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Työssä selvitettiin menetelmää suprajohtavien kontaktien liittämiseksi ohuen eristekerroksen avulla vahvasti n-seostettuun puolijohtavaan InAs-nanolankaan. Lisäksi tutkittiin
näin luotujen tunneliliitosten soveltamista nanolankojen elektronisen lämpötilan mittaukseen ja sen jäähdyttämiseen. Nanolangat oli kasvatettu epitaksiaalisesti kultananopartikkeleiden katalysoimina, ja suprajohtavat kontaktit valmistettiin niiden päälle käyttäen tavanomaisia mikrovalmistusmenetelmiä, elektronisuihkulitografiaa ja -höyrystystystä. Aluksi langan päälle höyrystettiin ohut kerros titaania ja paksumpi kerros alumiinimangaania, joka oksidoitiin in situ eristekerroksen luomiseksi, ja lopuksi lisättiin suprajohtava
alumiinikerros.
Tunneliliitokset osoittautuivat lähes ideaaleiksi normaali metalli/eriste/suprajohde liitoksiksi (NIS), joiden normaalitilan resistanssi oli yleensä 5 − 20 kΩ. Alumiinin suprajohtavaksi energia-aukoksi mitattiin noin ∆0 = 208 µeV, ja tätä arvoa vastaavaa pienemmillä biasointijännitteillä |eV | < ∆0 tunneliliitosten johtavuus oli jopa yli neljä suuruusluokka pienempi kuin normaalitilassa. Ainoa poikkeavuus ideaalista NIS-liitoksesta
oli konduktanssikäyrässä jännitteella |eV | ≈ ∆0 havaittavat tasanteet, jotka kuitenkin
katosivat pienessä, kohtisuorassa magneettikentässä, jota sitten käytettiin kaikissa työn
myöhemmissä vaiheissa.
Tunneliliitokset soveltuivat hyvin lämpötilan mittaamiseen noin 200 mK:stä ylöspäin,
ja niiden herkkyyttä oli helppo muuttaa biasointivirtaa säätämällä. Pienimmillään herkkyys oli -0,65 mV/K 400 mK:ssä. Liitoksia hyödynnettiin mittaamaan nanolankojen elektronisen jäähdytyksen aikaansaamaa lämpötilan alenemista, joko parhaimmillaan oli noin
10 mK ympäröivän lämpötilan ollessa 250 − 350 mK. Nanolankoja jäähdytettiin niiden
päihin asetetuilla liitoksilla ja lämpötilaa mitattiin nanolankojen keskelle asetetuilla liitoksilla.

Avainsanat: suprajohtava tunneliliitos, nanojäähdytys, InAs, nanolanka
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Abstract
Mastomäki, Jaakko
Superconducting tunnel junctions and nanorefrigeration using InAs nanowires
Master’s thesis
Nanoscience Center, Department of Physics, University of Jyväskylä, 2017.

In this work we investigated methods to contact superconducting leads to heavily n-doped
semiconducting InAs nanowires via a thin insulating layer. In addition, we studied the
electronic thermometry and refrigeration of the wires by applying the tunnel junctions.
The nanowires were grown epitaxially with gold nanoparticles as catalysts, and the superconducting contacts were fabricated on top of them by conventional microfabrication
methods, electron-beam lithography and electron-beam evaporation. First, a thin titanium layer and a thicker layer of aluminium manganese were evaporated. The aluminium
manganese was oxidized in situ to form an insulating layer, and finally an aluminium layer
was added to realize the superconducting contacts.
The tunnel junctions proved to be nearly ideal normal metal/insulator/superconductor
(NIS) junctions with normal state resistance 5 − 20 kΩ, typically. The superconducting
gap of aluminium was measured to be ∆0 = 208 µeV, and the sub-gap conductivity with
voltage-biases |eV | < ∆0 was suppressed over 4 orders of magnitude compared to the normal state conductivity. The only observed non-ideal properties were the peculiar shoulder
structures present in the conductivity curves at voltage bias |eV | ≈ ∆0 . The shoulders
vanished in a small perpendicular magnetic field, and therefore a small external magnetic
field was applied after the initial observation to obtain the further results.
The tunnel junctions were suitable for thermometry from 200 mK upwards and their
sensitivity was easily tunable by a current bias. The sensitivity was at best -0.65 mV/K
at temperatures around 400 mK. Thermometer junctions were exploited to measure electronic refrigeration, with an observed electronic temperature reduction of nanowires of at
best about 10 mK at bath temperatures 250 mK − 350 mK. Nanowires were refrigerated
by cooler junctions at their ends, and their temperature was measured by thermometer
junctions placed in the middle of them.

Key words: superconducting tunnel junction, nanorefrigeration, InAs, nanowire
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Chapter 1
Introduction
While nature is still superior in performing high-energy phenomena, man has in some lowenergy fields surpassed the nature in terms of performance or efficiency. In particular,
conditions with less energy than anywhere in the universe are routinely reached by attaining temperatures way below the lowest temperature in nature of approximately 2.75 K,
defined by the cosmic background radiation. The ability to reach low temperatures has
led to various scientific breakthroughs and applications [1], of which superconductivity is
without a doubt the best-known and the most significant [2].
The most evident property of superconductivity, the lack of electrical resistance, is
naturally exciting and of great importance especially in the quest to maximize energy
efficiency of electric circuits and lines, but probably the most fascinating applications of
superconductivity are obtained by coupling a superconductor to a matter with a different
state. By doing so, one can observe the macroscopic quantum nature of superconductivity.
Different kinds of characteristics are obtained depending on if a superconductor is coupled
to a normal metal (N) or a semiconductor (Sm) with or without an insulating (I) barrier
between them, or to another superconductor via an insulating barrier [3].
This thesis concentrates on junctions with an insulating barrier and a normal metal,
i.e. NIS junctions, whose function is based on single-electron tunneling through the
insulating layer [3]. The most thrilling property of NIS junctions is electron cooling
that occurs in the normal metal as an electron current creates a heat flow out of the
normal metal [4]. Even though NIS junctions have been routinely fabricated [5] and
utilized to thermometry [6] for decades, the first NIS cooler was introduced as recently
as in 1994 [7]. After their invention, NIS coolers have been steadily investigated and
developed to increase both electron [8, 9] and lattice phonon [10] cooling to refrigerate
even macroscopic matter brought into contact with a cooler [11]. Typically, the terms
cooling and refrigeration are used as synonyms, but rigorously refrigeration is associated
with a process of lowering the temperature of a system with respect to the ambient
1

temperature and cooling means simply a heat removal from a system [4].
In essence, NIS coolers are a bright example of solid-state refrigerators [4], which have,
along with other superconducting quantum circuits [12], opened important perspectives
to control heat flows and electron distributions in nanostructures [4, 13], as superconducting junctions can be easily scaled down to a mesoscopic scale and also restricted
dimensions [14]. Moreover, microscopic junctions can control and measure heat flows
and thermoelectric parameters with a nanometre-scale precision [15, 16]. Local cooling
down to millikelvin range has an immediate effect on performance of various sensors, e.g.
ultra-sensitive bolometers [17], in terms of reduced noise and decoherence [4].
The most common assembly of NIS coolers have been Cu/AlOx /Al junctions [7], but
other superconducting elements [18, 19] have been utilized as well. While aluminium
persists as the most used superconductor [20], the normal metal part varies more, and it
can be also replaced by a heavily doped semiconductor [21]. However, contacting metal
to a semiconductor has many practical issues due to their interface effects [22].
A special case of semiconductors is single-crystal nanowires (NW), which are a significant example of self-assembled bottom-up nanofabrication and can be formed from
various substances [15, 24]. Semiconductor NWs have unique optical and electric properties due to their one-dimensional structure, and they are promising candidates for being
vital building blocks of several nanoscale devices and circuits in the future [23]. InAs is
the most common compound to form NWs, and InAs NWs have been utilized in various
Josephson devices [25, 26, 27], FETs [28], single-electron manipulation [29, 30] and Majorana physics [31], but so far the metals have been contacted directly to NWs, either
by simply evaporating or growing them epitaxially [32]. This thesis work instead investigates NW-IS junctions [33] made of superconducting Al contacts coupled to degenerately
doped InAs NWs [34] via aluminium oxide and AlMn/Ti layers to create the first NW
thermometers and coolers.
This thesis is outlined conventionally, starting from theoretical background in Chapter 2 and proceeding through fabrication processes and experimental set-ups in Chapter 3
and 4, respectively, to results that will be presented and discussed in Chapter 5. Finally,
the work is concluded in Chapter 6 with some future prospects considering both device
development and possibilities in more advanced research and applications.

2

Chapter 2
Theoretical background
The practical work described in this thesis yielded at first sight fairly simple and interpretable results. They have, however, a vast theoretical background, which has been
developed for decades starting from the theories of superconductivity. This chapter introduces some main theoretical elements of superconductivity to form a basis for the
following discussion of superconducting tunnel junctions and especially NIS coolers. At
the end of the chapter properties of semiconducting nanowires are briefly described to
give an insight what effect replacing a normal metal with a nanowire in a NIS junction
should actually have.

2.1

Superconductivity

The first method to liquefy helium, developed in 1908, provided a tool that led H. Kamerlingh Onnes to discover superconductivity three years later, while he was studying properties of mercury at low temperatures [2]. He noticed that below a critical temperature,
Tc , the electrical resistance of mercury vanishes. Perfect conductivity is the first and the
most obvious hallmark of superconductivity. The next hallmark, perfect diamagnetism,
was found in 1933 by noticing that in addition to being excluded from entering a superconductor, a magnetic field is also expelled from an originally normal conductor as its
cooled down below its critical temperature [35]. This is known as Meißner effect, which
also implies that there is a critical magnetic field Hc that destroys superconductivity.
The first quantitative explanation of superconductivity was provided in 1935 by F.
and H. London who introduced the phenomenological London equations, which explained
the hallmarks of superconductivity in terms of density of superconducting electrons and
magnetic field penetration depth [36]. A full microscopic understanding was achieved
finally in 1957, when Bardeen, Cooper and Schrieffer introduced their BCS theory [37]
that explained superconductivity by an attractive force between electrons with opposite
3

and equal momentum and spin, which subsequently form so-called Cooper pairs to carry
the supercurrent. The attractive force is due to an electron–phonon interaction, as an
electron in metal lattice attracts the surrounding positive ions that in turn attract another electron. This weak interaction between electrons is easily outweighed by thermal
fluctuations, which are sufficiently suppressed only below the superconducting transition
temperature Tc , which is the most important parameter of a superconducting material.
BCS theory is introduced in the following subsection with its most fundamental parts,
assuming an isotropic and homogeneous type I superconductor [2]. Subsequently, we continue by describing briefly and phenomenologically effects of an external magnetic field
on a superconductor.

2.1.1

Bardeen–Schrieffer–Cooper theory

Superconductivity is a many-body problem, which are typically solved using the Hartree–
Fock (HF) approximation, which simplifies the interaction terms of the system. However,
the regular HF approximation is not sufficient to predict superconductivity, and a socalled anomalous HF approximation is required. This approximation takes also into
account higher order terms that typically are left out, and leads to an effective Hamiltonian of the electrons of a superconductor. In a matrix form the Hamiltonian is given
by




X †
ξ
−∆
ĉ
k
k↑

+C
(2.1)
Hef f =
ĉk↑ ĉ−k↓ 
†
∗
−∆
−ξ
ĉ
k
k
−k↓
where ξk = k − EF is energy of an electron with momentum k with respect to the Fermi
level EF , C is a constant, ĉkσ is an annihilation operator for an electron with momentum
k and spin orientation σ and its Hermitian conjugate ĉ†k0 σ0 is the corresponding creation
operator. These operators are used to define
∆=V

X

hĉ−k↓ ĉk↑ i

and

k

∆∗ = V

X †

hĉk↑ ĉ†−k↓ i,

(2.2)

k

the latter relation being the complex conjugate of the former one. Here, −V is a constant
attractive potential that binds two electrons together to form a Cooper pair, and it is
defined in the range |ξk | ≤ c , outside of which the potential is defined to equal zero. c is
a cut-off energy, which is useful to choose so that c  kB Tc , where kB is the Boltzmann
constant [2].
The Hamiltonian (2.1) can be diagonalized by introducing Bogoliubov transformation,
†
†
which redefines the annihilation operator as ĉk↑ = u∗k γ̂k↑ + vk γ̂−k↓
(ĉk↓ = u∗k γ̂k↓ − vk γ̂−k↑
)
†
†
†
†
∗
and the creation operator as ĉk↑ = uk γ̂k↑ + vk γ̂−k↓ (ĉk↓ = uk γ̂k↓ − vk γ̂−k↑ ), where uk and vk
4

are (complex) coefficients, γ̂kσ is an annihilation operator of a quasiparticle excitation and
γ̂k†0 σ0 the corresponding creation operator. In order to have a canonical transformation,
the redefined operators have to satisfy the same anticommutation relations as the original
ones, and the coefficients must satisfy |uk |2 + |vk |2 = 1. Then, by choosing 2ξk uk vk −
∆u2k + ∆∗ vk2 = 0 the non-diagonal terms in the Hamiltonian vanish and one can deduce
uk =

v
u
u1
t

ξk
1+
2
Ek

!

and

vk =

v
u
u1
t

!

ξk
1−
,
2
Ek

(2.3)

q

where Ek = ξk2 + ∆2 . The coefficients uk and vk can be interpreted as the occupation
amplitudes of hole- and electron-like excitation states, respectively. They are plotted
near the Fermi level in Fig. 2.1a.

With these adjustments, the Hamiltonian can be written in a simple diagonalized
form
X
†
γ̂kσ + Ω0 ,
(2.4)
Hef f =
Ek γ̂kσ
k,σ

where Ω0 is the grand potential of the system. It can be utilized to prove the energy
advantage of the superconducting state compared to the normal state with thermodynamic relations, which yield the condensation energy Ω0 − Ω0 (∆ = 0) = − 21 VN (EF )∆2 ,
where V is the volume of a superconductor and N (EF ) is the density of states (DoS) at
the Fermi level in the normal state. Thus, the superconducting state has lower energy
than the normal state, which can be understood by considering that the energies of single
particle states around the Fermi surface within the range of ∆ is reduced by ∆. Thus, ∆
can be interpreted as a gap in the energy states of a superconductor. This idea is emphasized in Fig. 2.1b, which presents the normalized energy relation Ek,S of the excitations
in the superconducting state and that of the corresponding normal state as a functions
of ξk , revealing the minimum energy of ∆ for the excitations of a superconductor. 2∆ is
also the minimum amount of energy that a Cooper pair has to absorb to break into two
quasiparticles in the excited single-particle states.

Now, one can redefine the energy gap from Eq. (2.2) as
∆=V

X

uk vk [1 − 2f (Ek )],

(2.5)

k

where the Fermi–Dirac distribution f (Ek , T ) = (exp [(Ek − EF )/kB T ] + 1)−1 gives the
distribution of single-electrons. Changing the summation to an integral and excluding
5

a

b

1.0
0.8

2

Ek /0

0.6
0.4

Ek,S
1

uk

0.2
0.0

3

-4

vk
-2

0

2

|k| = Ek,N
0

4

-3

-2

k/0

-1

0

k/0

1

2

3

Figure 2.1. a. Occupation coefficients uk and vk near the Fermi level. b. Normalized
excitation energies of a superconductor and the corresponding normal metal.
the trivial ∆ = 0 solution yields
Z c
tanh(Ek /2kB T )
1
dξk
=
.
N (EF )V
Ek
0

(2.6)

At zero-temperature using the assumption c  ∆ (the weak-coupling limit) the equation
yields the zero-temperature gap ∆0 = 2c e−1/N (EF )V . At the other obvious point, T = Tc ,
where ∆ → 0, by making again the weak-coupling approximation c  kB Tc yields
kB Tc = 2eγ /πc e−1/N (EF )V , where γ = 0.5772 is the Euler constant. Combining these
simple equations yields then a remarkable relation
∆0 = πe−γ kB Tc ≈ 1.764kB Tc .

(2.7)

To illustrate the full temperature dependency of the gap, Eq. (2.6) is solved numerically, normalized by the above quantity and plotted in Fig. 2.2a. One can notice
that up to T ≈ 0.4Tc ∆ approximately retains its zero-temperature value, but as T
increases the gap starts to decrease, and near T = Tc the gap decreases rapidly as
1
∆(T ) ' 1.74∆0 (1 − T /Tc ) 2 .
In the following section dedicated to electron tunneling it is useful to measure the
electron energy E from the Fermi level, so that EF = 0 and the Fermi–Dirac distribution
can be written simply as
1
.
(2.8)
f (E, T ) = E/k T
e B +1
Moreover, since the fermionic quasiparticle excitations of a superconductor correspond to
6
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Figure 2.2. Fundamental results of the BCS theory. a. Temperature dependency of
the gap of a superconductor with transition temperature Tc . b. Normalized DoS of a
superconductor at T = 0 with the DoS of the corresponding normal metal. States below
the gap energy are moved above the gap, resulting in sharp peak at E = ∆0 .
the electrons of a normal metal, the DoS of a superconductor, NS (E), can be obtained
from the simple relation NS (E)dE = NN (ξ)dξ. As the treated energy range is in the
range of millielectronvolts, it is reasonable to assume E  EF , so that the DoS of the
normal metal is approximately constant NN (ξ) ' NN (0). The normalized DoS of a
superconductor is then
nS,BCS (E) =



√ E

NS (E)
dξ
E 2 −∆2
=
=
NN (0)
dE 
0

E>∆
E<∆

,

(2.9)

√
since ξ = E 2 − ∆2 . The normalized DoS of a superconductor is presented as a function
of energy in Fig. 2.2b. The states that would fall in the gap are raised in energy causing a
divergent DoS just above E = ∆, so that the total amount of single-particle states would
stay constant.

2.1.2

Effect of external magnetic fields

The second London equation for an external magnetic field h in microscopic scale can be
expressed as
h
(2.10)
∇2 h = 2 ,
λ
q

where λ = me /µ0 ns e2 is the penetration depth of a superconductor [2]. Here, me is
the electron mass, µ0 the permeability of vacuum and e the electron charge. The only
7

material parameter is the phenomenological number density ns of superconducting electrons. Penetration depth effectively tells how deep from the surface of a superconductor
an exponentially decayed, external magnetic field can penetrate, thus phenomenologically
explaining the Meißner effect. λ is measured to be a few tens of nanometres for typical
metallic superconductors. Penetration depth is dependent on temperature with a relation
1
given by λ(T ) = λ(0)[1 − (T /Tc )4 ]− 2 .
If an external magnetic field is increased over the critical magnetic field Hc , the magnetic field is able to penetrate the whole superconductor. The temperature dependency of
the critical field is experimentally approximated by Hc (T ) ≈ Hc (0)[1−(T /Tc )2 ], implying
that near the transition temperature even a tiny magnetic field destroys the superconductivity. The critical field can also be related to the condensation energy 21 Vµ0 Hc of the
superconducting state via the free-energy difference between the normal and superconducting states in zero field.
A peculiar consequence of a magnetic field perpendicular to a type I superconducting
slab [2] is a formation of an intermediate state in the superconductor. This intermediate
state is characterized by alternating domains of the metal in the normal and superconducting states, so that the magnetic field is able to penetrate the slab through the normal
state domains. The domain distribution is dependent on the field strength, so that in a
large field the area of the normal state domains increases, and finally at the critical field
there are no superconducting domains left.

2.2

Tunnel junctions

Tunneling is a purely quantum mechanical phenomenon that allows particles that classically do not have sufficient energy to cross an energy barrier to travel through it, i.e. to
tunnel [38]. Tunneling probability is exponentially dependent on the mass of a particle
and consequently only the lightest particles are able to tunnel with a considerable rate
in a mesoscopic scale. Electrons, luckily, have sufficiently small mass and their tunneling
processes are widely studied in solid state physics. Qualitatively, there are a few conditions that have to be met for an electron tunneling to occur. Obviously, there has to be a
barrier between two electron conductors and the total energy of an electron is conserved.
Thus, in the lowest order processes, an electron has to tunnel to an energy level equal to
the one it tunneled from. Additionally, the final energy state has to be unoccupied due
to the Pauli exclusion principle.
Tunneling from a state q to a state k of another metal can be described rigorously
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with the tunneling Hamiltonian given by [2]
HT =

X

tkq ĉ†k ĉq ,

(2.11)

k,q

where the spin is assumed to retain its orientation. Here, tkq is a tunneling matrix element
including parameters like the barrier height. If the final metal is in the superconducting
ground state, the tunnel current is proportional to |uk |2 |tkq |2 . |uk |2 effectively gives the
probability that the state k is unoccupied and tunneling can occur. Taking into account
the state k 0 with the same excitation energy Ek = Ek0 , but ξk0 = −ξk , as evident from
Fig. 2.1b, there is, in fact, another tunneling channel as well, its current contribution
being proportional to |vk |2 |tk0 q |2 . Assuming the matrix elements are equal, the current
is proportional to (|uk |2 + |vk |2 )|tkq |2 = |tkq |2 , holding also at finite temperatures. With
this advantage, it is possible and very convenient to introduce the semiconductor model
in which the DoS of a superconductor is reflected symmetrically to the negative energies
creating a spectroscopic energy gap of 2∆ around the Fermi level, i.e.
|E|
,
nS,BCS (E) = √ 2
E − ∆2

|E| > ∆.

(2.12)

With this model, tunneling can be expressed as horizontal transition across an energy
barrier, making the phenomenon schematically fairly easy. Hence, all the energy diagrams
of superconductors are illustrated with the semiconductor model from now on.
To derive the tunneling current we present in Fig. 2.3a a simple circuit with two
metals, labeled 1 and 2, that are separated by an insulating layer (I), forming a tunnel
junction. The junction is biased with voltage V and the other metal is grounded for
simplicity. The current through the junction can be expressed as I = (J12 − J21 )A, where
Jij is the tunneling current density from metal i to metal j and A is the area of the
junction. The first task is to apply Fermi’s Golden Rule for the probability per unit time
for an electron to transfer from state i to state f in the energy range (E, E + δE) under
a perturbation with Hamiltonion Hpert , giving [39]
Γi→f =

2π
|hf |Hpert |ii|2 δ2 (E).
~

(2.13)

Here, δ2 (E) = Nf (E)[1 − ff (E, Tf )] is the density of the unoccupied states in the target
metal in the given energy range. Tunneling current density from metal 1 to metal 2 can
then be expressed as
J12 = e

Z

Γ1→2 N1 (E − eV )f1 (E − eV, T1 )dE.
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Figure 2.3. Electron tunneling. a. Basic tunneling circuit with metals 1 and 2 coupled
by a thin insulating layer I. Voltage bias V generates current I, which is defined by
tunneling current densities Jij from metal i to metal j. b. Energy diagram of NIN
tunneling. Current is allowed to flow as soon as a voltage bias is applied. c. Energy
diagram of NIS tunneling. Electrons are able to tunnel from the normal metal to the
superconductor only when the voltage bias exceeds to the superconducting gap, eV ≥ ∆.
Both diagrams have T = 0, so that all the electron states above the Fermi levels EF,i are
unoccupied.

Substituting Eq (2.13) and defining the tunneling matrix element as t = h2|Hpert |1i yields
directly
J12

2πe Z 2
|t| N2 (E)[1 − f2 (E, T2 )]N1 (E − eV )f1 (E − eV, T1 )dE.
=
~

Similarly, the tunneling current density from metal 2 to metal 1, assuming equal tunneling
matrix element, is
J12

2πe Z 2
=
|t| N2 (E)f2 (E, T2 )N1 (E − eV )[1 − f1 (E − eV, T1 )]dE.
~

Thus, the total current is obtained by a simple subtraction as
Z
2πe
2
I=
A|t0 |
N1 (E − eV )N2 (E)[f1 (E − eV, T1 ) − f2 (E, T2 )]dE,
~

(2.14)

assuming that the tunneling matrix element |t|2 is approximately constant |t0 |2 in the
vicinity of the Fermi level. On the basis of the above equation, it is obvious that the
current depends on the difference of the distribution functions fi at each energy.
If both metals are in normal state, one can exclude the densities of states from the
10

integral by assuming, as before, Ni (E) ' Ni (0) so that
Z
2πe
A|t0 |2 N1 (0)N2 (0) [f1 (E − eV, T1 ) − f2 (E, T2 )]dE
~
2πe
=
A|t0 |2 N1 (0)N2 (0)eV ≡ GN V,
~

ININ =

where GN = (2πe2 /~)A|t0 |2 N1 (0)N2 (0) is the normal state conductance, indicating that
a NIN junction is ohmic at low bias where the above approximations are good. This
can be further appreciated from a NIN energy diagram in Fig. 2.3b, which presents two
normal metals at zero-temperature. As a voltage bias V is applied across the junction,
the Fermi levels of the metals gain a potential difference of eV and electrons start to flow
by tunneling.

2.2.1

NIS junction

In a more interesting case one or both normal metals are replaced by a superconductor
whose gap in its DoS leads to a peculiar tunneling behaviour. In this work we are
interested in the case of one superconductor, i.e. a NIS junction. Replacing metal 2 by
a superconductor with the DoS N2S yields from Eq. (2.14)
INIS

Z
2πe
2
A|t0 | N1 (0) N2S (E)[fN (E − eV, TN ) − fS (E, TS )]dE
=
~
GN Z N2S (E)
[fN (E − eV, TN ) − fS (E, TS )]dE
=
e
N2 (0)
1 Z
=
nS (E)[fN (E − eV, TN ) − fS (E, TS )]dE,
eRN

(2.15)

where RN = 1/GN is the normal state resistance of the junction and nS (E) = N2S (E)/N2 (0)
the normalized DoS of the superconductor. Now, it is important to notice that the temperature in fi is rigorously only the electronic temperature Te,i , separating it from the
metal lattice temperatures. Symmetrizing the above equation yields
INIS (V ) =

1 Z∞
nS (E)[fN (E − eV, Te,N ) − fN (E + eV, Te,N )]dE,
2eRN −∞

(2.16)

which does not any more include the distribution fS (E, Te,S ), indicating that the temperature of the superconductor has no effect on the current through the junction. An
idealized energy diagram of a NIS junction is presented in Fig. 2.3c at zero-temperature.
Now the gap ∆ of the superconductor acts as an energy filter, allowing tunneling only
when e|V | ≥ ∆. Consequently, current as a function of voltage through a NIS junction
is highly non-linear.
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A few ideal current-voltage (IV) curves of a NIS junction constructed by using Eq. (2.16)
are displayed in Fig. 2.4a. As can be noticed, Eq. (2.16) is antisymmetric, i.e I(V ) =
−I(−V ). At zero-temperature there would be no current until e|V | = ∆0 , but at finite
temperatures the smearing of the electron distribution of the normal metal allows a current to flow already at smaller voltages. The higher the temperature the more there are
electrons above the Fermi level capable of tunneling to the superconductor, and more
also the superconducting gap shrinks from its zero-temperature value. Hence, the IVs get
smoother as temperature is increased. At the transition temperature the superconducting
gap is closed and IV expresses the ohmic I = GN V behaviour of the corresponding NIN
junction.
If two NIS junctions are joined in series to form a SINIS junction, the current is of
the form
1 Z∞
nS (E)[fN (E − eV /2, Te,N ) − fN (E + eV /2, Te,N )]dE,
ISINIS (V ) =
2eRN −∞

(2.17)

assuming similar tunnel barriers with the same normal state resistances RN and a low
normal metal island resistance, RI  RN . The factor 1/2 allows a current to flow through
the junctions only when e|V | ≥ 2∆0 at zero-temperature. Otherwise the characteristics
of a SINIS junction are similar to those of a NIS junction.
Typically, a real superconductor does not have the ideal DoS described by Eq. (2.9)
but one has to assume the so-called Dynes density of states


E + ıγ∆




nS (E) = Re  q
(E + ıγ∆)2 − ∆2

(2.18)

with the Dynes parameter γ originally parametrizing the life-time broadening of the
quasiparticles leading to non-ideal behavior of the superconductor [40]. Essentially this
is manifested by a sub-gap leakage current, which has been explained with quasiparticle states within the gap. Another mechanism leading to such behavior are low-energy
electrons that have absorbed photons to gain sufficient energy to tunnel above the gap.
This latter mechanism, called photon-assisted tunneling, is due to high-frequency noise
from the environment at temperature kB Tenv ≥ ∆, and it is shown to cause a current
that matches exactly with Eq (2.18) [41]. With this model γ = 2πe2 kB Renv Tenv /(h∆),
where Renv is the effective resistance of the environment, the sub-gap current can be interpreted as a current through a NIN junction with the normal state resistance of RN /γ.
Experimentally γ can be obtained as a ratio of the measured zero-bias conductance and
the normal state conductance, having typically value between 10−2 and 10−4 . To put it
simply, the lower γ the more ideal junction.
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Figure 2.4. Ideal, normalized tunneling characteristics of a NIS junction. a. I(V )
curves at few temperatures T /Tc . The linear curve at T /Tc = 1 shows the corresponding
NIN junction with the slope GN = 1/RN . At high voltages eV  ∆0 all the curves
coalesce with the linear curve. b. The corresponding differential conductance curves
obtained from the IV curves of a by differentiating.
Tunneling measurements yield also the DoS of a superconductor [5]. This can be
realized by differentiating Eq. (2.15), giving differential conductance
Z
∂fN (E − eV, Te,N )
dINIS
= GN nS (E)
dE.
G=
dV
∂(eV )
"

#

As temperature approaches zero the equation reduces to [2] G|T =0 = GN nS (e|V |) giving
thus directly the normalized DoS. Also in general, differential conductance is a convenient way to present results of tunneling measurements, as it sensitively illustrates the
behaviour of a junction. Figure 2.4b presents the IV curves of Fig. 2.4a differentiated. The
conductance peak is located exactly at e|V | = ∆0 at zero-temperature, but as temperature is increased the peak gets lower and smoother, and shifts to higher |V | representing
the smearing fN . As described, at a low temperature the differential conductance gives
the DoS of the superconductor. As the transition temperature is exceeded, the gap is
shrunken and the differential conductance gives the DoS of the normal state conductor.

2.2.2

NIS thermometer

An important aspect of a (SI)NIS junction is the possibility to use it as a thermometer [4].
If a junction is current-biased by a constant current Ibias , the electronic temperature of
the normal metal can be deduced by measuring the voltage drop across the junction.
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Figure 2.5. Ideal, normalized characteristics of a NIS thermometer and a NIS cooler. a.
Voltage drop across a NIS junction as a function of temperature with few current biases.
b. Cooling power as a function of voltage bias at few temperatures (T = Te,N = Te,S ).
The curve with T /Tc = 1 corresponds to the cooling power of a NIN junction.
The current Ibias is normally chosen so that the voltage drop remains in the range of the
gap, e|V | < ∆, corresponding to small, picoampere range currents in order to minimize
Joule heating in the junction. A few calibration curves of an ideal NIS thermometer with
varying current biases are presented in Fig. 2.5a. The curves are constructed numerically
from Eq. (2.16) by solving the voltage drop with a given current and temperature (T =
Te,N = Te,S ).
In principle, Te,N can be obtained without fit parameters, making (SI)NIS junctions
primary thermometers, but in practice the junctions tend to be highly non-ideal due to
different phenomena, like Dynes states within the gap, which cause saturation at low
temperatures. Furthermore, they are suitable, obviously, only for temperatures below
the transition temperature of the superconductor. A calibrated (SI)NIS thermometer is,
however, an excellent solution for many low-temperature applications. Thanks to modern
fabrication methods they can be made minimal in size and therefore placed on a normal
metal as small probes to measure local temperature.

2.3

NIS refrigerators

As a current flows through a NIS junction, the average energy of the electrons of the
normal metal is reduced, which means it can be cooled down. This applies to the both
directions of current and therefore it is useful to start the discussion by presenting a
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Figure 2.6. Principles of a SINIS cooler. a. With a voltage bias of eV ' 2∆ the hot
electrons (red circle) tunnel out of and cold electrons (blue circle) tunnel into the normal
metal island, thus cooling its electron system. Heat is extracted from the normal metal to
each superconductor with rate of Q̇NIS . b. Thermal subsystems of the normal metal. The
electron system is coupled to environment and the phonon system of the metal lattice,
which is further coupled to the phonon system of the substrate. The coupling strengths
are indicated by collision rates γi−j .
SINIS cooler in which the other superconducting electrode is positively biased and the
other one negatively biased compared to the normal metal island.

2.3.1

Electronic cooling

A SINIS cooler is schematically illustrated in Fig. 2.6a. The superconductors with gap
∆ are assumed to have their zero-temperature electron distribution, whereas the normal
metal has temperature Te,N > 0 smearing its electron distribution by a factor of ∼ kB Te,N .
Thus, the most energetic (hottest) electrons are able to tunnel into the empty states of
the positively biased superconductor below eV ' 2∆. The hot electrons are replaced by
electrons having energy E < EF,N that tunnel into the normal metal from the occupied
states of the negatively biased superconductor, creating the current I through the cooler.
Alternatively, instead of cold electrons, one can consider that holes with E < EF,N
tunnel from the normal metal to the negatively biased superconductor. As a result of
the two tunneling processes, the electron distribution of the normal metal gets sharper,
i.e. the electron system is cooled down. Heat is extracted with power Q̇NIS to both
superconductors, which are assumed to be good reservoirs.
The cooling power of a NIS junction as a function of a refrigerating voltage can be
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written as
1 Z∞
dE(E−eV )nS (E)[fN (E−eV, Te,N )−fS (E, Te,S )], (2.19)
Q̇NIS (V, Te,N , Te,S ) = 2
e RN −∞
as the tunneling electrons carry energy E − eV from the normal metal. In the case of
a SINIS cooler the power is simply twice the power of a NIS cooler, and the voltage is
divided by a factor 2. Importantly, the cooling power is independent of the direction of
the current as Eq. (2.19) is symmetric, Q̇NIS (V ) = Q̇NIS (−V ), if the temperatures of the
superconducting electrodes are equal.
Cooling power of a NIS cooler is presented in Fig. 2.5b by plotting Eq. (2.19) at a
few temperatures. Positive power represents removal of heat from the normal metal, i.e.
cooling. Cooling power is minimal at low temperatures but increases with increasing
temperature, while the peak shifts to lower |V |. The maximum cooling power takes place
at T /Tc ' 0.5 corresponding to kB T ' 0.3∆ after which the cooling effect is reduced,
and finally at the transition temperature current only heats up the metals.
By assuming an ideal superconductor at a temperature T  Tc one can analytically
obtain the optimal refrigerating voltage Vopt = (∆ − 0.66kB T )/e at which the current
through the junction is [42]
∆
I(Vopt ) ' 0.48
eRN

s

kB Te,N
.
∆

(2.20)

The corresponding maximum cooling power is then given by


Q̇max

∆ 
kB Te,N
' 2
0.59
e RN
∆

!3

s

2

−



2πkB Te,S −∆/kB TS 
e
.
∆

(2.21)

This equation can be utilized for designing and estimating the performance of real NIS
coolers as it explicitly presents the contribution of ∆ and RN . ∆ can be controlled simply
by the choice of the superconducting material, and, in addition to the maximum cooling
power, it also defines the temperature range the cooler can be in principal utilized in with
the expression ∆0 ' 1.764kB Tc . RN can be reduced to increase the cooling power by
fabricating thinner barriers or larger contacts. Optimization of these factors is, however,
challenging due to a few practical concerns [13]. A thin barrier can have pinholes with high
transmissivity that causes large Joule heating, which heats up both the normal metal and
the superconductor. Second, a low transmissivity barrier allows Andreev reflection [43].
So far all the discussion has assumed only single-electron tunneling, whereas Andreev
reflection is a second-order current transport mechanism in which an electron is reflected
from a NS interface as a hole, creating a Cooper pair in the superconductor or vice versa.
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The Andreev current can be the dominant current transport mechanism at low voltage
biases and it dissipates all its power to the normal metal heating it up. This effect has
been recorded in several studies [44].
On the other hand, a large junction area causes a higher quasiparticle density at the
contact area, leading to back tunneling or recombination that can heat up the normal
metal with an emitted phonon [13]. This problem is due to exponentially suppressed heat
conductivity of superconductors at low temperatures, but as a simple solution it can be
overcome by pure and thick superconducting electrodes. Another, a more advanced possibility is to use so-called quasiparticle traps [45], which are normal metal films contacted
directly or via a thin insulating barrier to the superconductor near the junction area.
Normal metals have high thermal conductance so the traps absorb the excess quasiparticle energy and thus enhance the cooler performance. The optimal placing of traps is
challenging, as being too close the junctions they affect the tunneling process by weakening the superconductivity due to the inverse proximity effect. The traps can also be
realized by applying a small magnetic field that creates normal metal domains to the
superconductor, as described in Sec. 2.1.2 [46].
Furthermore, one could presume that another possible problem of a practical SINIS
cooler could be asymmetric tunnel junctions. However, it has been shown that cooling
can even be enhanced by asymmetric junctions [47]. This is partly due to so-called selfaligning that causes each junction to have a voltage drop eV ≈ ∆ across it due to the
high non-linearity of the IV characteristics of the junctions with the same current flowing
through them.
As well as in the case of a conventional refrigerator, the efficiency of a (SI)NIS cooler
can be characterized with the coefficient of performance given by η = Q̇cooler /Pin , where
Pin = I(V )V is the power consumed in the voltage source. At optimal voltage and low
temperature when Q̇cooler = Q̇opt an ideal NIS refrigerator has
ηopt ' 0.7

Te,N
,
Tc

(2.22)

being at its maximum about 25% and at typical operation temperatures in the vicinity
of 20% [4]. Thus, even in the ideal case a NIS cooler is far more less efficient than
ideal traditional refrigerators. However, solid state refrigerators, like Peltier and NIS
refrigerators, have simpler construction and they do not include any moving parts or
fluids being therefore, in principal, more reliable and cheaper and they can be built in
nanometer scale.
17

2.3.2

Thermal model

At low temperatures a conductor can not be considered anymore as a one well-defined
system. Instead, it consists of several subsystems of which each can have different internal
energies, as couplings between the subsystems get weak at low temperatures. The subsystems of the actual conductor are the electron system and the phonon system, which
are coupled to each other via inelastic electron–phonon (e–p) scattering, which plays a
vital role in coolers [4]. The electron system is also coupled electromagnetically to the
environment via electron–photon coupling and can exchange energy with external power
sources or sinks. The phonon system of the conductor is coupled to the phonon system
of the substrate, which can be further coupled to the phonon system of a heat bath,
via phonon–phonon coupling. The phonon system is divided due to possible lattice mismatches that cause scattering of phonons and hence thermal resistance at the interfaces of
separate subsystems. These effects can be smaller than the e–p coupling, and we neglect
them in this thesis.
Since coolers are being discussed about, the concept of temperature is obviously interesting and important. In contrast to our everyday macroscopic world, temperature is
not as straightforwardly defined in mesoscopic scales and at low temperatures. In order
for a subsystem to have a conveniently defined temperature it must follow a thermal distribution, either Fermi–Dirac [Eq. (2.8)] or Bose–Einstein distributions for electron and
phonon systems, respectively. This condition is fulfilled if the relaxation rate inside a
subsystem is higher than its coupling rates between the other subsystems. For example,
in the case of the electron system the electron–electron collision rate has to be higher than
the injection rate of electrons from other conductors or photons from the environment.
If the subsystems follow the thermal distributions but their effective temperatures differ
from each other, the conductor is defined to be in quasiequilibrium. The theory of electron cooling is based on the assumption that the electron system remains all the time in
this condition. The alternative states are, naturally, equilibrium and nonequilibrium. In
the former case all the subsystems are at the same temperature due to strong couplings,
whereas in the latter situation relaxation rates of subsystems are lower than coupling
rates. Consequently, the subsystems do not follow thermal distributions, making defining
the temperature inconvenient.
The thermal model discussed above is displayed in Fig. 2.6b showing the subsystems
of a normal metal, each subsystem i being at its own temperature Ti . Coupling strength
between the subsystems i and j is characterized by collision rates γi−j , for instance
electron–phonon collision rate is noted here as γe−p . The same notation is used to indicate
the collision rate γe−e of the inelastic electron–electron scattering, which gives rise to the
relaxation of electrons relevant to achieve the quasiequilibrim. Collisions induce heat
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exchange between the subsystems characterized by rates Q̇i−j . Since in the case of a
SINIS cooler the normal metal is connected to the superconducting leads and it exchanges
energy with them, the scheme includes external power Pext , and depending on its sign,
the normal metal is either heated or cooled.
In most experimental studies, also in this work, the electron–phonon coupling is the
dominant scattering mechanism for the electron system of a normal metal in the temperature range of interest (few tens of millikelvins - 1 K). Thus, with low γe−p it is possible
to refrigerate the electron system. Quantitatively, by assuming quasiequilibrium one can
deduce from a basic quantum mechanic first-order perturbation theory an energy exchange rate between electrons and phonons of a normal metal under a scalar deformation
potential giving [48]
(2.23)
Q̇e−p (Te , Tp ) = ΣV(Ten − Tpn ),
where Σ is a material parameter indicating the strength of electron–phonon coupling and
V is the volume of the normal metal. Σ can be explicitly presented as
Σ=

5
ζ(5) kF4 kB
,
3π 3 ~3 vS4 ρ

(2.24)

where vS is the longitudinal speed of sound in the normal metal, Riemann zeta-function
ζ(5) ≈ 1.0369 and ρ is the mass density [49]. This formula yields values of the order of
108 Wm−3 K−5 for most materials. Typically the value of Σ is extracted experimentally
and is of the order of 109 Wm−3 K−5 for metals like copper (2.0 · 109 Wm−3 K−5 ) or
aluminium (0.5 · 109 Wm−3 K−5 ) frequently used in applications in which such parameters
are considered. The discrepancy between the theoretical and the measured values has
been explained to be due to the complicated structure of the Fermi surface in real metals.
As indicated by the dimensions of the Σ values mentioned above, n = 5 is the ideal pure
case value for the exponent n. In the dirty limit, n deviates between values 4 and
6 making fitting more complicated. Also restricted dimensions of the electron or the
phonon systems [50] can cause large deviations from the n = 5 law.
To calculate the electronic temperature of the normal metal one has to consider the full
refrigerator cooling power of the studied device, taking into account the different power
contributions. The refrigerator cooling power is defined as the maximum power load the
device can sustain without the electronic temperature changing and can be expressed for
an ideal NIS cooler as
Q̇ref r = Q̇NIS (V, Te,N , Te,S ) + Q̇e−p (Te,N , Tp ).

(2.25)

Smaller Σ and V of the normal metal weakens Q̇e−p and makes a larger temperature
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Figure 2.7. Idealized theoretical electronic temperature of the normal metal of a NIS
cooler as a function of refrigeration voltage at a few bath temperatures. The bath temperature of each curve can be obtained from the point V = 0.
difference between the electrons and the lattice phonons possible. Additional non-ideal
thermal loads can easily be taken into account by adding their power contribution to
the right hand side of the equation. On the basis of Eq. (2.23) one could think that a
vanishingly small normal metal would account for minimal temperature with all cooling
powers, but the volume of the normal metal island can not be infinitely reduced due
to capacitive and quantum mechanical effects that start to play a role in the device
performance at certain limits [13]. First, together with opaque barriers a diminishing
volume causes the total capacitance of the island C, including the capacitances of the
normal metal and the junctions, to reduce to a level in which the capacitance energy
EC = e2 /2C becomes so large that it blocks electron tunneling at small voltage biases.
The resulting device is consequently Coulomb blockaded and can be utilized with a gate
voltage in some applications. Second, the Fermi wavelength λF , elastic mean free path
of electrons le and the length of the normal metal island L should satisfy λF  le  L
so that the island falls in the quasiclassical diffusive limit where the electron distribution
is still well-defined and can be calculated with a diffusion equation leading to the Fermi–
Dirac distribution [4].
If the superconducting leads are good reservoirs one can assume Te,S = Tp so that
the minimum electronic temperature of the normal metal is achieved when Q̇ref r = 0
and consequently Q̇NIS (V, Te , Tp ) = −Q̇e−p (Te , Tp ). This function is numerically solved
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for and plotted with n = 5 at a few bath temperatures in Fig. 2.7 assuming a traditional
Cu/AlOx /Al NIS junction with copper having Σ = 2.0 · 109 Wm−3 K−5 and V = 0.1 µm3 ,
the junction having RN = 1 kΩ and aluminium having Tc = 1.2 K. As expected on the
basis of Eq. (2.19), the minimum temperature is achieved near eV = ∆0 at low bath
temperatures and the widening cooling peak is shifted to lower voltage biases |V | as
the bath temperature is increased. Even if the maximum cooling power is achieved at
temperature T ' 0.5 Tc , as shown earlier, the maximum temperature difference occurs at
half of those bath temperatures.
At the lowest bath temperatures the minimum temperature seems to reach zero due to
the almost negligible electron–phonon coupling, but in practice other power contributions
and phenomena deny this. In addition to the aforementioned possibility of Andreev
current through high transmissivity pinholes in the barrier, electron systems of both the
normal metal and the superconductor can also suffer from nonequilibrium effects limiting
the minimum temperature as well as making the concept of temperature meaningless
in the electrodes. Furthermore, the sub-gap current limits fundamentally the achievable
minimum temperature Tmin following in the case of SINIS coolers a simple law expressed
2
as Tmin ' 2.5γ 3 Tc , where the Dynes parameter γ effectively indicates the density of
quasiparticle states within the superconducting gap causing the sub-gap current [51].

2.3.3

Practical coolers

In addition to the problems in cooling at low temperatures, practical (SI)NIS thermometers measuring the electronic temperature of a (SI)NIS cooler tend to saturate at low
temperatures causing a disturbed measurement of the disturbed cooling process. Hence,
the operation temperatures of practical coolers are typically in the range of 200−500 mK.
The saturation is due to the same effects limiting the cooling, essentially the sub-gap leakage current or leakage heating power.
The thermometer probes connected to the normal metal island can be fabricated
together with the refrigerating junctions thanks to their similar structure. In addition to
the inevitable self-heating, which is minimized by a small probing current, the additional
probes could also exhibit self-cooling, which is reduced by increasing RN by fabricating
smaller area junctions. In the ideal cooler structure the refrigerating junctions have much
smaller resistance than the thermometer junctions, so that the cooling is dominantly
driven by the refrigerating junctions, and the thermometer is only measuring the resulting
electronic temperature.
SINIS coolers can also be realized by replacing the normal metal by a heavily doped
semiconductor [21]. Compared to normal metals they have some advantageous properties
like generally weaker electron–phonon coupling and a tendency to form the Schottky
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barrier at the metal-semiconductor interface. The usual semiconductor in S-Sm-S coolers
has been heavily doped silicon with Σ = 0.04 − 0.1 · 109 Wm−3 K−5 and high enough
Schottky barrier, which is formed by Fermi level pinning causing the conduction band
edge of the semiconductor to bend upwards in energy, so that at the Fermi level there are
no free electron states in the semiconductor at the vicinity of the metal interface. Thus,
the Schottky barrier acts effectively as an insulating layer, and in the case of a high
Schottky barrier there is no need to add a barrier between the S-Sm junction, making
fabrication simpler. Furthermore, the doping level N controls both the electron–phonon
coupling and the Schottky barrier height the former increasing linearly with N and the
1
latter following RN ∝ exp(N − 2 ).
An obvious drawback of semiconductors is the increased resistivity, which causes dissipation of current and therefore Joule heating. Rigorously, the equations derived for
(SI)NIS junctions do not hold any more, but if the tunneling resistance of the junction is
higher than the resistance of the semiconductor island, the basic characteristics remain
unaltered. The reduced cooling power is largely compensated by the lower electron–
phonon coupling. Unluckily, high doping level contributes to high sub-gap leakage currents, i.e. seen as a high Dynes-parameter between the range 10−1 − 10−2 .
To summarize, an optimal SINIS refrigerator consists of large and pure superconducting leads that are contacted to a small normal metal island via homogeneous barriers
with relatively high transmissivity. Large refrigeration junctions having low normal state
resistance ensure high heat extraction rate from the normal metal, whose temperature
is measured by small area and high normal state resistance thermometer junctions operating at low current bias. In a more advanced model, the cooler can include several
refrigeration junctions to avoid the problems of large area junctions, mainly the increased
probability to have transparent pinholes. The normal metal island should have low Σ
value and high thermal conductivity. The superconductor can also have normal metal
films on top if near the junctions to act as quasiparticle traps. In addition, the environment should be noiseless in order to reduce phenomena like photon-assisted tunneling,
which causes sub-gap leakage. This can be at least partially obtained by careful filtering
and shielding of the measurement leads.

2.4

Semiconductor nanowires

Semiconductors are characterized by a gap in their DoS around the Fermi level, making them insulators at zero-temperature. When temperature is increased, a portion of
electrons are thermally excited to the conductance band above the gap, consequently
contributing to electric conductance. Conductivity can also be modified by applying
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an external electric field, which shifts the Fermi level at sufficient strengths allowing a
current flow. Another option is doping, i.e. the addition of impurities that have either
more (n-doping) or less (p-doping) valence electrons than the bulk semiconductor, which
increases the amount of current carriers in the material. These properties have made
semiconductors vital and versatile tools for technology and science.
In addition to elemental group IV semiconductors, silicon and germanium, compounds
of groups III and V, or more rarely II and VI, share a similar electron structure and are
widely used as compound semiconductors due to the tunability of, for example, carrier
density and mobility, which contribute to the electrical properties of a semiconductor.
The former compounds are called III–V semiconductors, and this work is based on one
of them, indium arsenide (InAs), which was used to replace the normal metal in a SINIS
cooler. InAs is an exception among semiconductors having a low Schottky barrier, being
thus able to form rather clean interfaces with metals [52]. However, this excludes the
possibility to utilize the Schottky barriers as insulating layers, and additional barriers are
required to ensure proper NIS junctions.
Furthermore, InAs is in the form of epitaxially grown nanowires (NW), which are essentially quasi-one-dimensional conductors, characterized by two dimensions being smaller
than the third one, so that electrons are basically restricted to move only along the
wire with width W and length L. Consequently, they form one-dimensional electron
gas (1DEG), which can be modeled by a two-dimensional electron gas (2DEG) confined
in one extra dimension by a parabolic potential of the form V (x) = m∗ ωx2 /2, where
ω = ~/m∗ W and m∗ is the effective electron mass [53], which in the case of InAs is as
low as 0.023me , where me is the rest mass of an electron. In Cartesian coordinates with
y as the wire axis, the electron wave function can be expressed by means of plane wave
solution for free electron motion, Ψ ∝ exp (ıky y), where ky is the wave vector. The full
solution depends on the eigenstates U (x) and ψ(z) in the x- and z-directions as well, so
that Ψ = U (x)ψ(z) exp (ıky y).
U (x) can be solved from a simple Schrödinger equation (SE),
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which yields a well-known solution for a harmonic oscillator,
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where N is a positive integer and HN is the N th order Hermite polynomial. The eigen

values of SE are then given by EN = N + 21 ~ω so that each 2DEG subband is split
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Figure 2.8. Properties of a one-dimensional electron system. The energy dispersion
(a) and the corresponding density of states with clear 1D subbands (b). Adapted from
Ref. [53].
into N 1DEG subbands shown in Fig. 2.8a. The corresponding DoS shown in Fig. 2.8b
exhibits a singularity at the bottom of each subband, which in real systems are slightly
broadened by carrier scattering.
In the ballistic regime, i.e. when the elastic free path le > L, the N th subband carries
a current through a NW biased by a voltage eV
IN = e

Z EF +eV
EF

vg (E)D(E)dE,

(2.28)

where vg is the electron group velocity and D(E)(∝ vg−1 ) the 1D DoS. We see that the
vg terms cancel out and each subband contributes equally, so that the conductance of a
NW is quantized and can be expressed as G = I/V = gs gv e2 Nmax /h, where gs and gv are
the spin and valley degeneracies, respectively. However, the mean free path is typically
restricted to few hundreds of nanometres, and thus longer NWs are in the unpredictable
diffusive regime. In addition, the quality of contacts between the NWs and the reservoirs
plays an essential role in NW devices so that ideal ballistic properties are challenging to
realize, although some non-ideal effects can be predicted [54].
As well as the electron system, the phonon system of a NW is confined. At low
temperatures only the acoustic phonons contribute to the energy relaxation between
electrons and phonons with the exchange of 2kF phonons [55]. As a consequence of
the restricted dimensions, one would expect that the energy relaxation occurs only with
frequency 2~ckF , but many-body effects allow all possible frequencies so that the P ∝
exp (−2~ckF /kB T ) behaviour is changed into a T n behaviour. This is predicted to cause
an enhanced power loss of the 1D electron system with density n interacting with the
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phonon system, characterized by a power loss per electron as
P =

Z
dω
1X
~ωBo Imχ(q, ω)ImD(q, ω),
|M1D (q)|2
n q
π

(2.29)

where Bo = nB ~ω/kB Te is the Bose occupation factor, D(q, ω) the phonon propagator,
χ(q, ω) the reducible polarizability of the 1DEG and |M1D (q)|2 the 1D electron–acoustic
phonon deformation potential interaction. The power loss is enhanced in particular at 1–
2 K, where the so-called virtual phonon emission dominates the real phonon emission [55].
Thus, there are several fundamental differences between a conventional normal metal and
a semiconducting nanowire that can give rise to unpredictable and exciting results when
a NW is integrated in a SINIS cooler.
An attempt to fit measured data to a theory can be done by applying a model for
electron–phonon coupling in suspended quasi-one-dimensional metallic wires derived in
Ref. [49]. In this case the heat exchange between electrons and longitudinal phonons can
be expressed as
3
3
Q̇1D
(2.30)
e−p = Σ1D L(Te − Tp ),
where L is the length of the wire and the coupling constant
Σ1D =

3
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(2.31)

This is directly related to the bulk coupling constant of Eq. (2.24) by
Σ1D

πζ(3)
=
6ζ(5)

~vS
2
kB

!2

Σ,

(2.32)

being thus several orders of magnitude lower and having dimensions of W m−1 K−3 .
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Chapter 3
Fabrication processes
This chapter describes how the samples studied in this work were fabricated, starting
from the nanowire growth and ending to the bonding of the sample to a sample holder.
The principles of the main fabrication techniques are also introduced.
Fabrication processes took place in the clean room facilities of National Enterprise for
nanoScience and nanoTechnology (NEST) in Pisa, Italy. Nanowires were grown in the
ISO 7 part of the facilities, whereas all the rest processes were carried out in even cleaner
ISO 6 facilities.

3.1

Nanowire growth

Even if there exist an increasing amount of different epitaxial growing techniques [23],
semiconductor nanowires (NW) are most conveniently grown by Vapor-Liquid-Solid (VLS)
method using catalysing metal nanoparticles (NP) to provide physical sites for the NW
growth on a substrate that in turn acts as a chemical and physical catalyst. Gold is a
typical choice for NPs due to its inertness and ability to form eutectic alloys, i.e. alloys
with melting temperature lower than that of each of its components, with most of the
semiconductors. A Au NP -catalysed growth is rather easy to initiate and offers good
control over NW morphology, density, position and crystal structure [56]. However, for
some more advanced processes and applications Au NPs have serious drawbacks, and
more complex catalyst-free [57] and self-catalysed [58] growing procedures have been developed successfully. Nevertheless, for this work Au NPs are suitable catalysts and they
were utilized to grow InAs NWs on an InAs substrate.
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3.1.1

Au-catalysed InAs nanowires

NPs can be obtained by two ways, namely by thermally dewetting a thin film evaporated
on the substrate or by using a ready NP colloidal solution. The film thickness can be
nominally only a fraction of a monolayer, and the NPs are formed when the substrate
is annealed before the growth. Size of the NPs is a crucial factor, since the diameter
of the grown NWs is directly determined by it, while the crystal structure and thus
electrical and optical properties are determined by the diameter of a NW. In general,
NW diameter, density and length distributions can be controlled with colloid size/film
thickness, annealing time and annealing temperature. Colloidal NPs provide quite an
exact control over the diameter distribution of the NWs as the thickness of the NWs is
mainly dependent simply on the diameter of the NPs, but it is harder to control their
growing density, which can in some cases be an issue.
The NP-catalysis on an InAs substrate is based on the aforementioned formation of
eutectic alloys in the annealing step of the process. As the substrate and a NP on it are
heated, In atoms of the substrate can inter-diffuse into Au and form a liquid alloy with
it. When the gaseous growth precursors are introduced, they get absorbed in the Au-In
alloy. As the concentration of the precursor compounds in the alloy increases, it is driven
in a supersaturated state, and the precursors crystallize in the solid-liquid interface of the
substrate and the alloy to restore the equilibrium. This process is called nucleation and
it initiates the NW growth by forming the first monolayer of the growth substances below
the NP alloy. As the precursors are constantly supplied, the alloy keeps being driven to
nonequilibrium and the NW is constructed monolayer by monolayer below the NP until
the precursor flow is ceased. The described process is illustrated in Fig. 3.1a. Moreover,
by changing the precursors and/or the growing conditions it is also possible to create
heterostructures in axial [59] or radial [60] directions with respect to the nanowires.
The nanowires for this work were grown on an InAs (111)B substrate with colloidal
Au NPs having average diameter of 40 nm as catalysts. Prior to the NP deposition the
InAs substrate was dipped in a 0.1% poly-1-lysine solution for 30 s, rinsed in deionized
(DI) water and blown dry with a nitrogen flow. Poly-1-lysine enhances the attachment
of NPs presumably due to its positively charged tail bonding to negatively charged NP
surface. NPs were deposited on the substrate by dropcasting and leaving the drop to dry
on the surface for few minutes, after which the substrate was again rinsed in DI water
and blown dry.
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Figure 3.1. Nanowire growth. a. Gold nanoparticle (NP) catalysed nanowire growth,
starting (left) from a thin evaporated layer or colloidal NPs deposited on a growing
substrate. As the substrate is annealed the film is dewetted forming NPs. NPs on turn
form alloys with the substrate or precursor materials initializing nanowire growth (right)
when the alloy is supersaturated. b. Main parts of a MBE system. c. A tilted electron
micrograph of Au NP -catalysed InAs NWs. Each NW has a NP on top of it. d. A
transmission electron micrograph of a NW with a thick native oxide layer. Figures a, b,
c and d are adapted from Refs. [56], [62], [25] and [64], respectively.

3.1.2

Chemical Beam Epitaxy

Nanowires were grown by Chemical Beam Epitaxy (CBE), which utilizes metal-organic
(MO) compounds to epitaxial fabrication in Ultra-High Vacuum (UHV) to ensure ballistic
flow of precursors, hence combining some properties and advantages of MO Chemical
Vapor Deposition (MOCVD) and Molecular Beam Epitaxy (MBE) [61]. In addition,
CBE has a few unique properties that make it a versatile and efficient growing technique
and it was first realized to especially grow III–V semiconductor films. However, as the
name indicates, CBE systems have a lot in common with MBE systems whose main parts
illustrated in Fig. 3.1b can directly be applied in a CBE system. In fact, a Riber Compact
21 device utilized to the NW growth is originally a MBE system.
Before loading the device, the growing substrate is indium-bonded on a molybdenum
platen on a hot plate at 250 ◦ C and placed on a loading cassette. The cassette is then
loaded in an introduction chamber of the CBE system, which is pumped down to 10−8 Torr
in 1-2 hours. Subsequently the cassette is transferred into a preparation chamber via a
gate valve. In the preparation chamber, ideally all the remaining moisture is removed from
the substrate with a degassing facility [63]. After the final preparation, the substrate is
transferred with a magnetic transfer rod to a growing chamber, which, in addition to being
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constantly pumped, is shielded by a cryopanel whose liquid nitrogen circulation further
decreases the pressure down to 10−10 Torr. The chamber is equipped with a Reflection
High-Energy Electron Diffraction (RHEED) meter and residual gas analyser to observe
the growing process in situ. Substrate temperature is monitored with a thermocouple
and an optical pyrometer providing a ±10 ◦ C accuracy. The standby temperature of the
chamber is ∼ 250 ◦ C
The MOs are stored outside the growing chamber in steel bottles with individual
heaters. As the growth is initialized the gas lines to the growing chamber are first stabilized by venting and controlling their pressure with needle valves. When the line pressure
is sufficient, the precursors are allowed to the growing chamber via run lines. The group
III precursors, trimethylindium (TMIn), triethylgallium (TEGa) and trimethylaluminium
(TMAl), are introduced into the chamber via low temperature (50 ◦ C) line injectors, and
they are pyrolyzed at the heated substrate. In contrast, the group V precursors, tertiarybutylarsine (TBAs), tertiarybutylphospine (TBP), trimethylantimony (TMSb) and
tris(dimethylamino)antimony (TDMASb), are introduced via high temperature (1000 ◦ C)
injectors since the substrate temperature is not sufficient to crack them. The n-doping
substance, ditertiarybutylselenide (DtBSe) is introduced from a separate injector. During
the growth the chamber pressure increases to 10−5 –10−6 due to group V precursors and
MO byproducts, such as hydrogen and hydrocarbons.
The InAs NWs used in this work were grown with the following procedure: Once
transferred into the growing chamber, the substrate was annealed at ∼ 500 ◦ C in 1.0 Torr
TBAs flux for a few minutes. Then the chamber temperature was decreased down to
400 ◦ C after which the growth was initialized by introducing TBAs and TMIn fluxes with
pressures 1.5 Torr and 0.6 Torr, respectively, while doping the structure with selenium
with a 0.3 Torr DtBSe flux. Earlier, these growing conditions have been demonstrated
to produce NWs having carrier density, electron mobility and resistivity of orders of
1017 cm−3 , 103 cm2 V−1 s−1 and 103 µΩ cm, respectively, and the wurtzite crystal structure [34]. These are optimized values, since excess of doping induces zinc-blende segments
inside wires and causes lateral overgrowth.
After 60 minutes of processing the temperature was increased to 440 ◦ C and the growth
continued for 50 minutes. This procedure provided averagely 2.5 µm long NWs with diameters of (90 ± 10) nm. After the growth, the morphological properties of the NWs were
observed by a scanning electron microscope (SEM). An example of InAs NWs still attached on their growing substrate is shown in Fig. 3.1c. More detailed properties of NWs
must be observed by transmission electron microscopy (TEM), which is able to image the
crystal structure. An example of a high resolution TEM image is presented in Fig. 3.1d.
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3.2

Sample fabrication

Sample fabrication in this work can be divided into three larger steps, and a subsection is
dedicated to each of them. The first step was to deposit nanowires onto a pre-patterned
sample chip, and the second one was to design the contacts with electron-beam lithography. The contacts were realized in the final, third step by electron-beam metal evaporation. In addition, pre-patterning of the sample chips and its bonding to a sample holder
for measurements are described briefly in the last subsection.

3.2.1

Nanowire deposition

Nanowires were deposited on pre-patterned sample chips made of oxidized silicon, each
chip having four square-shaped 180 µm × 180 µm frames, which had accurate and rough
aligning markers in each corner. An electron micrograph of a frame with already deposited
NWs is shown in Fig. 3.2a. Each frame had 24 Ti/Au contact pads, six on each side,
whose leads extended symmetrically outwards to large bonding pads. In total, the area
of a frame with its leads and pads was 2 mm × 2 mm, so that each frame was separated by
2 mm from its neighbours. An optical micrograph of a sample chip is shown in Fig. 3.2b.
NWs were detached from their growth substrate by immersing the substrate in a 1.5 ml
Eppendorf tube filled with isopropanol, and sonicating the tube in a water bath at room
temperature. NWs were then deposited with random orientations by pipetting a drop of
the solution on a pre-patterned sample chip, and letting it dry almost completely before
immersing the chip in isopropanol and drying it with nitrogen flow to clean the surface.
Only the NWs that have attached to the substrate with all their length remain on the
sample during the cleaning. The four frames were imaged with an optical microscope,
which was adequate to detect most of the NWs. Commonly the deposition step needed
to be repeated a few times to get sufficient amount of NWs inside each frame, where the
devices were to be fabricated.

3.2.2

Electron-beam lithography

Electron-beam lithography (EBL) is a versatile and widely used technique in research
to fabricate nanoscale structures with high precision. EBL can be performed with suitable patterning expansions by scanning electron microscopes (SEM), which are based on
thermally or field emitted electrons accelerated in a high electric field and controlled by
magnetic lenses to form an electron beam [65]. The beam is led on a sample through a
narrow aperture that defines the electron current. This current can be utilized to image the sample by detecting the scattered beam electrons or secondary electrons that
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Figure 3.2. Sample. a. High-contrast electron micrograph of a frame of a sample chip
after the NW deposition. The inset shows an InAs NW with a Au NP on its left end. b.
Optical micrograph of a sample chip bonded by Al wires attached to bonding pads. c.
A chip mounted on a dual-in-line sample holder. Two wires are contacted to the Au base
of the holder to provide an electric contact to the Si substrate.
are detached from the atoms of the sample. Imaging is performed with relatively low
acceleration voltages, typically 5 kV, to not harm a sample.
Another option to utilize the beam is to expose an electron-sensitive material with
it by applying higher acceleration voltages. Materials suitable for this application are
called resists. They are compounds whose chemical structure is strongly modified in the
parts that are exposed to highly energetic electrons. The general response depends on the
type of the resist: in positive-tone resists the electrons effectively cut polymer links and
the exposed parts become easily solvable, whereas in negative-tone resists the exposure
forms polymer links in the otherwise solvable solution. In this work only positive-tone
resists were used to realize the superconducting contacts. In the following step, called
development, the sample with exposed positive(negative)-tone resist is immersed in a
specific developer solution that dissolves the exposed(unexposed) parts. Consequently,
in the case of the positive-tone resist the unexposed resist film serves as a mask for the
subsequent processes. The SEMs used during this work were Zeiss Merlin and Zeiss
UltraPlus, both by Zeiss GmbH, with electron-beam pattern generators Elphy Plus and
MultiBeam, both by Raith GmbH, respectively.
As soon as the amount of the deposited NWs on a sample chip was sufficient, it was
imaged by either SEM by using a 5 kV acceleration voltage. After imaging the sample
was spin coated with a positive poly(methyl methacrylate) (PMMA) AR-P 679.04 resist
from Allresist GmbH. The coating was performed by spinning one minute with 4000 rpm.
Subsequently, the chip was baked on a hot plate at 170◦ C for 90 seconds so that the
solvent of the resist evaporated and a firm, uniform 270 nm-thick film [66] of the PMMA
polymer was formed on the chip.
High resolution micrographs taken from each frame were run through a Matlab-script
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Figure 3.3. Illustration of the main steps of the sample fabrication. a. InAs nanowires
were randomly deposited on a pre-patterned Si/SiO2 substrate chip by dropcasting. b.
The sample was covered with a positive-tone resist and the contacts were exposed by EBL.
After the development the sample was cleaned by oxygen plasma. c. The superconducting
contacts were realized by means of metal (M) e-beam evaporation and in-situ oxidation
of aluminium. d. The resist mask was removed by a lift-off process, leaving only the
designed pattern contacting the nanowires to the bonding pads of the sample chip.
that recorded the exact positions of aligning marks pre-fabricated on the chip. The script
also transformed the micrographs to a suitable format to be used as backgrounds in the
EBL Elphy MultiBeam design software from Raith GmbH. With the micrographs as
backgrounds, it was easy to draw the contacts precisely and quickly from the NWs to the
pads surrounding each frame. The cooler devices had four contacts, two wide contacts at
the ends of NWs and two narrow fingers in the middle of them. The wide contacts were
intended to cover most of the NWs to ensure small tunnelling resistance and consequently
more effective cooling. A typical area of these junctions was 600 nm × 90 nm. The middle
fingers in turn were dedicated to thermometry and were aimed to have higher resistances.
Nominally the width of the fingers was 150 nm, but the realized width was approximately
200 nm, leaving an approximately 300 nm distance between the contacts. Due to the
relatively long distance between the contacts and high doping level, ballistic transport
in the NWs was not expected. The difference between the designed and the realized
widths is due to the proximity effect in the EBL, which should not be confuced with the
superconducting proximity effect. The EBL proximity effect arises from the scattering of
the beam electrons in the resist and from surface of the substrate causing exposure also
outside the designed pattern [65]. However, it is straightforward to take into account in
the design and can also be useful since it creates the so-called undercut structures, where
the exposed area is larger near the substrate surface [65].
The electrode designs were precisely set and realized on the sample by using the align32

ing marks, with the aid of the Elphy MultiBeam software. The exposure was typically
executed using a 20 kV acceleration voltage, a 130 pA electron-beam current and a 9 mm
working distance providing a dose of 320 µC cm−2 . The write field was set to 200 µm to
avoid any issues due to stitching.
The sample was developed in an AR 600-56 PMMA developer solution from Allresist
GmbH containing methyl isobutyl ketone (MIBK) and isopropanol in 1:3 ratio. The
sample was first immersed in the developer solution for 60 seconds and for 30 seconds
in isopropanol before drying it with a nitrogen flow. Possible unsolved residues of the
resist were decomposed by low power oxygen plasma descum process. In this method,
RF power is utilized to ionize oxygen molecules, which are accelerated and led onto the
sample reacting efficiently with the resist forming light gaseous compounds, which are
pumped away from the sample chamber of the plasma cleaner. As a result, all the resist
from the exposed areas is removed while the thickness of the film is slightly reduced. In
this work the cleaning was executed by Femto system by Diener electronic GmbH by
using RF power of 15 W and 75 s cleaning time. An illustration of a developed sample
during the plasma cleaning is presented on Fig 3.3b.

3.2.3

Electron-beam evaporation

Typically, a native oxide layer tends to form on top of semiconductive nanowires [64]
(Fig. 3.1d) causing insulation and scattering of electrons when contacted to conductive
leads. In order to remove the native oxide, NWs need to be immersed in a passivating solution that removes the layer. A standard solution is ammonium polysulfide (NH4 )2 Sx [67],
which was utilized also in this work. An amount of few millilitres of ammonium polysulfide was heated to 44 ◦ C and the sample was immersed in it for 60 seconds. Then the
sample was immersed in DI water for a minute and finally cleaned by quickly rinsing it
in fresh DI water and drying it with a nitrogen flow. To prevent any re-oxidation in air,
the sample was mounted on a sample holder plate with a metallic pin and transferred to
the loading chamber of a electron-beam evaporator immediately after the passivation.
Electron-beam evaporation (EBE) is based on a focused electron-beam that heats up
and finally evaporates target metals in vacuum conditions, so that the evaporated metal
atoms travel ballistically to a substrate on which they stick and form a solid film without
diffusing significantly. The advantage of EBE over e.g. the commonly used thermal
evaporation is that only the target metal is heated and therefore impurities from metal
containers or other parts of the evaporator are effectively avoided so that the resulting
film is extremely pure.
After pumping the loading chamber down to 10−6 Torr the sample holder was moved to
the evaporation chamber via a gate valve with a magnetic tranfer rod. The base pressure
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Figure 3.4. a. A schematic cross-section of a device along the dashed red line in b.
b. False-colored electron micrograph of a cooler device, taken from 50◦ angle. The inner
200 nm-wide superconducting (S) fingers are intended for thermometry whereas the large
contacts at the ends of the InAs nanowire provide the cooling current.
of the evaporation chamber was 10−10 Torr, thanks to a cryo-pumped cold finger at 10 K
inside the chamber trapping contaminants and enhancing the vacuum, thus providing
nearly ideal conditions for the process. The metals were evaporated perpendicularly to
the substrate, starting from a 5 nm-thick titanium layer, which was evaporated to provide
a sticking layer between the NWs and further metal layers. Then, a 50 nm-thick layer of
AlMn containing nominally 2% of manganese was evaporated on top of Ti. This amount of
Mn is known to fully suppress superconductivity in Al without affecting its oxidation [68].
The AlMn layer thus provided a normal metal layer whose surface could be oxidized to
form a reliable insulating barrier. The oxidation process was performed by pulling the
sample back to the loading chamber and letting it react with pure oxygen gas for five
minutes. The pressure of the oxygen atmosphere varied from sample to sample from
0.2 Torr to 0.5 Torr, higher pressure giving rise to thicker oxide layer and hence higher
tunnelling resistance. After the oxidation the loading chamber was again evacuated and
the sample was transferred back to the evaporation chamber to evaporate the last 50 nmthick Al layer providing the superconducting leads. The evaporation rates of Ti, AlMn
and Al were typically 1.0 Å s−1 , 1.5 Å s−1 and 1.5 Å s−1 , respectively. The substrate was
covered by a shutter before reaching the target rate, which was monitored by a quartz
crystal balance. Figure 3.4a presents a cross-sectional schematic showing the construction
of the contacts, whereas Fig. 3.3c illustrates a sample during the evaporation.
The resist mask with the metals on top of it was removed with a lift-off process done
by immersing the sample in 50 ◦ C acetone and gently injecting it with the solvent to
enhance the detachment of the resist. As a result, only the metals on the substrate
exposed in the EBL were left and the designed contacts were hence realized. Thanks to
the undercut structure the metal layers on the substrate are not attached to the walls of
the resist and the lift-off can be executed without ripping off the contacts. Finally, the
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sample was cleaned with isopropanol and dried with nitrogen. The sample was imaged
with SEM using a 5 kV acceleration voltage to verify the quality of each device. The
NW was detached from the substrate leaving its contacts useless in ∼ 25% of devices. A
completed cooler device is presented in a SEM image in Fig. 3.4b and schematically in
Fig. 3.3d.

3.2.4

Substrate and bonding

The sample chips were fabricated from commercial n-doped silicon wafers from Siegert
Wafer GmbH. The wafers were approximately 280 µm-thick and 50 mm in diameter. On
top of a wafer there was approximately 300 nm-thick layer of thermally grown SiO2 oxide
to provide electric insulation. The chip fabrication started by covering a wafer by spinning
with two positive-tone photoresists, LOR 3A and S1813 by MicroChem GmbH, LOR 3A
being more sensitive to UV exposure. Subsequently, the main pattern with 8 × 8 frames,
whose arrangement is described at the beginning of Sec. 3.2.1, providing all the leads and
rough aligning marks was exposed by means of optical lithography.
Due to its higher sensitivity, a larger volume of the lower LOR 3A resist was chemically
dissolved compared to the upper S1813, forming a large undercut during the developments
of the resists. In the next step 5 nm/50 nm-thick layers of Ti/Au were thermally evaporated perpendicularly on the wafer. Due to the wide undercut structure the leads were
not in touch with the resist walls and the leads were not detached from the wafer or
broken during the subsequent lift-off.
After the first patterning, the wafer was covered by spinning the same positive PMMA
resist as used in the sample fabrication. The wafer was aligned by utilizing the rough
markers to expose more accurate aligning markers by EBL, after which the resist was
developed and 5 nm/50 nm layers of Ti/Au were again thermally evaporated on the wafer.
After the lift-off the wafer was cut into 4 × 4 pieces with a diamond scriber, each chip
being approximately 4 by 4 mm.
Figure 3.2c shows a sample chip mounted on a 24-legged dual-in-line sample holder.
The chip is attached to the holder by silver paint after scratching its bottom oxide layer,
to provide a possibility to measure the gate voltage response of the devices. Aluminium
wires were contacted from the gold pads of the sample holder to the bonding pads of the
sample chip by using a 4523 A -wedge bonder from Kulicke and Soffa Industries Inc.
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Chapter 4
Experimental set-ups
This chapter introduces techniques and set-ups needed to measure the fabricated devices.
First of all, since superconductivity appears only at low temperatures, it is evident that
the samples must be cooled down before any results stemming from the superconductivity can be obtained. Therefore the following section handles cryogenics, i.e. a field
of physics that studies materials at low temperatures [1]. The other section describes
the circuits and the methods utilized to characterize the SINIS junctions and to measure
their applications, thermometry and electron cooling.

4.1

Cryogenics

The discussion of cryogenics considered here starts with the main properties of liquid
helium, which forms the basis of many methods utilized to reach the low enough temperatures to study superconductivity in conventional materials. In this work the samples had
to be cooled down well below the superconducting transition temperature of Al, which for
bulk aluminium is 1.2 K [69]. This can be accomplished with a 3 He–4 He dilution refrigerator whose working principles will be described after taking a brief look at simpler helium
refrigerators. A more detailed structure will be presented for the refrigerator utilized in
this work.

4.1.1

Liquid helium

After having been found from Earth in 1895 and liquefied in 1908, helium has been an
important tool and an object of research in low-temperature physics due to its unique
properties that manifest themselves especially in liquid form [1]. In fact, helium is the
only element which does not exist in solid form under its own vapor pressure apart from
one-atom-thick films. This is due to its atom structure: having two electrons in the
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a

Figure 4.1. Phase diagrams of (a) 4 He and (b) 3 He. Adapted from Ref. [1].
first, fully occupied s orbital a helium atom barely interacts with any surrounding atoms.
The low mass of helium causes a high zero-point energy leading to a large zero-point
vibration amplitude. Due to these quantum effects, liquid helium is called a quantum
liquid and instead of solidifying, helium undergoes a transition to a superfluid state from
the normal liquid state. Superfluidity is comparable with superconductivity with its
vanishing viscosity, entropy and specific heat.
There are two stable helium isotopes in nature, namely 4 He whose nucleus contains
two protons and two neutrons, and 3 He with only one neutron, making it a considerably
lighter isotope. Furthermore, while the electron spin is s = 0 for both, 4 He has the
total nuclear spin I = 0, making it a boson, whereas 3 He has I = 1/2, making it a
fermion. These properties cause at low temperatures significant differences in behaviour
between the two isotopes whose pressure-temperature phase diagrams are presented in
Fig. 4.1. The majority of helium in nature is 4 He, which liquefies under normal pressure
at 4.22 K and undergoes the transition to the superfluid state at 2.177 K. The boundary
of the superfluid state and the normal liquid state is presented in the phase diagram by
the λ-line. In contrast, due to its lower mass 3 He liquefies at 3.19 K and undergoes the
transition only at 2.5 mK. Being the much rarer isotope, 3 He constitutes only 0.000137%
of helium in natural sources on Earth, and it is mainly obtained from nuclear reactors
where it is formed as a byproduct of tritium manufacture.
Quality of a liquid as a refrigerant is mostly dependent on its latent heat of evaporation
L and vapor pressure Pvap , which are related to each other by an expression calculated
from the basic Clausius–Clapeyron equation assuming a constant L(T ):
Pvap ∝ e−L/RT ,

(4.1)

where R is the gas constant [1]. Compared to all other liquids, the vapor pressure of he37

lium is high in the kelvin temperature range, making it an extremely useful substance for
vacuum techniques like cryopumping and refrigeration at low temperatures. By pumping
the vapor over the liquid phase the most energetic (hottest) atoms evaporate to replenish
the vapor. Thus, the mean energy of the atoms in the liquid decreases and the liquid
cools down creating an obvious analogy with the electronic NIS-cooling. The cooling
power of the pumping process is given by
Q̇ ∝ LPvap = Le−L/RT

(4.2)

assuming a constant pumping speed. The cooling power thus decreases exponentially at
low temperatures limiting the minimum attainable temperature, which for a 4 He refrigerator is ≈ 1.3 K, and for a 3 He refrigerator ≈ 0.3 K. The remarkable difference in the
minimum temperatures stems mainly from the higher vapor pressure of 3 He, which can
be observed from Fig. 4.2a. Hence, in a 3 He refrigerator there remains more vapor to
pump also at sub-kelvin temperatures.
Considering refrigeration, another important aspect of liquid helium is its specific heat
that remains large at low temperatures compared to the specific heat of other materials.
As the latent heat of evaporation is also large compared to the specific heat of other
materials, it is possible to efficiently cool down any other material with liquid helium
whose temperature the refrigerated object steadily follows. Due to all these reasons,
liquid helium is often utilized as the main coolant, or as a pre-cooling stage.

4.1.2

3

He –4 He dilution refrigerator

The most powerful and important refrigerator based on liquid helium is the 3 He –4 He
dilution refrigerator whose principles were introduced in 1962 [70]. Unlike liquid helium
refrigerators based on the latent heat of evaporation of helium, this new type took advantage of the heat of mixing of the two helium isotopes. The first practical device reached
a temperature of 0.22 K in 1965, but already a few years later a temperature of 25 mK
was achieved. Nowadays the most advanced devices can reach temperatures below 2 mK,
and even commercial refrigerators have minimum temperature around or below 10 mK.
Therefore 3 He−4 He dilution refrigerators are the most utilized devices in the temperature
range 5 mK to 1 K, and they are used to pre-cool most of the devices that are able to
reach even lower temperatures.
The physical principle of 3 He –4 He dilution refrigerators is based on the curious properties of the 3 He –4 He mixture whose phase diagram is presented in Fig. 4.2b. Pure 4 He
is superfluid at temperatures below 2.177 K, but as the amount of 3 He is increased in the
mixture the superfluid transition temperature decreases. When the molar fraction of 3 He
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Figure 4.2. a. Vapor pressure of liquid 3 He and liquid 4 He as a function of temperature.
b. Phase diagram of the 3 He −4 He mixture as functions of molar fraction x of 3 He and
temperature at saturated vapor pressure. The mixture is separated into a 3 He-rich phase
and a 4 He-rich phase at (x = 0.675, T = 0.867 K). Adapted from Ref. [1].
reaches 67.5% the mixture can not any more undergo the superfluid transition but is separated into two phases, of which one is rich in 3 He and the other in 4 He. As temperature
approaches zero one can conclude that the 3 He-rich phase is almost pure, but the amount
of 3 He in 4 He-rich phase saturates to approximately 6.6% at zero-temperature. Due
to this difference, the 3 He-rich phase is called the concentrated phase and the 4 He-rich
phase the dilute phase, and it forms the fundamental background of 3 He –4 He dilution
refrigerators. The finite zero-temperature solubility of 3 He in 4 He stems from its smaller
mass, which causes larger zero-point motion and therefore larger volume per atom. Naturally, the concentrated phase is less dense and flows on top of the dilute phase. Another
inevitable consequence of the smaller density is a larger distance between 3 He atoms,
causing the binding between them to be weaker than between 3 He and 4 He atoms. Thus,
a 3 He atom prefers to stay in the 4 He liquid if concentration is less than 6.6%. Furthermore, since 4 He atoms are bosons they can all occupy the quantum mechanical ground
state, which, in fact, is the mechanism behind the superfluid transition. The condensate
then acts as an inert background for 3 He atoms, which obey Fermi-statistics. Thus, even
with the finite solubility at zero-temperature the entropy of the mixture is zero and the
laws of thermodynamics are not violated as would be the case with classical liquids. As
mentioned earlier, the superfluid transition of 3 He occurs only at 2.5 mK and it is not
considered in this discussion.
Due to the different binding strengths, there is an enthalpy difference between the
diluted 3 He atoms and the 3 He atoms in the concentrated phase. Transferring an atom
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Heat exchanger

Figure 4.3. Schematically illustrated 3 He –4 He dilution refrigerator with a vacuum
shield and a liquid 4 He bath around the main parts. A part of the heat exchanger pipe
is shown magnified in the inset. Adapted from Ref. [1].
from one phase to the other thus leads to the heat of mixing, which is the basis of cooling
in a 3 He –4 He dilution refrigerator. Transferring 3 He atoms with a molar rate of ṅ3 from
the concentrated phase to the dilute phase leads to an ideal cooling power of
Q̇ = ṅ3 [H3,d (T ) − H3 (T )] = 84ṅ3 T 2 ,

(4.3)

where H3,d (T ) − H3 (T ) is the enthalpy difference between the 3 He atoms in the dilute
phase and the concentrated phase. The resulting T 2 dependency is an important factor
at the lowest temperatures, at which the cooling power is still high compared to simpler
liquid helium refrigerators.
The working principle of a 3 He –4 He dilution refrigerator is illustrated in Fig. 4.3. The
phase crossing from the concentrated phase to the dilute phase gives rise to the cooling,
which occurs in the mixing chamber (MC). A tube immersed in the dilute phase connects
the MC to another pot called still, which is partly filled with the mixture and typically
operated at 0.7 K by using a heater. At this temperature, the vapor pressure of 3 He is
significantly higher than that of 4 He, so the evaporated gas in the still is almost pure
3
He. The gas is pumped out of the still, giving rise to an osmotic pressure difference
between MC and still. This pressure drives 3 He atoms from the dilute phase up to the
still where the molar fraction of 3 He can be as low as 1% due to the evaporation and
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continuous pumping. The pumped 3 He gas is led back to the concentrated phase in the
MC to close the circuit. Before letting it enter the mixing chamber, it is crucial to cool
the 3 He gas down. Cooling is typically performed by leading the 3 He gas through a
liquid 4 He bath and a primary 4 He refrigerator. In the figure the primary refrigeration is
accomplished by pumping 4 He vapor from a pot connected to the 4 He bath. Temperature
of this pot is around 1.5 K, and it is utilized as a thermal anchor for all the tubes and
leads going to the colder parts of a refrigerator. Liquefaction of the gas is ensured with
an impedance, which creates a sufficient pressure. The condensed 3 He is subsequently led
through pipes that are in thermal contact with the still, and further with the tube that
leads the cold mixture from the MC to the still. The two lines are in close contact with
a large area, which is maximized by twisting the pipes and adding sintered metal inside
them. The other pipe is inside the other one in the so-called continuous heat exchangers,
as illustrated in the inset of the figure. If the heat exchanging succeeds, the incoming 3 He
liquid has the same temperature than the liquid in the MC, and the maximum cooling
power given by Eq. (4.3) can be attained. As 3 He atoms are driven up to the still from
the dilute phase, they are replaced by the 3 He atoms from the concentrated phase to
maintain the constant ∼ 6.6% of 3 He leading to continuous cooling.

4.1.3

Triton 200

All the measurements of this work were performed with a dry dilution refrigerator Triton
200 by Oxford Instruments. Being dry, it relieves the user from handling liquid helium,
which in a regular dilution refrigerator is used to precool the system and the circulating
3
He. In Triton, the pre-cooling is obtained with a pulse-tube cooler (PTC) and a Joule–
Thompson stage (J-T). The cooler parts are mechanically and thermally protected by an
outer vacuum chamber (OVC) and three inner radiation shields [71].
Figure 4.4a shows the main components of Triton. The top plate is the border between
the room temperature and the cooled parts providing feed throughs for the exchange of
gases and maintenance. A sample stage and its electronics are attached to the bottom
of the mixing chamber plate so that they will cool down along with the MC. A sample
can be placed in the refrigerator by removing the bottom parts of the shields, of which
the most inner one is attached to the still plate by screws. Below the MC plate, there is
a superconducting solenoid, which surrounds the sample stage when the shield is placed.
A schematic view of the cooler circuits is presented in Fig. 4.4b. The cryostat is precooled with a secondary gas circuit shown in red, by circulating a 3 He –4 He mixture in
thermal contact with the PTC through several heat exchangers placed at all the stages
of the cryostat. Once the target temperature of 10 K in the MC plate is reached, the
mixture is collected back to its external room temperature tank with a volume of 75 l, of
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Figure 4.4. a. Picture of the cooler parts of a Triton 200 refrigerator. The sample stage
is attached to the MC plate. b. Schematic view of the cooler components. The dilution
circuit is shown as green and the precooling circuit as red. Adapted from Ref. [71].
which 15 l is 3 He.
In the next stage the He mixture is led to the condensing line, shown as green in
Fig. 4.4b. First, the mixture is compressed with a 3 He compressor and cooled down to
4 K with heat exchangers attached to the PTC, after which it is liquefied in the J-T
stage by efficient heat exchangers placed inside the still pumping line and an impedance,
so that the gas underqoes isoenthalpic expansion. The circulation of the liquid mixture
is then started, during which the still and the continuous heat exchangers are able to
cool the mixture down below 0.1 K. Below the 0.1 K stage there are step heat exchanger
blocks with sintered silver and the MC, where the dilution process takes place. The MC
plate and the sample stage can reach the base temperature of 10 mK.
The 3 He gas pumped out of the still is led through a cold trap, which consists of
activated charcoal immersed in liquid nitrogen in a vacuum dewar. The cold trap adsorbs
or freezes possible contaminants in the helium, like water, nitrogen or hydrocarbons,
which can originate e.g. from the mixture tank or pumping lines. Additional efficient
traps able to extract also hydrogen are placed inside the cryostat in the PT1 and the
PT2 stages.
The cooling procedure is highly automatized and a computer controls all the processes
by probing pressures and temperatures in different stages of the cryostat, and by changing
the opening or throttling of valves and power of different pumps accordingly. In this way,
Triton is able to reach its base temperature in around 24 hours.
Figure 4.5 presents a closed Triton 200 cryostat placed in a frame that isolates it from
vibrations from the ground. The sample is connected to the sample connector panel by
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Figure 4.5. Picture of the cryostat of Triton 200. The whole device includes a control
computer and monitors, a mixture tank, a liquid nitrogen trap, pumps and compressors
that are not shown. The connector panel has 24 ports that are connected to the sample
stage. Signals are transmitted from the supply devices and to the measurement devices
via coaxial cables.
electric lines each including two low-pass RC filters with R = 1 kΩ and C = 47 nF, a LC
π-filter and a coaxial low-pass filter VLFX-80 by Mini-Circuits with a cut-off frequency
of 80 MHz placed under the MC plate and another LC π-filter at the room temperature.
The total cut-off frequency of each line is 765 Hz [72].

4.2

Measurements

Once a sample was mounted on Triton 200 and the cryostat was subsequently cooled
down to its current base temperature of approximately 30 mK, measurements were able
to take place. The measurements were run by a home-made LabVIEW-program, which
was used to control voltage and current sources, to record the measured values and to
plot them in real time.

4.2.1

Junction characterization

The first step of the measurements was to characterize the SINIS junctions of a sample
by using a simple two-probe circuitry illustrated in Fig. 4.6a. The characterization was
performed by measuring current as a function of voltage across the measured pair of
junctions, i.e. by measuring simple IV curves. Two-probe measurements are extremely
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simple to run, but they are affected by the resistance of the leads including filters and
amplifiers, and therefore a careful analysis and interpretation of the results are demanded.
The results are, however, easily corrected once the effect of the filters and the amplifiers
is known.
IV curves were measured at various bath temperatures and external magnetic fields
perpendicular to the sample chip to characterize the full behaviour of the devices. Voltage
bias Vmeas was applied over two electrodes by using a Yokogawa GS200 DC voltage supply.
The induced current was measured with an inverting DL Instruments 1211 current-tovoltage pre-amplifier, whose output was subsequently measured by an HP Agilent 34410A
digital multimeter. Typically the pre-amplifier was set to have a sensitivity of 10−7 A V−1 ,
a suppression of 10−6 A and a rise time of 100 s. The current was recorded as a function of
Vmeas . Due to the two-probe arrangement, the actual voltage drop VSD over the junction
was calculated for each applied voltage by subtracting the known additional resistance of
the filters and the pre-amplifier times the measured current, i.e. by using Ohm’s law.
The perpendicular magnetic field was generated by the coil around the sample stage.
The current to the coil was applied by a Keithley 2602 current source, which was cabable
of producing 2.5 A current, corresponding to 0.4 T magnetic field inside the coil. Since
changing the current induced heat that increased the cryostat bath temperature, the
current had to be changed by small steps at a time.
Triton includes a current controlled heater that was utilized to characterize junctions
at different temperatures, and ultimately to define the transition temperature of the
aluminium leads. Heating was managed by a PID (proportional-integral-derivative) controller, which set a suitable heater current to achieve the temperature fixed by the user.
The bath temperature at the MC plate was measured with a ruthenium oxide (RuO2 )
resistor thermometer, which was calibrated for temperatures below 1.2 K.
In addition to the characterization described above, also the effect of a back gate voltage VBG was tested with few devices. These measurements were performed by exploiting
the wires contacted to the base of the sample holder. VBG was generated by a Yokogawa
DC voltage supply, whereas the VSD in these measurements was applied by a HP DC
voltage source.

4.2.2

Thermometry

Thermometric measurements were performed by using a circuitry illustrated in Fig. 4.6b
by keeping the refrigeration voltage Vref r = 0. Presuming quasiequilibrium, the bath
temperature of Triton 200 is equal to the electronic temperature of a nanowire in the
absence of a refrigerating current. The thermometer probe junction was current biased
by a constant voltage supplied by a simple tunable battery and two shunt resistors con44
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Figure 4.6. Schematics of the circuitry used in (a) tunnel junction characterization and
(b) cooling and thermometry measurements.
The external magnetic field Bext is applied
I bias
perpendicularly to the NW axis and the sample chip.
Vth
+
constant
-

nected to the both electrodes to induce a
current bias Ibias . The shunt resistors
500 nm
were large, either 1 GΩ or 10 GΩ, since the current was to be kept in picoampere range.
Vrefr
The voltage drop Vth across the junction
was amplified by a DL Instruments 1201 voltage pre-amplifier with a gain of 1000 and subsequently measured by an Agilent 34410A
multimeter. The input resistance of the circuit utilized for the voltage measurement is so
large that the current flowing through it is negligible, and the measured Vth is the voltage
drop only across the junction.
Starting from the base temperature, the bath temperature was ramped up by an
automatic ramping function that controlled the heater. The ramping was started typically
with a rate of 5 mK min−1 and increased after a clear reduction of sensitivity was detected
in Vth , ending up to a rate of 25 mK min−1 . A slow ramping rate was noticed to produce
more reproducible and thus more reliable curves. The bath temperature was increased
up to 1.1 K, and it was recorded by the LabVIEW-program so that each data point from
the Vth measurement could be addressed to the corresponding bath temperature.

4.2.3

Cooling measurements

The cooling effect was measured by using the full circuitry illustrated in Fig. 4.6b. A
voltage bias Vref r was applied between the large contacts of a cooler device to create a
current that extracts the most energetic electrons from the NW and replaces them with
less energetic electrons. The electron temperature of the NW is subsequently reduced,
as described in Sec. 2.3. This reduction can be measured by the thermometer junction,
which had to be calibrated before the measurement by the method described above.
Bath temperature for each measurement was set while keeping Vref r = 0 and the
measurements were run by sweeping Vref r and measuring Vth as its function. In practice,
Vref r was supplied by a Yokogawa GS200 voltage source to one of the refrigerating contacts
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and the circuit was closed by grounding the other one. To interpret the results, the
calibration curve was converted and electronic temperature was addressed to each value
of Vref r .
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Chapter 5
Results and Discussion
The results of the measurements introduced in Sec. 4.2 are presented and discussed in this
chapter, starting from the characterization of (SI)NIS junctions in a changing magnetic
field and at changing bath temperature, as well as their response to a backgate voltage.
Once the simple characterizations are presented, the chapter proceeds to the applications
of the tunnel junctions. Results of the thermometry with one junction are shown to
introduce the behaviour of the junctions as thermometers and to explain their calibration
for the cooling measurements, whose results are presented afterwards in the last section
of the chapter.

5.1

Tunnel junctions

Fabrication of ideal devices turned out to be challenging, and most of the junctions were
transparent having linear IV curves even at millikelvin temperatures. This was probably
caused by pinholes in the aluminium oxide layer, which was engineered to be relatively
thin in order to have small tunnelling resistance. However, measurements across a series
connection of an opaque and a transparent junction proved to have evident NIS junction
characteristics.
Transparency was not the only non-ideal property of the junctions to overcome. Most
of the junctions, regardless of whether being SINIS or NIS, showed also curious shoulders
clearly noticeable in the conductance curves, but they were suppressed efficiently by a
small external magnetic field or an increment in bath temperature, as will be shown below.
In order to ensure a conventional behaviour of the junctions the subsequent measurements
were performed in a small constant magnetic field.
In general, the opaque tunnel junctions were of relatively high quality, the sub-gap
current being suppressed by approximately four orders of magnitude compared to the
normal state. The tunneling resistance of the oxide layer was highly dependent on the
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oxidation pressure, a pressure of 0.4 Torr resulting in resistance range 10 kΩ to several MΩ,
whereas a lower, 0.2 Torr, pressure resulted in total resistance below 10 kΩ. Interestingly,
the most resistive junctions did not show the shoulder structure, which hints that the
shoulder structure might be induced by the superconducting proximity effect e.g. through
pinholes in the less oxidized insulating layers. To present quantitatively the properties of
the fabricated junctions, detailed results of the characterization of two junctions, a SINIS
junction and a NIS junction, are presented in this section.

5.1.1

Magnetic field dependency

The effect of an external out-of-plane magnetic field Bext on the junction was studied
at the base temperature by sweeping the field, starting from zero and ending up to few
hundreds of milliteslas, while measuring an IV curve at each value of Bext . A few IV curves
of a SINIS junction, whose oxide layer was formed at 0.2 Torr, are presented in Fig. 5.1a,
and they are differentiated to obtain the corresponding conductance curves presented in
Fig. 5.1b. Conductance is normalized by dividing it by the normal state conductance of
the junction, which was defined from the high-bias voltage part (VSD  2∆) where all
the curves had coalesced and conductance was a constant ∼ 0.106 mS, corresponding to
the total, two junction normal state resistance of RN,tot = 9.4 kΩ. The main interest lies
on the curious behaviour in the absence of the magnetic field, the conductance curves
exhibiting so-called shoulders, or plateaus, at bias voltages range |VSD | = 0.4 mV to
0.6 mV, the first value corresponding to the expected superconducting gap of a SINIS
junction. At |VSD | = 0.6 mV the conductance increases with a high rate and after reaching
its top value at |VSD | ≈ 0.65 mV it starts to decrease approaching the normal state
value as expected on the basis of BCS theory. Similar characteristics were obtained
and theoretically explained before in SINIS junctions with Nb/Al as superconducting
contacts [18], but the result was explained by overspilled aluminium, through which the
current was able tunnel to normal metal, forming effectively a parallel junction with the
Nb/Al junction. In our design, there should be no parallel junctions, and the shoulders are
presumably present due to either some residual superconductivity in the AlMn interlayer
or in the Ti layer. The Mn concentration of AlMn tends to reduce in evaporation, but
in our case the alloy was recently renewed, so that a significant reduction of the Mn
concentration should not have occurred.
However, when a relatively small perpendicular magnetic field was applied, the behaviour of the junction changed. The shoulders vanish and the sharp increase of conductance shifts to the expected bias voltages of |VSD | ≈ 2∆0,Al ≈ 0.4 mV and the conductance
also reaches its normal state value quickly. A further increment in the magnetic field starts
to suppress the superconducting gap, but the zero-bias conductance remains very small
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Figure 5.1. A SINIS junction in different external out-of-plane magnetic fields at 30 mK
bath temperature. a. IV curves. b. the corresponding conductance curves presented in
the normalized scale.
up to the magnetic field of ∼ 50 mT. After this field, the zero-bias conductance starts
grow and to approach the normal state conductance. However, a small dip feature in
conductance remains even at the highest magnetic field applied. The strength of the field
was limited to 0.4 T by the solenoid current source, so there is a possibility that the gap
could be completely suppressed in higher fields. The dip can also be an intrinsic property
of the NWs.
Figure 5.2 presents similar IV and conductance curves for a single NIS junction. One
can notice that, in addition to having obviously a halved voltage scale, the curves are
slightly different compared to those of the SINIS junction presented above. The shoulders
at zero field are present, but they are narrower and exhibit a higher conductance, and
the following increase in conductance is much gentler. The shoulders vanish again in a
small magnetic field, but the peak conductance does not increase as much as in the SINIS
and also decreases gentler. The junction was fabricated in a higher oxidation pressure
and therefore its normal state resistance was as high as 19.6 kΩ, which modifies its IV
characteristics. In general, the behaviour of the junction is similar compared to the SINIS
junction, a small zero-bias dip feature remaining at all fields.
A more complete view of the behaviour of the SINIS junction can be obtained from
Fig. 5.3a, which shows the conductance as a function of bias voltage and magnetic field,
which was increased by ∼ 1.5 mT at a time. After the anomalies at zero and very
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a linear (a) and a logarithmic (b) current axis. b includes fitted BCS curves (solid lines)
for the curves measured at 30 mK and 300 mK.
low magnetic fields, conductance evolves as expected, the gap shrinking monotonically.
Furthermore, Fig. 5.3b provides a comparison between the junctions in magnetic field in
(0)
terms of GS /GN which is the ratio of conductances at zero-bias and normal state. The
ratios were obtained directly from the curves of Figs. 5.1b and 5.2b revealing high quality
(0)
junctions with GS /GN being as low as 7.5 · 10−5 in the case of the SINIS junction and
1.5 · 10−4 in the NIS junction in small fields. Despite having the shoulders, the junctions
(0)
have as good GS /GN ratio in zero-field as in a small applied field. The SINIS junction
has a lower ratio in all fields, but the development of the ratios is fairly similar. As
stated earlier, the ratios seem to saturate to values < 1 in high magnetic fields. The
reason for this minor anomaly is yet unknown, but the phenomenon has no significance
in the following applications.

5.1.2

Temperature dependency

To ensure as closely ideal behaviour as possible for further measurements, a small magnetic field was constantly applied to suppress the shoulders. In the case of both of the
presented junctions, the applied field was 3.3 mT, which was used also when characterizing the junctions at different temperatures. Fig. 5.4 presents the characterization of the
SINIS junction, showing the IV curves both on a linear and a logarithmic scale at six
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different temperatures, starting from the base temperature of Triton and ending up to a
temperature exceeding the bulk transition temperature Tc ≈ 1.2 K of Al, but the samples
fabricated in this work expressed the transition at approximately 1.37 K due to the thinness of the Al layer. This increase in Tc in thin film Al is well known in literature [73].
The small external magnetic field had no effect on the transition temperature.
The logarithmic panel on Fig 5.4b includes a couple of fitted BCS theory curves
[Eq. (2.17)] shown as solid lines. Despite the relatively long semiconducting nanowire
part, the measured curves seem to follow the fairly simple theory quite closely. The fits
were constructed using a few parameters: normal state resistance RN , transition temperature, defining the superconducting gap according to Eq. (2.7), Dynes parameter and
electronic temperature Te of the nanowire. The normal state resistance was easily obtained from the conductance plots, being RN = RN,tot /2 = 4.7 kΩ. The Dynes parameter
(0)
was taken from the GS /GN ratio at 3.3 mT, being the aforementioned γ = 7.5 · 10−5 .
The theoretical curves were subsequently best-fitted by setting Tc = 1.37 K corresponding to ∆0 = 208 µeV and using Te as a fitting parameter, resulting Te = 53 mK and
Te = 275 mK at bath temperatures of Tbath = 30 mK and Tbath = 300 mK, respectively.
The fitted transition temperature agrees well with the measurements where the transition
took place near 1.4 K, but the obtained electronic temperatures deviate noticeably from
the bath temperatures. External noise heating due to strongly bias dependent current
could presumably cause the rise of the electronic temperature at the base temperature.
At Tbath = 300 mK the fitted electronic temperature is, on the contrary, lower than the
bath temperature. This could in principle be interpreted as electron cooling, but as will
be discussed later in Sec. 5.3 along with the results of the actual refrigerator devices, the
observed cooling was much smaller.
The IV curves presented in Fig. 5.4 are differentiated in Fig. 5.5a to show the normalized differential conductance. The theoretical curves are differentiated as well, highlighting minor differences compared to the measured curves. Noticeably, the measured jump
in conductance at the voltage bias corresponding to the superconducting gap at ∼ 0.2 mV
is higher than predicted by the BCS theory. At higher temperature, T = 300 mK, the
theory predicts in turn slightly higher conductance with the peak shifted to larger |VSD |.
The normalization was performed by using the high-bias conductance at the base temperature, and, as can be noticed, the normal state conductance is slightly reduced above
the transition temperature.
(0)

The GS /GN ratio as a function of bath temperature presented in Fig. 5.5b is defined
at each temperature with and without magnetic field. Even though small deviations exist,
they can be explained mostly by the small uncertainties in defining the zero-bias conductance. Compared to the corresponding plot in different magnetic fields in Fig. 5.3b, there
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conductance curves with and without the external magnetic field.
is no saturation in the ratio values indicating ideal BCS behaviour of the superconductor.
The NIS junction was characterized at different temperatures as well and the resulting
IV curves and the corresponding normalized differentiated curves are shown in Fig. 5.6.
A magnetic field of 3.3 mT was applied during all the measurements. As expected, the
characteristics look mainly the same despite the half voltage scale. Also in this case, the
superconducting transition takes place between 1.3 K and 1.4 K. Figure 5.6b includes
theoretical curves at 30 mK and 300 mK, which are obtained by the same manner as
the theoretical curves in Fig. 5.5a. The curves have common parameters RN = 19.6 kΩ,
γ = 1.5 · 10−4 and Tc = 1.37 K and electronic temperatures Te = 80 mK and Te = 280 mK
at bath temperatures Tbath = 32 mK and Tbath = 300 mK, respectively. The transition
temperature is exactly the same as defined for the SINIS junction, ensuring the resemblance of the separately fabricated samples. The electronic temperatures have similar
trend with the SINIS junction: at the base temperature Te is higher, in this case quite
remarkably higher, and at 300 mK it is again lower. This, and the significant difference
between the measured and fitted conductance peaks at the gap edge, is presumably due
to the other, transparent junction, which alters the behaviour of the device. The transparent junction gives rise to Andreev reflection, but the measurement is not sensitive to
the behaviour of the transparent junction.
(0)

Finally, GS /GN ratios presented in Fig. 5.7a were defined from the conductance
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(solid lines) fitted on curves measured at T = 32 mK and T = 300 mK.
curves in Fig. 5.6, as well as from control measurements performed without the magnetic
field. The trend of the development of the ratio is similar compared to the SINIS junction.
However, here the difference between the ratios obtained with and without magnetic field
appears bigger at intermediate temperatures than in the SINIS, zero-field ratios being
smaller than their counterparts. One can conclude that despite affecting IV curves,
the phenomenon responsible for the shoulder anomaly does not reduce the quality of
junctions, at least regarding the sub-gap conductivity.

5.1.3

Effect of a backgate voltage

Effects of a backgate voltage was explored with the NIS junction characterized above. An
IV curve was measured at each value of the backgate voltage VBG at the base temperature
of 30 mK, without applying any magnetic field to detect possible modulations in the
shoulder structure. The differentiated results are shown in a contour plot in Fig. 5.7b
presenting normalized conductance as a function of VSD and VBG . The shoulder structure
is present in the junctions and can be seen as the light-blue areas on both sides of the
zero-conductivity gap. Generally, the possibility to modulate the carrier density with a
backgate voltage makes semiconductors attractive tools, but the nanowires of this work
appear to be too heavily doped to be significantly affected, or alternatively, the junction
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properties are not sensitive to the NW electron density.
Despite being moderate, one can see slight changes in conductance as a function of
VBG especially at positive voltages. First the shoulders seem to get wider, but after
exceeding VBG = 20 V they start to shrink. Unluckily, the voltage supply was not able
to generate higher voltages than that. However, the voltages demanded to modulate the
nanowires may be too large for any practical application.

5.2

Thermometry

Thermometry was demonstrated exploiting the NIS junction characterized above by
methods described in Sec. 4.2.2 applying a perpendicular magnetic field of 3.3 mT. The
current bias was varied between 20 pA and 650 pA to examine the limits of the thermometer. The current was calculated with the Ohm’s law using the resistance of the shunt
resistors and the battery voltage, whose values were measured with a digital multimeter.
Results are shown in Fig. 5.8a, presenting the measured voltage drop Vth as a function
of the bath temperature at each Ibias . The curves do not express as ideal behaviour
as expected on the basis of the characteristics of the junction, since all the curves are
saturated up to approximately 200 mK making measurements under this temperature insensitive and probably inaccurate. Typically the saturation at low temperatures is due to
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Figure 5.8. Results of thermometric measurements. a. The voltage drop across a
NIS junction as a function of bath temperature applying a 3.3 mT field. Two theoretical
curves (solid lines) are shown for a comparison. The corresponding differentiated curves
are presented in b.
large sub-gap current, but as the characterization indicates, the sub-gap leakage should
be minimal in this case. Also models of the modest Joule heating in the junction fail
to completely explain the saturation. Non-ideal current source probably influenced the
measurement, as inside the gap the resistance of the junction increases several orders
of magnitude reducing the current in the circuit. The resistance at zero-voltage can be
calculated from R(0) = RN /γ, and is in the case of our junctions tens of megaohms,
which is still clearly higher than the resistance near the gap edge. However, the junction
resistance could have had a detectable effect on the measurements. The two ideal curves
calculated from Eq. (2.16) with the earlier obtained real parameters show the discrepancy
between the theory and the measurements.
As the saturation temperature range is exceeded, the voltage drop starts to diminish
almost linearly, the slope depending on the current bias: The smaller the current bias,
the steeper the slope, and sooner the zero-voltage saturation. This is generally consistent
with the BCS theory. With Ibias = 20 pA the voltage drop saturates to zero already at ≈
600 mK, whereas with Ibias = 650 pA one can measure temperatures of over 1 K. Current
bias also determines the starting voltage drop at the base temperature corresponding to
around the gap width at high biases and being much smaller at lower biases.
The behaviour of the curves can be understood by considering the logarithmic IV
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curves presented for the SINIS junction on Fig. 5.4b. By setting a horizontal line on
a chosen current value to represent the corresponding current bias, one can define the
voltage drop across the junction from the VSD -axis at each temperature. At the base
temperature voltage drop depends on the finite slope of the IV curve, being lower at
small current biases. As temperature increases, the voltage drop decreases following the
higher temperature IV curves. Thus, at small current biases the voltage drop is reduced
to zero at much lower temperature than at high currents biases.
The differentiated curves are plotted in Fig. 5.8b to highlight the sensitivity of the
thermometer at different current biases. At Ibias = 20 pA the maximum sensitivity of
even −0.65 mV K−1 is achieved at 400 mK. The maximum sensitivity is reduced and its
position shifts to higher temperatures when the current bias is increased. Interestingly,
sensitivity of the thermometer is in fact higher above 300 mK compared to the ideal case,
shown by the differentiated theory curves.

5.3

Refrigeration

Due to non-uniformly oxidized contacts or electrical breakdown none of the examined
cooler devices had more than two opaque tunnel junctions. Therefore it was not possible
to utilize full SINIS junctions for both refrigeration and thermometry. However, as was
seen in the previous sections, also NIS junctions exhibit nearly ideal characteristics and
can be reliably utilized for thermometry. Taking the advantage from this, two cooler
devices, A and B, were explored having both refrigerator and thermometer consisting
effectively only of NIS junctions. As was initially aimed, the larger refrigerator contacts
at the end of nanowires had typically lower, and the narrow fingers higher resistance, so
the junctions were assigned for the purposes they were intended for.
All the junctions of the two devices were characterized at low temperatures before the
cooling measurements. The normal state resistances of the refrigeration and thermometer
junctions of device A were 2.5 kΩ and 7.8 kΩ, respectively, whereas the corresponding values of device B were 3.1 kΩ and 6.8 kΩ. Device B consisted of the junctions of the SINIS
junction that was characterized before. It is noteworthy, that by summing 3.1 kΩ and
6.8 kΩ one gets 9.9 kΩ which deviates from the value of RN,tot = 9.4 kΩ obtained for the
full SINIS. This is mostly due to the nanowire whose resistance affects the total normal
state resistance of the junctions as well. In addition to the nanowire, the transparent
junctions have an effect due to their contact resistances of maximum few hundreds of
ohms. By comparing resistances of each pair of junctions in a device, one can deduce
resistances of the junctions and the nanowire numerically. As a result, the opaque refrigerator junction has RN = 2.54 kΩ, the opaque thermometer junction RN = 6.33 kΩ and
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magnetic field. b. A reminder of the cooling measurement arrangement. c. The maximum reduction of Te in each measurement.
RNW = 1.48 kΩ in total.
Once the characterization of the junctions was completed, the cooling measurements
were performed as described in Sec. 4.2.3 applying a constant 3.3 mT magnetic field at
bath temperatures ranging from 50 mK to 400 mK. The thermometer of each device
was calibrated with a current bias of 30 pA to achieve high sensitivity at temperatures
around 300 mK, which was assumed to be the most promising range to detect cooling on
the basis of the theory and several studies with SINIS coolers (e.g. Refs. [8, 21]). The
calibration was performed by averaging several measurements similar to those described
in the previous section. The resulting Vth (Te ) curve was converted to a Te (Vth ) curve so
that the electronic temperature at each value of the refrigerating voltage Vref r could be
calculated, even though its exact correctness is not guaranteed if noise heating or cooling
is present.
Results of the cooling measurement with the two devices are presented in Fig. 5.9a
showing the electronic temperature as a function of Vref r at five bath temperatures.
Each curve in Fig. 5.9a was constructed by averaging ten individual measurements to
suppress random errors. Te equals the bath temperature at Vref r = 0, as indicated by
the horizontal dashed lines. In general, the curves have the characteristic shape of NIS
refrigerators [4], as the measured electronic temperature decreases slightly as |Vref r | is
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increased from zero. When |Vref r | is further increased, cooling power increases and Te is
reduced quickly, having its minima at e|Vref r | ≈ ∆. After the minima, Joule heating takes
place, increasing the electronic temperature with a rate that seems to depend on the bath
temperature: The smaller Tbath the higher the rate of increment in Te . By comparing
the two devices one can immediately notice that device B functions more ideally. It
refrigerates electrons slightly already at Tbath = 150 mK, and the refrigeration strengthens
with increasing bath temperature having the maximum at Tbath = 250 mK, after which the
cooling effect decreases. Device A, on the other hand, cools down beginning from Tbath =
200 mK, after which cooling undoubtedly strengthens, but the curves grow increasingly
asymmetric having more efficient refrigeration at positive biases. Fig. 5.9b presents again
the measurement circuitry of Fig. 4.6b as a reminder.
The maximum temperature reductions δTmax of both devices at each temperature are
presented in Fig. 5.9c. The values were obtained simply from δTmax = Tbath − Te,min ,
where Te,min is the minimum of each curve presented in Fig. 5.9a. An example is shown
for device A at Tbath = 350 mK. As noticed, the devices behave differently, device A
having cooling effect starting not until at Tbath = 200 mK. Cooling increases remarkably
at higher temperatures having its nominal maximum δTmax = 11 mK at Tbath = 400 mK.
The measured curve was, however, rather unbalanced, implying that some unpredicted
phenomena affected the measurement.
Figure 5.10 shows theoretical fits on results of the more ideally behaving device B. The
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fits in Fig. 5.10a are calculated using the suspended metallic nanowire model presented
in Sec. 2.4, Q̇1D
e−p replacing the bulk Q̇e−p in Eq. (2.23) with the average nanowire length
L = 2.5 µm and fitting value Σ1D = 1.5 × 10−4 W m−1 K−3 . Even if the curves fit quite
well in small-bias range, it is important to notice that we are dealing with non-suspended
semiconductor nanowires, and without any reference value for the coupling constant.
Therefore the obtained results can have a little to do with reality.
Results of an alternative approach are shown in Fig. 5.10b, where the bulk model of
e–p coupling was applied. Since the volume of a NW is vanishingly small, one might
except significant cooling in this respect. The NW volume was approximated as that
of a corresponding cylinder, but the other fitting values did not settle to conventional
values. It turned out that adding the volume of the normal metal parts from the whole
length of all the AlMn leads, thus increasing V by several orders of magnitude from
VN W ≈ 3.8 × 10−4 µm3 to V ≈ 8 µm3 , provided results similar to those of the 1D model.
The fitting values for aluminium(manganese) were Σ = 0.4 · 109 and n = 4. Lengths and
widths of the rectangular AlMn leads were obtained from the EBL CAD. This scenario
of actively cooled normal metal leads is possible and might have significantly limited the
minimum temperature.
In both cases the simple theoretical curves agree with the measurements at sub-gap
biases at 200 − 350 mK and also at slightly higher biases at 200 − 250 mK. The most
significant discrepancies are at 150 mK where the theories predicts stronger cooling, and
at 300 − 350 mK where the normal metal does not heat up as predicted. The latter can
be due to the large contact area of the normal metal and the substrate, so that despite
the low electron–phonon coupling heat was extracted to the substrate. Including Joule
heating to the model did not improve the result significantly in either case.
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Chapter 6
Conclusions and Future Prospects
A new type of tunnel junction device consisting of a doped semiconductive nanowire (NW)
connected to superconducting leads via a normal metal sticking layer and an insulating
oxide layer were fabricated and examined in this work. The crucial step in order to obtain
predictably functioning devices was to form the insulating layer by oxidising a relatively
thick layer of aluminium manganese that was evaporated with a thin layer of titanium
on top of a nanowire to form the contacts. Thickness, and therefore resistance, of the
oxide layer proved to be fairly straightforwardly controllable with the oxidation pressure.
The devices introduced in this work represent the first prototypes of SI(NW)IS tunnel
junctions.
The fabricated tunnel junctions exhibited excellent IV-characteristics, having nearly
ideal BCS behaviour once a small external magnetic field perpendicular to the plane of
the device was applied. Without the field, most of the measured junctions exhibited a
peculiar shoulder structure shown as plateaus of varying width, at the voltage bias corresponding to the superconducting gap of the aluminium contacts. The shoulder structures
might have been induced by the proximity effect through pinholes in the insulating layer
or independent superconductivity in the AlMn and/or Ti layers. Nevertheless, the existence of shoulders did not affect the other properties of junctions, essentially the sub-gap
current being suppressed even over 4 orders of magnitude, with or without the field.
The transition temperature was consistently 1.37 K for all the measured samples, but the
critical magnetic field was not found since a gap-like feature in the IV curves in all the
applied fields.
Devices also proved suitable for the most important applications of (SI)NIS junctions:
thermometry and electron cooling. By applying a current bias, the voltage drop over a
junction responds sensitively to its electronic temperature, which in quasiequilibrium
equals the bath temperature. The voltage drop tended to saturate at low temperatures,
so the optimal measuring range is 200 mK to over 1 K with current biases of 20 pA to
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several hundreds of picoamperes.
The thermometric properties were instantly applied to measure the electronic temperature of nanowires when they were cooled down by a refrigerating current. The measured
cooling effect remained modest, reaching a maximum temperature reduction of about
10 mK in the bath temperature range 250 mK − 350 mK. The contribution of NWs to
the device function still remains unclear, as the junctions showed conventional (SI)NIS
characteristics, and also the modest cooling results can be fairly well explained by larger
cooled than NW volume. It is also possible that the low-temperature saturation of the
thermometer junctions was due to peculiar one-dimensional electron–phonon interaction
described in Sec. 2.4 leading to overheating.
Although the electron cooling was an important goal of the work, the devices were
not optimized for a maximum cooling effect. Thus, there remains many possibilities to
improve cooling, e.g. by utilizing shadow evaporation in the metal deposition to minimize
the cooled volume or to suspend the NWs also to further study their properties. Other
possibilities lie in the epitaxial fabrication of nanowires. Direct SI(NW)IS junctions
could be in principle realized by atomic layer deposition of an oxide to form a shell
around nanowires [74]. This approach was tested during the work with aluminium oxide,
but even nominally 0.5 nm-thick Al2 O3 layer was too opaque in most of the measured
devices with resistances as high as 100 MΩ. A possible reason for the high resistance is
the additional development of a native oxide in the InAs-AlOx interface [75].
A more interesting choice is to use another semiconductor with a larger energy gap
Eg as an effectively insulating layer, as schematically ilustarted in Fig. 6.1a. This was, in
fact, the original aim of the work. One solution effectively similar to the aluminium oxide
deposition is to epitaxially grow a few nanometer-thin layer of indium phosphide (InP,
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Eg = 1.34 eV) on top of the InAs nanowire by CBE. In another configuration, two InP
barriers are epitaxially grown within a InAs NW by changing the precursors during the
CBE [59]. The realization of tunnel junctions and cooling in this configuration, however,
demands the superconducting contacts to be placed closely next to the barriers, in order
to proximize the InAs next to the barriers. Distinguishing the InP barriers from InAs
can not be done by SEM but by TEM, and therefore every single device must be imaged
individually, and the contacts must be placed with high precision, taking into account the
possible proximity effect in EBL. Consequently, this fascinating option sets high demands
for the fabrication. The different alternatives described above are illustrated in Fig. 6.1bc. Thanks to improved fabrication techniques these heterostructures can be efficiently
fabricated and they have been exploited in several nanoscale applications [76, 77].
Despite being still an immature technique, refrigerators based on semiconductive
nanowires offer a new direction for the research among the applications of superconductivity. The volume of a nanowire is vanishingly small and consequently, in principle,
the achievable minimum temperature could be extremely low, below 50 mK. Hence,
this method immediately opens important perspectives for the research of thermoelectric effects and transport in semiconducting one-dimensional nanowires, as well as other
nanostructures. Furthermore, the pursuit to master topological quantum computing [81]
and to experimentally detect Majorana fermions [78, 79] can get a boost, since nanowires
have already been found to be promising structures [80] in this respect as well. Tuning the electron distribution in nanowires can encourage Majorana fermions to manifest
themselves. Considering advanced practical applications, extended nanowires could be
utilized for example to cool effectively down small targets e.g. in sensors or components
of quantum computers that need very low temperatures to function properly.
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