions where one dominates
the other, we neglect Q%"ld_"] oFET which is smaller than the other
currents involved, as already explained in chapter 7.

To estimate the value of the crossover temperature 7} ,, ~ 170mK,
cited in the main text, at which the Vj-sensitive behavior is expected
to fade out, the following calculation was performed. We inject a
power of Qmj = 2.6pW into the hot reservoir (as did experimentally)
and compute the thermal balance in this reservoir to calculate T},;:

Qinj - Qefph(Thotv Tbath) = 0. (B]-)

In the above equation, we  neglected the term
Q;‘Ot”COld(Tcold, Tyath, Vy), as it is roughly three orders of
magnitude smaller than the other two. Then we compute T.,;q with
the simplified thermal balance on the cold reservoir:

Q:OtﬁCOld(Tcoldv Tbath7 Vg) - Qefph (Tcoldv Tbath) = 07 (B2)
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and calculate the relative difference between T.,q and Ty, as
N1 = (Teotd — Thath)/ (Tpatn) to evaluate the impact of the photonic
transport with respect to the e-ph coupling in the cold reservoir.
The results of this relative difference as a function of Ty, are shown
in Fig. 7.8 (b). This figure shows the expected behavior, with the
Te.o1q becoming closer and closer to Typqip as the Ty increases. In
particular, to define a crossover temperature, we take the point
where n7 = 0.1 (marked by the horizontal grey dashed line), that
is to say the reported value of Ty, = 170mK. Consequently, the
area highlighted in blue in the figure is the experimentally relevant
range of Typqtp, where the dependence of T,,4 on Qf;o’f_wdd (and
consequently on Vg ) is sizable.
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Appendix C

Electron-phonon coupling
measurements

In this appendix we are going to give the details on how we measured
the relevant e-ph coupling parameters for our structure in order to
perform all the simulations needed.

Due to the necessity to know the e-ph parameters to both perform
simulations and properly design the sample, an extensive characteri-
zation about the e-ph coupling on the heterostructure was made. The
setup to perform this measurements is the one shown in chapter 5,
where a power P;,; is injected in an InAs mesa of volume V' through
Joule heaters and supposing that the electrons can only exchange
heat with the lattice phonons, the thermal balance can be written
as Py,; — EV(T? — T .,) = 0, where the electronic temperature T
can be extracted as a function of P;,; at a fixed Tyq¢, with ¥ and n

as parameters:
T, = % + Ty in: (C.1)

The electronic temperature 7T, can be measured as a function of P;,;
via a thermometer on the InAs mesa and fitting the T, (P;y;) curves
with the Eq. S3 one can find the fitting parameters o and n. The
fittings are shown in Fig. C.1 (a,b,c,d) where four selected T, vs
Py, curves for four different T34, are displayed to see the optimal
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Ficure C.1: (a,b,c,d): These panels show preliminary measure-
ments of e-ph coupling on this heterostructure. In particular the electronic
temperature T. was measured as a function of the injected power P;,; for
different Tpa¢n to extract the exponent n and the coupling constant ¥ of
the e-ph coupling formula. Experimental data with best fits are shown for

four selected Thqin to show the optimal accordance.

accordance with the experimental data. The results for n and X
are shown in Fig. 7.7 (e,f) of the main text where the points and
errorbars are the outcome of a best fit procedure with Eq. C.1 and
the yellow shaded region indicates the range of validity of the fittings
which is Tpesn < 260mK. This is due to a non perfect thermalization
of the InAs mesa for higher temperatures of the bath [2].
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