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1. Introduction

We all know about magnets and magnetic fields. We are surrounded by

various sources of magnetic fields such as those generated by the Earth,

current flowing in a wire, TV, computers, power transmission lines, and

interestingly by our own heart and brain. The magnitudes of the fields

generated by the brain and heart are of the order of 10−13 tesla. Magnetic

field detection, magnetometry, is of interest for various scientific purposes,

navigation, medical science, biology, etc. In 1833 Carl Friedrich Gauss,

head of the Geomagnetic Observatory in Göttingen, measured the Earth’s

magnetic field [1]. In the 19th century the Hall effect [2] was developed.

One of the most significant developments in the condensed matter physics

is the discovery of ”superconductivity” [3], occurring in certain metals (su-

perconductors) at low temperatures with several unique properties.

As a consequence of this fascinating discovery approximately 100 years

ago, quantum technology has developed with several aspects of supercon-

ductivity, including for example Josephson effect and the proximity effect

[4]. A major application of superconductivity is in superconducting mag-

nets in medicine, with the development of magnetic resonance imaging

(MRI). MRI is used to examine the soft tissues in human body, tumor

screening [5], examining neurological functions, and revealing disorders

in joints, muscles, heart and blood vessels. In quantum technology, a su-

perconducting quantum devices such as SQUIDs (superconducting quan-

tum interference devices) [5,6] are used as detectors to perform MRI. The

SQUID measures extremely weak signals, such as subtle changes in hu-

man body’s electromagnetic field. This device is based on a Josephson

junction, consisting of two superconductors separated by an insulating

layer through which electrons can tunnel quantum mechanically.

Besides the wide range of SQUID applications as a voltmeter, current

amplifier, voltage standard [5, 7, 8], and in scanning microscopy (SSM)
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[9, 10], one of the most important SQUID uses is in biomagnetism. It is

the study of magnetic activity of the human organs such as brain (MEG),

heart (MCG), lungs [11], and peripheral nerves [12]. An important ele-

ment of mesoscopic electrical circuits are tunnel junctions, an electronic

device consisting of two metallic electrodes separated by a very thin layer

of insulating material. A wide range of attractive nanoscale applications,

including quantum information [13], metrology [14, 15], quantum optics

[16], and photon detection [17] has been reported in hybrid superconduct-

ing systems due to the electrical [18] and thermal [19] properties of these

devices.

A novel application of these devices as an interferometer based on the

proximity effect, Superconducting Quantum Interference Proximity Tran-

sistor (SQUIPT), has been investigated in 2010 [20]. It is a hybrid su-

perconducting interferometer that exploits the phase dependence of the

density of states (DoS) in the proximized weak link to achieve high de-

tector sensitivity. Compared with a conventional DC SQUID, a SQUIPT

can achieve significantly lower power dissipation [20]. Some features in

this device, including simple DC readout scheme, both current and volt-

age biased measurements depending on the setup, and flexibility in the

fabrication parameters makes it well-suited for nanscale applications.

The SQUIPT has demonstrated in experiments high responsivity to mag-

netic flux [20–23] and theoretically predicted a low noise magnetome-

ter [24]. A SQUIPT consists of a superconducting loop interrupted by

a short normal-metal wire in direct metal-to-metal with it, while an ad-

ditional superconducting probe electrode is tunnel-coupled to the normal

region. In the fabrication process of these devices, a wide range of ma-

terials such as semiconductors [25, 26], carbon nanotubes [27–29], and

graphene [30] can be used in the weak link instead of normal metals. The

quality of the contact between the weak link material and the supercon-

ducting loop plays a key role in the device performance. The motivation

to use higher temperature conventional superconductors such as Nb [31]

and Vanadium [32, 33] is to increase the sensor sensitivity and range of

operation temperatures compared to devices with an Al superconducting

loop [20–23,34–37].

A figure of merit of SQUID and SQUIPT sensors is the noise-equivalent

flux (NEF) or flux sensitivity [38] which is obtained from the transfer

function and the noise of the device. The limits to flux sensitivity of a

SQUIPT have been considered theoretically in Ref. [24]. In the earliest
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experimental realization [20], the NEF was limited by the preamplifier

contribution to the noise, and estimated to be ∼ 20 μΦ0/Hz
1/2. In a sub-

sequent optimized device, 500 nΦ0/Hz
1/2 has been obtained at 240 mK in

a low-frequency (sub-kHz) cross-correlation measurement, limited by the

room-temperature amplifier noise [23]. Recently, 260 nΦ0/Hz
1/2 at 1 K was

reported for a fully superconducting device [37]. In comparison, lower val-

ues of power have been obtained with state-of-the-art nanoSQUIDs [39,

40]. However, there is atill a lot of room for optimizing the NEF value in

SQUIPT by improving the magnetic flux sensitivity. Also observation of

the non-bandwidth-limited intrinsic flux noise performance of these hy-

brid superconducting magnetometer devices, predicted to be determined

by shot noise [41,42] in the current through the probe tunnel junction [24],

has been experimentally probed only recently as part of this work.

Structure of the thesis

In this thesis, we summarize the development of the SQUIPT device to-

wards sensitive magnetometry. We present different methods and materi-

als for improving the device fabrication, and a flux noise characterization

setup based on a cryogenic amplifier. For theoretical background, Chap-

ter 2 discusses basic principles of superconductivity, tunnel junctions, and

the proximity effect. This chapter summaries the required theoretical

details in tunnel junctions, including Normal-Insulator-Superconductor

(NIS) and Superconductor-Normal Metal-Superconductor (SNS) structures.

The short and long junction limits in the SNS weak link are presented in

order to gain an understanding of the SQUIPT sensitivity to magnetic

flux. The basics of the SQUID are presented in this chapter. They are

useful for understanding the following section dealing with the main char-

acteristics of the SQUIPT device. The DC transport of the SQUIPT is

discussed theoretically. It will include I-V characteristics, current and

voltage modulations, and the transfer function of the device. A brief theo-

retical calculation for SQUIPT with Nb superconducting loop and Al probe

is presented, consequently. In the last section of this chapter, current fluc-

tuation in tunnel junctions and the SQUIPT device will be theoretically

addressed.

Chapter 3 presents practical methods, such as device fabrication pro-

cesses and low temperature measurement techniques. The shot noise

measurement scheme will be introduced in detail explaining all the com-
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ponents using in the setup, such as resonant circuit on the sample stage,

and the home-made HEMT-based cryogenic amplifier.

In Chapter 4, we discuss in detail the experimental results presented in

Publications I-IV. The first section is focused on the non-hysteretic behav-

ior of the SQUIPT structures, resulting in the enhanced responsivity. In

Sec. 4. 2, we demonstrate experimentally the characterization of Nb-Cu-

Nb weak links and a prototype Nb-SQUIPT at low temperatures. Finally,

in Sec. 4. 3, shot noise measurements of an Al-SQUIPT and, consequently,

flux noise of such a device is considered. In Chapter 5, the summary of

this thesis gives a brief conclusion of the overall results obtained and their

future prospects.
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2. Superconductivity, tunnel junctions,
and proximity effect

2.1 Superconductivity

In 1911, H. Kamerlingh Onnes observed the phenomenon of superconduc-

tivity [3, 43–45], noting that the electrical resistance of mercury dropped

suddenly to zero when it was cooled below a certain temperature. This

phenomenon is determining the main features of certain materials called

superconductors below a material-specific critical temperature TC. At

low temperatures, electrons occupy all the states with energy below the

Fermi energy E < EF. According to Bardeen-Cooper-Schrieffer (BCS) the-

ory [46, 47], due to the electron-phonon coupling, electrons with opposite

momenta and spins can strongly correlate and form Cooper pairs. As a

result, in the density of states there is the interval of energies EF ± Δ

with no allowed states. Here Δ(T ) is the temperature-dependent super-

conducting gap. The Cooper pairs are localized in the ground state of the

superconductor and can be described by the single position-dependent su-

perconducting wave function, which depends on the superconducting gap

Δ(T ). The magnitude of Δ(T ) vanishes at T = TC where the transition

between superconducting and normal states occurs. Based on the BCS

theory, the attractive interaction between electrons and phonons is char-

acterized by the coupling constant λ. The temperature dependence of the

superconducting gap Δ(T ) can be extracted from the equation [4]

1

λ
=

∫ h̄ωD

Δ(T )
dE

1√
E2 −Δ(T )2

tanh (
E

2kBT
), (2.1)

where ωD is the Debye frequency, and kB is the Boltzman constant. In the

weak coupling limit λ � 1, the temperature dependence of the energy gap

from Eq. (2.1) can be approximated by [48]

Δ(T )

Δ0
= tanh [1.1056(tan [

π

2
(1− T/TC)

0.55])0.5/0.55], (2.2)
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Figure 2.1. (a) Calculated temperature dependence of the BCS superconducting energy
gap. (b) Normalized BCS density of states DoS.

which depends only on T/TC. As shown in Fig. 2.1 (a), at zero temper-

ature, for λ � 1, one finds the constant Δ(T ) = Δ0 = 1.76kBTC as the

zero-temperature superconducting gap, and close to TC the gap can be ap-

proximated by Δ(T )/Δ0 � 1.746
√
1− T/TC. In the ideal superconductor

at zero temperature, the density of states (DoS) for single particles with

energy E relative to EF is obtained as

nS(E) = n0
|E|√

E2 −Δ2
Θ(|E −Δ|). (2.3)

Here, n0 is the density of states in the normal state at Fermi level EF, and

Θ is the Heaviside step function. Figure 2.1 (b) shows nS as a function of

energy E.

2.1.1 Quasiparticle tunneling in hybrid junctions

The hybrid Normal-Insulator-Superconductor (NIS) tunnel junction was

first investigated by Giaever in 1960 [49]. It consists of two electrodes, one

normal and one superconducting, separated by a thin layer of insulating

material. The nonlinear temperature-dependent current-voltage charac-

teristic of an NIS junction provides electronic refrigeration [50–52] and

thermometry [53] to probe the electron temperature of the normal elec-

trode at cryogenic temperatures [18,54].

In an NIS junction, we approximate the weakly energy-dependent DoS
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Figure 2.2. (a) Schematic illustration of electron tunneling in a voltage biased NIS junc-
tion. The Fermi levels in the two electrodes are indicated by dashed lines. By
applying voltage V they are shifted relative to each other. (b) Calculated IV
characteristics and (c) cooling power of an NIS junction at several values of
temperatures between T = 0.01 K and T = TC

in the normal metal N at energies close to EF by a constant nN(E) = 1. On

the other hand, in a real-world BCS superconductor introduced by Dynes

et al [55], the density of states is modeled by [18,56]

nS(E) = Re(
E + iγ√

(E + iγ)2 −Δ2
). (2.4)

Here, γ is a phenomenological parameter for describing the sub-gap cur-

rent observed experimentally in NIS junctions [56, 57]. The energy level

diagram for a voltage-biased NIS junction is shown in Fig. 2.2 (a). The

current through the NIS junction can be written as

INIS =
1

eRT

∫ +∞

−∞
nS(E)[fN(E − eV, TN)− fS(E, TS)]dE, (2.5)

where TN,S and fN,S are the temperatures and the Fermi-Dirac distribu-

tion functions in the N and S electrodes, respectively. We define this result

in more detail in Sec. (2.5.1). Furthermore, RT is the normal state resis-

tance of the junction. The current through the NIS junction is sensitive

only to the normal metal temperature, and the S electrode temperature is

negligible at TS � TC/3 [18]. To see this, Equation (2.5) can be rewritten

as

INIS =
1

2eRT

∫ +∞

−∞
nS(E)[fN(E − eV )− fS(E + eV )]dE. (2.6)
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At low temperatures kBTN � Δ, the current at voltages 0 � V � Δ/e can

be approximated by [58]

INIS ∼ Δ

2eRT

√
2πkBTN

Δ
e
( eV−E
kBTN

)
. (2.7)

The calculated IV characteristic of a NIS junction at different values

of electron temperatures TN in N electrode are shown in Fig. 2.2 (b).

The IV becomes smeared with increasing temperature. The mechanism

of refrigeration in an NIS junction can be explained based on the hot

quasi-particles tunneling through the insulating barrier. As displayed in

Fig. 2.2 (a), in the NIS junction with applied bias voltage eV ∼ Δ, the

most energetic particles can tunnel from the normal metal into the su-

perconductor. The rate of the heat extracted from the N electrode of the

junction is given by

PN =
1

e2RT

∫ +∞

−∞
(E − eV )nS(E)[fN(E − eV, Te)− fS(E, Te)]dE. (2.8)

Figure 2.2 (c) illustrates this cooling power PN for various electron tem-

peratures. At bias voltages V ≤ Δ/e it is positive and the maximum is

achieved slightly below Δ/e. This range of bias voltage is allowing only

the hot electrons to tunnel and results in electronic cooling of the normal

metal [18,50]. Furthermore, at high bias voltage V > Δ/e, also quasipar-

ticles below the Fermi level can tunnel, resulting in strong heating and

negative cooling power.

2.1.2 Andreev reflection and superconducting proximity effect

Proximity effect [59–64] of the normal conductor is the occurrence of the

superconducting-like properties when it is placed into good electrical con-

tact with a non-superconducting material, for instance a normal metal

(N). In the diffusive regime, one has ξ0 � lel where ξ0 = (h̄D/Δ)1/2 is the

so-called superconducting coherence length, and lel is the elastic mean

free path. The latter is related to the diffusion constant via D = vFlel/3,

where vF is the Fermi velocity of electrons. As a consequence of proxim-

ity effect, the superconducting correlations can extend over a large length

scale in the non-superconducting material and the density of states DoS in

S region is modified [61,65–69]. A simple geometry of a metallic N-S con-

tact is illustrated in Fig 2.3 (a). Particularly, assuming the normal metal

(L) and superconductor (LS) lengths to be much larger than the coherence

length, LS, L � ξ0, the DoS changes gradually from the BCS form deep in-

side the superconductor to the constant value nN(E)/n0 = 1 in the normal
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metal. For a short normal metal in contact with a long superconductor,

LS � L ∼ ξ0, the DoS in the N side develops a minigap [67,70,71] around

the Fermi energy. The magnitude of minigap is smaller than the super-

conducting gap and depends on the length of the normal metal. Increasing

the length of the N part decreases the size of the minigap [65]. The im-

portant length and energy scales in the proximity effect are the length

L of the normal metal and Thouless energy ETh = h̄D/L2. In Δ � L,

magnitude of the minigap is of the order of ETh as will be discussed below

in Sec. (2.2.2). Andreev reflection (AR) [72] has a significant role to the

proximity effect since it provides conversion of the dissipative electrical

current in the normal metal into the dissipation-less supercurrent. The

AR mechanism [72–74] is shown in Fig 2.3 (b): An incident electron, with

energy E and spin ↑, can be transferred into the superconductor if another

electron, with energy −E and spin ↓, is also transferred through the in-

terface thus crossing into the superconductor and forming a Cooper pair.

As a result, in terms of single excitations, a hole with energy −E and spin

↓ can be retro-reflected [72, 75] back into the normal metal. The AR pro-

cess is significant when the barrier transparency is assumed to be high,

with no oxide or tunnel layer. Simultaneously, close to N-S interface the

leakage of the Cooper pairs weakens the superconductivity on the scale

of ξ0 from the interface on the S side. This phenomenon is called inverse

proximity effect [64,76]. The superconducting critical temperature in the

superconducting metal is decreased close to the interface, and the energy

gap is suppressed.

2.2 SNS junction

A Superconductor – Normal metal – Superconductor (SNS) weak link [4,

38] consists of a short normal conducting metal (N) embedded between

two superconducting (S) electrodes. It can support a finite supercurrent

due to proximity effect. As a consequence of the SNS junction proper-

ties, novel types of interferometers [20, 77, 78] can be introduced with a

large number of foreseen applications including measurement of magnetic

flux induced by atomic spins, single-photon detection and nanoelectron-

ical measurements [79–81]. In this section, we discuss SNS junctions,

focusing on two different parameter regimes, namely ”short” and ”long”

junctions.

19



Superconductivity, tunnel junctions, and proximity effect

Figure 2.3. (a) Schematic geometry of an N-S contact. (b) Andreev reflection: An incident
electron (solid blue circle) in the normal metal moves towards the supercon-
ductor producing a Cooper pair in the superconductor and a retro-reflected
hole (open blue circle), moving into the normal conductor. Vertical arrows in-
dicate the spin for each particle. (c) Schematic diagram of a 1D SNS junction,
consisting of a normal conducting metal (N) embedded between two super-
conducting (S) electrodes. Due to proximity effect, superconductivity ”leads”
from each S electrode into the N part, and a finite supercurrent can flow
through the weak link.

2.2.1 Theoretical description

The SNS circuit consists of a piece of normal metal in the diffusive limit

in contact with two superconducting electrodes. In this structure the elec-

tron and hole quasiparticles of the normal metal are coupled by the pair-

ing Hamiltonian and thus quantum state of quasiparticles are defined by

Bogulubov-de Gennes equation [4]. The green function formalism does not

require solutions of the Bogulubov-de Gennes equations. The three dif-

ferent types of Green functions, retarded (R̆), advanced (Ă) and Keldysh

(K̆) [84] can be handled by a 4 × 4 matrix noted Ğ, Ğ =

⎛
⎝ R̆ K̆

0 Ă

⎞
⎠. In

the dirty limit, the SNS structure is effectively described in terms of the

quasi-1D spectral equations, satisfying the Usadel equation [61,82,83]

D∇(Ğ∇Ğ) = [−i(E + iΓ)τ̆z + Δ̆, Ğ]. (2.9)

E is the energy, and Γ describes a small inelastic scattering rate. Here,

Δ̆ =

⎛
⎝ Δ̂ 0

0 Δ̂

⎞
⎠, Δ̂ =

⎛
⎝ 0 Δ

Δ∗ 0

⎞
⎠, and τ̆z =

⎛
⎝ τ̂z 0

0 τ̂z

⎞
⎠,

where, Δ is the superconducting gap, and τ̂z is the third Pauli matrix.

The retarded Green function R̆ can be parametrized by a useful geomet-
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rical description [83]

R̂ =

⎛
⎝ cosh(θ) sinh(θ)eiχ

− sinh(θ)e−iχ − cosh(θ)

⎞
⎠ . (2.10)

Here, θ and χ are in general complex scalar functions that depend on the

energy and spatial coordinates. We assume that the width of the weak

link is much smaller than its length L. This allows us to consider the

wires as quasi-one dimensional (1D) structures as shown in Fig 2.3 (c).

In this geometry, these two complex functions θ(x,E) and χ(x,E) depend

on the position x and the energy E varying only in one dimension. The

quasi-1D spectral equations can be simplified into [61,85]

h̄D
∂2θ

∂2x
= −2iE sinh (θ) + h̄D/2(

∂χ

∂x
)2 sinh (2θ) + 2iΔcos (ϕ− χ) cosh (θ),

(2.11)

h̄D
∂jE
∂x

= −2iΔsin (ϕ− χ) sinh (θ), (2.12)

and jE = − sinh2 (θ)
∂χ

∂x
. (2.13)

Here, ϕ is the superconducting order parameter phase difference between

the two superconducting electrodes. The self-consistency equation for the

energy gap Δ is assumed to have the position-dependent form

Δeiϕ =
λ

4

∫ +∞

−∞
dERe[sinh θeiχ] tanh (

E

2kBT
), (2.14)

where λ denotes the interaction constant, characterizing the strength

of superconductivity [59, 61]. We can consider the boundary conditions

in two reservoirs: In the S reservoir, the functions have the bulk val-

ues θ = artanh(Δ/E) and χ = ϕ, whereas these values in the N reservoir

are θ = 0 and χ not defined [86]. As a result of solving θ(x,E) and χ(x,E),

the single-particle density of states at position x and energy E in the nor-

mal weak link is given by [61,83]

nN(x,E) = n0Re[cosh (θ(x,E))]. (2.15)

The observable supercurrent is obtained from [83]

IS(ϕ) =
ETh

2eRN

∫ +∞

−∞
dEIm[jE(E)]fL(E). (2.16)

Here, RN = L/(Aσ) is the normal state resistance of the weak link with

length L, normal state conductivity σ, and cross section A. The quantity

fL(E) = tanh(E/2kBT ) is related to the distribution function, assuming

equilibrium at temperature T . Furthermore, the energy-dependent quan-

tity jE(E) is the spectral supercurrent obtained from a numerical solu-

tion of the Usadel equations in the 1D SNS geometry, assuming perfectly
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transparent interfaces [83, 87]. The magnitude of the maximum observ-

able supercurrent, also known as the critical current IC, can be found by

maximizing Eq. (2.16) over the phase ϕ in the interval 0 to 2π.

2.2.2 Long junction limit

In the long junction limit, the weak link is much longer than the super-

conducting coherence length ξ0, L/ξ0 � 1 (or equivalently ETh � Δ). Fur-

thermore, jE(E) in Eq.( 2.16) depends only weakly on the ratio Δ/ETh [83].

In this limit, for the temperature dependence of the critical current IC, we

can find analytical estimates in certain temperature regimes, high and

low temperature limits.

High-temperature regime: We first consider high temperatures kBT �
ETh (or equivalently L � LT =

√
(h̄D/kBT ), where LT is the character-

istic thermal length in the diffusive limit). The mutual influence of the

superconducting reservoirs is neglected and except in the vicinity of the

N-S interfaces the Usadel equations are linearized for the N part. The

critical current IC can then written as [87,88]

eRNIC
ETh

=
64πkBT

ETh

∞∑
n=0

(
2ωn

ETh
)1/2

Δ2e
−( 2ωn

ETh
)1/2

[ωn +Ωn +
√
2(Ω2

n + ωnΩn)]2
. (2.17)

Here, ωn = (2n+1)πkBT are the Matsubara frequencies, and Ωn =
√
Δ2 + ω2

n.

To highlight the dependence of IC on the ratios kBT
ETh

and Δ
ETh

, we rewrite

Eq. (2.17) as

eRNIC
ETh

=
64πkBT

ETh

∞∑
n=0

(2xn)
1/2e−(2xn)1/2

[xn
ETh
Δ + yn +

√
2(y2n + xnyn

ETh
Δ )]

2 , (2.18)

with the dimensionless quantities xn = ωn
ETh

= (2n + 1)πkBTETh
and yn =√

1 + ω2
n

Δ2 =
√
1 + (xn

ETh
Δ )2. In the very long junction junction limit ETh

Δ →
0, and Eq. (2.18) can be further simplified to [87,89]

eRNIC
ETh

=
32

3 + 2
√
2
(
2πkBT

ETh
)3/2e−

√
2πkBT/ETh (2.19)

by keeping only the term with n = 0 in the sum. From Eq. (2.19), one

obtains the temperature dependence of the critical current as IC(T ) ∝
T 3/2e−

√
kBT/ETh [89].

Low-temperature regime: At lower temperature kBT ≈ ETh, eval-

uation of IC involves solving the Usadel equation at all energies. For

kBT � ETh, the numerical solution can be approximated by [87]

IC = a(
ETh

eRN
)[1− be

(− aETh
3.2kBT

)
], (2.20)
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Figure 2.4. Calculated temperature dependence of the eRNIC product, corresponding to
various values of the ratio Δ/ETh in the long junction limit.

where the constant coefficients a and b are 10.82 and 1.30, respectively.

In the limit of zero temperature, the eRNIC product is found to be pro-

portional to ETh, IC = 10.82ETh/eRN. Figure 2.4 shows the temperature

dependence of eRNIC for various values of the ratio Δ/ETh.

2.2.3 Short junction limit

In the short junction limit L/ξ0 � 1, and the superconducting order pa-

rameter is much smaller than the Thouless energy, Δ � ETh = h̄D/L2.

In this regime, the Usadel equation can be analytically solved for the two

functions, θ(E, x) and χ(E, x) [83]:

θ(x) = cosh (

√
α2 + 1

α
cosh[jEα(x− x0)]) (2.21)

χ(x) = χ0 − arctan[α tanh (jEα(x− x0))], (2.22)

where α and x0 are determined by the boundary conditions. We have

x0 = 0, and the values of θ and χ at x = ±L/2 are given by [70]

θ(E, x = ±L/2) = π/2, χ(E, x = ±L/2) = ±ϕ/2. (2.23)

Furthermore, we find

α =

√
E2 −Δ2 cos2(ϕ/2)

Δ cos (ϕ/2)
(2.24)
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Figure 2.5. Calculated normalized DoS of the normal metal nN in the SNS junction at
different phases between the S electrodes. Inset: Minigap in units of the
Thouless energy vs. the phase difference between the superconducting elec-
trodes.

and

jE =
2Δcos (ϕ/2)

E2 −Δ2 cos2(ϕ/2)
cosh (

E2 −Δ2 cos2(ϕ/2)

E2 −Δ2
). (2.25)

In the SNS junction, the density of states nN(x,E, ϕ) in the proximized

normal metal is given by Eq. (2.15). Using Eq. (2.25) in Eq. (2.21), we find

θ(x,E, ϕ) = arcosh(γ cosh (2x cosh (β))), (2.26)

where

γ =

√
α2 + 1

α
(2.27)

and

β = arccos

√
E2 −Δ2(T )cos2(ϕ/2)

E2 −Δ2
. (2.28)

Figure 2.5 shows the DoS calculated for different phases between the S

electrodes. In the short junction limit, the minigap opened in N part is

Eg = Δ|cos(ϕ/2)| whose amplitude depends on ϕ. For ϕ = 0, Eg = Δ and

decreases by increasing ϕ and vanishes at ϕ = π, as shown in the inset

of Fig. 2.5. Also in the one-dimensional long SNS structure, the most

characteristic feature of the DoS is that the minigap Eg is periodically

modulated as a function of the phase difference ϕ [70,71]:

Eg/ETh =

{
c1(1− c2ϕ

2) ϕ � π

c3(π − ϕ) π − ϕ � π,
(2.29)

with the numerical constants c1 = 3.122, c2 = 0.0921 and c3 = 2.467. The

magnitude of the minigap is maximized at ϕ = 0 and vanishes at ϕ = π.
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Figure 2.6. (a) Schematic view of a DC SQUID, consisting of a superconducting loop
interrupted by two parallel Josephson Junctions (JJs). (b) Current-voltage
characteristics plotted for two extreme values of external magnetic flux
Φa = 0 and Φa = 0.5 Φ0 (Adapted from Ref. [100]). (c) Voltage modula-
tion with respect to magnetic flux for several values of constant bias currents
(Adapted from Ref. [100]). (d) Flux noise of one Nb thin film SQUID presented
in Ref. [150] at two different temperatures T = 4.2 K and T = 13 mK.

2.3 Basic principles of SQUIDs

The superconducting quantum interference device (SQUID) [5, 6, 90] is

a converter of magnetic flux into an electrical current or a voltage. At

present, they are the most sensitive sensors for magnetic flux [6]. A

SQUID consists of a superconducting loop interrupted by two or one paral-

lel Josephson junctions, which are called DC SQUID [5–8] and RF SQUID

[38, 91–93], respectively. The schematic view of a DC SQUID is shown in

Fig. 2.6 (a).

2.3.1 Working principle

The SQUID operation is based on the physical phenomenon of the Joseph-

son effect [4, 38, 94–96] and flux quantization [4] in a superconducting

loop. The Josephson effect is the macroscopic quantum phenomenon which

is appearing in a system of a so-called Josephson junction (JJ), consisting

of two superconducting electrodes coupled by a weak link. The mathe-

matical relationships for the current and voltage across the weak link
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were predicted by Josephson in 1962 [97] and observed experimentally

in 1963 [98]. In an SIS junction, a dissipationless supercurrent Is can

flow through the junction, depending on the phase difference ϕ = ϕ2 − ϕ1

across the tunnel barrier according to the DC Josephson relation

Is = Ic sinϕ. (2.30)

Based on the Ambegaokar-Baratoff formula [99] Ic, denoting the maxi-

mum supercurrent the junction can sustain, can be estimated from

Ic =
πΔ(T )

2eRn
tanh (

Δ(T )

2kBT
), (2.31)

valid in the tunnel junction limit. Here, Rn denotes the normal state

resistance of the SIS tunnel junction. At T � TC Eq. (2.31) reduces to

IcRn = πΔ0/2e.

2.3.2 Hysteresis

In the SQUID device, the total flux in the loop can be expressed as [6]

ΦT = Φa − LsIc sin (
2πΦT

Φ0
), (2.32)

where Ls and Φa are the self inductance of the loop and applied flux to the

loop, respectively. The magnetic flux slope is defined by

dΦT

dΦa
=

1

1 + βL cos (2πΦT/Φc)
, (2.33)

with the dimensionless parameters parameter βL = 2πLsIc/Φ0. For βL < 1

of equivalently Ls < Φ0/2πIc, the slope is positive and the plot ΦT as a

function of Φa is non-hysteretic. Here, LJ is the Josephson inductance of

the tunnel junction in the SQUID device. On the other hand, for βL > 1

the device makes transitions between two flux states and shows hysteretic

behavior when Φa is varied. The hysteresis in the device appears when the

Josephson inductance of the tunnel junction is smaller than the self induc-

tance of the loop, LJ < Ls. In order to suppress the magnetic hysteresis in

SQUID devices, increasing the Josephson inductance or reducing the loop

inductance are necessary.

2.3.3 Sensitivity

The I-V characteristics of a typical SQUID device can be solved numeri-

cally using the differential equation presented in Refs. [100,101]. A solu-

tion can be obtained from fixed Φa and βL values while voltage-flux mod-

ulation V (Φ) can be achieved by varying the external magnetic flux Φa
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and fixing βL and bias current Ib. Figure 2.6 (b) displays IV character-

istics for two values of applied magnetic flux, Φa = 0 and Φa = 0.5 Φ0 at

βL = 1. The DC SQUID can be operated as a flux-to-voltage transducer by

current biasing it, leading to a magnetic flux voltage modulation V (Φ) as

shown in Fig. 2.6 (c) for several values of bias currents Ib/I0 and βL = 1.

Figures 2.6 (b) and (c) are adapted from Ref. [100]. A non-hysteretic

SQUID can be employed straightforwardly as magnetic flux detector. At

the optimal working point of the device, the value of ∂V/∂Φ is maximum,

VΦ = (∂V/∂Φ)max. Another figure of merit of SQUIDs is given by the

equivalent spectral density of flux noise SΦ = SV/V
2
Φ or the rms flux noise

√
SΦ with units Φ0/

√
Hz [Fig. 2.6 (d)], where SV is the power spectral den-

sity of voltage noise. The frequency dependence of the flux noise has two

main parts: At low frequency
√
SΦ is 1/f noise and at higher frequencies

it becomes independent of f . This white noise is mainly due to Johnson-

Nyquist noise associated with dissipative quasi particle currents in the

JJs. A nanoscale SQUID ”nanoSQUID” [39,40,102–107] offers significant

reduced flux noise down to the level of a few tens of nΦ0/
√
Hz, strongly

nanoSQUIDs are promising detectors for example for investigating local-

ized magnetic signals produced by magnetic nanoparticles [107].

2.4 Superconducting quantum interference proximity transistor

As shown in experiments by Petrashov et al. [77, 78, 108], Andreev ”mir-

rors” [72] with varying phase differences between superconductors pro-

vide a means to modulate the supercurrent through a short normal wire.

Both hysteretic and non-hysteretic behavior of Andreev interferometers

with three superconducting electrodes in voltage biased [109] and cur-

rent biased regime [110] have been theoretically investigated. The su-

perconducting quantum interference proximity transistor (SQUIPT) [20],

is also an interferometer based on the proximity effect, relying on the

modification of the density of states (DoS) [61, 65–67] in the proximized

normal metal and on the opening of a minigap [61, 65, 70]. In the SNS

junction, imposing a phase difference between the superconducting elec-

trodes provides a means to modulate the density of states (DoS) in the

normal metal (N) [77, 78, 108]. The operation of the SQUIPT is based

on the magnetic field modulation of the DoS of the proximized normal

metal N embedded in a superconducting loop. Some attractive features

of SQUIPT are ultra-low dissipation, a simple DC read out scheme, and
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Figure 2.7. Schematic view of a SQUIPT device, consisting of a superconducting S loop
interrupted by an SNS weak link while the NIS junction is placed in the
middle of it. The normal metal parameters are length (L), width (wN) and
thickness (d) of the wire. The width of the superconducting probe tunnel
coupled to the middle of the weak link is denoted wS. ϕ is the phase difference
between two superconducting electrodes of the SNS junction and Φ is the
magnetic flux applied through the superconducting loop.

flexibility in fabrication, materials and parameters. The schematic im-

plementation of a SQUIPT device is illustrated in Fig. 2.7. It consists of

a normal metal (N) embedded in clean contact with a superconducting

loop (S), while a superconducting probe is tunnel coupled to the middle

of the weak link. The geometry of the island is determined by the weak

link width wN, length L, and thickness d. As shown in Fig. 2.7, Φa is

the external magnetic flux through the loop. By neglecting the loop in-

ductance, we have Φ = (2πϕ)Φ0, where ϕ is the phase difference across

the N wire, and Φ0 = h/2e = 2.067 × 10−15 Wb is the flux quantum. The

loop geometry enables changing the phase difference across the normal

metal/superconductor boundaries through the application of an external

magnetic flux.

2.4.1 DC transport in the SQUIPT device

As shown in Fig. 2.5, the DoS in the normal metal, nN, features an energy

gap Eg whose magnitude can be controlled by the imposed order param-

eter phase difference. The magnitude of the minigap (Eg) in the normal

metal is maximized at Φ = 0 (ϕ = 0), where it equals the superconduct-

ing energy gap Δ0 for a short junction. By increasing the magnetic flux

through the loop, the minigap is gradually reduced and fully suppressed
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Figure 2.8. (a) Calculated IV characteristics of the SQUIPT device at two values of mag-
netic flux, Φ = 0 (blue) and Φ = Φ0 (red) respectively. (b) Current vs voltage
characteristics calculated for a few values of applied magnetic flux (Φ) be-
tween 0 and 0.5 Φ0 at T = 0.1 K, where Φ0 is the flux quantum. For the bias
current Ibias, V (Φ) is varied over the range 0 < Φ < 0.5Φ0.

at Φ = Φ0/2 (ϕ = π). In particular, nN is symmetric with respect to the

energy. As a consequence of the variation of the DoS in the normal metal

and the minigap, electron transport changes through the tunnel junction.

The quasiparticle current, through the probe tunnel junction, biased at

voltage V and located in the middle of the weak link (x = 0), can be writ-

ten as [24,96,111]

Iqp =
1

ewSRT

+wS/2∫
−wS/2

+∞∫
−∞

nN(x,E,Φ)nS(E − eV )[fN(E − eV )− fN(E)] dx dE,

(2.34)

where wS is the width of the superconducting electrode of probe tunnel

junction, and RT is the normal state tunnel resistance of this NIS probe.

nN and nS are the normalized densities of states in the normal metal and

in the superconducting loop, respectively. As shown in Fig. 2.7, we con-

sider the spatial coordinate x ∈ [−L/2, L/2] along the weak link. In the

simplest approximation of a narrow probe, in which nN can be evaluated

at single point (x = 0) along the tunnel junction overlap, Iqp is written as

[24]

Iqp =
1

eRT

∫ +∞

−∞
nN(E,Φ)nS(E − eV )[fN(E − eV )− fN(E)]dE. (2.35)
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Figure 2.8 (a) displays the current-voltage (IV) characteristics of the

SQUIPT calculated for two extreme values of Φ at low temperature, T= 0.1

K. For Φ = 0 the minigap in the N region is maximal, and the resulting

current-voltage characteristic corresponds to a superconductor-insulator-

superconductor (SIS) junction. In contrast, at Φ = 0.5Φ0 the minigap

vanishes and hence the IV curve turns to that of on a NIS junction. Fig-

ure 2.8 (b) shows a semi logarithmic scale the calculated low-temperature

IV characteristics at different values of magnetic flux in the range of in-

terest, 0 < Φ < Φ0. The SQUIPT behaves as a flux-to-voltage or flux-

to-current transformer for which the responses V (Φ) and I(Φ) depend on

the constant bias voltage Ibias and current Vbias, respectively. At a partic-

ular values of the the bias voltage or and current, the full extent of the

modulation of I(Φ) or V (Φ) is observed as the flux varies over the interval

0 < Φ < 0.5 Φ0. The calculated current modulation of the device, I(Φ),

is shown in Figs. 2.9 (a) and (b) for various bias voltages in two regimes,

below and well above Δ0/e, respectively. Furthermore, the calculated flux-

to-current transfer function is illustrated in Fig. 2.10 for several values of

bias voltages corresponding to those in Fig. 2.9 (a). The figure of merit

of the voltage-biased SQUIPT interferometer is its noise equivalent flux

(NEF) or flux sensitivity [38], defined as

NEF = S
1/2
IS

/|∂I/∂Φ|, (2.36)

where SIS is the spectral density of the current noise in the device.

2.4.2 I-V curve of a Josephson junction with small critical
current

We consider a Josephson junction with a small critical current such that

h̄IC/2e < kBT . In this case the I-V curve at low bias voltages and at low

temperatures (eV, kBT < Δ) reads

I =
V

Rqp
+ IJ(V ). (2.37)

Here Rqp is the quasiparticle resistance and we have also defined the con-

tribution to the I-V curve coming from the strongly smeared Josephson

current

IJ(V ) =
πh̄I2C
4e

[P (2eV )− P (−2eV )], (2.38)

which is expressed in terms of the P (E)−function [112,113] defined as

P (E) =

∫
dt

2πh̄
eJ(t)+iEt/h̄, (2.39)
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Figure 2.9. Calculated current modulation of the SQUIPT device as a function of the
magnetic flux at different values of bias voltages in two regimes: (a) below
the gap Δ0/e and (b) at bias voltage between zero and eV/Δ0 = 2.5 well above
gap Δ0/e .

Figure 2.10. Calculated flux-to-current ∂I/∂Φ transfer function vs. magnetic flux at sev-
eral values of bias voltages in the sub-gap regime.
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Figure 2.11. Calculated IV with Eq. (2.43) at four different values of magnetic flux be-
tween Φ = 0 and Φ = 0.5 Φ0. The parameters are: Rqp = 30 MΩ, RS = 8.6

kΩ, EC = 22 μeV, T = 60 mK. The values of the critical current, IC, for
different curves are: 0.65 nA, 0.57 nA, 0.41 nA, 0.1 nA.

where

J(t) = −4e2

πh̄

∫ ∞

0
dωRe [Z(ω)]

(
coth

h̄ω

2kBT

1− cosωt

ω
+ i

sinωt

ω

)
. (2.40)

The impedance of the environment is unknown, but one can adopt a Lorentzian

model

Re [Z(ω)] =
RS

1 + ω2R2
SC

2
, (2.41)

where C is the junction capacitance and RS is the effective impedance of

the environment. The critical current of the junction can be estimated via

Ambegaokar-Baratoff formula [99]

IC =
Δmg

Rn
K

⎛
⎝
√
1− Δ2

mg

Δ2

⎞
⎠ , (2.42)

where Δmg is the minigap induced in the normal part by proximity ef-

fect, while Δ is the gap in the aluminum. Taking Δmg = 80 μeV, Δ = 200

μeV, and Rn = 60 kΩ one finds IC = 3.15 nA at Φ = 0.

In the limit kBT ∼ h̄/2RSC we can approximate the I-V curve as

I(V ) =
V

Rqp
+

h̄I2C
2eEC

∫ ∞

0
dτ exp

[
−8πkBT

gEC

(
τ − π

g

(
1− e−gτ/π

))]

sin

[
4π

g

(
1− e−gτ/π

)]
sin

(
2eV

EC
τ

)
. (2.43)
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Figure 2.12. Current noise of a NIS junction. (a) Normalized IV characteristics of a NIS
tunnel junction (blue dashed line) together with the current noise SI (red
solid line) vs. bias voltage calculated at T = 0.05 K, with the supercon-
ducting Al gap Δ = 200 μeV. Here, the dimensionless parameter γ is the
ratio between NIS junction asymptotic resistance at high bias voltage and
the sub-gap resistance, used in the modeling of a smeared BCS density of
states nS(E) = |Re[(E/Δ+ iγ)/

√
(E/Δ+ iγ)2 − 1]|. The inset shows I and

SI as in (a) but plotted on a semilogarithmic scale. (b) Calculated current
noise SI at different temperatures between T = 0.01 K and T = 1.3 K.

Figure 2.11 shows the theoretical modeling for IV calculated at four dif-

ferent values of magnetic flux between Φ = 0 and Φ = 0.5 Φ0. From the

calculation, the magnitudes of critical currents are obtained as 0.65 nA,

0.57 nA, 0.41 nA, 0.1 nA corresponding to different curves.

2.5 Current noise in tunnel junction devices

In this section, we provide the theoretical background which is used later

in understanding the noise measurements. We first discuss current fluc-

tuations in a general tunnel junction, focusing on the limiting cases of

NIN and NIS junctions. Then we consider the noise spectrum in a SQUIPT

device.

2.5.1 Quasiparticle current fluctuations in a general tunnel
junction

We consider two metallic electrodes, assuming right (R) and left (L) leads,

separated by a thin insulating layer. For the current fluctuation in the
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tunnel junction, the starting point is the tunnel Hamiltonian [4]

H =
∑
l

Ela
†
l al +

∑
r

Erc
†
rcr +

∑
l,r

(tlra
†
l cr + t∗lrc

†
ral), (2.44)

where HL =
∑

l Ela
†
l al and HR =

∑
r Era

†
rar are the Hamiltonians of the

left and right lead, respectively, and W =
∑

l,r(tlra
†
l cr + t∗lrc

†
ral) is the tun-

nel coupling. Here, c†r and cr denote the fermionic quasiparticle creation

and annihilation operators in the right lead and equivalently a†l and al

in the left lead. El and Er are the electron energies in the left and right

leads, respectively. The number operator of electrons in the left and right

leads reads Nl =
∑

l a
†
l al and Nr =

∑
r c
†
rcr, respectively. The current oper-

ator from right to the left lead is then I = eṄl, which yields with proper

commutation relations (for fermions)

I = eṄl =
ie

h̄
[W,Nl] = − ie

h̄

∑
l,r

(tlra
†
l cr − t∗lrc

†
ral). (2.45)

The time dependence of the operators gives

I(t) =
ie

h̄

∑
l,r

(tlra
†
l cre

i(El−Er)t/h̄ − t∗lrc
†
rale

−i(El−Er)t/h̄). (2.46)

We then obtain the correlator

〈I(t)I(0)〉 = e2

h̄2
∑
l,r

|tlr|2(〈a†l al〉〈crc†r〉ei(El−Er)t/h̄ + 〈ala†l 〉〈c†rcr〉e−i(El−Er)t/h̄).

(2.47)

We transform the sums to integrals via the density of states (DoS), nL,R(0)

of the left (right) lead at Fermi level in the normal state, and nL,R(E)

the corresponding energy dependent normalized DoS. Furthermore, we

assume that there is a bias voltage V across the junction. We also set

|tlr|2 = |t|2 (constant) as usual in the tunneling model. The averages read,

for instance, 〈a†l al〉 = 1−〈ala†l 〉 = fL(El−eV ) and 〈crc†r〉 = 1−fR(Er). Then

for the current through the tunnel junction, we can get

ITunnel =
1

RT

∫
dEldErnL(El − eV )nR(Er)[fL(El − eV )− fR(Er)], (2.48)

where we have identified the inverse tunnel resistance

1

RT
= 2πe2|t|2nL(0)nR(0)/h̄. (2.49)

The corresponding noise spectrum reads

SI(ω) =

∫
dteiωt〈I(t)I(0)〉 = 2πe2

h̄

∑
l,r

|tlr|2(〈a†l al〉〈crc†r〉

δ(El − Er + h̄ω) + 〈ala†l 〉〈c†rcr〉δ(El − Er − h̄ω)). (2.50)
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From Eq. (2.49), we have

SI(ω, V ) = R−1T

∫
dEldErnL(El − eV )nR(Er){fL(El − eV )[1− fR(Er)]

δ(El − Er + h̄ω) + [1− fL(El − eV )]fR(Er)δ(El − Er − h̄ω)}.(2.51)

This yields then the general expression for the tunnel junction noise as

SI(ω, V ) = R−1T

∫
dEnL(E − eV )nR(E){fL(E − eV )[1− fR(E + h̄ω)]

+[1− fL(E − eV )]fR(E − h̄ω)}.(2.52)

NIS junction: For an NIS junction, we set nL(E) = 1 and nR(E) =

nS(E). Then for the current and current noise, we have

INIS =
1

RT

∫ +∞

−∞
dEnS(E)[fL(E − eV )− fR(E)], (2.53)

and

SI(ω, V ) = R−1T

∫
dE nS(E) {fL(E − eV )[1− fR(E + h̄ω)]

+[1− fL(E − eV )]fR(E − h̄ω)}, (2.54)

respectively. For simplicity, let us consider equal temperatures and zero

frequency, then

SI(0, V ) = R−1T

∫
dE nS(E) {f(E − eV )[1− f(E)] + [1− f(E − eV )]f(E)}.

(2.55)

Figure 2.12 displays the IV characteristics of such a NIS tunnel junction

together with the current noise from Eq. (2.55) calculated at Te = 0.05 K,

assuming the superconducting Al gap of Δ = 200 μeV.

NIN junction: For an NIN junction we set nN = nS = 1, resulting in

SI(V ) = 2R−1T

∫
dE {f(E − eV )[1− f(E)] + [1− f(E − eV )]f(E)}. (2.56)

Two basic cases are obtained from this expression then: (i) thermal equi-

librium noise at eV � kBT

SI(0, 0) = R−1T

∫
dE {f(E − eV )[1− f(E)] + [1− f(E − eV )]f(E)}

=
2eV

RT
coth(

eV

2kBT
), (2.57)

and (ii) shot noise, eV � kBT

SI(0, V ) ≈ R−1T [

∫ eV

0
dE +

∫ 0

−eV
dE] = 2eV/RT = 2e〈I〉, (2.58)

where 〈I〉 is the average current of the junction at this bias point.
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Figure 2.13. (a) Calculated bias voltage dependence of the current noise SI of a SQUIPT
at different values of magnetic flux between 0 and 0.5Φ0, assuming the short
junction limit. (b) Calculated current noise as a function of magnetic flux at
several values of the bias voltage.

2.5.2 Quasiparticle current fluctuations in a SQUIPT device

In a SQUIPT structure, taking into account the magnetic flux dependence

of the density of states nN(E,Φ) in the proximized normal metal, the cur-

rent noise for a device with probe tunnel resistance RT can be written

SI(ω, V,Φ) = R−1T

∫
dE nN(E,Φ)nS(E − eV )

{f(E − eV )[1− f(E + h̄ω)] + [1− f(E − eV )]f(E − h̄ω)}. (2.59)

Similar to Eq. (2.35), here we assume a narrow probe electrode and

neglect the dependence of nN(E,Φ) on the position along the N of the

SNS junction [21, 24]. We further assume the low frequency limit h̄ω �
kBTe, eV,Δ, yielding

SI(V,Φ) = R−1T

∫
dE nN(E,Φ)nS(E − eV ){f(E − eV )[1− f(E)]

+[1− f(E − eV )]f(E)}. (2.60)

Figure 2.13 (a) shows the the bias dependence of the noise at several

values of magnetic flux between the two extreme flux values Φ = 0 and

Φ = 0.5 Φ0. In Fig. 2.13 (b) we show the flux dependence of the calculated

current noise SI(Φ), for several bias voltages Vb in the sub-gap regime.
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3. Experimental methods

3.1 Device fabrication

The devices presented in this work have been fabricated by two main

methods, using one step and two steps processes, respectively. In the de-

vice fabricated in Publication I (Al-SQUIPT), the one step method was

employed, based on a single round of conventional electron beam lithog-

raphy (EBL) and shadow deposition of thin films by a multi-angle evap-

oration technique [114, 115]. In Publication III (Al-SQUIPT), a Ge-based

hard mask process has been applied for the device fabrication in one step.

A different process, based on two separate rounds of EBL has been uti-

lized to make the devices in Publications II and IV (Nb-SQUIPT). In this

Chapter, these two fabrication methods are first summarized in details.

Then we briefly discuss the experimental setups and techniques used in

the low-temperature electrical measurements.

3.1.1 One-step fabrication method

The aluminum-based weak links and tunnel junctions with well-controlled

interface transparencies are routinely fabricated by shadow evaporation

through a suspended resist mask [115] that allows deposition of multiple

metal films in a single vacuum cycle. In the following, we refer to this as a

so-called one-step fabrication technique. This technique with a Ge-based

hard mask is summarized in Fig. 3.1.

Wafer preparation: In this process, the samples were fabricated by

electron-beam lithography (EBL) onto an Si wafer with typically 300 nm

thick thermal SiO2 oxide on top. In electron beam lithography, the sus-

pended resist stack with large enough undercut profile consists of copoly-

mer (P(MMA-MAA)-polymethelmetacrylate-methylmethacryllate) and poly-
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Figure 3.1. Device fabrication process based on a Ge mask, using electron beam lithog-
raphy and evaporation techniques. The process starts with the mask making
and ends with metallic tunnel junction structure.

methyl methacrylate (PMMA). One first spin-coats a 900 nm thick layer

of copolymer which is well baked to avoid cracking the Ge layer deposited

in the following step. To achieve this layer thickness using 11% copolymer

dissolved in ethyl lactate, a spinning speed of 4000-5000 rpm (depending

on the desired thickness) for 1 min is used, followed by baking on a hot-

plate at 180◦C for ∼ 30 min. Subsequently, a 22 nm thick film of Ge is

deposited by electron beam evaporation. An evaporation rate of 0.2 A◦/s

was chosen to reduce the stress of the film coming from baking the top

resist. This step is followed by spin coating a 50 nm thick PMMA layer as

shown in Fig. 3.1(a). The PMMA resist (typically 2% PMMA dissolved in

anisole) is spun for ∼ 1 min with the speed of 2500 rpm and then baked

on a hot plate at 160◦C for ∼1 min.

Mask preparation: The structures are patterned by electron beam

lithography (Vistec, EBPG 5000+ES), for exposing a wide range of fea-

tures varying wide nanowires from 20 nm up to ground planes and pads of

several mm. The acceleration voltage used is 100 kV, which produces the

electron scattering profile. The primary electrons are directed toward the

wafer, then they are scattered in wafer and create secondary and back-

scattering electrons. The top resist (PMMA) is mainly sensitive to the

primary electrons while the copolymer is sensitive to the back-scattering
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electrons emerging from the substrate. As a result, the polymer chains

can break around the area where the beam is scanned. The exposed resist

is dissolved by a suitable solvent, typically a solution of methylisobutylke-

ton (MIBK) and isopropanol IPA (MIBK:IPA 1:3). After developing the

structure, the chip is rinsed in pure IPA and blow-dried with nitrogen as

shown in Fig. 3.1 (c).

Reactive ion etching (RIE) is a high resolution process for etching ma-

terials using reactive gas discharges. Different chemicals under specific

pressure and interacted by an electromagnetic field can generate plasma,

consisting of a wide variety of reactive ions and electrons. A DC bias is

induced at the substrate by the free electrons which accelerates the ions

towards the sample surface. The reactive ions with high energy react

chemically with the chip, attack the wafer and remove the materials from

it. The quality of the etching is determined by the etching parameters:

DC bias voltage, RF power applied, gas pressure, flow rate and the etching

time. Here, the etching process is done in two steps for the two different

layers on the wafer (Ge and copolymer). The wet development is followed

by Ge etching using carbon tetrafluoride CF4 for ∼140 s [Fig. 3.1 (d)] and

then the second etching process is utilized for copolymer with O2 for ∼
30-60 min [Fig. 3.1 (e)]. Depending on the thickness of the copolymer,

the second etching time is varies. The first very anisotropic etching de-

veloper removes the exposed Ge part of the mask, and the second step

removes only the copolymer, resulting in the undercut profile shown in

Fig. 3.1 (e). A large enough undercut enables the fabrication of structures

by multi-angle evaporation. Between the CF4 and O2 etching steps, an-

other optional wet development with MIBK:IPA 1:3 may be performed to

assist in the undercut formation.

Shadow mask evaporation: The surface of the chip can be optionally

further cleaned by argon plasma before metalization, especially if only

a PMMA soft mask is used. In this step, the metals are deposited by

electron-beam evaporation in high vacuum with pressure ∼ 10−7 − 10−8

mbar at different angles by tilting the chip in the vacuum chamber as

illustrated in Fig. 3.1 (f) for the first and Fig. 3.1 (g) for the second evap-

oration. Between the deposition of the two films an in situ oxidation can

introduce a tunnel barrier with specific parameters, determined by the ox-

idation pressure and time. In the devices presented in Publications I and

III, Al is first deposited and subsequently oxidized for 1 min under pure

oxygen at a pressure of 1 millibar to form the tunnel barrier of the normal
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Figure 3.2. (a) Schematic view of the design and the actual structure presented in Publi-
cation I. The three angle evaporation consists of Al at 31◦ (black), Cu at −31◦
(dark grey), and Al at −10◦ (light grey). The black rectangle marks the area
of the SEM image that is depicted in (c). (b) Sketch of the electrical setup of a
SQUIPT attached to a voltage bias and current measurement, Φ represents
the external magnetic flux through the Al superconducting loop. (c) SEM mi-
crograph of the sample core illustrating a Cu wire embedded between two Al
superconductors. The Al probe connected to the middle of the normal metal
forms the normal metal insulator-superconductor (NIS) junction. (Adapted
from Publication I)

metal-insulator-superconductor (NIS) probe. For the second deposition,

approximately 15 nm of copper is evaporated to complete the NIS junction

and to form the normal metal part of the SNS proximity weak link. Im-

mediately after this, the superconducting Al loop with 120 nm thickness

is deposited to form clean contacts to the copper island, which completes

the structure. After the evaporation, the remaining metal-covered resists

are dissolved in the lift-off process using acetone as the solvent. A typical

final structure with tunnel junctions is shown in Fig. 3.1 (h).

Sample characterization (Scanning electron microscopy): In or-

der to image the device, a scanning electron microscope (SEM) is used.

This imaging method allows one to measure the dimensions of the tunnel

junction overlap area and other critical structures. Figure 3.2 depicts

the device presented in Publication I with the schematic view illustrat-

ing the shadow mask sequence and ending with the final device. Fig-

ure 3.2 (b) shows a scanning electron microscope (SEM) image of one
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Figure 3.3. Two-step fabrication method: Making the Nb structure providing clean elec-
trical contact between Nb and Cu, and depositing a probe tunnel junction.

of the fabricated Al-SQUIPT devices with an enlarged view of the zone

around the weak link, with the attached tunnel probe in Fig. 3.2 (c). Here,

L and d are the length and width of the normal metal, respectively, and w

is the width of the Al-probe.

3.1.2 Two-step fabrication method

Concerning superconductors with higher TC compared to Al, vanadium

is one of the few that are easily suited for shadow evaporation [32, 116].

However, the evaporation of good quality Nb films requires significant at-

tention due to the high melting temperature. Furthermore, some partic-

ular challenges such as a bilayer mask with a special thermostable poly-

mer [117, 118], a fully inorganic mask [119, 120], or an evaporator with

large target-to-sample distance [121] have to be used in order to gain high

quality Nb films. Moreover, avoiding any unwanted normal metal struc-

tures, resulting from the multi-angle shadow evaporation, can be desir-

able in many detector applications such as sensitive hot-electron bolome-

ters and calorimeters [122, 123]. A two-step process, an etching-based

technique, can be useful for the difficult-to-evaporate materials such as

Nb especially on the grounds of unrestricted geometry when combining

with proximity weak links. In addition, in the structures combined with
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Figure 3.4. (a) Effect of the etching time on the shape of the Nb-Cu-Nb structure. (b) A
representative scanning electron micrograph of a junction with geometry A
and B at left and right, respectively.

the tunnel junctions, it is advantageous to start with Nb deposition. In

Publication II, a two-step process is used to realize high quality Nb-Cu-

Nb weak links. Consequently, we introduce a prototype of an Nb-based

SQUIPT which is explained in more details below.

Making Nb structures: The first step in this method is patterning the

superconducting Nb structures in which the starting point is an oxidized

four inch SiO2 substrate with 200 nm sputter-deposited Nb. As shown

in Fig. 3.3 (a), a positive tone AR-P 6200.13 resist is prepared with a

spinning speed of 6000 rpm for 1 min, followed by baking at 150◦C for 9

min. The first EBL [Fig. 3.3 (b)] is followed by development in AR600-546

for 3 min and 5 min reflow baking at 150◦C to avoid abrupt edge profiles in

the Nb structures [Fig. 3.3 (c)]. Reactive ion etching (RIE) with a mixture

of SF6 and Ar is then used to transfer the pattern into the Nb film as

shown in Fig. 3.3 (d). The gas flows of 20 sccm and 10 sccm for SF6 and Ar

are employed, respectively, and the 100 W RF power resulted typically in

DC self-bias of 300−320 V. To remove completely resists from the chip, we

used AR300-76 remover at 80◦C for 3 min. The shape of the Nb structure

is strongly affected by the time as shown by the left and right panel of

Fig. 3.4 (a), in which the etching time is changed from 160 s to 180 s to

obtain minimum Nb electrode separation down to 700 nm.
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Figure 3.5. a) Profilometer traces on top of the Nb and SiO2 after Ar ion milling. (b) False
color scanning micrograph of Nb-SQUIPT, together with the zoomed view of
the center part.

Clean electric contact between Nb and Cu: The second step in this

process provides the clean electric contact between Nb and Cu. Two differ-

ent geometries (A,B) were chosen to study how to reduce controllably the

separation between the Nb electrodes. This is illustrated in Fig. 3.4 (b).

Thickness profile at the tip of the electrode is more gentle in geometry A,

which may affect the contact quality and the physical extent of inverse

proximity effect. Nb etching is followed by a second round of EBL using

a conventional bilayer resist consisting of a 200 nm (600 nm) thick PMMA

layer for geometry A (B), on top of a 900 nm layer of copolymer as shown

in Fig. 3.3 (e).

The crucial step in this fabrication is to create a transparent contact

between Nb and Cu. This is done by exposing the chip to in situ Ar ion

etching, in the same vacuum cycle immediately prior to the Cu deposi-

tion. The surface profile of the chip after Ar ion etching is measured by

a profilometer. Based on profilometer traces typically 10 − 22 nm of Nb is

removed in this cleaning step for 10− 20 min as illustrated in Fig. 3.5 (a).

To complete the SNS and NIS junctions, before the 60 nm thick Cu evap-

oration [Fig. 3.5 (g)], the 20 nm thick Al electrode of the NIS junction

is deposited and subjected to in situ oxidation to create the AlOx tunnel

barrier [Fig. 3.5 (f)]. The typical low-temperature values of the Cu sheet
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Figure 3.6. (a) Simple sketch of the DC measurement setup, consisting of bias voltage
V applied to SQUIPT device with typical divider. The DC current I is mea-
sured by using preamplifier at room temperature. (b) The setup for applying
the magnetic flux Φ through the loop. (c) The schematic layout of the simul-
taneous DC and noise measurement system. The green part of the layout
indicates the setup for obtaining the noise signals.

resistance RΩ is estimated to be in the range 0.4 − 0.5 Ω. The Ar ion flux

hits the sample perpendicular to the substrate, i.e. at the same angle

as the deposited Cu. A typical Nb- SQUIPT interferometer is shown in

Fig. 3.5(b), consisting of a suitable shadow mask and Ar etching of Nb

contacts in a fashion identical to the Nb-Cu-Nb weak links.

3.2 DC and noise measurement setup

Figure 3.6 (a) shows the simplified sketch of the DC measurement setup

attached to the SQUIPT device. To apply a DC bias voltage V to the

SQUIPT tunnel probe electrode, we typically use Agilent 33220 A func-

tion/arbitrary waveform generators or Stanford Research Systems (SRS)

SIM928 floating isolated voltage sources. To obtain the small bias volt-

age across the sample in the range of mV and below, room-temperature

voltage dividers are used, formed by resistive networks with typical divi-

sion 1/1000. The average current I is measured by using room tempera-

ture transimpedance preamplifiers (Femto LCA series). Magnetic flux Φ

through the sample loop is applied by a superconducting coil in helium
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Figure 3.7. Typical sample and the noise measurement setup. (a) False color SEM im-
age of the SQUIPT device prepared with Ge-based process, together with a
zoomed-in view of the Cu wire (green) embedded in the superconducting Al
loop (brown). The Al tunnel probe (blue) contacts the middle of the prox-
imity SNS junction. (b) Schematic view of the simultaneous DC and noise
measurement system in the dilution refrigerator.

bath, wound around the inner vacuum can (IVC) of the cryostat. This

coil is biased by a room temperature voltage source through a suitable

(typically 1 kΩ− 10 kΩ) bias resistor as illustrated in Fig. 3.6 (b).

So far, a successful technique for measuring the shot noise [41, 42] of a

high-impedance semiconducting samples relies on a cryogenic amplifier

based on a high electron mobility transistor (HEMT) and an RLC circuit

with high frequency of a few MHz [124, 126–128]. This technique has

been widely used in various systems, including quantum point contacts

(QPCs) [129, 130] and quantum dots (QDs) [131, 132]. The schematic

layout of the noise measurement system is shown in the green part of

Fig. 3.6 (c). The DC current is injected to the sample by applying DC bias

voltage with typical 1/1000 divider and resistance Rl. In order to avoid the

capacities loss, the LC circuit is formed by inserting inductor L with the

cable capacitance Ccoax. The injector side of the sample is grounded for the

high frequency (∼ MHz) through the Cc capacitance, whereas the detector

side of the sample is attached to the LC resonator. The AC voltage fluc-

tuations caused in the sample is applied to the gate of the HEMT-based

cryogenic amplifier and then is amplified by that at 4.2 K. Consequently,
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Figure 3.8. Sample stage for the simultaneous DC and noise measurements. (a) The
bottom side and (b) top cap of the sample holder. (c) Top view of the sample
holder printed circuit board (PCB). The inductors of the LC resonant circuit,
capacitors, and resistors are soldered onto the sample holder.

the noise signal is amplified by the secondary amplifier at room tempera-

ture. The resultant signal is captured by the low pass (LP) filtering and

digitizer, and it transformed to spectral density data.

In our work, the simultaneous DC and noise measurements are per-

formed in plastic 3He/4He dilution refrigerator reaching a base tempera-

ture of ∼ 50 mK [133,134] as shown in Fig. 3.7 (b). As the main elements,

our home made double-HEMT cryogenic amplifier [128] and the inductors

of the LC resonant circuit are placed in the liquid helium bath and on the

sample holder at base temperature, respectively. In the following, these

two main parts of the setup are introduced in more details. Simultane-

ously with the DC measurement of the average current I, current noise

through the SQUIPT is probed by the HEMT amplifier via the capacitor

Cc. The cryogenic HEMT amplifier is placed in the liquid helium bath at

4.2 K and a DC supply voltage VSD is applied to the amplifier by a room

temperature voltage source.

3.2.1 Sample stage and cryostat wiring

As illustrated in Fig. 3.8, the sample holder has 12 DC and 6 RF pads

which connect to the DC and RF measurement lines in the cryostat. The
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Figure 3.9. (a) Schematic diagram of the cryogenic amplifier together with the circuit of
passive components including surface mount metal-film resistors and lami-
nated ceramic capacitors. (b) Inside view of the amplifier with the pair of
Avago ATF-34143 HEMT transistors.

electrical connection between the sample holder and cryostat is done by

a multi-pin connector and SMA connectors, Fig. 3.8 (a). As sketched in

the diagram of the measurement setup at T = 60 mK [Fig. 3.7 (b)], all

the elements such as inductors, capacitors and resistors are soldered on

the stage. On the sample holder PCB, the DC lines utilized for the noise

measurements contain a surface mount series resistor of value Rl = 330 Ω,

combined with a capacitance Cl = 22 nF to form a low-pass RC filter as

shown in the top panel of Fig. 3.8 (c).

The DC and RF lines continue with Thermocoax coaxial cable up to the

1 K plate in the cryostat. From this part, first resistive manganin twisted

pairs are used to connect the main liquid helium bath at 4.2 K and then

the twisted pairs continue to a room temperature connector box with BNC

connectors. Samples can be diced to small pieces to be glued to the cen-

ter of the sample holder. The fabricated SQUIPT device [Fig. 3.7 (a)] is

electrically connected by ultrasonic bonding with Al wire (Delvotek 5332,

deep-access wedge-wedge bonder). This makes the electrical contact be-

tween the bonding pads on the chip and the copper contacts on the sample

stage PCB board. We formed the home made LC resonator on the sam-

ple holder as shown in Fig. 3.8 (c). It is working at frequencies of the
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order of the resonance at f0 = 1/(2π
√
L′Ccoax) ≈ 4.2 MHz, formed by the

inductance L′ = (L−1 + L−1l )−1 ≈ 16.5 μH (due to the coils L = Ll) and

the capacitance Ccoax ≈ 92 pF. This capacitance is mainly due to the cou-

pling between the sample and the HEMT amplifier via ∼ 50 cm coaxial

cable. In the setup, the capacitors Cc = Cl can be considered as electrical

shorts at frequencies f ∼ f0. In Fig. 3.8 (c), the phenomenological resistor

R ∼ 50 kΩ denotes the parasitic losses in the circuit, mainly the inductors

L and Ll. It accounts for the losses in the circuit when the differential

resistance of the sample RS(V,Φ) = dV/dI ∼ R. The noise signal is am-

plified first by the HEMT amplifier at 4.2 K. It is further enhanced by

another stage (SRS SR445A) at room temperature, followed by low pass

(LP) filtering by a commercial 5 MHz low pass filter to avoid aliasing. The

amplified voltage signal is finally captured by a 16-bit digitizer running

continuously at 50 MSamples/s, converted into spectral density of voltage

noise by windowing and Fast Fourier Transform of blocks with typically

215 samples [124]. A desired number of spectra are averaged to improve

the signal-to-noise ratio.

3.2.2 HEMT-based cryogenic amplifier: Configuration and
characterization

Our cryogenic amplifier was made on a Printed-Circuit Board (PCB) of

copper material. It consists of the passive, surface mount metal film re-

sistors and laminated ceramic capacitors. The only active element of the

amplifier is a high-electron-mobility-transistor (HEMT: ATF-34143). The

schematic circuit of the complete amplifier is shown in Fig. 3.9 (a) together

with the PCB layout (Cadsoft EAGLE). The PCB board is placed in a brass

box with the outer size 34 mm× 34 mm [see Figure 3.9 (b)]. In order to re-

duce the 1/f noise of the amplifier, we prepared a variant of the amplifier

with two HEMTs in parallel [128]. One part of the amplifier develop-

ment was to build a so called dip-stick that was immersed into a bath of

cryogenic liquid. With the help of it, we could directly characterize the

amplifiers in liquid nitrogen (T = 77 K) and helium (T = 4.2 K) tempera-

tures. Figure 3.10 (a) illustrates the bottom and top part of the dip-stick

attached to the amplifier by three coaxial lines. The process was started

by measuring the room and low temperature characteristics of the HEMT

amplifier. The typical source-drain current ISD [Fig. 3.10 (b)] and gain

[Fig. 3.10 (d)] as a function of the supply voltage VSD is shown at two dif-

ferent temperatures T = 4.2 K (blue solid line) and T = 300 K (red solid
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Figure 3.10. (a) Dip-stick configuration for the test measurement of the cryogenic ampli-
fier. (b) Source-drain current ISD and (c), gain as a function of the supply
voltage VSD at two different temperatures T = 4.2 K (blue solid line) and
T = 300 K (red solid line) at 3 MHz. By decreasing the temperature, ISD
decreases while the gain increases. (d) Frequency dependence of the gain at
VSD = 2 V at two different temperatures.

line) at 3 MHz. When lowering the temperature, ISD decreases while the

gain increases. Furthermore, the gain is almost constant in the satura-

tion limit of the VSD, VSD > 1.2V. For the noise measurement setup, we

prepared the LC resonance circuit with the resonant frequency close to

4 MHz. Figure 3.10 (c) shows the frequency dependence of the gain at

VSD = 2 V, remaining flat (∼ 3.4 at T = 4.2 K) in the frequency range of

interest. For the equivalent input voltage noise of the amplifier, we found

VN ≈ 0.9 nV/Hz1/2 at temperature T = 4.2 K, as shown in Fig. 3.11. The

inset of Fig. 3.11 illustrates the schematic setup for the measurement of

the the equivalent input voltage noise of the amplifier.

3.2.3 HEMT-based cryogenic amplifier for cross correlation
technique

In order to establish a higher resolution noise measurement setup with

a cross-correlation technique [124, 125] in a 3He/4He dilution refrigera-

tor, two amplifiers can be used to avoid the background noise level. In

this section, we only discuss the characterization of the cryogenic ampli-

fiers using the setup. Figure 3.12 (a) shows the circuit schematic of each
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Figure 3.11. The equivalent input voltage noise of the amplifier at T = 4.2 K. Inset:
The simple measurement setup for the equivalent input voltage noise of the
amplifier at T = 4.2 K

amplifier and splitter together with the passive components. The cryoam-

plifier placed at 4.2 K contains the only active element, a high-electron-

mobility-transistor (HEMT: ATF-34143). The splitter board at room tem-

perature separates two output signals, in the low and high frequency

regimes. The outer sizes of the amplifier and splitter are 2 cm×2.5 cm and

4 cm× 4 cm, respectively, as shown in Fig. 3.12 (b). With the help of a dip-

stick, we can characterize the two separate amplifiers at T > 4.2 K. Fig-

ure 3.13 (a) illustrates the simple setup for each amplifier at room temper-

ature. The splitter is connected to amplifier with Channel 1 via RF con-

nector and Channel 2 is biased with DC supply voltage VSD, whereas the

output signal can be characterized at Channel 3. Figure 3.13 (b) shows

the typical source-drain current ISD as a function of the supply voltage

VSD for two separate amplifiers in liquid nitrogen (T = 77 K) and room

(T = 300 K) temperatures. Similar to the cryoamplifier introduced in

Sec. 3.2.2, we characterized the gain of the two amplifiers as a function

of frequency [Fig. 3.13 (c)] and supply voltage VSD [Fig. 3.13 (d)]. From

Figs. 3.13 (b), (c), and (d), we can realize that the behavior of each ampli-

fier is almost equal.

3.2.4 Model for evaluating shot noise in the SQUIPT device

In order to calculate the flux noise of the SQUIPT, we can consider the

noise measurement setup depicted in Fig. 3.14 in more details writing
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Figure 3.12. (a) Schematic diagram of the amplifier and splitter together with the pas-
sive components for cross correlation technique. (b) Photograph of a cryoam-
plifier and splitter boards.

down. The spectral density of the total voltage fluctuations at the ampli-

fier input yields

SV(ω) = |Zeff(ω|2SI + SVA
. (3.1)

Here Zeff(ω) is the parallel impedance of the sample and the RLC circuit

1/Zeff(ω) = 1/RS + 1/ZR(ω). (3.2)

SI and SVA
are the total current noise and the amplifier input noise, re-

spectively. The total current noise SI can be separated into different com-

ponents

SI = SIS + SIR + SIA , (3.3)

where SIS , SIR , and SIA are the total sample noise, the RLC current noise,

and the current spectral density of the amplifier, respectively. The total

sample noise can be written as δIS = δIshot + (∂I/∂Φ)δΦ, corresponding

to SIS = SIshot + (∂I/∂Φ)2SΦ. Here ∂I/∂Φ indicates the responsivity of the

SQUIPT and SΦ is the flux noise.
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Figure 3.13. (a) Simple test setup for cross correlation amplifiers at room temperature.
(b) ISD of two amplifiers as a function of the supply voltage VSD at two dif-
ferent temperatures T = 77 K and T = 300 K. (c) Frequency dependence of
the gain at VSD = 4 V at two different temperatures for two amplifiers. (d)
VSD dependence of the gain at two different temperatures for two separate
amplifiers at 3 MHz frequency.

Figure 3.14. Circuit model for evaluating the shot noise in SQUIPT.
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4. SQUIPT devices and their DC and
noise characterization

In this Chapter, the summary of the results in Publications I-IV is pre-

sented. First, we introduce the characterization of an Al-SQUIPT with

non-hysteretic properties and enhanced responsivity reported in Publica-

tion I. In Secs. 4.3-4.4, measurements of SNS weak links based on Nb

and Cu from Publications II and IV presented, and consequently an SNS

junction in an Nb-SQUIPT device is investigated. In the last part, Sec.

4.5, shot noise measurements of SQUIPT device from Publication III are

described in more detail.

4.1 DC transport of an Al-SQUIPT

The devices presented in Publication I are SQUIPTs based on an Al su-

perconducting loop. The magnitude of the supercurrent peak geometrical

IS of the NIS junction depends on its resistance R and the geometry of the

SNS weak link [?]. Table I shows different Al-SQUIPTs measured in Pub-

lication I together with the values of the parameters including the tunnel

junction width w. In the SNS weak link, the significant parameter is the

length of the wire L which indicates the strength of the proximity effect.

For strong proximity effect in the normal metal, L should be of the order of

the superconducting coherence length ξ0, L = γξ0 where ξ0 = (h̄D/Δ1)
1/2

and Δ1 is the superconducting gap of the aluminum leads. For all the

samples in Table I, we set D = 0.01 m2s−1 and Δ1 = 220 μeV and the

magnitude of γ is then obtained to be ∼ 1.37, 1.45, 1.5 and 1.62 for samples

A to F. The current-voltage (IV) characteristics of sample A is plotted in

Fig. 4.1 (a) at T = 50 mK with maximum supercurrent IS of approximately

50 pA at Φ = 0 [see Fig. 4.1 (c)].

As we discussed in Sec. 2.2.3, in the diffusive regime of a SNS junc-

tion [135, 136], the magnitude of the minigap Δ2 in the normal metal is
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Table 4.1. Parameters of different samples measured at Tbath = 50 mK. Here d, L, w,
are the width and length of the copper island, and the width of the probe
respectively. Al superconducting loop and Cu are 100 nm and a = 20 nm
thick respectively. The resistance of the NIS junction, R, was measured at low
temperature and the maximum supercurrent of the probe is given by IS. The
maximum current and voltage responsivity as a function of magnetic flux are
shown as |∂I/∂Φ|max and |∂V/∂Φ|max. (Adapted from Publication I)

sample L d w R IS | ∂I∂Φ |max |∂V∂Φ |max

(nm) (nm) (nm) (kΩ) (pA) (nAΦ0
) (mV

Φ0
)

A 237 45 70 104 48 23 1.7

B 250 50 80 243 7 8.4 1.5

C 250 55 80 178 5 6.5 0.47

D 250 65 80 145 12 7 0.45

E 275 66 107 137 10 4 0.55

F 280 50 90 188 9 2 1

minimized for ϕ = π (Φ = Φ0/2) and maximized for ϕ = 0 (Φ = 0) [67,70].

The IV of sample A is measured at different values of the magnetic flux

between 0 and 0.5 Φ0 [see Fig. 4.1 (b)]. For the estimation of the energy

gap and minigap at different temperatures, we consider the measured

differential conductance as a function of the bias voltage. As shown in

Fig. 4.1 (d), arrows indicate the positions of Δ1 − Δ2 (brown), Δ1 + Δ2

(blue) and 2Δ1 (green). The minigap increases the conductance at the bias

voltage ∼ 0.16 mV, when the edge of the minigap and the superconducting

Al gap are aligned at V = (Δ1 − Δ2)/e. The superconducting gap edge

faces the minigap edge at V = (Δ1 + Δ2)/e ∼ 0.37 mV, where the largest

peak appears in the differential conductance vs. voltage (G-V) curve [21].

The magnitude of the minigap in the devices listed in Table I reaches a

value of approximately 0.6−0.7 of the full superconducting gap Δ1.

4.2 Non-hysteretic SQUIPTs with enhanced responsivity

Similar to SQUIDs, hysteresis in the SQUIPT devices appears when the

self-inductance of the superconducting loop Ls well exceeds the Josephson

inductance of the weak link LJ = Φ0/(2πIC), where IC is the critical cur-

rent of the SNS junction [16]. A detailed view of the sample presented in

Publication I is displayed in Fig. 3.2, where the geometry of the island is

determined by weak-link width d, length L, and thickness a. The usabil-

ity of the SQUIPTs is limited by the hysteresis. In the SQUIPT device
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Figure 4.1. (a) I-V characteristics of sample A measured at Tbath = 50 mK. (b) An en-
larged view of current-voltage curve at several values of magnetic flux Φ be-
tween 0 and 0.5Φ0. (c) The magnitude of supercurrent appearing around zero
bias voltage in device A is IS = 48 pA. (d) Measured differential conductance
vs voltage bias at three different bath temperatures for sample E. Arrows
indicate the positions of Δ1 − Δ2 (brown), Δ1 + Δ2 (blue) and 2Δ1 (green).
(Adapted from Publication I)

presented by Meschke et al. [21], hysteresis appears towards low temper-

atures T < 300 mK where the self-inductance of the superconducting ring

is about Ls = 8 pH and the SNS junction Josephson inductance of the

order of 1 pH. For structure in the first version of the SQUIPT [21], the

dimensions were d = 200 nm, L = 300 nm and a = 20 nm respectively.

Figure 4.2 (a) illustrates an example of the hysteresis at low tempera-

ture, corresponding to a typical SQUIPT at three values of bias voltages.

The suppression of the hysteresis is possible by increasing the tempera-

ture or by reducing the self inductance of the loop compared to Josephson

inductance [83, 135]. In Fig. 4.2 (b), for the same sample we obtain the

suppression of hysteresis by increasing the temperature from 55 mK to

399 mK at V = 0.3 mV. In an ideal SNS junction, the critical current IC

is proportional to the normal state resistance of the weak link RN = ρl/A.

Here, ρ = 1/(νF e
2D) is the island resistivity, A is the island cross section,

νF is the density of states at the Fermi level in N and D denotes again

the diffusion coefficient of the normal metal [135, 137, 138]. In order to

suppress hysteresis by design of the SQUIPT device, we shrink the cross
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Figure 4.2. (a) Current through one of the measured SQUIPT devices fabricated by Ge-
process at three different bias voltages as a function of magnetic flux through
the ring at the base temperature T = 55 mK, resulting in hysteretic behavior.
(b) Current modulation of the same sample measured at different values of
bath temperatures at V = 0.3 mV. Suppression of hysteresis is possible by
increasing the temperature.

section A of the weak-link leading to increased normal-state resistance

and Josephson inductance.

Measured I(Φ) and V (Φ) modulations are illustrated at different val-

ues of bias voltage and current at the base temperature Tbath= 50 mK in

Figs. 4.3 (a) and (c), together with detailed views in Fig. 4.3 (b) and

(d), respectively. From this figure, it is obvious that the hysteresis is

absent at low temperatures in contrast to previous work [21]. In the

devices presented in Publication I, the ratio between the magnitudes of

Josephson inductance LJ and the geometric self inductance of the loop Ls

is LJ/Ls ∼ 1.5, due to an increase of LJ by a factor of five in comparison to

earlier work.

To characterize the flux sensitivity of the SQUIPT device, we evaluated

its flux-to-current transfer function ∂I/∂Φ. In Figure 4.4, the blue curve

corresponds to the transfer function at V = 0.251 mV for which we achieve

the maximum device responsivity |∂I/∂Φ|max
∼= 23 nA/Φ0 at Tbath= 50 mK.

This value is about one order of magnitude higher than the responsivity

reported in previous work [21]. In a subsequent optimized device [23],

high flux-to-current (exceeding |∂I/∂Φ|max
∼= 100 nA/Φ0) transfer func-
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Figure 4.3. (a) Current modulation I(Φ) of the NIS junction of sample A at different
values of bias voltage applied to it at the base temperature Tbath = 50 mK.
(b) A zoomed view for several values of V in the range −340μV < V < 298μV.
(c) Measured flux-to-voltage V (Φ) curves at different magnitudes of current
through the junction of sample B and (d) a zoomed image at some values
of current in the range 0.18 - 1.8 nA. The curves are not symmetric around
Φ = 0 due to a constant offset flux. Both I(Φ) and V (Φ) modulations are
non-hysteretic. This happens as the Josephson inductance LJ exceeds the
self-inductance of the superconducting ring. (Adapted from Publication I)

tion value has been obtained at sub-Kelvin temperatures. The typical

room temperature low noise current pre-amplifiers have a noise level of

5 fA/
√
Hz. Based on the responsivity above, the flux resolution is then

∼ 0.2 × 10−6 Φ◦/
√
Hz. The flux-to-voltage transfer function yields a max-

imum responsivity |∂V/∂Φ|max
∼= 1.7 mV/Φ0 at base temperature. In this

Al-SQUIPT device, we increased the Josephson inductance by factor of

five as compared to the earlier work. Further enhancement of the mag-

netic flux responsivity is feasible by increasing the superconducting loop

area [139], using advanced lithography in further reducing cross section

and thickness of the weak link, and low temperature deposition [140,141].

4.3 Low-temperature characterization of Nb-Cu-Nb weak links

In this part, we present the investigation of niobium-based SNS weak

links, formed by the two-step fabrication process that relies on Ar ion-

etching. We consider both triangular (geometry A) and rectangular (ge-
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Figure 4.4. Current responsivity ∂I/∂Φ characteristics as a function of the external mag-
netic flux through the superconducting loop of sample A at Tbath = 50 mK at
four different values of applied bias voltage close to the optimum working
point. (Adapted from Publication I)

ometry B) shaped S electrode terminations as shown in Fig. 3.4 (b). Bet-

ter minimal S electrode separation L1 is achieved in geometry B needed

to gain optimal sensitivity in sensor applications. In Table 4.1, the pa-

rameters of the measured SNS junctions with two different geometries

are listed showing the minimum Nb electrode separation L1 in the SNS

junction, the full length of Cu wire L2, and the minimum width of the

copper island w. The main panel in Fig. 4.5 indicates the current-voltage

characteristics of sample B2 measured in a four-probe configuration at

T= 80 mK. At zero bias voltage, it features a supercurrent branch with

a sudden switch to a resistive branch with constant resistance, at the so-

called switching current Isw. The IV characteristic in SNS junctions is

hysteretic originating mainly from self-heating in the finite-voltage state-

[118,142]. Upon decreasing the current, the voltage jumps back to zero

only at a retrapping current Ir significantly smaller than Isw.

In sample B2 we observe hysteretic behavior at T < 0.65 K from which

we deduce a switching current Isw and retrapping current Ir of about

42 μA and 9 μA, respectively. The samples in Table 4.2 are in the long

junction limit where L � ξ0 (ξ0 = (h̄D/Δ)1/2) or equivalently Δ � ETh,

Δ ≈ 1.2 meV is the superconducting Nb energy gap. The top inset of

Fig. 4.5 shows IV characteristics of sample A3 measured at several bath

temperatures. The temperature dependence of the switching and retrap-

ping currents, Isw and Ir, is displayed in the bottom inset of Fig. 4.5 for
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Table 4.2. Parameters of the measured samples. L1 is the minimum Nb electrode separa-
tion in the SNS junction, L2 the full length of the Cu wire, and w the minimum
width of the copper island (see Fig. 3.4). ETh (and hence L) and α are obtained
from a comparison of the temperature-dependent switching current measure-
ments to the theoretical model. RN is the measured low-temperature normal
state resistance of the wire, and Imax

sw denotes the maximum observed switch-
ing current. (Adapted from Publication II)

sample L1 L2 w L α RN ETh Imax
sw

eRNImax
sw

ETh

(μm) (μm) (μm) (μm) (Ω) (μeV ) (μA)

A1 0.29 2 0.55 1.09 0.52 0.83 5.5 33 5

A2 0.36 2 0.55 1.18 0.67 0.83 4.7 33 5.9

A3 0.48 2.15 0.54 1.18 0.48 0.57 4.8 30 3.6

A4 0.49 2.15 0.54 1.21 0.5 0.59 4.5 30 4

A5 0.84 2.5 0.85 1.80 0.49 0.5 2 10 2.5

B1 0.32 2 0.15 1.09 0.61 0.98 7.7 42 5.3

B2 0.38 2 0.15 1.09 0.57 0.89 7.3 41 5

B3 0.40 2.12 0.15 0.96 0.5 2.31 7 14 4.6

B4 0.39 2.17 0.14 0.91 0.47 2.42 8 14 4.3

B5 0.40 2.12 0.15 0.85 0.53 2.51 9 18 5

sample B2 on a linear scale. Furthermore, Fig. 4.6 summarizes the mea-

sured switching currents Isw vs the bath temperature T for four of the

samples from Table 4.2 together with the calculated model according to

Eq. (2.16). In the model, we used the Thouless energy ETh and a di-

mensionless reduction parameter α as adjustable parameters. The reduc-

tion parameter α can contribute to suppression of the observed switching

current Isw below the true critical current. The values of these param-

eters are listed in Table 4.2 for various measured samples. We can ob-

serve the value of α for each sample with assuming partially transpar-

ent interfaces [83, 143]. The total resistance of the normal metal (Cu) is

RN ≈ RL+2RI, where RL is the N wire resistance and RI is the resistance

of the contact. Based on the measured RN for each sample and estimated

value of Cu wire resistance, we find α ≈ 0.5 for our shadow-evaporated

Al-Cu weak links.

From Fig. 4.6 it is clear that there is no qualitative difference in the be-

havior of the switching currents between two geometries A and B, while

the hysteresis properties vary to some extent. If we consider the nor-

mal metal wire with length L′, width w, and thickness t, its resistance is

given by RN = ρL′/(tw). Based on the measured resistance of the normal
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Figure 4.5. Main panel: current–voltage characteristics of sample B2 measured at T =

80 mK. Arrows indicate the switching Isw and retrapping current Ir. The
top inset shows measured IV characteristics of sample A3 at different values
of temperatures. The measured switching current Isw and the theoretical
model (solid line) as a function of temperature for sample B2 are shown in
bottom inset. The star symbols show the rerapping current Ir, which is al-
most temperature-independent in the hysteretic regime.

metals, the Cu sheet resistance ρ/t at low temperatures is in the range

of the 0.4 −0.5 Ω, and consequently, the estimated diffusion constant is

D ≈ 0.01 m2s−1. As shown in Table 4.2, the effective SNS junction length

L is derived from the fitting parameter ETh and diffusion constant of the

normal metal D. The magnitudes of L in Table 4.2 correspond to the ex-

pected values, L1 < L < L2, due to the inverse proximity effect where the

Cu island overlaps the Nb electrodes.

4.4 Nb-SQUIPT

The performance of the SQUIPT device is optimized in the short junction

limit where the proximity effect in the weak link is maximized [67,83]. As

a consequence of the strong proximity effect, the magnitude of the mini-

gap is enhanced [24]. By replacing the superconductor with higher TC

than that of Al, such as Nb, for the superconducting loop in the struc-

ture, the magnetic field modulation of the minigap can be increased and

higher sensitivity of the SQUIPTs can be achieved. Here we introduce
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Figure 4.6. Temperature dependence of the measured Isw of samples A1, A2, B1, and
B2 together with the basic theoretical model based on Usadel equations
[Eq. (2.16)] indicated by solid lines. The vertical arrows identify the sam-
ples and indicate the temperature below which the hysteresis in the IV curve
appears for each of them.

the first realization of a SQUIPT based on a Nb superconducting loop

(Nb-SQUIPT). It consists of a Nb-Cu-Nb link embedded in a Nb supercon-

ducting loop, placed into an external magnetic field. The magnetic field

dependence of the DoS can be probed by a weakly coupled Al tunnel elec-

trode in contact with the Cu wire.

To realize such a device, we use the two-step fabrication technique pre-

sented in Sec. 3.1.2. We first prepare a suitable shadow mask and Ar etch

the Nb contacts, then without breaking the vacuum immediately before

the Cu deposition, a 20 nm thick Al electrode is evaporated and subjected

to in situ oxidation to create the NIS tunnel junction. The SEM image of

the initial Nb-SQUIPT is shown in Fig. 3.5 (b). This device was fabricated

based on an A-type SNS junction. The IV characteristics of the the device

measured at two different magnetic fields is displayed in Fig. 4.7 (a). Fur-

thermore, the inset demonstrates the extent of the flux modulation of the

IV curve close to zero bias voltage at two different temperatures T = 80

mK (brown) and 190 mK (green), respectively. Almost full magnetic flux

modulation is observed due to increased SNS weak link inductance com-

pared to the Nb loop inductance [23] which is obvious at T = 190 mK. We

further achieved a maximum supercurrent IS of 3.6 nA, due to the larger
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Figure 4.7. (a) IV characteristics of a Nb-SQUIPT based on an A-type SNS junction mea-
sured at T = 80 mK, for two values of magnetic flux through the loop: Φ = 0

(red) and Φ = 0.5Φ0 (blue). The inset shows the flux modulation of the IV
curve around zero bias voltage at T = 190 mK (green solid) and T = 80 mK

(brown dashed). (b) Current modulation I(Φ) at T = 80 mK for several
values of the bias voltage between 250 and 320 μV. (c) Temperature depen-
dence of the maximum flux-to-current transfer function |∂I/∂Φ|max on the
supercurrent branch.

junction size and relatively low tunnel resistance RT ≈ 3 kΩ. To estimate

the flux sensitivity of the device, we first measured current modulation

I(Φ) at several values of the bias voltage V and then characterized the

flux-to-current transfer function ∂I/∂Φ by numerical differentiation as

shown in Fig. 4.7 (b). We consider the maximum sensitivity |∂I/∂Φ|max

in two regimes, the quasiparticle current (above gap) and supercurrent

(subgap) branch. At higher bias voltages corresponding to the onset of

the quasiparticle current, we find |∂I/∂Φ|max ≈ 40 nA/Φ0. The overall

maximum |∂I/∂Φ|max ≈ 50 nA/Φ0, at the base temperature, is interest-

ingly reached in the supercurrent branch at V ≈ 32 μV. In Fig. 4.7 (c),

the maximum sensitivity as a function of temperature is shown in the

low-bias regime, decreasing monotonously as T increases.

For comparison, the measured flux-to-current transfer function is shown

in Fig. 4.8 (a) at two different bias voltages, in the supercurrent regime

at V = 32 μV and in the quasiparticle branch at V = 307 μV. The mag-

nitudes of maximum current responsivity are |∂I/∂Φ|max ≈ 35 nA/Φ0 and

|∂I/∂Φ|max ≈ 50 nA/Φ0 at V = 307 μV and V = 32 μV, respectively. We,
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Figure 4.8. (a) Flux-to-current transfer function measured at two different bias voltages,
in the supercurrent regime at V = 32 μV and in the quasiparticle branch at
V = 307 μV. Maximum flux-to-current transfer function |∂I/∂Φ|max with
respect to the bias voltage, measured on the (b) quasiparticle and (c) super-
current branch at T = 78 mK.

furthermore, investigate the bias voltage dependence of the maximum

sensitivity at the base temperature T = 78 mK. The maximum flux-to-

current transfer function |∂I/∂Φ|max at two different regimes of bias volt-

ages, quasiparticle and supercurrent, are illustrated in Fig. 4.8 (b) and

Fig. 4.8 (c), respectively. Figure 4.8 (c) indicates that the maximum re-

sponsivity is obtained at |V | = 30 μV, corresponding to |∂I/∂Φ|max ≈
55 nA/Φ0. The magnitude of power dissipation in this device is then

achieved to be below 10−13W, improving the power dissipation by up to

two orders of magnitude compared to our conventional device based an

Al-Cu-Al SNS junction and an Al tunnel probe (Al-SQUIPT) [22].

4.5 Noise performance of a superconducting magnetic flux sensor
based on a proximity Josephson junction

In this section, we move on to present measurements of current noise of

a SQUIPT device fabricated with the Ge process discussed in Sec. 2.1.1.

In this device, we used Al as the superconducting loop material. The si-

multaneous DC and noise measurement setup are installed in a 3He /4He
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Figure 4.9. DC transport measurements. (a) IV characteristics at T = 60 mK, measured
at two values of magnetic flux Φ = 0 (red solid line) and Φ = 0.5Φ0 (blue solid
line), respectively. (b) Flux modulation of the IV curve (solid lines) around
zero bias voltage at four values of magnetic flux between Φ = 0 and Φ =

0.5Φ0, together with the theoretical model at each flux (dotted lines). (c)
Current modulation I(Φ) at various fixed bias voltages V ∼ Δ/e, and (d),
in the sub-gap region close to zero bias voltage. Here the bias voltages are
indicated in microvolts. (e) Measured flux-to-voltage curves V (Φ) at several
values of the bias current through the device. (f) Current responsivity ∂I/∂Φ

and (g), voltage responsivity ∂V/∂Φ as functions of the magnetic flux at the
optimum bias points, V = 0.249 mV and I = 4.2 nA, respectively. (Adapted
from Publication III)

dilution refrigerator with base temperature close to 60 mK as discussed

in more detail in Sec. 2.2. A home made cryogenic HEMT-based ampli-

fier was placed in the 4.2 K bath in the fridge, and a proper sample stage

was made as explained in Sec. 2.2.1. DC transport characterization of

the device is presented in Fig. 4.9, starting with the IV characteristics

[Fig. 4.9 (a)] and proceeding with flux responsivity by measuring current

I(Φ) [Fig. 4.9 (c)] and voltage V (Φ) [Fig. 4.9 (e)] modulations. Figure

4.9 (b) shows the measured (solid lines) flux modulation of the IV curve

around zero bias voltage at four values of magnetic flux between Φ = 0

and Φ = 0.5Φ0, together with the theoretical model at each flux (dotted

lines) presented at Sec. 2.4.2.
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4.5.1 Shot noise measurement of an Al-SQUIPT

In order to estimate current noise of the device, we can start from Eq. (3.1).

Introducing the effective resistance Reff = (R−1S + R−1)−1 with using -

ω0 = 1/
√
LC as the resonance frequency, we can derive frequency depen-

dence of power spectral density of the voltage noise SV(f) from Eq. (3.1)

as

SV(f) = SVA
+

R2
effSI

1 + (f2 − f2
0 )

2/(fΔf)2
. (4.1)

The SV(f) is centered around resonance frequency f0. Figure 4.10 (a)

shows examples of the measured SV(f) together with the theoretical model

obtained from Eq. (4.1). The measured blue dots in Fig. 4.10 (a) were

achieved at base temperature T = 60 mK and fixed magnetic flux close

to Φ = 0 through the loop at the few indicated values of bias voltage V

across the device. For tunnel junction devices such as the SQUIPT, we ex-

pect the spectral density of the current shot noise to follow SIS = 2e|I| [42],

we therefore investigate the dependence of SV and hence SI on V , Φ, and

T . We make theoretical fits to using the model SVA
, f0, the peak height

P0 = R2
effSI, and the peak width Δf = 2πL′f2

0 /Reff as adjustable param-

eters. Here, Δf gives directly the full width at half maximum (FWHM)

of the peak in SV in the limit f0 � Δf . Furthermore, the background

level SVA
≈ 3 × 10−18 V2/Hz due to the amplifier voltage noise, and the

resonance frequency f0 ≈ 4.18 MHz can be kept fixed, whereas the peak

height and width depend systematically on V , Φ, and T .

As a result of the fitting procedure, we can extract the value of the peak

height P0 which is shown in Fig. 4.10 (b) as a function of bias voltage at

several values of magnetic flux, corresponding to a few equally spaced flux

values between Φ = 0 and Φ = 0.5 Φ0. The vertical arrows indicate the

bias voltages at Φ = 0 for the spectra displayed in panel (a). In addition,

Fig. 4.10 (c) demonstrates the extracted Reff . The bias dependence of Reff

resembles the differential resistance of the SQUIPT device, due to the

fact that Reff is a parallel combination of RS and the constant parasitic

resistance R. Based on Eq. (4.1), we can extract the total current noise

SI as a function of the bias voltage as shown in Fig. 4.10 (d). In this

figure, the two curves correspond to measurements at bath temperature

T = 4.2 K with the SQUIPT fully in the normal state (top), and at the

base temperature T = 60 mK (bottom) at a constant magnetic flux close to

Φ = 0. To calibrate the total gain of the setup, we can use the measured

data at 4.2 K, to achieve SI = 2e|I| at large voltages. In the normal state
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Figure 4.10. Noise measurements. (a) Power spectral density of the measured voltage
noise at Φ = 0 for the indicated values of the bias voltage V (blue dots),
plotted on a semilogarithmic scale. The solid lines are fits to Eq. (4.1). (b)
Bias dependence of the peak height R2

effSI and (c) Reff , extracted from fits
to Eq. (4.1), for a few equally spaced values of magnetic flux between Φ = 0

(red solid line) and Φ = 0.5Φ0 (blue solid line). (d) Total current noise SI vs.
the DC bias, measured at T = 4.2 K with the junction in the normal state,
and at T = 60 mK in the superconducting state, together with the theoret-
ical predictions (see text for details). The dashed horizontal line indicates
the background noise level, independent of V and Φ.

at T = 4.2 K, the noise spectrum is given by [42]

SIS = (2eV/RT) coth(eV/2kBT ), (4.2)

shown by the pink solid line in Fig. 4.10 (d). The red solid line in Fig. 4.10 (d)

is obtained from the theoretical calculation presented in Sec. 2.5.2. The

noise is dominated by the shot noise of the SQUIPT tunnel junction. With

increasing V the noise increases as SIS ≈ 2e|I(Φ)|. In Fig. 4.10 (d), at base

temperature the expected SIR ≈ 0.7× 10−29 A2/Hz is much smaller than

the background term SIA ≈ 2.3× 10−27 A2/Hz ≈ (48 fA)2/Hz.

4.5.2 Flux noise characterization

Figure 4.11 (a) illustrates the bias dependence of the current noise mea-

sured at two extreme flux values Φ = 0 and Φ = 0.5 Φ0, reflecting the

shot noise in the average current I(V,Φ). To compare with the IV charac-

teristics of the SQUIPT device, the SIS ≈ 2e|I| noise spectra are included
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Figure 4.11. (a) Voltage dependence of the current noise at two extreme magnetic flux
values Φ = 0 and Φ = 0.5Φ0. (b) IV characteristics of the SQUIPT (red and
blue dots) compared to the measured current noise SIS (red and blue solid
lines) vs. bias voltage, at the two extreme flux values, Φ = 0 and Φ = 0.5Φ0.

in the Fig. 4.11 (b). In the SIS curve at Φ = 0, we attribute the appar-

ent excess noise around zero bias (at the gap edge) to an uncertainty in

the fitting to extract the exact value of Reff when the peak is at its nar-

rowest (lowest height). It originates from the residual interfering peaks

in the background noise of SV, present for example at f ≈ 4.02 MHz in

Fig. 4.10 (a).

The flux sensitivity can be estimated from simultaneous measurements

of the current I(Φ) and noise SIS(Φ) modulations in same setup at sev-

eral values of the bias voltage V . Figures 4.12 (a) and (b) show ex-

amples of I(Φ) and SIS(Φ), respectively, at some values of bias voltage

around the onset of the quasiparticle current. There is reasonable qual-

itative agreement between I(Φ) and SIS(Φ), SIS ∝ |I(Φ)|. The transfer

function is obtained by numerical differentiation of I(Φ) which is shown

in Figure 4.12 (c) for different values of bias voltages. Combining SIS

and ∂I/∂Φ|, we obtain the NEF plots as displayed in Fig. 4.12 (d). The

bias voltage V = 0.24 mV results in the lowest NEF (green), whereas

V = 0.29 mV gives the highest |∂I/∂Φ|. The minimum NEF ≈ 4 μΦ0/Hz
1/2

(green solid / dotted line) is achieved at V = 0.24 mV, Φ ≈ 0.4 Φ0. The

obtained flux sensitivity for the device in Publication III is not impres-
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Figure 4.12. Characterization of flux noise performance of the voltage-biased SQUIPT
device. (a) DC current and (b), current noise as a function of magnetic flux at
several values of bias voltage, measured simultaneously in the same setup
at 60 mK. (c) Responsivity ∂I/∂Φ at several biases. (d) Flux sensitivity
at the 2nd and 3rd lowest bias voltages V = 0.24 mV and 0.29 mV in
panels (a)–(c). The dotted lines use SIS obtained by direct fitting of the
measured SV spectra, whereas the solid lines assume full shot noise SIS =

2e|I(Φ)| with I(Φ) from the DC measurement. Each color in panels (a)–
(d) corresponds to a specific bias voltage. (Adapted from Publication III)

sive compared to nanoSQUIDs. Significant improvements to our initial

demonstration of the noise performance in the MHz-range are expected

to result from obtimizing the geometry and materials of the SNS junction

and the consequently enhanced responsivity [22–24]. This is possible, for

instance, by replacing the interferometer loop with a larger-gap supercon-

ductor [31] and shortening the normal metal weak link [22,23]. We expect

the transfer function to be enhanced by a few orders up to μA/Φ0 [23] un-

der voltage bias, and flux noise in the nΦ0/
√
Hz range [20, 24]. For the

Nb-SQUIPT [31], interestingly the optimum working point is in the su-

percurrent branch. For these devices, we expect flux noise in the range

of 50 nΦ0/
√
Hz to be achievable. Furthermore, higher-bandwidth readout

of a SQUIPT, fast magnetometry, is possible by embedding the device in

a lumped element or coplanar waveguide resonator with high resonance

frequency, similar to fast NIS tunnel junction thermometry [144–146].

This is similar to work on quantum-limited dispersive SQUID magne-
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tometry with conventional Al tunnel junctions [147] or nanobridge weak

links [148], with flux noise down close to 20 nΦ0/Hz
1/2 and bandwidth of

the order of 10 MHz.
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5. Conclusions and outlook

In this thesis, we have investigated at low temperatures various SQUIPT

devices based on different fabrication methods and two different super-

conducting loop materials. In earlier work, the first realization of a SQUIPT-

[20] featured a normal metal weak link of length L ≈ 1.5 μm, resulting in

an SNS junction in the long diffusive limit with only modest minigap mod-

ulation. A subsequent SQUIPT device [21] increased the responsivity by

reducing the copper wire length in the SNS contact into the intermediate

junction regime. However, the usability of this device suffered from hys-

teresis appearing at low temperatures. The hysteresis is emerging from

the self-induced magnetic field caused by the high critical current in the

weak link.

In this work, in Publication I we have demonstrated experimentally the

suppression of magnetic hysteresis in SQUIPTs by tuning the Josephson

inductance of the weak link. This device features reduced tunnel junction

area and smaller weak link cross section. As a consequence, we achieved

almost an order of magnitude improved magnetic flux responsivity of the

device in contrast to earlier work [21]. This achievement allows to design

ultra-sensitive SQUIPTs in the field of nanoscale magnetometers at low

temperatures. The devices presented in Publication I were implemented

with a fabrication protocol based on conventional aluminum-copper (Al-

Cu) technology. Later, further improvements to achieve a highly sensitive

SQUIPT have been reported [23]. With this improved version of an Al-

SQUIPT, magnetic flux resolution as low as NEF ≈ 0.5 μΦ0/Hz
1/2 was

obtained at sub-kelvin temperatures [23]. The performance of these de-

vices can be improved by optimizing the SQUIPT parameters, such as

using a superconducting loop material with a larger energy gap [31, 32].

The flux sensitivity was predicted to reach below NEF ≈ 40 nΦ0/Hz
1/2 in

an optimized device using a short copper wire (L ≈ 150 nm) and Nb in the
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superconducting loop.

In the experiments presented in Publications II and IV, we character-

ized Nb-Cu-Nb weak links through low-temperature switching current

measurements and tunnel spectroscopy. We investigated the fabrication

of SNS devices in two separate lithography and deposition steps, com-

bined with strong argon ion cleaning before the normal metal deposition.

This technique enables more flexibility in the choice of materials and pat-

tern design. The Nb-Cu-Nb junctions studied in these publications are in

the long junction limit. Furthermore, an initial SQUIPT device based on

Cu-Nb technology (Nb-SQUIPT) is introduced, achieving the maximum

sensitivity on the supercurrent branch of the order of that of an optimized

Al-SQUIPT [23].

The most significant improvements to the performance of the prototype

Nb-SQUIPT are expected to be the result from shortening the effective

length L of the SNS weak link closer to the short junction limit. We

estimate that with somewhat thinner Nb electrodes, appropriate values

for L1 (the distance between superconducting electrodes) are achievable

down to slightly below 100 nm. For optimized parameters, transfer func-

tions up to a few mV/Φ0 under current bias and intrinsic flux noise in the

range of ∼ nΦ0/
√
Hz are predicted [20, 24]. The flux sensitivity of these

Nb-SQUIPTs can be further improved with narrower Al probe junctions,

leading to less spatial averaging of the N DoS. In the fabrication technique

presented in Publications II and IV, we observe a notable broadening of

the geometry after in situ etching. This needs to be addressed in future

work.

Since the first realization of the SQUIPT, their direct noise measure-

ment and then flux noise characterization has remained challenging. Pub-

lication III presents the DC characterization of an Al-SQUIPT sensor

based on Al and Cu, together with a detailed characterization of the cur-

rent noise and flux sensitivity of the device at 4 MHz frequency. The

flux sensitivity is the figure of merit of magnetic flux sensors such as

SQUIDs. It is not straightforward to quantify for SQUIPTs due to their

large impedance. The noise measurement setup developed as part of this

thesis is suited for shot noise measurements of not only SQUIPTs but also

other nonlinear devices.

The performance of the setup can be improved by cross-correlation tech-

niques using two cryogenic amplifiers, and by employing a lower-noise

room temperature amplifier. The flux noise of SQUIPT devices can be sig-
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nificantly improved by optimizing the dimensions of the SNS weak link.

Similar to fast thermometry [144–146] by NIS tunnel junctions and fast

magnetometry with SQUIDs [147, 148], fast SQUIPT magnetometry can

be realized by embedding the device in a lumped element or coplanar

waveguide resonator. The readout frequency can be increased into the

range of several hundred MHz or several GHz in the future.
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