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1
Introduction

The creation of quantum mechanics (QM) in the 20th century led to unprecedented
advancement. The tools of QM enabled the engineering of matter, let it be semiconductor
structures, which serve as the basis of the ubiquitous electronic devices, or molecules,
which are employed in medicine, truly benefiting humankind. Through its achievements
QM has not only changed everyday life, but it has profoundly transformed our view
of nature as well. While the predictive power of QM is unquestionable, the concepts and
implications of QM are often strange and counterintuitive, and sometimes even disturbing.
Among the intriguing predictions are the ones arising from quantum entanglement. A
pair of particles is said to be in an entangled state if their wavefunction cannot be factored into independent single-particle wavefunctions. They form, as a whole, a coherent
superposition of the two constituents. According to the principles of QM, this establishes
a strong link between them. Manipulation of one particle influences the other one instantaneously, however far that may be. This instantaneous, non-local phenomenon has been
apostrophized as a ”spooky effect at a distance” by Albert Einstein. Together with Boris
Podolsky and Nathan Rosen, he formulated it as a paradox, and in their famous paper
in 1935 they claimed that QM cannot be a complete description of physical reality [1].
However, entanglement can be probed experimentally through the correlations it introduces. John Bell devised such experiments, called Bell tests, in 1964 [2]. Bell expressed the
strengths of correlations quantitatively, and set up inequalities, which cannot be violated
in any theory based on local hidden variables, alternative to QM. Bell tests have been first
realized by Stuart Freedman and John Clauser in 1972 [3]. They measured the polarization of entangled photon pairs, and demonstrated the violation of Bell’s inequalities, thus
proving that local hidden variables cannot account for the strong correlations. Later it
was pointed out that the experimental realization left room for certain local mechanisms,
the follow-up experiments were focused on eliminating these. In 2015 a Bell test has been
carried out on entangled electron pairs, witnessing entanglement in a loophole-free scheme
[4].
Besides the fundamental interest, entanglement is enticing with various applications.
Entanglement is the essence of quantum algorithms, which can be used to speed up the
solution of certain problems tremendously, notably factoring integer numbers and computing discrete logarithms [5]. A quantum bit (qubit), on which quantum algorithms
operate, can be represented by any two-level quantum mechanical system. For example,
the electron spin can be used to realize a spin qubit. The development of nanofabrication
7

techniques in the past few decades enabled the experimental realization of spin qubits
in semiconductor hosts [6]. The possibility to entangle separated qubits is a key feature
to operate quantum computers. Superconductors are a natural source of entanglement,
because the electrons form spin-singlet Cooper pairs in the ground state. To use them in
the preparation of entangled spin qubits, these must be extracted and separated in space.
The devices accomplishing this are called Cooper pair splitters (also known as Andreev
entanglers). Historically, the signatures of Cooper pair splitting (CPS) have been first
observed in metallic circuits with normal-superconducting-normal (N-S-N) [7, 8] and
ferromagnetic-superconducting-ferromagnetic (F-S-F) structures [9]. Such a circuit can
be depicted as a Y-junction, with S as the middle electrode. Ideally, the electrons of a
split pair leave the junction to different N electrodes. However, they can leave to the same
electrode as well, and in these circuits the current resulting from CPS was only a small
portion of the total current. Recher et al. proposed that the splitting can be enforced by
embedding quantum dots (QDs) in the junction, and by that the efficiency of producing a
stream of entangled electrons can be increased significantly [10]. In their proposed N-QDS-QD-N structure the Coulomb repulsion on the QDs suppresses the transmission of both
electrons of a Cooper pair to the same normal lead. There are various systems in which
Cooper pair splitter devices (CPSDs) based on double QDs can be realized. CPS has been
demonstrated in indium arsenide (InAs) nanowire (NW) [11, 12], carbon nanotube (CNT)
[13, 14] and graphene [15, 16] circuits.
In this thesis we present CPS in InAs NW devices. InAs NWs are attractive platforms,
since it is relatively easy to form electrical contacts to them with both normal-conducting
and superconducting materials, and induce QDs. The efficiency of the CPS process depends on the microscopic parameters of the device, namely the charging energy and coupling strengths, and the induced superconducting gap. We demonstrate the tunability of
the CPS process via local gating, and also present quantum coherence effects emerging in
the CPSD.
The thesis is organized as follows. In Chapter 2 we concisely present the theoretical
background of the CPS experiments: basics of electron transport in QDs, superconductivity, and CPS in double QD circuits. Chapter 3 is devoted to the experimental techniques
applied in sample fabrication and low-temperature electron transport measurements (electron beam lithography, wet and dry etching techniques, cryogenics). The author has contributed considerably to the infrastructure of the quantum transport laboratory at the
Department of Physics BME, in particular to the electronic setup and noise filtering of
the dilution refrigerator. Chapter 3 also serves as a documentation of these for the future
generation of users. In Chapter 4 we demonstrate novel wet etching techniques for the
post-growth patterning of InAs NWs. These enable the local thinning of NWs on lithographically defined segments, which can be applied for various purposes. Although the
development of these was initially motivated by CPS experiments, the wet etching methods were not applied in the fabrication of CPS devices. Instead, CPSDs with local bottom
gates were produced, which provide in-situ tunability. In Chapter 5 we present the fabrication of these, and the CPS experiments carried out on them. We interpret the results
using two theoretical models. A set of measurements can be explained in the framework of
an incoherent semi-classical master equation model, whereas measurements with strongly
asymmetric resonance shapes are interpreted in a coherent quantum mechanical model.
Finally, in Chapter 6 we provide a summary and an outlook.
8

2
Theoretical Background

In theory, there is no difference between theory
and practice. But, in practice, there is.
Attributed to Jan L. A. van de Snepscheut [17]

In this chapter we summarize the essential elements of theory underpinning the experiments of the thesis. The two key ingredients of Cooper pair splitting, superconductivity
and quantum dots (QDs) are introduced.

2.1

Quantum dots

A QD is a nanoscale space region, typically hosted in a semiconductor material, which
is weakly coupled to its environment [18, 19, 20]. The small, 100 nm-scale size of QDs
is comparable with the electron de Broglie wavelength, and therefore the free electrons
occupy discrete quantum states. In addition to this confinement quantization, another
energy scale is set by the Coulomb interaction between electrons on the QD. This repulsive
interaction penalizes the addition of electrons to the QD, and its strength depends on the
system size. In sufficiently small QDs, or at sufficiently low temperatures the energy scale
of the Coulomb interaction dominates over the thermal fluctuations, and the number of
free electrons on the dot is stable. Although the number of the electrons tightly bound
to the nuclei of the host material is rather large, the number of free electrons can be as
low as few hundred. Under certain conditions, the QD can be tuned to the few electron
regime, and even single filling or complete depletion can be achieved. These electrons can
be manipulated on the single electron level, which makes QDs an interesting system.
QDs can be realized experimentally in various systems. Charge quantization was observed in metallic grains already in the 1980s. Later on, as the development of the nanotechnology allowed the fabrication of advanced semiconductor structures, new platforms
have emerged. One of these is the 2-dimensional electron gas (2DEG), hosted in gallium
arsenide (GaAs). The band bending in the GaAs-AlGaAs heterostructural substrate creates a quantum well, confining the electrons in the z direction, perpendicular to the x − y
plane of the substrate. Additional confinement in the x − y plane can be produced for
example by etching the substrate material, creating vertical QDs [21]. Another variety,
9

2.1. Quantum dots
lateral GaAs 2DEG QDs have also been investigated extensively, which are defined by
electrostatic gates on the substrate surface [22]. In this Thesis we demonstrate Cooper
pair splitting in QD circuits realized in indium arsenide (InAs) nanowires (NWs). NWs are
quasi-1D objects, and their boundaries present an inherent confinement. To induce QDs,
confinement along the NW axis must be created as well. Similarly to GaAs 2DEG systems,
this can be implemented for example by etching or electrostatic gating. QD formation in
InAs NWs is reviewed in Section 3.2.2.
Solid state QDs are typically investigated through electron transport experiments,
where the QD is coupled by tunnel barriers to a metallic source and drain electrode.
Such a setup is depicted symbolically in Figure 2.1. The dot occupation can be varied by
changing the electrochemical potential µdot of the QD. This is achieved by electrostatic
gating, that is, applying voltage to a nearby metallic structure, called the gate electrode.
Whenever µdot is between the electrochemical potentials of the source and drain electrodes,
µs and µd , electrons can flow through the QD by tunneling. Otherwise the transport is
blocked by the Coulomb interaction, this is the so-called Coulomb blockade. By measuring the QD current as a function of the gate voltage Vg , the spectrum of the QD can be
mapped. In the next part we introduce the constant interaction model, and the representation of QDs in energy diagrams, through which QD spectroscopy measurements can be
phenomenologically understood.

QD

S

D
I

+
+

Figure 2.1: Symbolic depiction of a QD. A nanoscale island for electrons is coupled by tunnel
barriers to a source and a drain electrode. The tunnel couplings are characterized by the coupling
strengths Γs and Γd . The electrochemical potential, and thus the filling of the QD can be varied
by the gate voltage Vg . The capacitive coupling between the QD and the source, drain and gate
electrodes are denoted by Cs , Cd and Cg .

2.1.1

Constant interaction model

We discuss the energy spectrum and transport phenomena in QDs using the constant
interaction model [19]. This model simplifies the complete quantum mechanical description of the multi-electron system by assuming that (i) the Coulomb interaction of an
electron on the QD, with all electrons in or outside the QD, is characterized by a constant
capacitance C, and (ii) the single-particle energy spectrum is independent of the interactions. Although these assumptions may appear crude, the constant interaction model is
capable of describing the basic phenomena of QD transport. Within these approximations,
the total ground-state energy of the QD, filled with N electrons is
U (N ) =
10

N
X
1
(e(N − N0 ) − Cg Vg )2 +
En (B),
2C
n=1

(2.1)

2.1. Quantum dots
where e is the electron charge and En (B) is the single-particle spectrum. These singleparticle energies are summed for the filled states. Vg is the gate voltage, which is coupled
to the QD by the gate capacitance Cg . C denotes the total capacitance of the QD: C =
Cs + Cd + Cg , where the terms are the source, drain and gate capacitances. The first
term of U (N ) is the electrostatic energy of the QD, and can be written as Q2tot /2C, with
Qtot = e(N − N0 ) − Cg Vg . The parameter N0 is the dot occupation at zero gate voltage,
i.e. N = N0 for Vg = 0.
The electrochemical potential of the QD, µdot is defined as µdot (N ) = U (N )−U (N −1).
Substitution into equation 2.1 yields
µdot (N ) = Ec (N − N0 − 1/2) −

eCg Vg
+ EN ,
C

(2.2)

where EN is the single-particle energy of the highest filled state, and Ec is the so-called
charging energy, Ec = e2 /C. The condition loosely stated in the introduction can be
reformulated using Ec : for the observation of Coulomb blockade, kB T  e2 /C is necessary
(where kB is the Boltzmann constant and T is the temperature). In InAs NW QDs, the
charging energy is in the order of 1 meV, necessitating T  12 K. Typically, such a QD
is confined in a NW segment with ∼ 100 nm diameter and ∼ 300 nm length. Thus the
charging energy predominates the quantization energy (∼ 0.1 − 1 meV). In contrast, in
self-assembled InAs QDs with smaller system size (. 20 nm) the quantization energy
exceeds the charging energy.
The energy cost of adding an extra electron to the QD is called the addition energy,
and it can be calculated as
Eadd = µdot (N + 1) − µdot (N ) = Ec + EN +1 − EN = Ec + ∆EN ,

(2.3)

where ∆EN is the (kinetic) level spacing. The formulas derived above allow us to represent
the QD spectrum in an energy diagram such as in Figure 2.2(a). The highest filled level of
the QD at filling N is illustrated with a solid black line with a circle on top, symbolizing
an electron. The addition energy is marked for the ground state of the QD with filling
N + 1 (empty solid line). Above that level, excited states are depicted in gray, with
higher single-particle energies. On the left and right hand side of the QD, the electron
states of the source and drain electrodes are shown at Vsd = 0. These are filled below
the electrochemical potentials µs = µd , constituting the Fermi sea. In the configuration
depicted in Figure 2.2(a) the electron transport through the QD is prohibited, the dot is in
blockade. Having a look at formula 2.2, we see that µdot can be tuned by the gate voltage
Vg . Figure 2.2(b) shows that by doing so the level µdot (N + 1) can be brought to resonance
with the electrochemical potential of the electrodes (µs = µd ), where the blockade is lifted:
electrons can flow through the QD via sequential tunneling. The second term in equation
(2.2) can be written as eVg Cg /C = eαVg , where α = Cg /C is the dimensionless lever
arm of gate. This quantity expresses how strong the response of the QD is to the changes
of Vg . In case of multi-gated devices, such as the bottom-gated Cooper pair splitter in
Chapter 5, by comparing the lever arms of different gates one can estimate where the QD
is formed inside the semiconductor host.
The voltage applied between the source and drain electrodes is the bias voltage, and
it is denoted by Vsd (see Figure 2.1). A finite bias voltage Vsd opens a bias window |eVsd |
between µs and µd . Figure 2.2(c) shows the energy diagram at Vsd 6= 0, in a blockaded
11
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(d)
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Figure 2.2: Transport in quantum dots. (a-d) Energy diagram of a QD coupled to a source
(S) and drain (D) electrode in different configurations: (a) Vsd = 0, Coulomb blockade, (b)
Vsd = 0, Coulomb resonance, (c) Vsd 6= 0, Coulomb blockade, (d) Vsd 6= 0, resonance at the
electrochemical potential of the source. Only the topmost filled state is shown, at dot filling N .
(e-f) QD spectroscopy measurement, carried out on an InAs NW dot (T = 230 mK). In (e) we
plot G = dI/dVsd as a function of the bias and gate voltages, Vsd and Vg . In panel (f) we show
a horizontal cut from the same dataset at Vsd = 0.

state, where none of the QD levels falls in the bias window. In Figure 2.2(d) the level
µdot (N + 1) is brought to resonance with µs , the blockade is lifted.
We now present what features are associated to the situations in Figure 2.2(a-d) in
a transport measurement. Figure 2.2(e) shows a finite-bias QD spectroscopy experiment,
carried out on a global-gated InAs NW QD. Instead of a metallic structure, the doped
silicon substrate was used as the gate electrode, isolated from the NW by ≈ 300 nm silicon
dioxide. In such a measurement we probe the electronic conduction of the QD as a function
of gate and bias voltages, Vg and Vsd . We plot the differential conductance, defined as G =
dI/dVsd as a function of these two variables, in units of G0 = 2e2 /h (where h is the Planck
constant). The most striking features of this diagram are the deep blue diamond-shaped
regions, where G = 0. Reflecting that they originate in the electron-electron interaction,
these are called Coulomb diamonds. Guides for the eye outline the third Coulomb diamond
12
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from the left. Four points in this diamond are marked with crosses, corresponding to the
four configurations of Figure 2.2(a-d). At the diamond edges one of the QD levels is
resonant with the electrochemical potential of the source or drain electrode, like in panel
(d). At the upper and lower apex of a diamond these lines intersect, two consecutive levels
of the QD are brought to µs and µd and thus |eVsd | = Eadd . From such plots we can read
the addition energy, here we extract Eadd ≈ 3 meV. By neglecting the level spacing ∆EN ,
i.e. setting Eadd = Ec we can calculate the total capacitance C = e2 /Ec ≈ 53.3 aF. We
note that the single-particle states can be filled with two electrons with opposite spins.
As a result, ∆EN =0 for odd values of N , and correspondingly, we observe smaller peak
spacing (addition energy) in the blockaded regions with odd filling. This phenomenon is
commonly called the even-odd effect.
The zero-bias configurations of panels (a-b) are marked in the conductance curve of
panel (f) too, which is extracted at Vsd = 0 from the measurement shown in (e). The
resonance spacing is denoted by ∆Vg = VgN +1 − VgN . Having Eadd determined, we can
calculate the lever arm α using the equation Eadd = eα∆Vg . Here we get α ≈ 0.088, and
Cg = αC ≈ 4.7 aF.
Outside the Coulomb diamonds at least one QD level falls in the bias window and
I 6= 0. In the differential conductance plot of Figure 2.2(e) we see additional resonance
lines, parallel to the diamond edges. These stem from tunneling through excited states.
When an excited state enters the bias window, the current increases, which is manifested
in a peak in the differential conductance.

2.1.2

Coulomb resonance

In Figure 2.2(b) we have introduced the concept of Coulomb resonance. Here we discuss the gate voltage dependence of the zero-bias conductance, that is, the shape of the
Coulomb resonance close to the peak transmission [18, 20]. In a resonant tunneling picture
the transmission function T (E) of a QD is
T (E) =

Γ
Γs Γd
,
2
Γs + Γd (Γ/2) + (E − E0 )2
{z
}
|
L0 (E−E0 )

where Γs and Γd are the coupling strengths, which describe the two tunnel junctions to the
source and drain electrodes. The second fraction, denoted by L0 (E − E0 ) is a Lorentzian
function, which describes a peak centered to E0 , the resonance energy, with full-widthat-half-maximum (FWHM) Γ = Γs + Γd . To derive the shape of the resonances in a gate
voltage sweep, such as in Figure 2.2(f), we will use that the resonance level is tuned by
the gate voltage, δE0 ∝ Vg . Using the Landauer formalism, we obtain the conductance G
from the transmission T (E):




Z
Z
e2
∂f
e2 Γs Γd
∂f
G=2
dE T (E) −
=2
dE L0 (E − E0 ) −
,
(2.4)
h
∂E
h Γs + Γd
∂E
where f is the Fermi function. The integral is a convolution of a Lorentzian curve and
the first derivative of the Fermi function. Both of these are peak-like functions, with
characteristic widths Γ and 3.5kB T , respectively. In a general case, the result of the
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convolution is another peak-like function, where the individual broadenings add up. The
integral can be evaluated analytically in two limits, (i) the temperature broadened regime
Γ  kB T and (ii) the lifetime broadened regime Γ  kB T . In the former limit we get


eαVg
Γs Γd
e2 1
−2
cosh
,
(2.5)
G(Vg ) = 2
h 4kB T Γs + Γd
2kB T
where we expressed the conductance resonance curve as the function of the gate voltage
Vg with lever arm α. The resonance is centered to Vg = 0. In the second regime, also
known as the zero temperature limit, we substitute −∂f /∂E = δ(E − EF ) (where δ(x) is
the Dirac delta function) and the expression (2.4) simplifies to
GBW (Vg ) = 2

Γ
e2 Γs Γd
,
2
h Γs + Γd (Γ/2) + (eαVg )2

(2.6)

which is known as the Breit-Wigner formula [23]. The zero-bias Coulomb resonance curve
in the zero temperature limit is thus a Lorentzian curve with FWHM Γ. In this regime, the
conductance maximum at Vg = 0 is 4Γs Γd /(Γs + Γd )2 G0 with G0 = 2e2 /h. Therefore if the
coupling is symmetric (Γs = Γd ), the amplitude of the resonance is 1 G0 . As an example, a
few Breit-Wigner resonance curves as a function of  = eαVg are plotted in Figure 2.3(a)
in the case of such symmetric couplings, with varying Γ. Although their broadening varies,
all of them have a maximum conductance of 1 G0 . Figure 2.3(b) shows how the resonance
amplitude is suppressed in case of asymmetric couplings (Γs 6= Γd ). Here the broadening
is constant, set by the condition Γd = 0.5 − Γs , and only the amplitude varies.
(a)

(b)

Figure 2.3: Coulomb resonance in the low temperature limit: Lorentzian resonance curves.
(a) Lorentzian resonance with varying Γ = Γs + Γd , while the coupling is kept symmetric:
Γs = Γd = Γ/2. Although the resonance amplitude is 1G0 in every curve, the broadening is
changing. (b) Lorentzian resonance with varying Γs . Here Γd = 0.5 − Γs , resulting in symmetric
coupling when Γs = 0.25, and asymmetric coupling in every other case. As the coupling becomes
asymmetric, the peak amplitude is reduced. Due to the constraint between Γs and Γd , the
broadening of the resonance (FWHM) is constant.
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2.1.3

Phase coherence effects

Transmission and reflection phase of QDs
The complex transmission amplitude of QDs has been studied both experimentally and
theoretically. First of all, we state that the transport through a QD is at least partially
phase coherent [24]. The strength of decoherence depends on the couplings of the QD to
the leads. In case of weak couplings, the dwell time of the electron on the dot increases,
allowing stronger decoherence. In one of the first experiments probing the phase coherence
and the transmission phase, a QD was embedded in an Aharonov-Bohm (AB) interferometer [25]. The transmission amplitude has been investigated through the magnetic flux
dependence of the interference pattern in the AB ring conductance. It has been observed
that the transmission phase changes monotonically by π at each Coulomb resonance. The
phase change of π can be easily understood in a resonant tunneling picture. The complex
transmission amplitude of a double barrier system is
t = Cn

iΓ/2
= |t|eiα ,
E − En + iΓ/2

(2.7)

where E is the incident electron energy, Γ is the width of the resonant level, En is the
resonance energy, and Cn is a complex prefactor [26]. The phase of the transmission
amplitude is given by
2
(2.8)
α = αn + arctan (E − En ).
Γ
The phase α changes by π as we sweep across the Coulomb resonance. This behavior
has been reproduced, but additionally, abrupt phase lapses in the Coulomb blockade
valleys have been also observed [26] (see Figures 2.4(a-b)). The phase sharply drops by π
at the tail of each peak, returning to the starting value. In contrast, in dots with small
occupation (N < 14) a different phase evolution has been observed [27] (see Figures 2.4(cd)). While in the previous works the phase showed a universal behavior, independent
of dot shape, parity and spin degeneracy, here unique phase profiles has been observed
at consecutive Coulomb resonances. These were non-monotonic, and dependent on the
mesoscopic parameters, such as the coupling strength. Furthermore, in some valleys the
phase slip was absent. In the same system, at larger dot occupations (N > 14), the
universal behavior was recovered. In general, the phase lapses indicate transmission zeros.
The emergence of these has been addressed in several theoretical works. For example,
Reference [28] investigated the scattering phase in a chaotic ballistic QD model. In this
model the phase lapses have a probabilistic nature. They are absent with a probability of
P ∼ 1/kL, where k is the Fermi wave vector, and L is the linear size of the QD. At large
occupations kL  1, phase drops are present at every resonance.
The reflection phase of a QD in the many electron regime has been investigated in a
similar device through the AB phase [29]. The two different phase evolutions observed are
shown in Figure 2.5(b) and (d). In (b) the reflection phase drops by π at each Coulomb
resonance, and slowly increases in the valleys by π. In (d) the phase evolution is monotonic,
the phase increases by 2π for each electron added. Both behaviors were reproduced in
theoretical calculations in a resonant tunneling picture, on the basis of barrier asymmetry.
The characteristics of panel (b) belong to the case where the electron is incoming from the
side of the stronger barrier (Figure 2.5(g)), while the monotonic increase of panel (d) is
the property of the electron incoming from the side of the weaker barrier (Figure 2.5(h)).
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(c)

(a)

(b)

(d)

Figure 2.4: Transmission phase of QDs, (a-b) universal, (c-d) mesoscopic behavior. (a) Sequence
of Coulomb peaks of a QD embedded in an Aharonov-Bohm ring, as a function of the plunger
gate voltage. The amplitude of the signal with respect to the baseline is proportional to the QD
conductance. (b) Phase evolution of the QD transmission. Uniformly, at all the resonances the
phase smoothly increases by π, then abruptly drops by π in the valleys (the first phase lapse is
marked with a dashed line). (c) Sequence of Coulomb peaks (blue) and phase evolution (green) at
low dot occupations. (d) The experiment of panel (c) repeated with different tuning parameters
(confinement potential). For example, at the filling of the 8th electron, the phase lapse is absent
in (c), while present in (d). Panels (a-b) and (c-d) are adopted from References [26] and [27].
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(a)
(e)

(b)
(f)

(c)
(g)

(h)
(d)

Figure 2.5: Reflection phase of QDs. (a-d) Measurements of the QD conductance and the
reflection phase (θ(r)) are shown for two different barrier configurations. (e-h) Theoretical calculation, showing (e) the conductance at a Coulomb resonance, (f) the transmission phase (θ(t)).
The reflection phase (θ(r)) is shown in (g-h) in case the electron is reflected from the side of the
(g) stronger or the (h) weaker barrier. All panels are adapted from Reference [29], dashed lines
are added by the author as guides for the eye.
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These experiments serve as examples that phase coherence plays an important role in
QD systems. In the next section we show that the shape of Coulomb resonances can be
strongly altered by interference effects.
Fano resonance
Due to the close analogy between QDs and atoms, QDs are also called artificial atoms.
This analogy extends to surprising depths. We introduce a phenomenon present in both
systems, the so-called Fano resonance [30]. We have seen that the QD resonance in the
lifetime broadened regime is a symmetric Lorentzian curve. Similarly, in light absorption
experiments of noble gases, we find symmetric Lorentzian-shaped spectral lines in the
spectrum. In addition, we find unusual resonance lines with asymmetric profiles as well.
Ugo Fano was the first to provide a theoretical explanation, and he also proposed a formula
to describe the shape of these asymmetric resonances. The origin of the unusual resonance
lines is the interaction between the discrete excited state of the atom and a continuum
of states, which leads to interference effects. Such asymmetric resonances, referred to as
Fano resonances from here on, have been observed in various physical systems, notably in
the electron transport of nanoscale structures.
For example, Fano resonances emerge in the conductance of a 1D ballistic conductor
side-coupled to a QD [31] (Figure 2.6(a)). Here the QD level plays the role of the discrete
state, and the ballistic conductor is the continuum. An electron transferred through the
ballistic channel either travels directly, or makes a detour and passes through the QD.
The interference arising between these two pathways results in the asymmetric resonance
shape. Fano resonances have been reported in the conductance of a coupled QD-quantum
point contact (QPC) system [32] (see Figure 2.6(c)). Double QD systems in a side-coupled
geometry (see Figure 2.6(b)) has been also studied experimentally, revealing Fano resonances [33]. Here the resonant channel passes through the side dot, and interferes with
the continuous Kondo channel of the directly coupled dot [34].
Fano resonances have also been observed in the conductance of single QDs. In these
experiments different origins were theorized as the source of the non-resonant channel,
which is not spatially separated from the QD. In one interpretation, co-tunneling was
speculated [35]. In an other single QD experiment, the Fano resonances have been explained on the basis of multi-level transport, where one of the levels is strongly coupled to
the leads [36]. For the appearance of Fano resonances in the conductance of a single QD
in the semi-open regime, the presence of a ballistic channel was supposed, which traverses
the QD [37].
However, interference and asymmetric resonances can occur in QD systems without a
continuum channel [38, 39]. In general, interference can result in a complex conductance
pattern. But as long as the transmission through the interfering alternative channel is
constant over the width of the Coulomb resonance (in both amplitude and phase), the
Fano formula describes the shape of the resonance accurately.
Let us turn to the Fano formula. The conductance resonances in the above-mentioned
systems can be described with
G(˜) = A
18

(˜ + q)2
+ Gbg ,
˜2 + 1

(2.9)

2.1. Quantum dots
where ˜ = 2( − 0 )/Γ is the normalized energy, A is the amplitude, 0 is the position
and Γ is the width of the resonance, q is the Fano parameter, and Gbg is a background
conductance [30, 39]. To illustrate the role of the phenomenological shape parameter q,
in Figure 2.6(d) we plot Fano curves with different q values (we set A = 1, Γ = 0.1,
0 = 0, Gbg = 0). The Fano profile has a minimum at min = 0 − Γq/2, here Gmin = Gbg ,
and a maximum at max = 0 + Γ/(2q), where Gmax = A(1 + q 2 ) + Gbg . These minimum
and maximum positions correspond to the destructive and constructive interference conditions, respectively. By including the Gbg term we account for the incoherent background
conductance in the experiments, which prevents the total quenching of G at min . In general, the resonance position 0 lies between the local minimum and maximum. In case of
q = 0, the Fano profile is a symmetric dip exactly at the resonance position. This case
is often called anti-resonance. At q = 1 the Fano profile has a central symmetry, 0 is at
halfway between the local extrema. In the limit of |q| → ∞, the Fano formula recovers
the Lorentzian-shaped Breit-Wigner resonance, centered to 0 .
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Figure 2.6: Fano resonance: measurements and illustration of prototype nanoscale systems,
and the theoretical Fano resonance curve. (a) Conductance measurement of a ballistic wire
side-coupled to a QD. Schematic of the device is shown in the inset. The direct electron propagation path is illustrated with a green line, and the path through the QD with an orange line.
Interference between these pathways is the origin of the asymmetric Fano resonances. The conductance variations associated to the Fano process disappear as the temperature is increased.
Adopted from Reference [31]. (b) Conductance curve of a double QD as a function of the plunger
gate voltage, stemming from the interplay of the Kondo and Fano effect. Inset: schematic of the
side-coupled double QD. Adopted from Reference [33]. (c) Fano resonances in the conductance of
a coupled QPC-QD system. Inset: schematic of the device. The shape of the resonances is tuned
quasi-continuously, from a relatively symmetric peak (left side) through dip-peak lineshape (in
the middle) to a relatively symmetric dip (right side). Adopted from Reference [32]. (d) Fano
resonance curves. We plot the formula 2.9 as a function of , with A = 1, Γ = 0.1, 0 = 0,
Gbg = 0 and q = 0, 1, 2.
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2.2

BCS theory of superconductivity

The phenomenon of superconductivity was discovered by Kamerlingh Onnes in 1911
[40, 41]. He observed that the electrical resistance of various metals disappear completely
below a critical temperature Tc . While this perfect conductivity was the first indication of
the phenomenon, the defining property of superconductors is perfect diamagnetism, also
known as the Meissner effect: superconductors expel magnetic field. Unlike a theorized
ideal conductor with zero resistance, the magnetic field is excluded from superconductors
even if they are cooled through Tc in the presence of the magnetic field, starting in the normal phase. On the other hand, superconductivity can be destroyed by a sufficiently strong
magnetic field, higher than a critical value Bc . The zero resistance and the Meissner effect
have been successfully described by the London brothers in a phenomenological model.
However, this model cannot account for other experimental observations, for example the
specific heat of superconductors or the electromagnetic absorption spectrum, indicating
the presence of an energy gap.
The first microscopic theory of superconductivity was produced by Bardeen, Cooper
and Schrieffer (BCS). It describes the observed properties of superconductors with a very
good accuracy, accounts for the energy gap, and relates the different phenomenological
parameters. A crucial point of the theory is that the superconducting current is carried by
electron pairs in a spin singlet state, so-called Cooper pairs. We outline the BCS theory of
superconductivity, focusing on Cooper pairs, the energy gap and the quasiparticle (QP)
density of states (DOS).
Cooper pairs
L. N. Cooper showed that the Fermi sea of electrons is unstable against an attractive interaction, however weak the interaction may be [42]. As a result of the attraction,
bound pairs of electron form. Before detailing pair formation, let us first discuss the origin of the attractive interaction. As commonly known, the Coulomb interaction between
free electrons is repulsive. However, in the solid state the Coulomb interaction is strongly
modified by the presence of the lattice ions. Due to their screening, the electric field of an
electron, as seen by other electrons, is weakened. In an extreme case, the electron charge
can be overscreened, leading to an effective attraction. It is usual to depict overscreening
intuitively with the following scenario. An electron moving in the solid distorts the lattice,
attracting the ions toward itself. However, ions have a higher mass and correspondingly,
they are slower. A positive charge imbalance is created locally, while the electron has already moved past. The electric field of the positive ions exerts a force on other electrons,
attracting them to the former position of the passed electron. As a net result, the displacement of the lattice ions creates an effective attraction between electron pairs. Quantum
mechanically, the coupling of the electron pair is described as a virtual process, mediated
by the quantized lattice vibrations, that is, phonons. One electron emits a phonon, which
is then absorbed by the other electron. The absorption follows the emission in a very short
time scale, allowing to break energy conservation. Proper quantum mechanical calculation
reveals that if the phonon energy lies in a certain interval, the overall effect is an effective
attraction between the emitting and absorbing electron. The isotope effect serves as an
important proof that the crystal lattice plays an important role in superconductivity, and
supports the explanation based on phonons. Replacing the lattice ions in a superconduc21
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tor with their heavier or lighter isotopes does not alter the electronic structure. Despite
this, it has been observed that the critical temperature depends on the atomic mass.
Cooper considered how two electrons with attractive interaction behave, added to the
Fermi sea at zero temperature, T = 0. An assumption of the problem is that the electrons
interact only with each other, but not with the Fermi sea, apart from the Pauli exclusion
principle. Since the electron states are filled up to the Fermi wave vector kF , the electrons
must occupy k > kF states with higher kinetic energy. Following the considerations of
Bloch, in the lowest energy state of the extra electron pair the electrons have opposite
momenta. Taking into account that the overall two-particle wavefunction must be antisymmetric, and that we expect an attractive interaction, which favors a smaller spatial
separation, we conclude that the orbital wavefunction is symmetric and the electrons are
in spin singlet state. In the formation of such (+k ↑,−k ↓) electron pairs, so-called Cooper
pairs, the gain in potential energy originating from the interaction overcomes the kinetic
energy in excess of 2F (where F is the Fermi energy). The orbital wavefunction of a
Cooper pair takes the form of
X
ψ(r1 , r2 ) =
gk cos k(r1 − r2 ),
(2.10)
k

and the overall wavefunction is
Ψ(r1 , r2 ) = ψ(r1 , r2 ) (|↑i1 |↓i2 − |↓i1 |↑i2 ) .

(2.11)

Such a two-particle wavefunction cannot be written as a product of two single particle
wavefunctions, therefore the electron pair is in an entangled state. Moreover, in this construction the entanglement is maximal. Speaking practically, once we measured the spin of
one electron, we know the spin of the other electron, without an additional measurement.
BCS ground state
The BCS theory applies the pairing principle not to two extra electrons, but to the
electrons belonging to the solid. Allowing the formation of multiple pairs, the number
of Cooper pairs increases until an equilibrium is reached. As more and more electrons
condense, the Fermi sea changes substantially, and the energy gain of pairing diminishes,
which sets the equilibrium. In the Cooper pair condensate the number of electrons is
macroscopic. The BCS theory takes a mean-field approach to simplify the many-body
wavefunction. In a second-quantized notation, the BCS ground state has the form of

Y 
|ΨG i =
(2.12)
uk + vk c†k,↑ c†−k,↓ |0i,
k=k1 ,...,kM

where |0i is the vacuum state, c†kσ is the electron creation operator with momentum k and
spin σ. A (+k ↑,−k ↓) pair is occupied with a probability of |vk |2 , and unoccupied with
|uk |2 , and |uk |2 +|vk |2 = 1 holds. The coefficients uk and vk can be determined for example
by variational methods, or by the canonical transformation of the BCS Hamiltonian. We
summarize the most relevant results below.
Energy gap and QP spectrum. In the excitation spectrum over the BCS ground
state an energy gap ∆ is present. This gap accounts for the thermodynamic and electromagnetic absorption properties of superconductors. It also plays a fundamental role in the
22

2.2. BCS theory of superconductivity
electronic transport of devices with superconducting components. The superconducting
gap is temperature dependent, it has a maximal value ∆0 at T = 0, and diminishes at the
critical temperature Tc [40, 41]. The temperature dependence near Tc can be approximated
as
1/2

T
.
(2.13)
∆(T ) ≈ ∆0 1.74 1 −
Tc
Furthermore, the BCS theory connects ∆0 and Tc . Approximation yields ∆0 ≈ 1.764 kB Tc
(kB is the Boltzmann constant). This formula is in fairly good agreement with experimental results.
p
The energy of QPs with momentum k is Ek = ± ∆2 + ξk2 , where ξk = k − µ is the
single-particle energy in the normal phase, relative to the chemical potential µ.
Density of states. The QP density of states is given by
(
|E|
√
|E| > ∆
NS (E)
E 2 −∆2
=
(2.14)
NN (0)
0
|E| < ∆,
where NN (0) is the density of states in the normal phase at the Fermi energy [40, 41]. The
density of states diverges at |E| = ∆. The QP density of states is illustrated qualitatively
in Figure 2.7(b).
Coherence length. The many-body Cooper pair condensate is in a coherent state.
The BCS coherence length is defined as
ξ0 =

~vF
,
π∆0

(2.15)

where ~ is the Planck constant and vF is the Fermi velocity [40, 41]. This length scale
can be interpreted as the size of a Cooper pair. With typical values of vF and ∆0 , one
finds that ξ0 ∼ 1 µm. This is much larger than the atomic distance, and therefore, in
a superconductor the Cooper pairs are strongly overlapping. The coherence length given
above is valid only in pure superconductors. In the presence of scattering, the coherence
length is shorter, and can be given by
1
1
1
=
+ ,
ξ
ξ0
l

(2.16)

where l is the mean free path.
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2.3.1

Charge transport in hybrid systems
Andreev reflection

We first discuss the electron transport at a perfectly transparent normal metal-superconductor (N-S) interface. The process is illustrated in Figure 2.7. An incident electron
from the normal side, with energy inside the gap cannot be simply converted into a QP
in the superconductor, since the QP density of states is zero for |E| < ∆. However,
it can enter the superconductor through the process called Andreev reflection [43]. The
incident up-spin electron is reflected as a down-spin hole at the interface, and one Cooper
pair is created in the superconductor. Both the Cooper pair and the hole are moving
away from the interface. In this process a total charge of 2e is transmitted through the
interface, while the energy, charge, spin and momentum is conserved. The process is
described quantitatively by the Bogoliubov-de Gennes (BdG) equations. An important
result of BdG is that for an N-S interface with perfect transmission the probability of
Andreev reflection RA = 1 for incident energies |E| < ∆. For each incoming electron
a charge of 2e is transmitted with a probability of 1, thus the conductance of the N-S
structure is increased twofold, compared to the conductance in the normal phase. Outside
the energy gap the probability of Andreev reflection decays, and QP tunneling is the
dominant mechanism of charge transport.
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Figure 2.7: Andreev reflection in (a) real space and (b) in energy space. In the superconducting
side an energy gap of 2∆ is present, the QP density of states N (E) = 0 for |E| < ∆. Therefore,
the electron incident from the normal side with energy inside the gap cannot be converted into a
QP. In Andreev reflection, the electron is reflected as a hole, while a charge of 2e is transmitted
and a Cooper pair is created in S.

The conductance of an N-S junction with interface scattering is addressed by the
Blonder-Tinkham-Klapwijk (BTK) model [44]. Besides Andreev reflection, in that case
normal reflection can also take place, where the electron is simply reflected as an electron.
In normal reflection there is no charge transfer, thus an imperfect interface reduces the
conductance. In Figure 2.8 we illustrate this effect qualitatively. The interface scattering
is modeled with a Dirac-δ function, V (x) = ~vF Zδ(x), where Z is the dimensionless
parameter describing the strength of the repulsion. Figure 2.8(a) shows the differential
conductance curve GNS = dI/dV at perfect transmission, Z = 0. For E < 0 only Andreev
reflection takes place, and GNS = 2GNN . In Figure 2.8(b) Z = 0.5, and as a result of
normal reflection, GNS is reduced in the gap. Figure 2.8(c) shows that for Z = 5 the
conductance practically vanishes in the gap. In this limit the normal metal is coupled
weakly to the superconductor, and a tunneling picture can be applied. Single electron
tunneling probes the density of states in the superconductor, and correspondingly, the
dI/dV curve replicates the energy dependence of formula 2.14 (see also Figure 2.7(b)).
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Therefore, such a tunnel-coupled electrode can be used as a spectroscopic tool to map
the density of states. Depending on our interests, the same mechanism can also be used
to investigate the normal material, e.g. we can determine the electron energy distribution
through superconducting tunneling spectroscopy [45].
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Figure 2.8: Conductance of an N-S junction in the BTK model [44]. The repulsive potential
at the interface is modeled with a Dirac-δ potential, V (x) = ~vF Zδ(x). Illustration of the N-S
junction and differential conductance curves are shown for (a) Z = 0 (perfect interface), (b)
Z = 0.5 and (c) Z = 5. The parameter Z describes the strength of scattering at the interface.
The differential conductance GNS = dI/dV is normalized with the normal state conductance
GNN . The curves are shown as a function of eV , where V is the bias voltage.

Proximity effect
In Andreev reflection the reflected hole takes the time-reversed path of the incident
electron, and they form a phase-conjugated pair [46]. As a result, when a superconductor is brought to electrical contact with a normal metal, superconducting correlations
are introduced in the normal-conducting material as well. On the other hand, through
time-reversed Andreev reflection Cooper pairs are leaking to the normal side. Thus this
mechanism affects both the superconductor and the normal metal, and the observable
phenomena arising are called proximity effects. For example, in a bilayer superconductornormal metal thin film (e.g. Pb and Cu) the critical temperature Tc is influenced by the
thickness and purity of the normal metal [47]. Moreover, the QP density of states can be
measured through tunneling experiments in the proximitized normal metal.
However, the small difference of the electron and hole wavevector δk = ke − kh causes
decoherence, and the correlation decays as the distance from the interface increases. In a
ballistic
ballistic conductor, the
= ~vF /2∆, while in a diffusive
p length scale of dephasing is lc
diffusive
one, it is lc
= ~D/2∆, where D is the diffusion coefficient [46]. Finite temperature, bias voltage and inelastic scattering are additional sources of decoherence. In the
proximitized normal metal this leads to a space-dependent tunneling spectrum. Close to
the superconductor the full gap can be observed, further from the interface the gap closes,
and the normal spectrum is recovered [48].
25

2.3. Charge transport in hybrid systems

2.3.2

QD coupled to a superconductor

In Section 2.1 we discussed the electron transport in a QD with normal-conducting
leads (N-QD-N). Here we introduce the transport in a QD coupled to a superconductor
and a normal lead (N-QD-S). When a QD is coupled to a superconductor, a competition
arises between the Coulomb repulsion and the attraction of the pairing potential [49]. The
precise behavior depends on the relation of the charging energy Ec , the effective pairing
potential ∆ and the coupling strength to the superconductor ΓS .
If the coupling to the superconductor is weak, ΓS  Ec , ∆, the dot can be thought
of as the extension of the superconductor interface, and the BTK picture with a strongly
scattering potential can be applied [50] (see Figure 2.8(c)). In this case the charge is
transferred via QP tunneling (Figure 2.9(a)), and a gap of 2∆ opens in the transport
map around zero bias, in addition to the Coulomb diamond pattern of Figure 2.1(f). The
positive and negative bias halves of the Coulomb diamonds appear shifted along the gate
voltage axis, proportionally to the gap size.
If the coupling to S is strong, the pairing can strongly alter the spectrum of the dot,
and give rise to the so-called Andreev bound states (ABS). To review the formation
of these, we turn to the limit of infinite gap (∆ → ∞) of the superconducting Anderson
model, which is exactly solvable and has been investigated extensively in theoretical works
[51, 52, 53]. The model Hamiltonian consists of 3 terms, H = HQD + HS + HT . A single
spin-degenerate orbital is considered on the dot,
X
HQD =
d d†σ dσ + Ec n↑ n↓ ,
(2.17)
σ

where d is the orbital energy, d† (d) is the electron creation (annihilation) operator, Ec
is the Coulomb energy, nσ = d†σ dσ is the electron number operator, and the summation
goes over the spin index σ. The superconductor lead is described by the mean-field BCS
Hamiltonian

X †
X † †
HS =
k ckσ ckσ − ∆
ck↑ c−k↓ + h.c. ,
(2.18)
k,σ

k

c†kσ

where k is the dispersion relation,
(ckσ ) creates (annihilates) an electron in the superconductor with wave vector k and spin σ. The coupling between the dot and the lead
is given by
X

HT = tS
d†σ ck,σ + h.c. ,
(2.19)
k,σ

where the tunneling amplitude tS is assumed to be independent of k and σ, and relates
to the coupling strength ΓS with ΓS = 2πt2S ρ0 . The density of states ρ0 is assumed to
be constant in a finite bandwidth D around the Fermi energy, ρ0 = 1/(2D). In the
superconducting atomic limit first D → ∞, then ∆ → ∞ is taken. In this limit the
effective Hamiltonian takes the form of
!2

 E X
X
c
d†σ dσ − 1 ,
(2.20)
Heff =
ξd d†σ dσ − ΓS d†↑ d†↓ + h.c. +
2
σ
σ
with ξd = d + Ec /2. This effective Hamiltonian exhibits a particle-hole symmetry for
ξd = 0, and it has four eigenstates: two singly occupied spinful states |↑i and |↓i with
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energy E↑ = E↓ = ξd , and two zero-spin BSC-like states
|+i = u|↑↓i + v ∗ |0i
|−i = −v ∗ |↑↓i + u|0i,
where u and v are the (real-valued) Bogoliubov-de Gennes amplitudes
s
1
ξd
u =
1+ p 2
2
ξd + Γ2S
s
1
ξd
v =
1− p 2
.
2
ξd + Γ2S
The energy of the states |+i and |−i is given by
q
E± = Ec /2 ± ξd + Γ2S + ξd .

(2.21)
(2.22)

(2.23)
(2.24)

(2.25)

We note that in the BdG theory the energy eigenvalues are symmetric to zero energy,
here the braking of this symmetry originates from the electron-electron interaction. Since
E+ > E− always, the ground state is either the BCS-like |Si = |−i, or the degenerate spin
doublet |Di = {|↑i, |↓i}. To describe the typical experimental features, it is enough to
consider the transitions between these two lower states, and the highest energy level |+i
can be neglected. Electrons in the N lead with energy inside the gap can be transferred to
S via the excitation and relaxation of the QD as follows. Let us assume that the ground
state is the spin-singlet |Si. Then the QD can be excited to the |Di state with the energy
ζ = ξd − E− . By applying bias to the N lead the Fermi energy can be tuned to fulfill
the resonance condition µN − µS = −|e|Vb = ζ. Injecting an electron from N at this
energy induces the excitation. The dot relaxes back to the ground state by emitting a
hole to the N lead at energy −ζ, and simultaneously, injecting a Cooper pair into the
superconductor, conserving charge, spin and energy. A Cooper pair can be extracted from
S to N via the reverse cycle, which occurs at the bias condition −|e|Vb = −ζ. In the finitebias differential conductance curve of the N-QD-S system these processes generate two
peaks symmetrically around zero bias, the positions of which depend on the detuning of
the dot. It is usual to refer to these resonances at the transition energies ±ζ as the ABS.
In a different terminology the states |+i and |−i are called the ABSs, and the transition
energies ±ζ are called Andreev resonances.
In Figure 2.9(d) we depict the phase diagram of the QD ground state. From formula
2.25 it follows that the boundary between the singlet and doublet ground state is given
by ξd2 + Γ2S = Ec2 /4. Depending on the ratio ΓS /Ec , the ABS can manifest in different
characteristic shapes in the transport map G(Vg , Vb ). In case of an intermediate coupling
two ground state transitions will occur, and the ABS resonance lines will cross twice at
zero bias, resulting in a shape akin to a candy wrapper (Figure 2.9(e)). If the coupling is
strong, then the ground state stays singlet, and the ABS lines take the form of two curves
resembling an anti-crossing, illustrated in Figure 2.9(f).
The limit of infinite ∆ in most experimental settings is unphysical. The theoretical
treatment of finite ∆ requires approximations, and it has been approached by different
methods [52, 54, 53]. A finite ∆ gives rise to the coupling of the dot to the QPs, which
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Figure 2.9: Transport in an N-QD-S structure. (a) The onset of QP tunneling at the edge of the
gap, −|e|Vb = ±∆. (b) Transport of electron pairs via the Andreev bound states inside the gap.
(c) The lowermost two energy levels of the QD spectrum in case of a strong coupling to S: the
doublet |Di = {|↑i, |↓i} and singlet |Si is separated by energy ζ. The subgap resonances occur at
the bias condition −|e|Vb = ±ζ. (d) Phase diagram of the QD ground sate (GS). (e-f) Detuning
dependence of the ABS resonances ±ζ, in case of (e) intermediate and (f) strong coupling. The
sweeps in the parameter space are also shown in panel (d) with red and blue arrows, respectively.
The two GS transitions result in two crossings of the ABS lines at zero energy in panel (e).

results in the renormalization of the ABSs. We summarize that in case of a finite ∆ (i)
the resonance energies ±ζ are clamped at the edge of the gap, and (ii) the doublet dome
of the phase diagram in Figure 2.9(d) shrinks vertically.
ABS have been observed in various QD systems coupled to a superconductor: in InAS
NW QDs [55], self-assembled InAs QDs [56], graphene QDs [50] and CNT QDs as well [57].
Recently, the spin splitting of the |Di state has been resolved in an InAs/InP core/shell
NW QD [49]. In Section 5.5 we demonstrate subgap resonances which we ascribe to
ABSs. We remark that subgap structures with different characteristics can originate from
resonant Andreev tunneling [55], inelastic Andreev tunneling [58], and thermally activated
QP tunneling [59].

2.3.3

Cooper pair splitting

Transport processes in a 3-terminal N-S-N junction
In Cooper pair splitting (CPS) our goal is the spatial separation of electrons constituting a Cooper pair. For such a spatial separation, a junction with at least 3 terminals is
necessary. In Figure 2.10 we illustrate how the fundamental charge transport mechanism
introduced for a single N-S interface, that is, Andreev reflection, can be extended to a
3-terminal N-S-N junction. In all the three panels we consider an electron incident from
the N1 electrode. The scattering region of the junction is represented as an empty box to
emphasize that the internal structure is irrelevant at this point. In local Andreev reflection (LAR), shown in Figure 2.10(a), the reflected hole leaves to N1, and a Cooper pair
is transmitted to S. In crossed Andreev reflection (CAR), while the electron is incoming
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from N1, the Andreev reflected hole leaves to N2 (Figure 2.10(b)). In the process sketched
in Figure 2.10(c) a single electron is simply transmitted from N1 to N2, without Andreev
reflection taking place.
(a)

(b)
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(LAR)

(c)
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N2

Crossed Andreev reflection
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S
N1
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Single electron transport

Figure 2.10: Transport processes in a 3-terminal N-S-N junction (a) local Andreev reflection
(LAR), (b) crossed Andreev Reflection (CAR) and (c) single electron transport.

In Figure 2.10(a) the particle current does not split into different arms of the junction,
and in (c) Cooper pairs do not even play a role. However, CAR holds the key to CPS. The
hole leaving to N2 can be thought of as an electron incoming from N2. By this conceptual
shift, we arrive at a process where two electrons are incoming from opposite arms, and
form a Cooper pair in the superconductor. Therefore, CAR is essentially time-reversed
CPS. In CPS, a Cooper pair in the superconductor splits and the two electrons leave to
different normal leads. Similarly, in the context of CPS, we can think of the time-reversed
LAR as the transport of the two constituting electrons into the same arm, which we call
local pair tunneling (LPT).
Efficient CPS with double QDs
LPT and CPS are competing processes, and therefore in an efficient CPS device LPT
must be suppressed. Recher et al. suggested that the Coulomb blockade phenomenon
in QDs can be used for this purpose [10]. The model of their proposed CPS circuit is
illustrated in Figure 2.11(a). The middle superconducting electrode (S) is coupled to
the normal electrodes (N1 and N2) via two QDs (QD1 and QD2). The energy diagram of
such a double QD CPS device is shown in Figure 2.11(b) at zero bias. The electrochemical
potentials of QD1 and QD2 are denoted by 1 and 2 . In panel (b) the coupling strengths
of each tunnel barrier are also shown, denoted by ΓN1 , ΓS1 for QD1 and ΓN2 , ΓS2 for QD2.
As we shall see shortly, ideally the coupling of the QDs to the superconductor is weak,
thus the pairing does not modify the spectrum of the dots. The electrochemical potential
of the normal leads are denoted by µN1 and µN2 . At zero bias voltage these are aligned
with the electrochemical potential of the superconductor, µS . Specifically, Figure 2.11(b)
depicts double resonance, when both QD levels, 1 and 2 , are aligned with the Fermi
energy, µS = 1 = 2 . This operating point favors CPS, the electrons tunneling from the
superconductor can fill the levels of the opposite QDs without energy cost. Subsequently,
they tunnel to opposite normal electrodes, and a separated spin-singlet electron pair is
generated.
Two competing processes are shown in Figure 2.11(c) and (d), which can lead to LPT.
In Figure 2.11(c) both electrons of the Cooper pair fill the same QD. But the double
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Figure 2.11: Double QD Cooper pair splitter. (a) Model of the double QD CPS circuit of the
Recher et al. proposal [10]. The superconductor is coupled to the normal leads via two dots,
QD1 and QD2. The QD levels provide energy filtering and suppress LPT. (b) Energy diagram
of the device, and the initial splitting of a Cooper pair. The electrochemical potential of QDi is
denoted by i , coupling strengths by ΓN/S,i . (c-d) Processes competing with the process of panel
(b), which may lead to both electrons ending up in the same arm (LPT). (e) Elastic co-tunneling
through a QP state of the superconductor.

occupancy in this intermediate state is penalized by the charging energy Ec . The process
of Figure 2.11(d) avoids double occupancy, but creates an excitation in the superconductor. This latter state is suppressed by the superconducting gap ∆. In Figure 2.11(e) we
illustrate how the single electron transport of Figure 2.10(c) can take place in the double
QD structure. Through the virtual filling a QP state of the superconductor, the electron
is transmitted via elastic co-tunneling (EC).
While it is easier to think of CPS as consecutive single electron tunneling events,
it should be kept in mind that it is a coherent process. Nevertheless, a large body of
experimental observations can be qualitatively understood in an incoherent model built
on the tunneling rates (see Reference [14] and Section 5.3.4).
Ideal parameter regime
The circuit in Figure 2.11(a) has a large number of parameters. The QDs are assumed
to be identical and are described by the charging energy Ec and level spacing δ, their
couplings to the normal and the superconductor lead by ΓN = ΓN1 = ΓN2 and ΓS = ΓS1 =
ΓS2 (see Figure 2.11(b)). As stated by Recher et al. the regime of interest is characterized
by the inequalities
∆, Ec , δ > Γ, kB T and ΓN > ΓS ,
(2.26)
where Γ = ΓN + ΓS are the level broadenings of the QDs. The first set of inequalities state
that the QD levels are not overlapping or extending outside the superconducting gap,
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and thus ensure that the parasitic processes of Figure 2.11(c-d) are indeed suppressed,
and they cannot be thermally excited. According to the theoretical calculations, it is the
most convenient to work in a regime where the QDs are empty in time average. This
can be achieved if the emptying of the dots to the normal leads is much faster than
their filling from the superconductor, which translates to the device parameters as the
second inequality: the coupling to the normal leads should be stronger than the coupling
to the superconductor. If this condition is fulfilled, then applying a small bias voltage
to the superconductor such that the electrochemical potential becomes slightly higher,
∆µ = µS − µn > 0 lowers the stationary occupation further. However, the bias should be
low enough to satisfy ∆, Ec , δ > ∆µ.
In this parameter regime the theoretical calculations predict a maximal CPS current
when the QD levels are tuned to an antisymmetric position, 1 = −2 (where we measure the energy from µS ). At this setting the splitting of Cooper pairs respects energy
conservation, and the CPS current is given by
ICPS


2


2δr
4eΓ2S sin(kF δr)
exp −
,
=
Γ
kF δr
πξ0

(2.27)

where kF is the Fermi wavevector in the superconductor, and ξ0 is the superconducting
coherence length (see formula 2.15). In the splitting of a pair into opposite dots, the
tunneling of the two electrons takes places in different points in the superconductor, r1
and r2 . The distance between these two points is denoted by δr = |r1 − r2 |. The finite
distance δr results in a spatial decay of the CPS current. In the parasitic processes of
Figure 2.11(c-d) the separation δr can be zero, but these are penalized by the gap and
the charging energy. Quantitatively, the LPT current is given by
ILPT =

2eΓ2S Γ
,
E

1
1
1
=
+ .
E
π∆ Ec

(2.28)

Spatial decay
The larger the distance δr, the more suppressed the CPS current. The typical value
of ξ0 is in the order of one micrometer, thus the prefactor of the exponential function has
a more severe effect. In the relevant regime δr < ξ0 and the suppression is polynomial, ∝
(kF δr)−2 . The δr-dependence of the CPS current in equation 2.27 is valid only in the case
of a pure, 3-dimensional superconductor. The spatial decay has been calculated in further
theoretical works for devices with different dimensionality, and for dirty superconductors.
In confined structures with lower dimensionality, the prefactor becomes (kF δr)−1 in 2-D,
and reduces to 1 in 1-D [60]. Therefore, confinement enhances the CPS current. On the
other hand, scattering in the superconductor introduces another length scale. In case of a
3-dimensional, dirty superconductor with free mean path l the suppression factor becomes
(kF l)−1 (kF δr)−1 [61]. Thus for l < r < ξ the CPS current is increased in the dirty case. It
also has to be noted that in the derivation of all the above expressions point contacts are
supposed, and the tunneling can arise from two single points only. In case the tunneling
can start from extended interface areas, the spatial suppression is weaker. The effect of
finite interface areas has been addressed in Reference [62], however, in an N-S-N geometry,
unlike the double QD circuit of our interest.
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Typically, 1/kF is on the order of a few ångstroms, and for realistic values of δr ∼
250 nm (the separation of the QDs), we get (kF δr)−2 ∼ 10−7 , thus the CPS current
would be suppressed tremendously in the clean 3-D case. It has been speculated in prior
experimental works that the tunneling does not start from the superconducting contact,
but from the proximitized region near the superconductor interface [63]. To account for
the amplitude of the CPS current it was suggested that for InAs NW CPSDs the 1-D
model should be applied, where the prefactor is 1. The detailed understanding of the
Cooper pair injection from the superconductor needs further theoretical work.
Interdot coupling
The original proposal of Recher et al. did not consider interdot tunneling events.
However, in the realized CPSDs these are present and are highly relevant. Finite interdot
coupling was found in CNT [13] and graphene [16] CPSDs, and in the InAs NW CPSD of
the present thesis as well (see Sections 5.3 and 5.4). Such an interdot coupling in general
decreases the CPS current. In case the interdot coupling strength Γ12 dominates over ΓN ,
the ratio ICPS /(ILPT + ICPS ) cannot exceed 50% [13, 64]. In an intuitive picture, in this
limit the electrons can tunnel between QD1 and QD2 with a high rate, and they exit the
circuit to a random lead.
On the other hand, interdot coupling enables another process called sequential Cooper
pair splitting (SCPS). SCPS starts with the process of Figure 2.11(d). Subsequently, the
electron on QD2 tunnels to QD1, the electron in the excited state in S to QD2, and finally,
they leave to opposite leads. At the end, the splitting of a pair is achieved, however, in
a complicated pathway. As long as Γ12 < ∆, this process has a small amplitude. In
summary, we conclude that because of the efficiency-limiting effect the interdot coupling
is undesired.

The CPS devices of this thesis are the implementation of the Recher et al. proposal.
In an ideal CPS device all the parameters are under experimental control, they can be
set either by fabrication procedures or can be tuned in-situ – during the experiment –
in order to achieve a maximal CPS efficiency. The realization of such an efficient CPSD
requires advanced nanofabrication techniques, and the CPS experiments require a delicate
low-temperature measurement setup. In the next chapter we review the experimental
techniques applied in these two tasks.
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Experimental Techniques

The anxious patient asks the surgeon:
– Doctor, what are my chances, is it a difficult operation?
– Don’t worry, it’s a routine surgery. I’ve myself done it like a
thousand times. And I’m sure that next time I’ll succeed.
Internet folklore

In this chapter we provide an overview of the nanofabrication and low temperature
measurement techniques employed in the production and characterization of Cooper pair
splitters. First we introduce the central tool of nanofabrication, the electron beam lithography (EBL). The fabrication of Cooper pair splitters based on InAs nanowires (NWs)
requires multiple EBL cycles. EBL is used to create local metallic gates, to open windows
in a dielectric layer, and to form electrical contacts to the NW with superconducting and
normal metallic materials. The specific fabrication procedure of bottom-gated Cooper pair
splitter devices (CPSDs) is described in Section 5.2, here we review the basics of the applied nanofabrication techniques. Similarly, the fundamentals of wet etching are shortly
summarized, which form the basis of the novel wet etching techniques of Chapter 4. Then
we present the synthesis and main electronic properties of indium arsenide (InAs) NWs,
our platform of choice for Cooper pair splitters. We review quantum dot (QD) formation
approaches and NW transfer techniques. The remaining part of the chapter is devoted to
the description of the low temperature conductance measurement system, with emphasis
on the homemade elements: acoustical noise insulation, cryogenic filtering and electronic
setup.

3.1
3.1.1

Sample fabrication
Electron beam lithography

Electron beam lithography (EBL) is a versatile nanofabrication technique. It has appeared in the 1960s and soon became an indispensable tool for nanostructure fabrication
on the sub-100 nm scale [65, 66]. It has evolved parallel with photolitography, and although it offered a superior resolution, it was not able to spread in industry because of
its lower throughput. However, mass production is usually not an objective of scientists,
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Figure 3.1: Steps of creating a metallic nanostructure using electron beam lithography. (1) Spincoating the substrate and baking the resist. (2) Patterning by electron exposure. (3) Development
of the exposed resist with a solvent. The electron scattering in the resist during exposure results
in a tent-like profile with an undercut. (4) Metal deposition, and (5) stripping the resist.

and as a result of its attractive properties, it has become prevalent in various research
fields. Nowadays, using a modern EBL system equipped with sophisticated electron optics and relying on special e-beam resists, nanostructures below the size of 10 nm can be
fabricated.
The lithography cycle is illustrated on Figure 3.1. First the substrate is coated by an
electron-sensitive resist material (step 1). We use the spin coating technique to control
the thickness of the resist layer and achieve uniformity. A droplet of the liquid resist is
deposited onto the substrate with a pipette, and then the substrate is rotated at a high
speed until a uniform resist layer is formed. The layer thickness can be varied by changing
the viscosity of the resist (by diluting it) and the speed of the spinning. Then, to evaporate
the solvent, the substrate is baked on a hot-plate. Next, in the actual patterning step we
expose the resist to electrons (step 2) in a scanning electron microscope (SEM). The
electron beam, controlled by a lithography software, is scanning the pattern we desire
to create, and the energy transferred into the resist results in physico-chemical changes.
A typical e-beam resist is poly-methyl methacrylate (PMMA). During exposure its long
polymer chains are broken into smaller fragments in inelastic electron collisions. The
smaller fragments are more soluble, and the pattern is revealed in the development step,
when we submerse the substrate in a solvent (step 3). In case of a positive tone resist,
such as PMMA, the development yields a mask where the exposed areas of the resist are
removed.1 The mask created this way can serve to create nanopatterns using different
techniques. The development can be followed by different processing steps, for instance
wet or dry etching, or as it is illustrated on the figure, by the deposition of a metallic layer
(step 4). As a last step, the mask is stripped using a solvent (step 5).
The main parameters determining the resolution of EBL are the resist material, resist
thickness, e-beam spot size and exposure energy. We employ PMMA and ZEP520A resists
1

Although PMMA is conventionally used as a positive tone resist, upon exposure to a very high dose
PMMA forms cross-links and behaves as a negative resist [67].
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with film thicknesses between 100 nm and 400 nm, and electron energies 10-30 keV. For
exposure, we use a Zeiss Supra 40 SEM, which allows a spot size of ∼ 5 nm.

3.1.2

Thin film deposition

Metallic film deposition
We used two different techniques for the deposition of metallic films: e-beam evaporation and sputtering. In both methods the substrate is loaded into a vacuum chamber,
with a typical pressure of . 5 · 10−7 mbar.
In e-beam evaporation a metal source facing the substrate is melted using a high
current (20 − 200 mA) electron beam. The surface of the molten metal is evaporating and
condenses on the substrate [68]. The hot metal layer building up on the sample can burn
the resist, to avoid that, the deposition rate is kept in the range of 1 − 2 Å/s by adjusting
the e-beam current. For the same reason, and to achieve a better film morphology by
reducing the surface diffusion, the sample stage is usually cooled with liquid nitrogen.
To allow the solvent to penetrate below the metallic layer and dissolve the resist in the
lift-off step, the metallic film must be thinner than the resist layer. As a rule of thumb,
1:3 metal–resist ratio is commonly used.
In sputtering the metal source is bombarded by atoms or ions, the impinging particles
cause a collision cascade in the surface layers and surface atoms are emitted [69]. As the
source of the ions, inert gas is injected into the vacuum chamber and plasma is generated
using a DC or radio-frequency electric field. While in e-beam evaporation the atoms mostly
take straight trajectories, in sputtering they suffer collisions in the plasma. As a result, in
sputtering the atoms arrive at different angles to the substrate and can fill the undercut
in the resist mask. This effect must be taken into account when designing the lithography
pattern, and can also lead to lift-off issues. To avoid them, a mask with a more pronounced
undercut should be used. The undercut can be increased by employing a more sensitive
resist, for example ZEP520A (produced by Zeon Chemicals) or CSAR62 (produced by
Allresist), and by lowering the electron energy at exposure. In both cases the exposure
dose should be adjusted. Another difference between e-beam evaporation and sputtering
is that in the former one the sample is exposed to the heat radiation of the molten metal
source. In sputtering the metal source is not molten, and apart from eliminating the heat
exposure of the sample, it allows us to deposit materials for which e-beam evaporation
would be impractical.
Dielectric layer deposition
The Cooper pair splitter devices investigated in this thesis have a bottom-gated geometry. Between the bottom-gates and the NW a thin dielectric layer must be deposited.
Silicon nitride (Si3 N4 ) is a prime insulator material, it has a high dielectric constant of 7.5
and breakdown threshold of ∼ 107 V/cm (at low temperatures) [70, 71]. After creating the
local gate structure, the silicon nitride is deposited via plasma-enhanced chemical vapor
deposition (PECVD). In the CVD process gaseous chemical compounds react on the substrate surface and form solid films [68]. Silicon nitride can be deposited by a nitridation
process, the reaction of silane (SiH4 ) with ammonia (NH3 ).
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In early trials we attempted to deposit the nitride layer with low pressure CVD
(LPCVD), but the high processing temperature partially melted and distorted the local
gate structure. In PECVD the dissociation of the reactant mixture gas is not thermally
activated, but based on the kinetic energy of collisions and thus allows a lower processing
temperature.

3.1.3

Wet and dry etching

Etching techniques in combination with e-beam or photolithography are widely adopted
in micro- and nanofabrication [72, 73, 74]. The process of etching can be defined as the
transport of material from a solid into a mobile phase. Whether the mobile phase is liquid
or gaseous, the etching technique is categorized as wet or dry etching, respectively.
The main properties of an etching process are the etch rate, material selectivity and
direction dependence. In the etching of planar structures, as commonly done in semiconductor processing, the etch rate is defined as the velocity of the reduction of layer
thickness. When etching a non-planar structure, such as a NW, the situation is more
complex, the etching can proceed inwards simultaneously on all sides of the NW. In this
case the diameter reduction can be used to define the etch rate. Furthermore, if the etching proceeds non-uniformly on the sides, the cross section becomes non-circular and the
diameter is ill-defined.
Focusing on wet methods, the etching process can be broken down into 3 subprocesses:
1. Transport of reactants to the solid–liquid interface
2. Chemical reaction at the interface
3. Transport of the products to the liquid phase
The etch rate is determined by the slowest subprocess. In case the first step is the bottleneck, the etching is diffusion-limited, if the second step, then it is reaction rate-limited. In
the former case the process is isotropic, in the latter one anisotropy can arise if the reaction goes on with different rates along different crystallographic orientations. Considering
dry methods, anisotropy can originate from the angular distribution of the incident bombarding particles. In high vacuum a collinear beam can etch deep and narrow trenches,
which we take advantage of in focused ion beam (FIB) milling.
Selectivity is the dependence of the etch rate on the chemical or structural composition
of the etched material. Chemical selectivity is common in all chemical reaction-based
etching methods, but is also observed in dry etching methods based on bombardment
by inert particles, such as Ar sputtering. Sputtering has been introduced in the previous
section as a thin film deposition technique. As the film grows on the substrate, material
is removed from the source, which is essentially the etching counterpart of the deposition.
In sputter-etching the efficiency of momentum transfer depends on the relative weight of
the bombarding particles and the atoms of the etched material, which leads to selectivity.
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In the fabrication of InAs NW devices we used the following wet and dry etching
methods:
 Ammonium sulfide etching and passivation. InAs NWs have a native oxide
layer on their surface. In order to form ohmic electrical contacts, this oxide layer
must be removed. Ammonium sulfide ((NH4 )2 S) is a chemical commonly used in
the oxide removal and passivation of III-V semiconductors [75]. It has been shown
that the treatment in a highly dilute (∼0.1%) solution the process is practically selfterminating: only the oxide is removed, because the core InAs is etched with a much
lower rate [76]. After the treatment the surface is covered with a passivating sulfide
layer, which is very stable against reoxidation [77]. Using higher concentrations and
a lithographic mask, the InAs NWs can be patterned. It has been observed that in
this case the etching is anisotropic and leads to a double conical shape [78, 79].
 Ar sputtering. As an alternative to the ammonium sulfide treatment, Ar sputtering
can be used for the in-situ oxide layer removal in the vacuum chamber right before
the metallic film deposition [80]. The two methods give comparable results for InAs
NWs in terms of contact resistance.
 Piranha etching. The piranha solution is a mixture of sulfuric acid (H2 SO4 ) and
hydrogen peroxide (H2 O2 ), and can be diluted with water. It is an aggressive etchant
and widely used for cleaning silicon wafers, because it quickly removes organic contaminants. The piranha etching of semiconductors is a two-step process, first the
hydrogen peroxide oxidizes the surface, then the oxide is dissolved by the acid. In
Chapter 4 we show a technique we developed for the patterning of InAs NWs with a
dilute piranha solution. The method relies on the observation that the sulfide layer
protects the NW from the oxidizing agent and blocks the piranha etching.
 Reactive ion etching (RIE). RIE is similar to sputter-etching, but instead of a
noble gas, reactive gas is used as the atmosphere. After developing the mask in the
EBL cycle, it is usual to treat the sample with O2 RIE, which removes resist residues
and other organic contaminants. Furthermore, to access the buried electrical gates
in the bottom-gated Cooper pair splitters, we open windows in the silicon nitride
layer using a CHF3 /O2 RIE step [81]. The process parameters are listed in Table A.2
both for the O2 and CHF3 /O2 RIE processing.
 Focused ion beam (FIB) milling. While the previous methods are used in combination with a mask, FIB milling is maskless, the pattern is directly etched. FIB
milling is also based on the sputter-effect, the sample is bombarded with high energy
(10-30 keV) ions focused in a beam. The beam scans the surface in the designed
pattern, like in EBL. We used FIB milling with Ga ions in the fabrication of Cooper
pair splitters to cut the NWs below the middle superconducting electrode between
the QDs (see Figure 5.20(a)). A screenshot of the FIB milling software and a brief
description of the process is shown in Figure A.7. The experimental results acquired
in a CPSD processed with FIB milling are discussed in Section 5.5.
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Galvanic effects in wet etching
In electrochemical etching an external current source is used to drive electrical current
through a circuit consisting of the substrate to be etched, the etchant electrolyte and the
counter electrode. The etch rate can be tuned with the current density.
However, when etching a semiconductor structure equipped with metallic contacts, a
local galvanic element can be unintentionally formed and electrochemical effects can arise.
For example, in the processing of a GaAs field-effect transistor (FET), if the contact metal
is exposed to the etchant, the etching proceeds much faster in the vicinity of the contact
[73]. Surprisingly, a galvanic reaction can occur in deionized water as well, and lead to
the rapid oxidation next to the contacts in GaAs FETs [82]. Here the oxygen dissolved in
the water is the oxidizing agent, and an important message of the observation is to keep
the rinsing time to minimum in wet etch processing.2 We note that galvanic reactions can
also occur in p/n junctions (without any metallic electrodes) [83, 84].
While galvanic element formation is often unfavorable, metal-assisted chemical etching
(MacEtch) turns it into an advantage by artificially bestowing anisotropy to the etching
process [85]. In MacEtch a noble metal, such as Au, Pt or Ag is deposited on the semiconductor surface which catalyzes the local oxidation. Oxidation is followed by the dissolution
of the semiconductor oxide in an acid. The metal is not consumed in the etching process,
and as the etching underneath the metallic layer proceeds, it descends into the semiconductor.
In Chapter 4 we demonstrate two novel wet etch methods, in which NW sections are
thinned and electrical contacts are created in a self-aligned way. In the second method,
where the contact formation precedes the etching step, we have found that galvanic effects
emerge and enhance the etch rate. Although the effect is in principle localized to the
vicinity of the contacts, we still rely on the lithographic mask to define the geometry.

2
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The dissolved oxygen can be removed by boiling the water or by bubbling N2 .
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3.2

InAs nanowires

Semiconductor nanowires (NWs) have emerged in the last three decades as a novel
class of nanomaterials, with promising applications in fields ranging from chemical sensing,
optoelectronics and energy harvesting to quantum electronics [86, 87, 88]. NWs are needlelike crystals, typically with a sub–100 nm diameter and a length of few microns. They
are prevalently synthesized in a bottom-up fashion, Figure 3.2(a) shows one of these
methods, the golden catalyst-assisted vapor-liquid-solid growth. In this method the NWs
crystals are grown in a vacuum chamber, the constituting atoms, as building blocks of
the NW, are supplied in a gas form. These atoms are incorporated into the molten golden
nanoparticles, which act as seeds. After a threshold concentration is reached, the crystal
growth starts and continues at the liquid-solid interface. Essentially, in this method the
reduction of the symmetry of the seed by the presence of the liquid-solid boundary is
the key for the formation of the 1D structure. The diameter of the NW synthesized this
way is mainly determined by the size of the golden seed, and the length by the growth
time. The semiconductor substrate on which the seed nanoparticles are deposited and
the crystal growth starts on, must be chosen with a lattice constant matching the NW
to be synthesized. In case of InAs NWs a GaAs substrate is also appropriate, and more
cost-effective than the natural choice of an InAs one. In case of using a GaAs wafer, first a
short GaAs NW segment is grown, which allows the relaxation of the strain arising from
the small lattice mismatch upon the subsequent InAs segment growth [89].
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Figure 3.2: Synthesis and crystal structure of indium arsenide nanowires. (a) Illustration of
the vapor-liquid-solid (VLS) NW growth method [89]. (b) SEM image of a a growth wafer [89].
The NWs grow parallel. (c) TEM image of a single NW [89], showing the alternating wurtzite
and zinc-blende crystal phases. (d) Close-up, tilted SEM image of an InAs NW [89], featuring
the golden catalyst seed. The facets of the hexagonal structure are revealed, and emphasized in
the top-view SEM image in the inset. (e) TEM image of an axial heterostructural NW with InP
segments [90]. (f) TEM image of an InAs NW with only a single stacking fault, marked by the
arrow (inset: overview of the NW, scale bar is 0.5 micron) [91].

Although the NW synthesis strategies have not changed fundamentally, the understanding of the growth process gained over the time has enabled the synthesis of NWs
with a precise control of morphology, crystallography and material composition. Bulk
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InAs has a zinc-blende crystal structure, whereas in InAs NWs segments with zinc-blende
and wurtzite phase coexist. It has been calculated with ab initio methods that for thinner
NWs the wurtzite structure is more stable than the zinc-blende one [92]. This qualitative behaviour has also been shown experimentally [93]. Furthermore, the estimation of
the threshold diameter has been refined in non-equilibrium calculations and it has been
demonstrated that it decreases as the growth temperature is increased [94]. As a milestone of the advancement in synthesis, wurtzite GaAs and InAs NWs with a diameter over
the transition threshold have been grown with negligible zinc-blende stacking, as verified
by transmission electron microscopy [91]. In this work first ∼10 nm-diameter NWs were
synthesized, then the NWs were thickened via lateral growth.
Single-crystallinity is highly important for quantum device fabrication, since the band
gap of the zinc-blende and wurtzite phases differ up to a few tens of meV [95, 96, 97, 98, 99],
manifesting in potential barriers in electron transport experiments. Apart from imaging
techniques, the crystalline perfection of pure wurtzite NWs have also been revealed by
transport experiments showing Fabry-Pérot conductance oscillations [100, 101]. In our
application the random phase changes can result in the formation of unwanted QDs, which
poses serious difficulties. On the other hand, we mention that InAs NWs with controlled,
alternating crystal phases have also been synthesized, which could lead to novel devices
via band engineering [102].
In addition to homogeneous NWs, core-shell and axial heterostructural NWs have also
been synthesized. Notable examples are InAs NWs with short InP segments [103, 90, 104]
(see Figure 3.2(e)) and InAs NWs with epitaxial Al shells [105, 106]. The former one
is relevant for QD formation, the latter one enables electrical contact formation with a
highly transparent superconductor-NW interface.
In the work presented in this thesis we have used homogeneous, stacking-fault-free
wurtzite InAs NWs, with diameters between 70 nm and 100 nm. The NWs were supplied
by the group of Prof. Jesper Nygård (Niels Bohr Institute, University of Copenhagen).

3.2.1

Electronic properties of InAs nanowires

Bulk InAs crystallizes in zinc-blende crystal structure and has a direct energy gap of
0.36 eV [107]. The effective electron mass in the conduction band is me = 0.026 · m0 ,
where m0 is the free electron mass. The band gap has been investigated in zinc-blende
and wurtzite InAs NWs with photoluminescence experiments [96], and it was found that
the wurtzite phase has approximately 43 meV higher band gap (at 5 K) than the zincblende phase, in good agreement with theoretical calculations, which predict an increase
of 40–66 meV [97, 98, 108]. In principle, a band gap increase could also be attributed to
the radial confinement. However, a simplified effective mass model of an infinitely long
cylinder predicts a band gap difference as small as 5 meV between NWs with 50 and
70 nm [96].
The electronic conductance has been probed in InAs NWs in numerous experiments.
InAs NWs show an n-type behavior, which originates from the high surface state density
[109, 110, 111, 112]. The surface is an abrupt termination of the crystal, where chemical
bonds are broken, giving rise to surface states. In case of InAs the surface states are mostly
inside the bulk band gap, and are donor-like. Such surface states appear on perfect surfaces
in vacuum as well. We note that in addition to these intrinsic surface states, imperfections,
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such as missing atoms or adsorbed atoms give rise to extrinsic surface states. While the
intrinsic states have a 2D translational symmetry parallel to the surface plane, the extrinsic
states do not, and they are localized to the defects. In equilibrium the filling of the donorlike states results in a surface accumulation layer, causing a band bending, and pinning
the Fermi energy in the conduction band. A very attractive property of InAs NWs is that
after removing the surface oxide, it is easy to form ohmic (Schottky barrier-free) contacts
to them, irrespectively of the contact metal material. Basically, the surface accumulation
layer and Fermi level pinning is responsible for this feature as well, even though the
semiconductor-metal interface is markedly different from the semiconductor surface in
vacuum. The material and interface properties can affect the surface states profoundly. It
is usual in semiconductor processing to passivate semiconductor surfaces, that is, stabilize
the chemical and electronic properties by adlayer adsorption [112]. A passivation technique
we employed in the fabrication of InAs NW devices is sulfur passivation (see Section 3.1.3),
which plays an important role in the piranha and galvanic etching methods presented in
Chapter 4.
The electronic transport properties depend on the crystallographic quality, impurities, NW diameter, surface properties, and temperature. A simple approach to address
basic electronic transport properties is a resistance measurement in a global-gated FET
geometry, as a function of gate voltage. Combining the resistance curve with a transport
picture, usually Drude model, and an analytical electrostatic model or numerical simulation to determine the capacitance to the gate, one can extract the electron mobility (µ),
electron density (n) and elastic mean free path (le ). In low temperature measurements
µ = 0.9 − 4.5 · 103 cm2 /Vs, n = 1.2 − 4.7 · 1017 /cm3 , and le = 15 − 60 nm was extracted
[113, 114, 115]. Typically, the device length L is a few hundred nanometers, so le < L, and
the transport is diffusive (making the Drude picture consistent). In contrast to these findings, le ≈ 500 nm was estimated in a stacking-fault-free InAs NW showing Fabry-Pérot
interference [101], which implies ballistic transport, and suggests that the earlier results
were acquired in highly disordered systems, possibly rich in crystallographic defects.
Because of the high surface-to-volume ratio, surface scattering plays an important role
in the electron mobility. Diameter dependence investigation revealed that the enhanced
surface scattering results in reduced mobility in NWs with a smaller diameter [116, 117].
An atomic force microscope (AFM) study established the mobility degradation induced
by surface roughness [118]. It has also been shown that encapsulating the NW in a shell
[119] or chemically passivating the surface [110] can reduce the surface scattering and
increase the mobility. We found empirically that an important source of surface scattering
is the water contamination of the NW. The adsorbed water on the NW surface can be
removed by extended pumping at room temperature in a vacuum-tight sample holder.
We have observed that this treatment directly before cooldown leads to improved device
stability.
While in field-effect measurements the electron mobility and density can only be separated using model assumptions, Hall measurements provide a direct way to determine
them separately. InAs NWs have been contacted in Hall geometry with a precise sample
fabrication procedure [120], which allowed the comparison of the field-effect and Hall carrier density. Here the upper facet of the NW was treated as a flat 2DEG (motivated by
the band bending and the surface accumulation layer), nHall = 7.2 − 13 · 1011 /cm2 and
nf-e = 11.6 − 48.8 · 1011 /cm2 was determined across different wires and channel lengths.
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For all wires an average mobility of µHall = 3120 cm2 /Vs was extracted. The significant
difference between the two charge carrier densities arises from the extrinsic surface states,
which trap a large fraction of the gate-induced charge carriers, and therefore the field-effect
technique overestimates the free charge carrier density.
Another important length scale in low temperature transport is the phase coherence
length (lφ ). The phase coherence length in InAs NWs has been extracted from universal conductance fluctuations [121] and weak anti-localization [122, 113, 114, 123, 124]
measurements. In these studies lφ = 75 − 500 nm was found in the temperature range
T = 0.5 − 25 mK. Furthermore, lφ was shown to be gate-tunable.
The spin-orbit interaction (SOI) in InAs NWs is strong, which enables the manipulation of the electron spin with gate-induced electric fields. This effect can be employed for example in spintronics [125, 124], or in qubit control [126]. The length scale
associated to SOI is the spin-orbit length (lso ). Weak anti-localization measurements
[122, 113, 114, 123, 124] yield lso = 20 − 200 nm. Similarly to lφ , lso has also been shown
to be gate-tunable.
Furthemore, SOI leads to the renormalization of the free electron g factor, in bulk
InAs g ∗ ≈ −15 [127]. In InAs QDs the confinement strongly modifies the bulk g factor.
It has been shown that it is state dependent and anisotropic, and can be tuned by an
external electric field; values between |g ∗ | = 18 and |g ∗ | = 2 are reported in the literature
[128, 129, 130, 131, 132]. The large g factor results in a large Zeeman splitting in an
external magnetic field, ideal for spin manipulation and read-out. Multiple QDs with
different g factors enable their individual addressing.

3.2.2

Quantum dots in InAs nanowires

The cylindrical, quasi-1D structure of the NW presents a natural radial confinement.
However, to form QDs, tunnel barriers must be introduced along the axis of the NW.
One can follow two different strategies to achieve that: by using built-in barriers, or by
inducing barriers with electrostatic gates.
Built-in tunnel barriers can be realized by incorporating higher band-gap InP segments (see Figure 3.2(e)). QDs have been successfully created with this approach [104],
additionally, in one creative experiment the QD orbitals were mapped by scanning probe
microscopy (SPM), using the metal tip as a local gate [90]. This experiment directly shows
that the QD is indeed located between the InP segments. Another way to introduce builtin barriers is the formation of geometric constrictions. In Reference [133] this method has
been elegantly applied to an InAs NW laying on top of a GaAs 2DEG. In a single wet etching step constrictions in the NW and the 2DEG were created, forming a QD in the NW
and a quantum point contact (QPC) in the 2DEG. The two structures are self-aligned, the
QPC serves as a sensitive charge detector to complement the conductance measurements
of the QD. In Chapter 4 we present novel wet etch methods for QD formation in InAs
NWs by creating geometric constrictions.
In pursuing the gate-induced approach, there are various gate geometries to choose
from. The simplest is the global gate, where typically the NW is laying on a strongly doped,
oxidized silicon wafer. The gate is the wafer itself (usually contacted with conducting silver
paste), the dielectrics is the thermal oxide cap of the wafer (100-400 nm). It has been shown
with electrostatic simulations that the screening of the contacting electrodes distorts the
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electric field and effectively results in potential barriers [101]. We remark that in this
work the NW was modeled as a metallic rod. A realistic treatment of a semiconducting
NW requires the self-consistent solution of the Poisson-Schrödinger equation, and it is
plausible that the bending of the conduction band next to the metallic contacts also plays
an important role in the barrier-formation. Although the theoretical description may be
considered incomplete, experimental investigation of the QD capacitance to the global
gate versus the contact spacing also supports the picture that the barriers are located
between the contacts [134].
The action of a global gate is two-fold: it creates the tunnel barriers and also serves
as the plunger gate to control the QD occupancy. An array of local gates gives more
freedom to the experimenter and enables to decouple these two functions to a certain
degree. The tunability is limited by the number of gates, their width, the gate spacing,
and the gate–NW distance. Screening of the metallic contacts and self-screening of the
semiconductor NW itself are important elements of the electrostatic picture. Single and
double QDs have been formed in multi-gated geometries using top gates [135, 136] and
bottom-gates [131, 137, 138, 139]. Reference [140] provides an overview and comparison of
these two alternative gate structures. Although both ways are viable to create electrically
tuned barriers, there are two clear-cut advantages of bottom-gated devices. First, the
NWs are exposed to less chemical processing steps, since the bottom-gate structure is
created prior to NW deposition, unlike top gates. Second, the metallic gate electrodes
screen any charged impurities in the substrate below. These two differences lead to better
device stability, and therefore we chose the bottom-gate geometry for Cooper pair splitter
devices.
In all the aforementioned methods the potential barrier is within the NW, between the
electrical contacts. Recently a new approach was demonstrated, where the tunnel barrier
is on the surface of the epitaxial Al shell of the InAs NW [141].
It has been shown that defects in the NW [142] and surface potential fluctuations [143]
lead to the formation of unwanted QDs. Such a multidot system has been directly imaged
with SPM in an InAs NW [144]. The presence of multiple dots manifests in a complex
Coulomb blockade pattern. Local gates enable the mitigation of this problem to some
extent by tuning the potential landscape along the NW.

3.2.3

Nanowire deposition

Electronic devices based on NWs are often fabricated on silicon wafers, rather than
on the growth wafer. There are three methods widely used to transfer the NWs.
1. Deposition from a colloidal dispersion (drop casting). First we place a small
piece of the growth wafer (4–8 mm2 ) in a vial. Then we add a few droplets of
isopropyl-alcohol (IPA), and put the vial in an ultrasonic cleaner. We break the
NWs from the wafer by exposing them to the ultrasonic waves, and they disperse
in the liquid. Using a micropipette we deposit a droplet of the dispersion onto the
silicon wafer, the IPA quickly evaporates and leaves the NWs on the surface.
2. Uncontrolled mechanical transfer with a cleanroom tissue (often referred
to as painting). Using a dry, lint-free cleanroom wipe we scratch the NW growth
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wafer, breaking and picking up NWs, and then apply the tissue to the silicon wafer
with a painting motion. The NWs are deposited in random positions.
3. Mechanical transfer using a micromanipulator. This method is basically the
sophisticated version of the previous one. Here we use a thin glass needle with a
microscopic tip to break and pick up a single NW from the growth wafer, and
place it on the silicon substrate. The process is done using a high magnification
optical microscope, we move the glass needle using a hydraulic micromanipulator.
While the previous two methods yield NWs laying randomly on the surface, with
the micromanipulator we are able to place the NWs with ∼1 micron precision. Such
a manipulator setup is shown in Figure 3.3, the transfer procedure is illustrated in
Figure 3.4.
In the fabrication of test devices, where the position of the NW on the substrate was
irrelevant, we used the liquid deposition technique. After drop casting, the NWs are located using a high magnification optical microscope, preferably in dark field illumation,
with respect to metallic markers. In principle liquid deposition can also be used in combination with bottom-gates, but there is a low probability that a NW lands in a proper
position, on top of the pre-patterned structure, hence the yield is low. Therefore, in case
of the bottom-gated devices, we chose the third method for NW deposition.
An oil hydraulic micromanipulator (type Narishige MMO-202ND), shown in Figure 3.3(a)
consists of the hanging joystick (1) and the manipulator head (2), which holds the glass
needle (3) used for NW transfer. The head moves in three directions, and it is assembled
such that the x − y plane is approximately parallel, the z axis is perpendicular to the
substrate stage of the optical microscope. The range of the micromanipulator motion is
10 mm (along every axis) and it can be moved with a precision of ∼ 1 micron. Vibration
reduction is essential for precise manipulation, the setup is placed on top of a heavy steel
sheet (not shown). The flexible hydraulic lines connecting the two main parts allows us
to place the joystick on a surface isolated from the rest of the setup, and thus we can
reduce the vibrations originating from hand movements. The glass needles are prepared
using a Narishige PC-10 needle puller machine, shown in Figure 3.3(b). A glass rod with
1 mm diameter is mounted vertically, one screw fixing it on the top (1), and an other one
fixing it to the sliding weights on the bottom (2). The coil (3) is heated electrically, the
glass rod segment inside melts and elongates until it is split completely. In the process
two approximately identical glass needles are created, the tip radius can reach the order
of ∼ 150 nm. The shape of the needle is controlled by the two-stage heating program
(the heating power and time can be set), and the adjustable pulling weight. We note that
apart from NW placement, the micromanipulator with a glass needle can also be used to
remove electrical shorts on a sample, originating for example from an imperfect lift-off.
For such purposes a thicker glass needle is more practical.
The procedure of the NW transfer using the hydraulic micromanipulator is shown
in Figure 3.4. Panel (a) shows the growth wafer with InAs NWs in low magnification.
The areas rich in NWs are darker. The black object on the top is the leaf spring of
the sample holder, keeping the wafer fixed. Figure 3.4 (b) shows the growth wafer in
high magnification. The glass needle reaching in from the right side is bending a NW.
Because the NWs stand perpendicularly on the substrate, from the top they look like
small black dots, a few examples are marked with white arrows. One free-standing NW is
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Figure 3.3: Micromanipulator setup and glass needle pulling machine. (a) High magnification
optical microscope with an oil hydraulic micromanipulator (Narishige MMO-202ND): hanging
joystick (1), manipulator head (2) and glass needle (3). (b) Glass needle puller machine (Narishige
PC-10). Upper (1) and lower mounting screw (2) and heating coil (3). (c) Close-up photograph
showing the micromanipulator head and the glass needle mounted on it. Because of practical
reasons, an objective lens with high working distance is necessary. In this setup, the objective
lens with 50× magnification has a working distance of 11 mm. Photographs (a) and (c) courtesy
of Bálint Fülöp, the developer of the micromanipulator setup at the Physics Department of
BME.

spotted (marked by ) and broken with a sweeping motion. A sketch in the inset shows
the moment before breaking. The NWs tolerate a significant elastic deformation. Next,
the glass needle is positioned over the pre-patterned silicon substrate (Figure 3.4 (c)).
After breaking from the growth wafer the NW usually sticks in a random position and
orientation to the glass tip. Using a second glass needle we can reposition it to an ideal
state depicted in the inset. The NW must be aligned with the pre-patterned structure
(the local bottom-gates) and should be situated as close to the tip of the glass needle as
possible. If the NW is further up on the needle, we might not be able to touch it to the
wafer when we intend to place it down. Figure 3.4(d) illustrates the touchdown of the NW
to the surface of the silicon substrate. After aligning the NW on the glass tip, we carefully
center the tip to the bottom-gate structure and approach it vertically. After touchdown
we raise the glass needle, the NW sticks to the wafer.
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glass tip
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Figure 3.4: Bright field optical microscope photographs showing the procedure of NW transfer
using a micromanipulator. (a) Growth wafer with InAs NWs (low magnification). (b) Growth
wafer in high magnification, with the glass needle reaching in from the right side, bending a NW
(marked by ). A side-view is depicted in the inset. A few other NWs are marked with white
arrows. (c) Alignment of the NW using a second glass needle, above the silicon wafer. Inset
illustrates the ideal position of the NW, from two different points of view. (d) Touchdown of the
NW to the surface of the silicon substrate. The NW is placed in the center of a bottom-gate
unit.

In general, NW FETs show promising electrical properties. One of the reasons why
they are not used in commercial applications is the difficulty posed by NW transfer. The
throughput of the methods described above is usually enough for research purposes, but
too low for industrial-scale production. The dielectrophoretic approach is addressing this
problem by controlling the deposition with an electric field [145, 146, 147, 148, 149, 150].
It can be viewed as a variation of drop casting: ac voltage is applied to pre-patterned
electrodes during the deposition, the NWs are attracted to them by the non-uniform electric field. Through further development it may lead to a high-throughput, economic NW
deposition technique, and possibly open up a route for the integration of NW electronics
with silicon systems. We note that other approaches towards industrial applications have
emerged as well. A wafer-scale method based on contact printing has been demonstrated
[151]. Drop casting has been combined with automated contact design through optical
imaging and computer vision techniques [151]. Another alternative, evading the transfer
problem completely, is the fabrication of NW electronics directly on the growth wafer,
creating vertically standing FETs [152].
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3.3
3.3.1

Measurement techniques
Cryogenics

The Cooper pair splitting experiments presented in Sections 5.3, 5.4 and 5.5 were
performed in a cryogen-free dilution refrigerator manufactured by Leiden Cryogenics. The
refrigerator system consists of 3 main units: the cryostat itself (containing the dilution
unit), the gas handling system (GHS), and the Cryomech cryo-cooler [153].
The cryo-cooler
In a conventional, wet dilution refrigerator liquid helium is used to precool the cryostat
and maintain a 4.2 K environment for the dilution unit. In our cryogen-free system a
Cryomech cryo-cooler is used for this purpose (type CP1110), whose working principle is
based on adiabatic expansion of helium gas [154]. The expansion takes place in the twostage cooling head found on the top part of the cryostat, anchored to the 50 K and 3 K
plates. The cry-cooler has a cooling power of 36 W in the first stage (at 45 K), and 1.35 W
in the second stage (at 4.2 K). The helium gas used as a refrigerant in the cryo-cooler is
circulated in a closed loop. The compressor unit compresses the gas and removes the heat,
the high pressure helium is carried in flexible stainless steel lines to the cold head. After
expansion in the cold head the low pressure helium is returned to the compressor in a
similar flexible gas line. In operation the system makes a specific chirping sound, with the
periodicity of the expansion cycle. In each cycle helium gas is transferred in a pulse, and
hence the flexible helium lines are also called pulse tubes.3 Although the cold head does
not contain moving parts at cryogenic temperatures, vibrations are still generated by the
valve unit situated between the cold head and the pulse tubes. To minimize the transfer
of the vibrations, the valve unit is connected to the cold head via a 65 cm long flexible
gas line, which makes a half-circle. Furthermore, in our system the valve is controlled by
a linear driver unit. By default the valve is driven by a square signal, causing significant
vibrations. The linear driver mitigates this issue by using a sinusoidal wave to control the
valve in a more gentle manner.
The cryostat
The cryostat has a cylindrical structure with multiple shells, as shown on Figure 3.5.
While all shells serve as radiation shields, the outermost 300 K shell and the 3 K shell
are vacuum tight as well, defining the outer and inner vacuum cans (OVC and IVC).
In contrast to conventional dilution refrigerators, the cryostat does not employ a liquid
helium bath or a liquid nitrogen jacket. Most shells are simple coaxial cylinders, but the
still shield and the 50 mK shield have additional tails on the bottom reaching to the
inside of the vector magnet. It is essential to use nonmagnetic materials for all structural
elements of the cryostat. In accordance with this principle, the 3 outermost cylinders
(300 K, 50 K and 3 K) are made of aluminum, the 2 innermost shields are gold-plated
copper. The 50 K and 3 K shields are covered with mylar film on the outside. By factory
default, the cryostat stands on 3 legs (illustrated in black on the figure) above ground.
3

One can also interpret the name as an analogy with the human circulatory system, making the
cryo-cooler the heart of the refrigerator, circulating helium, like blood.

47

3.3. Measurement techniques

(cooling head)

probe pumping port
side slot gate valve

50 K plate
side probe
main probe
3 K plate
still plate

1m

50 mK plate
MC plate
side magnet
cold finger (side probe)
50 mK shield
still shield
IVC / 3 K shield
50 K shield
OVC / 300 K shield
cold finger (main probe)
vector magnet

z
y

Figure 3.5: Internal construction of the cryostat, with both the main and side probes inserted.
The underlying graphics is adopted from the manual [153]. Details of the dilution unit, mixture gas lines, heat exchangers and electric lines are omitted. The vector magnet is illustrated
symbolically.

Instead of using those legs, we have mounted it on a custom frame made of stainless steel,
and lowered it into a pit below ground level, making the top of the cryostat accessible
while standing on the floor.
Two samples can be cooled down in the cryostat at the same time, one in the main
probe, and one in the side probe. Both probes are top-loading, and once inserted, heatanchored to the 4 lowermost plates by a spring mechanism. The structure of the probes
are identical, however, with the cold finger attached they have different lengths, tailored
to the geometry of each slot. Albeit both probes can be used to carry out experiments
at the base temperature of the cryostat, they differ in the magnetic fields which can be
applied to the sample.
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The cryostat is equipped with 2 superconducting electromagnets: a small one in the
side slot, capable of generating 2 T in the z direction, and a 2-axis vector magnet in the
main slot, with a maximal B field of 9 T in the principal axis z, and 3 T in the secondary
axis y. The vector magnet is composed of two coils, a simple cylindrical solenoid generates
the z-field, and a Helmholtz coil generates the y-field. Although the z coil can induce a
higher field when operated alone, the maximal B field which can be rotated freely in
the z − y plane is 3 T, because of the forces arising between the z and y coils. For the
same reason, the small magnet in the side slot and the vector magnet must not be used
simultaneously. The vector magnet is mounted on the bottom plate of the 3 K shield, and
the side magnet on the still shield. In operation of the dilution unit they are cooled to
3 K and 1 K, respectively.
In addition, samples can be directly mounted on the mixing chamber (MC) plate of
the cryostat as well. This option has the advantage of an even better heat anchoring,
and more experimental space, e.g. to build a microwave circuit, which usually contains
bulky elements and would be hard to fit in the cold-insertable probes. Such high frequency
circuits are employed in fast read-out schemes based on reflectometry [155], or can be used
to apply pump tones on gate lines [139].
The pressures in the IVC, OVC, and still are measured by vacuum gauges. The
50 K and 3 K plates are equipped with platinum resistance thermometers to monitor
the cooldown from room temperature, in the 300–10 K range. Additionally, the 3 K, the
still, the 50 mK and the mixing chamber plates are fitted with RuO2 thermometers, which
can be used below 10 K. These are measured by a low-signal resistance bridge (PicoWatt
AVS-47B), to avoid extensive Joule heating.
Acoustical noise insulation
Although the long pulse tubes allowed us to place the loudest component of the refrigerator system – the compressor of the cryo-cooler – outside the laboratory, the other
units still caused a significant acoustical noise. The expanding helium gas in the pulse
tube and the external reservoirs emits a rhythmic, chirping sound. To reduce it, the pulse
tubes were wrapped in elastic, rubber-like polymer sheets, branded as Tecsound 70. With
its high mass density of 7 kg/m2 , it adds weight to the tubes and thus damps the vibrations. Its high visco-elasticity leads to further noise reduction by absorbing the acoustic
power. We applied these sheets to the surfaces of the external helium reservoirs and the
remote motor assembly of the cryo-cooler as well. Additionally, we have built wooden
boxes around these latter two components, with a wideband absorber foam padding on
the inside. Both the wooden sheets and the foam pads are approximately 20 mm thick.
The absorber is an open-celled polyurethane foam branded as Hanno-Protecto 51. With
all these efforts we have substantially decreased the chirping of the cryo-cooler. In addition, we have applied Tecsound on the inner side of the rack of the gas handling system
and the magnet controller, since the vacuum pumps and cooling fans inside them also
produced a considerable noise.
Cold finger
The inner diameter of the tail of the 50 mK shield is 53 mm. The cold finger, designed to
fit in such a tight space is shown in Figure 3.6. On the leftmost side we see the gold-plated
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clamp, which can be expanded laterally to push against the mixing chamber plate of the
cryostat, and create a heat anchor. Three more clamps are found on the probe, anchoring
to the 3 K, still and 50 mK plates (not shown). The factory-made probe ends in the mixing
chamber heat anchor, all the other parts are homemade. The electrical wiring goes through
3 stages of filtering (detailed in Section 3.3.2): a feedthrough capacitor, a VLFX-80 filter
and an RC filter mounted on a printed circuit board (PCB), until it reaches the sample
in the chip socket. Because of the size constraints, the 18 pieces of VLFX-80 filters are
arranged in two levels, cylindrically. The chip socket (type P2020S-D-Au) hosts a 20-pin
leadless chip carrier, fixing it with a locknest mechanism (the chip carrier is released by
pushing the upper plate of the socket). After loading the sample chip, a cap is put on the
cold finger, protecting the sample and forming a Faraday cage around the filtered lines.
heat anchor to the
mixing chamber

Faraday cap
thread

VLFX-80 filter

RC filter stage

chip socket

feedthrough capacitor

Figure 3.6: Cold finger of the top-loading probe of the main slot, with the cap removed,
exposing the cryogenic filters.

Gas handling system
Dilution refrigerators use the special properties of the 4 He-3 He mixture to reach temperatures of a few millikelvin [156]. Below 0.87 K the liquid separates into two phases,
one is rich in 3 He, the other one in 4 He (dilute phase of 3 He). In operation there is a flow
of 3 He from the concentrated into the dilute phase. The enthalpy of 3 He in the dilute
phase is lower, and thus the temperature is lowered, in analogy to the evaporation of
liquids. The low temperature is maintained continuously by circulating 3 He in a closed
circuit. Unlike the single-shot mode of pure 3 He refrigerators, dilution refrigerators can operate indefinitely long – a capability highly appreciated in the investigation of multi-gated
devices.
The gas handling system (GHS) of the cryostat controls the valves of the mixture
circuit and other vacuum lines. It hosts the scroll pump and turbo pump which circulate
the mixture, a membrane compressor – which facilitates the condensation of the mixture initially, but it is bypassed in normal circulation – and a rotary vacuum pump for
general purposes. The cabinet itself is the leak-tight container of the 4 He and 3 He gas.
A microcontroller automates the processes of condensation, maintaining the circulation,
and mixture recovery. The valves and pumps can also be operated manually on the front
panel, where readings of the vacuum gauges are also shown. Liquid nitrogen-cooled cold
traps are inserted in the mixture loop to avoid contamination and blockage in the dilution
unit.
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Cooldown
The cooldown of the cryostat starts with evacuating the OVC and IVC. Then we introduce He into the IVC as an exchange gas, and turn on the cryo-cooler.4 In approximately
80 hours the temperature saturates at 3 K, a graph of a cooldown as a function of time is
shown on Figure A.6. By using ∼ 150 l liquid nitrogen to precool the system to 77 K one
can save ∼ 24 hours. All the materials used for the noise insulation have good temperature stability, nevertheless, for the time of the initial cooldown from room temperature
the wooden boxes are removed, because the components of the cryo-cooler can become
quite warm.
Around 40 K the charcoal absorber in the IVC starts to absorb the He exchange gas.
To avoid it, the absorber is heated electrically. After reaching 3 K, to reduce the heat
coupling between the different cooling stages, we turn off the heating of the charcoal
pump, and the pressure in the IVC drops. Next, we start the mixture condensation using
the GHS. First the 3 He, then the 4 He gas is condensed, and the GHS switches to normal
circulation mode. The condensation takes for ∼ 2 hours, the temperature of the mixing
chamber plate saturates at ∼ 7 mK in ∼ 4 hours.
The cryostat can be cooled with or without the probes inserted. In the latter case – or
when changing samples –, we begin to load a probe into the cold cryostat by mounting it
on the gate valve. Following evacuation, we flush it with He gas. Then we open the gate
valve and slowly lower the probe into the position depicted in Figure 3.5. By tightening
a screw on the top of the probe we expand the four pairs of anchoring clamps. Via these
anchors, the dilution unit has ∼ 120 µW cooling power at 100 mK to the probe.
Although the big mass, and accordingly, the high heat capacity of the vector magnet
elongates the initial cooldown of the cryostat, it also serves as a heat buffer, facilitating
the cooldown of the probe when we insert a sample. Even though the cold finger of the
main probe is quite heavy, it is cooled down from RT to 3 K in ∼ 4 hours.

3.3.2

Electronic setup

In low temperature transport experiments cryogenics and low noise, low signal electronic setups work hand in hand. Noise reduction is imperative not only to achieve a good
signal-to-noise ratio, but to keep the electronic temperature in the device low. Beyond
the active instruments in the electronic circuit, the important aspects of the setup which
must be considered are shielding, grounding, filtering and cable design [157]. Although the
principles are easy to grasp, the actual implementation might be difficult in some cases.
Shielding of cables and instruments eliminates the capacitive coupling to the (noisy)
environment. For the shielding to be effective, the shield must be grounded. However, a
ground connection on multiple points, for example both ends of a cable, creates ground
loops. In ground loops the changing magnetic flux generates a voltage, and if the shield
is used as a signal conductor, it adds to the signal. Typically, a ground loop is manifested
in a sinusoidal noise with the frequency of the electrical network, 50 Hz (and integer
multiples), and if present, it is often the biggest noise source. Ground loops can originate
from unintentional grounding points, for example instrument connections, which cannot
4

For the initial cooldown the linear driver must not be used, because the compressor might stall.
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Figure 3.7: Electronic measurement setup and filtering. (a) Block diagram of the Cooper pair
splitter measurement setup. A small, low frequency (f < 1 kHz) sinusoidal ac excitation is
applied to the superconducting electrode, the current induced in the two arms is measured via
current-to-voltage converters and lock-in amplifiers. (b) Detailed schematic of one measurement
line, showing the filtering stages and assembly. (c) Internal circuit of the VLFX-80 filter. Inside
the cylindrical case 3 SMD components can be found on a PCB. Each of them is a 7-stage
low-pass π-filter, with different cut-off frequencies. (d) Schematic of a π-filter.
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be eliminated by simply cutting a wire. Isolating transformers and optical decouplers can
be used in such cases.
When cables are moving or vibrating, voltage noise can be generated in two ways.
Bending the cable causes charge separation in the insulating dielectric material via the
triboelectric effect. When moving a wire in a magnetic field, the flux in the enclosed
loop changes and voltage is induced. It is thus important to keep the cables fixed during
experiments, and beyond the comfort of the experimenter, the acoustical noise must be
low for the sake of electronic noise reduction as well. As a general guideline, to reduce
loop areas, cables must be kept as short as possible.
The simplified block diagram of the measurement setup is shown in Figure 3.7(a).
We apply a small, Vac ≈ 10 µV sine excitation to the middle superconducting lead of
the Cooper pair splitter. The excitation has a blurring effect on the transport features,
just like the temperature, therefore it must be smaller than the finest feature we wish to
resolve. The first derivative of the Fermi function, which appears in transport formulas,
is a peak at the Fermi energy, with a broadening of ∼ 3.5 kT . Using the 3.5 kT = eV
formula (where k is the Boltzmann constant, T is the temperature, e is the electron
charge, and V is the voltage), we can estimate that 10 µV corresponds to ∼ 30 mK,
which is approximately the base temperature of the probe. Furthermore, in Cooper pair
splitter spectroscopy the resonance broadenings are usually coupling-limited, in the order
of ∼ 100 µeV. Thus neither the excitation voltage, nor the temperature limits the feature
resolution.
The currents induced in the two arms are converted to voltage with an amplification
of A = 107 V/A, and the differential conductances Gi = dIi /dV are measured by Stanford
SRS830 lock-in amplifiers. The current-to-voltage converters are homebuilt, their heart is
the OPA111BM operational amplifier. Although its input offset voltage is considered low
by the manufacturer (50 µV typical, 250 µV maximal) [158], it is still too high for our
purposes. Specifically, our components are a bit on the unlucky side of the distribution, we
have determined that their offset voltage is ∼ 100 µV. The current-to-voltage converter
has a bias input, which offers a way to compensate the offset voltage, essentially by shifting
the potential of the non-inverting input. Because of practical reasons, we used the same
scheme not only to compensate in zero dc bias (linear transport regime) measurements,
but also to apply bias to the two arms in finite-bias experiments (VN1 and VN2 ). For biasing
we used Yokogawa GS200 dc voltage sources, which have a floating output, independent
of the power network ground.
The gates of the device are addressed using an 8-channel dc voltage source (type DAC
SP927, built by the electronics workshop of UniBasel). The DAC has low noise (0.5 µVrms
typical), 24 bit resolution and ±10 V range (corresponding to 1.2 µV step size) [159],
which makes it ideal for bottom-gated devices. Its output is isolated from the network and
remote interface ground. To limit the current in case of a dielectric breakdown, Rg = 1 MΩ
resistors are inserted in series with the output in every gate line. The DAC SP927 can
also be used for biasing, but it must be taken into account that it has a relatively high,
500 Ω output impedance.
The instruments are controlled by a computer via their remote interfaces. The lock-in
amplifiers use a general purpose interface bus (GPIB), the SP927 has an RS-232 interface,
and the AMI magnet controller has a LAN interface. The instrument control is realized
with a LabView program, which sweeps the experimental parameters, reads out the lock53
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in amplifiers, visualizes the conductances in real-time and saves the data to file for further
processing. Data is evaluated in MATLAB, using a bundle of scripts and functions tailored
for CPS experiments.
Cryogenic filtering
The millikelvin environment provided by the dilution refrigerator is protected with
multiple radiation shields from the room temperature laboratory. However, for transport
experiments it is necessary to connect the cold device to instruments at room temperature.
The electrical wiring is a bridge between the two worlds, and a poor design can seriously
harm the cryogenic performance. Electromagnetic waves transmitted through the wiring of
the cryostat carry power, which can dissipate in the sub-kelvin stages. This heating power
competes with the cooling power of the refrigerator and raises the effective electronic
temperature. We will see in Chapter 5 that Cooper pair splitting is in particular very
sensitive to the temperature. It is thus essential to prevent this perturbation by filtering
the high-frequency electromagnetic noise.
Cryogenic filtering has been developed parallel with refrigerators. Since the appearance of the first dilution refrigerators in the 1970s, various filter designs have emerged
specially for quantum transport experiments in cryogenic setups. Such filters must have
good characteristics at sub-kelvin temperatures and high magnetic fields, and must fit
in the tight space usually available in cryostats. Thermocoax cables are commercially
available solutions [160], which are basically resistive coaxial cables with a thin middle
conductor. Because of the skin effect, at higher frequencies they show higher resistance.
Their name reflects that originally they have been produced for vacuum-compatible heating purposes. Strip-line filters [161, 162] are routinely used, in which the electromagnetic power is dissipated in a lossy dielectric material. Powder filters are also common
[163, 164, 165, 166, 167, 168], where the electrical wire is surrounded with fine metallic
grains, for example copper, stainless steel or silver. The power is dissipated in eddy currents, the powder form increases the effective volume in which the currents are induced.
Space-saving alternatives are microfabricated filters [169, 170], which behave similarly to
Thermocoax filters, but are much smaller. On the other end of the spectrum are ”tape
worm” filters [171], which are easy to make, but to provide a sufficient attenuation, must
be quite long and take up considerable space. A comparison of the widely used filter
designs is provided in Reference [172].
Homemade filters are difficult to realize with reproducing characteristics, and are often
susceptible to be damaged in heat cycles. In our setup we used the commercial filter VLFX80, manufactured by MiniCircuits, for high-frequency filtering. (A similar approach using
VLFX-470 is described in Reference [173].) The detailed schematic of a single measurement
line is illustrated in Figure 3.7(b). As stated in the data sheet, the VLFX-80 low pass
filter’s passband is from dc to 80 MHz, and provides at least 40 dB attenuation from
80 MHz to 20 GHz [174]. Nominally, the lowest operating temperature of the filter is -55◦ C,
and the data sheet contains characteristics acquired at room temperature. We measured
the transmission and reflection spectrum with a network analyzer between 10 MHz and
40 GHz at 4 K. The spectra are shown in Figure A.5, measured in zero magnetic field
and in 1 T. The filter has good performance at 4 K as well, and practically the spectra do
not change from zero field to 1 T. While other filters dissipate the electromagnetic power
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in a lossy dielectrics or via eddy currents, the filtering of VLFX-80 is based on reflection.
Internally it contains three surface mounted (SMD) components, each of them is a 7-stage
π filter with cut-off frequencies 80 MHz, 1450 MHz and 5000 MHz (LFCN-80, LFCN-1450
and LFCN-5000). A one-stage π filter is composed of an inductor and two capacitors, the
schematic is shown in Figure 3.7(d). The capacitors shunt the high frequency ac noise
to ground, the inductor in series increases the serial ac reactance. An advantage of the
π-type low-pass filter is the negligible dc resistance. Unfortunately, the data sheet does
not contain any information related to the maximal dc voltage which can be applied to
the filter, without a dielectric breakdown of the capacitors inside. The highest demand is
posed by the gating of devices with a global back-gate, where we may apply up voltages
up to 100 V. Upon inquiry, the author was informed by a representative that the VLFX-80
is not designed to handle dc voltages at all. In the investigation of bottom-gated Cooper
pair splitters we could safely apply voltages up to a few volts. We expect that in gating
the dielectrics in the nanofabricated samples is the bottleneck, and the filters do not pose
an instrumental limit. We note that the bias voltages are typically much lower than gate
voltages, less than 20 mV.
To cover a wide frequency range, a combination of different filters is necessary. To
complement the commercial microwave filter at low and intermediate frequencies, we
included an RC filter stage in the setup. The RC filters are made using discrete, surfacemounted (SMD) elements on a printed circuit board (PCB). The design is shown in
Figure A.2. The RC filter with R = 100 Ω and C = 100 nF yields a cut-off frequency
(-3 dB point) fc ≈16 kHz (at room temperature). The sinusoidal excitation used in the
lock-in technique (f < 1 kHz) is practically not attenuated, and the resistance added in
series with the device is negligible (considering for example a conductance peak in the
spectrum with an amplitude of 2e2 /h corresponding to ≈ 13 kΩ).
The following components make up a single measurement line (see Figure 3.7(b)).
Standard coaxial cables carry the signal (ac excitation, gate voltages) from the instruments
to the break-out box. On the break-out box each line has an individual, panel-mounted
female BNC receptacle and a two-state switch used for grounding the line, for example
when mounting a sample onto the probe. Shielded, twisted pair cables connects the breakout box with the probe box, which has additional grounding switches and filtering inside.
The switches are used to ground the sample when the break-out box is not connected.
Here 4-pole switches are built in, which simultaneously ground 4 lines, to save space. For
filtering, the same SMD components are mounted on a homemade PCB which compose
the VLFX-80 filter, but realized with a much smaller footprint (LFCN-80, LFCN-1450
and LFCN-5000). Additionally, SMD ferrite beads are included here. With this room
temperature filtering stage we intend to prevent the high frequency noise from entering
the cryostat. The probe box is connected directly with a 24-pin panel-mounted circular
Fischer plug to the receptacle of the probe. Twisted pair cables lead to the millikelvin
stages. At the levels of the 3 K, still and 50 mK plates, these are heat-anchored to the
cryostat. The measurement lines are fed into the cold finger using feedthrough capacitors
(5 nF)5 , which are simple capacitors from electronic point of view, but realized in an
optimized geometry, ensuring the continuity of the shield and minimizing the residual
inductance. The VLFX-80 filters are heat-anchored to the mixing chamber via the metallic
parts of the cold finger and the probe clamps (see Figure 3.6). The last stage is the RC
5
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filter, its clean output is connected to the chip socket with the sample chip inside. The
signal (current in the two arms) is returned via identical lines to the current-to-voltage
amplifiers. Importantly, these are placed as close to the break-out box as possible, and
connected using a very short coaxial cable, or by plugging them directly into the BNC
socket.
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4
Wet Etching of InAs Nanowires

In Section 3.2.2 we reviewed different techniques for QD formation in InAs NWs. One
of them was the introduction of geometric constrictions. In this chapter we present novel
wet etching techniques for the creation of said constrictions by tailoring the shape of
InAs NWs after growth. The development of these techniques was motivated by the first
proof of principle CPS experiments in InAs NWs [11]. These revealed that the coupling of
the QDs to the electrodes is strong, and correspondingly, the lifetime broadening of the
QD resonances formed in the NW is large compared to the superconducting gap, which
results in poor performance (see Sections 2.1.2 and 2.3.3). In the first generation devices
the coupling strength was not under experimental control. The aim of the development
of the wet etch methods was to gain control and reduce the coupling strengths.
The three wet etch methods we present allow the thinning of short NW segments
next to metallic contacts, or the formation of smooth adiabatically changing constrictions
in the NW. Besides CPS, engineering the electronic structure is highly relevant in other
nanoscale quantum devices as well. Beyond quantum electronics, the geometrical tailoring
could also be used to create nanogaps in the NW [175], or needle-shaped NW tips for
scanning probe microscopy [176]. In addition to the detailed description of the fabrication
methods, in the case of galvanic and alkaline methods we also present the electronic
transport characteristics of the created structures.
We note that the alkaline etching technique of Section 4.4 is entirely the work of
Samuel d’Hollosy (UniBasel). This method is detailed in Section 5.2 of his PhD Thesis
[78], here we discuss it for the sake of completeness, comparatively. Furthermore, we note
that the three methods were published jointly in Reference [79] in a similar form.

4.1

Introduction

The surface of InAs NWs is covered with a native oxide. To form ohmic contact to the
NW, this oxide layer must be removed. In Section 3.1.3 we introduced a wet etch process
based on an aqueous ammonium sulfide solution for this purpose. However, wet chemical
etch can also be used for the shaping of more sophisticated structures. For example wet
etching has been used to create nanogaps in InAs–InP [175] and InAs–GaAs [177] axial
heterostructure NWs, taking advantage of the material selectivity of the etch process,
and in composite GaAs 2DEG–InAs NW structures for quantum dot and quantum point
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contact (QPC) formation [133]. Furthermore, wet etching was used for the partial removal
of the Al shell on InAs–Al core-shell NWs [106, 105].
We present three wet chemical etching techniques for the post-growth patterning of
homogeneous InAs NWs. After their growth the NWs are transferred onto a silicon wafer
and exposed to one of the three processes illustrated in Figure 4.1. Two of these methods,
shown in Figure 4.1(b) and (c), named piranha and galvanic etching, provide the possibility to create electrical contacts in a self-aligned way, by carrying out a metalization
step prior or subsequent to etching. Here the same lithographic mask is used for the metalization and the wet etch process, so that the electrical contacts are perfectly aligned to
the etched NW segment. The main difference between the first two methods is the order
of execution of the metalization and etching steps, which results in significantly different
chemical reaction pathways and a different etched NW geometry. The third method labeled as alkaline etching, shown in Figure 4.1(d), exhibits a highly anisotropic etch profile,
creating conically shaped NW segments.
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Figure 4.1: Schematic, not to scale illustration of the etching methods. (a) A NW laying on
the silicon substrate, covered by a resist layer, cross sections taken parallel and perpendicular
to the NW axis. Due to the imperfect coverage of the resist the NW is not protected close to
the NW–wafer boundary against liquids penetrating in the mask openings. (b-d) Fabrication
procedures yielding a patterned NW with electrical contacts, using (b) piranha, (c) galvanic and
(d) alkaline etching.

NW growth, deposition and electron beam lithography
The InAs NWs were grown using molecular beam epitaxy by our collaborators, the
group of Prof. Jesper Nygård. NWs from various growth batches have been processed
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with the etching techniques, differing in crystallographic quality. NWs rich in defects
have shown features after etching related to the imperfections. Therefore, for quantum
device fabrication we used pure wurtzite NWs [178, 91]. After growth the NWs were
transferred by drop casting (see Section 3.2.3): they were dispersed in isopropyl alcohol,
and a small amount of the dispersion was dropped onto an oxidized silicon substrate using
a micropipette. The solvent drying up leaves the NWs randomly deposited on the surface.
The NWs were located using metallic markers fabricated beforehand and a resist mask
was created by electron beam lithography (EBL).
In all methods polymethyl methacrylate (PMMA) was used as an e-beam resist. In
case of the piranha and galvanic methods the resist thickness after spin coating and baking
was ∼ 330 nm, while in the alkaline method, for the etching step the PMMA thickness
was reduced to ∼ 150 nm which allowed us to achieve narrower etch windows. For the
same reason we used an acceleration voltage of 30 kV for the electron exposure in the
latter case, 20 kV in all others.
Principles of the piranha and galvanic wet etch methods
In trial experiments we have attempted to thin certain segments of NWs defined by a
lithographic mask. Narrow strip-like windows were opened in the resist over several NWs,
the samples were etched in a dilute piranha solution for a few seconds (see solution I in
table 4.1), then rinsed in deionized (DI) water. After dissolving the resist with aceton the
samples were inspected in an SEM. We found that the resist did not protect the NW from
etching: starting from the opening in the resist the solution penetrated below the mask
and etched the NW a few hundred nanometers below the resist. If we carried out a sulfur
passivation step (detailed below) to treat the surface of the NWs right before the piranha
etching, we ended up with an inverted geometry, shown in Figure 4.2(a). In this case the
NW segments in the mask opening (marked by lines) were intact, while the NW parts
below the resist were still etched.
(a)

200 nm
(b)

50 nm

Figure 4.2: Illustration of the basic properties of the piranha etching technique. (a) SEM
image of an InAs NW undergone sulfur passivation and piranha etching resulting in an inverted
geometry. The white lines mark the NW segments in the opening of the resist mask which was
used for both wet chemical processes. While the NW parts below the mask are substiantially
thinned, the segments in the resist opening are practically unaffected. (b) SEM image of an InAs
NW after piranha etching. Ring-like shapes are formed (marked by arrows), which we attribute
to crystallographic inhomogeneities.
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We drew two conclusions from these experiments. First, it is probable that the resist
does not cover the NWs perfectly, a small gap close to the NW-wafer boundary (see
Figure 4.1(a)) allows the piranha solution to penetrate below the mask resulting in a
serious underetching. Second, the NW surface treated by sulfur passivation is resistant
against the piranha solution.
The surface of InAs NWs is covered by a 2-5 nm thick native oxide layer [80], the exact
value depends on the details of the growth process. A water-based ammonium sulfide
solution is commonly used for the removal of this layer [76], which leaves a sulfidized
surface with monosulfides, polysulfides and elemental sulfur [75]. The resistance of the
sulfur passivated surface against the piranha solution can thus be interpreted as material
selectivity, the sulfidized layer exhibits a much lower etch rate. While the piranha solution
penetrates below the resist, we observe that the ammonium sulfide passivation is only
effective in the resist opening. This feature can be explained with the different wetting
properties of the two solutions. Furthermore, it has to be noted that while the native
oxide layer is hydrophylic, the sulfidized surface is hydrophobic [179].
Based on these findings we designed a fabrication process to achieve the desired geometry, where the NW is thinned only in the resist openings. It relies on the sulfur passivation
of the whole NW surface and the reoxidization of lithographically defined segments by
an oxygen plasma treatment. This process is illustrated in Figure 4.1(b) and presented in
detail in Section 4.2.
Additionally, in some cases we have observed ring-like structures forming on the NWs
after piranha etching, as shown in Figure 4.2(b), marked by arrows. We believe that these
ring-like features have a crystallographic origin. Although the NWs have mostly wurtzite
structure, some NWs have short zinc-blende segments incorporated, which are revealed
in the etching process as these rings, because they have a slower etch rate. The density of
etching irregularities is in agreement with the density of stacking faults and zinc-blende
segments in the dominantly wurtzite phase NWs, determined with a transmission electron
microscope (TEM) in selected NWs of the growth batch. Having this hypothesis rigorously
verified, for example by the inspection of etched NWs in a TEM, a weak piranha etching
could be used as a simple alternative method for the crystallographic analysis of InAs
NWs. Furthermore, the appearance of crystallographic features has implications on the
chemical dissolution process, it suggests that it is reaction rate limited, not diffusion
limited (see Section 3.1.3).
Sulfur passivation plays a fundamental role in the acidic (piranha and galvanic) methods. For passivation, following Reference [76] we first prepared a ≈ 2 % solution by mixing
2 ml commercial reagent-grade 21% (NH4 )2 S solution with 18 ml DI water and saturated
it by dissolving ≈ 0.19 g elemental sulfur powder. The complete dissolution took for about
40 minutes at an elevated temperature. The highly dilute (∼ 0.2%) (NH4 )2 Sx solution for
the sulfidization was freshly prepared before every treatment by mixing 2 ml of the 2 %
solution and 8 ml DI water. In the passivation step the samples were immersed in this solution for 30 minutes at 40 ◦ C, then rinsed in DI water. The ammonium sulfide treatment
at such low concentrations is reported to be self-terminating [76], so the native oxide layer
is completely removed yet the etching of InAs is negligible. Although the sulfidized layer
is remarkably stable against reoxidation [77], the samples were kept in vacuum between
process steps to reduce the exposure to air.
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Table 4.1: Summary of the acidic wet etch solutions. The amount of DI water, sulfuric acid
solution with 2.5 molarity and hydrogen peroxide with 30% mass concentration is listed for each
solution. Component amounts are scaled for the sake of easier comparison for 50 ml DI water.

Solution
Type
I
piranha
II
piranha
III
piranha
IV
galvanic
V
galvanic

H2 O 2.5 M H2 SO4
50 ml
7.99 ml
50 ml
5 ml
50 ml
12.5 ml
50 ml
1.63 ml
50 ml
0.1 ml

30% H2 O2
0.59 ml
0.5 ml
1.25 ml
0.12 ml
-

After EBL patterning, to make the NW sections in the mask openings susceptible to
piranha etching, they were reoxidized in an Oxford Plasmalab Reactive Ion Etcher. The
parameters are summarized in Table A.2. Since the parameters are machine-specific, for
comparison we note that such a treatment ashes ∼ 25 nm of PMMA as measured by a
profilometer.

4.2

Piranha etching with self-aligned contacts

Sample fabrication
In this Section we present the piranha etching technique we applied to partially thin
InAs NWs and form self-aligned contacts. The process steps are illustrated in Figure 4.1(b).
Having the NWs deposited on the oxidized silicon wafer, we carried out the sulfur passivation step using a highly dilute (∼ 0.2%) aqueous ammonium polysulfide solution (step
1). The sulfidized layer is illustrated in orange in the figure. We have observed that the
position of some NWs on the substrate changes during the passivation step, some of them
are even lifted from the surface. The remaining NWs are located with respect to metallic
markers and a mask is created using EBL. The NWs are reoxidized in an oxygen plasma
treatment (step 2). Following the reoxidization, the samples were etched in dilute piranha
solutions (the compositions are given in rows II and III of Table 4.1) for times varying
between 15 and 30 seconds at room temperature while stirring the solution continuously
with a magnetic stirrer (step 3). Following the etching the samples were immediately
rinsed in DI water. Next, without stripping the mask, another sulfur passivation step was
carried out (in this case for the sake of ohmic contacts) and metallic leads were vacuum
evaporated with a 5/90/10 nm Ti/Al/Au layer structure (step 4). The evaporation is followed by lift-off (step 5). We note that the electrical contact formation here is optional.
After piranha etching the resist can be stripped off in case the leads are not needed.
Results
Following lift-off the samples were inspected in an SEM, Figure 4.3 shows two representative samples. In Figure 4.3(a) we present a NW with multiple contacts (with varying
spacing), demonstrating the reliability of the method, and a zoom into the area marked
by the white rectangle in Figure 4.3(b). This sample was etched in solution II for 30 s at
24◦ C. The original diameter of the NW measured on the intact segment is 115 nm and on
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(a)

(b)

u

300 nm
(c)

300 nm

Figure 4.3: SEM images of NWs thinned with piranha etching and equipped with self-aligned
contacts. (a) NW with several contacts. (b) Zoom into the area marked by the white rectangle
in (a). The length of the thinned segment reaching beyond the contact is denoted by u, and
interpreted as the size of the undercut of the mask. (c) SEM image of another sample which was
etched stronger and the metallic leads were evaporated at an angle (direction indicated by the
arrow). Because of the asymmetric positioning of the electrodes the thinned segments are only
revealed on the upper side of each electrode, marked by the triangle and the square.

the thinned part it is 70 nm. The length u of the etched segment extending from below
the contact, marked by arrows is 60 nm. This length is approximately the same as the size
of the undercut, and therefore we conclude that the etching is confined in the undercut.
We note that by using a thinner resist layer and/or different resist material the undercut
and correspondigly, the extension of the etched segment can be made smaller, but in case
a metallic contact is made in the same lithographic step, the metal–resist thickness ratio
must be considered to ensure a clear lift-off.
The sharpness of the profile can be defined as the length of the transition along the
NW axis from the thinnest to thickest (original) diameter, which is also 50–60 nm.
Figure 4.3(c) shows another sample which was prepared similarly as the sample in
Figure 4.3(a-b), but was etched in a stronger etchant (see solution III in Table 4.1) for
20 seconds at 23◦ C. Correspondingly, the etched NW segment is thinner, it has 25 nm
diameter at the thinnest part. Furthermore, since the metallic layer was evaporated at
an angle (direction indicated by the arrow), the contacts are not centered on the etched
segments and the thin parts are only visible on one side of them, marked by a triangle and
a square. We conclude that if a symmetric geometry is desired, as in Figure 4.3(a-b), the
metal must be evaporated perpendicularly. On the other hand, control of the evaporation
angle enables the fabrication of devices with asymmetric geometry.
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Galvanic etching with self-aligned contacts

The piranha etching technique described in Section 4.2 yields devices where the NW
segments below the contacts are thinned, resulting in a reduced contact area between the
electrode and the NW, which may be a drawback for certain applications. In this section
we present a method in which this problem is resolved by switching the order of etching
and metallization.
Sample fabrication
The fabrication process is illustrated in Figure 4.1(c). The NWs are sulfur passivated
in the first step, using the same ammonium polysulfide treatment as in Section 4.2, then
a mask is created using EBL (step 2). Unlike in the case of piranha etching, the samples were not treated with oxygen plasma after developing the mask. After development
metallic contacts were vacuum evaporated with 5/120 nm Ti/Au layer structure. Without
stripping the resist the NW surfaces in the undercut were reoxidized by an oxygen RIE
treatment (step 3), as in the piranha etching method. Then the samples were etched in
solutions IV and V described in Table 4.1 for times ranging in 10–15 seconds, continuously stirring the solution with a magnetic stirrer (step 4). Following lift-off (step 5) the
samples were inspected by SEM and electronic transport experiments were carried out at
low temperatures on a subset of devices.
Results
Figures 4.4(a-b) show SEM images of two different NWs which were etched in a solution
prepared as given by recipe IV for 10 seconds at 23.5◦ C. Although the two NWs were on
the very same silicon substrate, within 500 µm distance of each other, and went through
the same fabrication process, the effect of etching was dramatically different. The NW
in Figure 4.4(a) is completely cut on the two sides of the contact with a sharp profile,
on the other hand, the NW in Figure 4.4(b) is only slightly etched. The main difference
between these two NWs are the areas of the metallic electrodes, marked by A1 and A2
in the figure. The area A1 is much larger than A2 because the outer parts of electrode
on 4.4(a), outside the SEM image, are wider and end in a large bonding pad, while the
electrode on 4.4(b) is not connected, similarly to the two electrodes on the left side in
Figure 4.4(c). While A2 ≈ 1 µm2 , the larger electrode area A1 ≈ 105 µm2 .
Furthermore, comparing the results with Section 4.2, although the etching solution in
IV is significantly more dilute than the previous ones, it resulted in stronger etching of
NWs with large electrode areas. This faster etch rate and the dependence on the electrode
area has been qualitatively observed across multiple samples and we attribute it to a local
galvanic element formation [73].
Upon close inspection of Figure 4.4(a) we find that the NW segment below the contact
is still present despite the complete dissolution of the neighboring etched parts. We note
that on NWs equipped with multiple electrodes differing in areas, an example shown in
Figure 4.4(c), we did not observe a systemic variation of the etching within the same NW
as a function of the individual electrode area. We believe that as long as the NW conducts
electrically, the overall electrode area is determining the etch rate, not the individual
63

4.3. Galvanic etching with self-aligned contacts
electrode areas. As the etching proceeds and the NW is cut, the NW segments decouple
and the process may continue with different rates in each part.
To reduce the etch rate and gain control over the process the etching solution was diluted and we omitted the hydrogen peroxide. Essentially, the sample shown in Figure 4.4(d)
was etched in a very dilute sulfuric acid solution (see solution V in Table 4.1) for 15 seconds at 24◦ C. In the view of the principle of piranha etching, that is, the oxidization of
the semiconductor surface by an oxidizing agent, and the subsequent dissolution in the
acid [73], the etching effect in sulfuric acid alone is surprising. The complete description
of the chemical processes, including the energetics and charge transfer kinetics is beyond
the scope this work, but we explain our results as follows [85, 82, 83]. In the absence of
hydrogen peroxide the role of the oxidizing agent is played by the solved O2 and/or the
H+ protons originating from the dissolution of sulfuric acid. In the former case the production of OH− , in the latter case the reduction of protons is taking place on the metallic
electrodes (cathodic reaction), injecting holes into the semiconductor NW via the ohmic
contact. The semiconductor is oxidized by the holes and dissolves (anodic reaction).
Comparing the NW in Figure 4.4(c) with the one in Figure 4.3(a), one can observe
that the galvanic method has lower reproducibility. The original diameter of the NW in
Figure 4.4(c) is 125 nm, while the reduced diameters vary between 85 nm and 30 nm.
The rise of the variance can be attributed to the increased complexity of the underlying
chemical processes.
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Figure 4.4: Results of the galvanic method. (a-b) NWs with ohmic contacts after etching. Even
though both NWs went through the same fabrication procedure, the etching was much stronger
on the device shown in (a). We explain this finding with a local galvanic element formation
which enhances the etching process, depending on the electrode area Ai (A1  A2 ). (c) NW
having two electrodes with small areas on the left and two large electrodes on the right, systemic
dependence of the etch rate is not observable. (d) NW device processed with the galvanic etch
method, electrodes labeled as source (S) and drain (D). (e) Differential conductance of the device
shown in (d) as a function of bias and backgate voltage. Dashed lines indicate the edges of a
Coulomb diamond with charging energy Ec and resonance spacing ∆Vbg .
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The NW device shown in Figure 4.4(d) was etched in solution V for 15 seconds at 24◦ C.
From left to right, the diameters on the etched parts are approximately 90 nm, 50 nm,
60 nm and 25 nm, while the original diameter is 130 nm. Although the inner two etched
segments between the metallic electrodes are similar in diameter, their etch profiles are
markedly different. The electric conductance of this NW was investigated using the two
electrodes as source (S) and drain (D), and the doped Si substrate below 300 nm SiO2
as a global backgate. For the low temperature transport experiments, the sample was
cooled to 230 mK in a He-3 cryostat. Essentially, the same electronic setup was used here
as for CPSDs (see Figure 3.7). The differential conductance, defined as G = dIsd /dVsd
was measured with lock-in technique, by mixing a small sine excitation Vac = 10 µV
with a frequency 79 Hz to the dc bias and registering the ac response. The differential
conductance measured as the function of dc bias voltage Vsd and backgate voltage Vbg is
shown in Figure 4.4(e). The regions of zero conductance are Coulomb diamonds, which
are characteristic for the transport of quantum dots (QD). Using the evaluation method
introduced in Section 2.1.1, we extract a charging energy of Ec = 3.7 meV. From the
spacing of zero-bias Coulomb resonances ∆Vbg = 31 mV, we determine the backgate
capacitance Cbg = e/∆Vbg = 5.2 aF. Assuming that the broadening of Coulomb resonances
is determined by the lifetime broadening (low temperature limit), the tunnel coupling
strength Γ = Γs +Γd can be estimated by fitting the Breit-Wigner formula to the resonance
peak (see Section 2.1.2). Using the lever arm of the backgate αbg = Ec /(e∆Vbg ) = 0.12 to
convert the fitting parameter Γ from gate voltage to energy, we get Γ = 300 µeV. From
excited state lines outside the Coulomb diamonds we extract an orbital level spacing of
∼ 1 meV.
The value of the charging energy and backgate capacitance is in the typical range
for InAs NWs with similar diameters and 375 nm contact spacing [134]. However, the
Coulomb blockade region is usually observed at negative backgate voltages. In this sample
the conductance was quenched at zero backgate voltage and positive voltages were applied
to induce a finite current. In general, the threshold gate voltage where the NW is depleted
and the conductance in pinched was shifted to more positive values in the etched NW
samples.
The Coulomb diamonds are only tilted to a small extent, indicating that the source
and drain capacitances are similar. According to the Breit-Wigner formula, the conductance maximum of a Coulomb resonance is 4Γs Γd /(Γs + Γd )2 in units of conductance
quantum G0 = 2e2 /h (see Section 2.1.2). In the symmetric case Γs = Γd the fraction
yields unity. The strongest zero-bias resonance in the measurement has a conductance
maximum 0.07 G0 . Attributing all the reduction to the coupling asymmetry (neglecting
any other resistance in series) we estimate an upper limit for Γd /Γs ≈ 50.
All these findings are consistent with the picture that the observed quantum dot is
confined by the etched NW segments next to the contact.
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Alkaline etching

The wet etch methods presented in Section 4.2 and 4.3 allow the creation of NW
geometries with sharp profiles. In this Section we introduce a technique based on etching
with an ammonium polysulfide solution which yields a smooth transition with conical
morphology. This shape can be preferred for certain applications, for example to create
quantum point contacts or nanogaps.
Sample fabrication
The ammonium polysulfide solution commonly used for the removal of the native
surface oxide etches the InAs material as well, although with a lower etch rate. Hence,
for the patterning of the NW a solution with concentration higher than used for ohmic
contact formation is more practical.
The process is shown in Figure 4.1(d). After transferring the NWs onto the silicon
substrate the sample is spin coated with a 150 nm thick PMMA film. The resist is exposed
with a 30 keV electron beam which is followed by cold development, resulting in 40 nm
wide open strips crossing perpendicularly the NW. Then the sample is etched for ∼
15 minutes in a 4% ammonium polysulfide solution saturated with sulfur. Following rinsing
in DI water we strip the mask, and in a second lithographic cycle electrical contacts are
made further apart from the etched locations.
Results
An SEM image of a NW fabricated with the alkaline method is shown Figure 4.5(b).
The etch profile is more smooth compared to the acidic methods, and in each etch window
two conical NW segments are formed, pointing in opposite directions. At the same time
the profile exhibits a remarkedly strong asymmetry, one of the cones is more elongated
than the other one. This asymmetry can be characterized quantitatively by the cone
angles α and β shown in Figure 4.5(a). Consistently across multiple samples, α ≈ 15◦ and
β ≈ 6◦ was found. In Reference [177] a similar tapering was reported in chemical etching
of GaAs segments in heterostructure NWs and was interpreted as an enhancement of
an initial tapering. In our case the appearance of two segments with opposite tapering
and different cone angles calls for a different explanation. We think that the lack of
mirror symmetry of the wurtzite structure [180] with respect to the NW axis leads to
the directional dependence of the etch rate and through that to the observed asymmetric
double cone morphology. The diameter of the narrowest part of the NW is 20 nm, while
the original diameter is 90 nm. Counterintuitively, the constriction is made at a distance
d ≈ 110 nm from the center of the etch window (see Figures 4.5(a-b)). The etch rate
calculated using the reduction of diameter at this thinnest part is ≈5 nm/min.
Conductance measurements have been carried out to investigate the transport properties of a NW device with such a geometry. The differential conductance measured at
T = 230 mK in the Coulomb blockade regime is shown in Figure 4.5(c). Repeating the
same analysis as in the Section 4.3, we get Ec = 3 meV, ∆Vbg = 15 mV, αbg = 0.2,
Cbg = e/∆Vbg = 11 aF and Γ = 170 µeV. Additionally, the ratio of the backgate and side
gate lever arm is determined from the conductance measured at zero bias as the function of
Vbg and Vsg (not shown), yielding αbg /αsg = 3.5. Compared to the device in Figure 4.4(c),
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Figure 4.5: Results of the alkaline etching method. (a) Schematic illustration of the intermediate
state after the wet etch. Asymmetric and smooth etch profiles are created, α and β denote the
cone angles of the tapered NW segments. Yellow circle symbolizes the golden catalyst used for
the NW growth, determining the crystallographic direction of the NW axis. (b) SEM image of
the NW device with source (S), drain (D) electrodes and a side gate (SG). Dashed lines spanning
(a) and (b) mark the position of the etch mask openings, d ≈ 110 nm is the distance between
the thinnest NW part and the corresponding etch window. (c) Differential conductance of a
NW processed with the alkaline method, measured as a function of bias and backgate voltage
at fixed side gate voltage Vsg = 0. Ec and ∆Vbg are the charging energy and resonance spacing,
respectively.

the backgate lever arm and capacitance is increased. This is the consequence of the reduced screening of the leads placed further from the QD. Based on the same symmetry
considerations of the Coulomb diamonds as in Section 4.3, we conclude that the QD is
formed between the two constrictions. This is consistent with the lever arm ratio, both
gates are at a distance ∼300 nm from the QD, but the dielectric permittivity ∼ 3.9 of the
silicon dioxide increases the effect of the backgate.
The highest zero-bias conductance maximum was ∼ 0.15 G0 , and the corresponding
estimate of coupling strength asymmetry is Γs /Γd ≈ 25. Since the contacting electrodes
are far apart from the barriers defining the QD, it is plausible to assume that the NW
segments between the QD and the leads contribute to the resistance substantially, making
the asymmetry estimation pessimistic.
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Conclusions

We have shown three wet chemical etch methods for the post-growth engineering
of InAs NWs. These methods allow the thinning of NWs on lithographically defined
segments. Two of them are well-suited to fabricate electrical contacts on top or next to
the etched parts in a self-aligned way, the third one creates a smooth conical NW profile.
The piranha and alkaline methods are found to be robust and reliable. In these methods
the control of the etched NW diameter is limited by the deviation of diameter in the
growth. The individual NW diameter can be measured by an SEM prior to etching and
the etching time can be adjusted. The galvanic etching proved to be less reproducible due
to the complexity of the chemical processes making the etch rate depend on the contact
electrode surfaces. The reproducibility in this case could be improved by breaking the
sample fabrication presented in Figure 4.1(c) into two lithographic steps, first creating
electrodes with a small, well-defined contact area for the etching, and in a second step
adding large electrodes necessary for wire bonding. We note that this modification does
not sacrifice the self-aligned nature of the etching.
Low temperature experiments show that NWs with etched segments have stable transport characteristics and can serve as building blocks of quantum electronic devices. As an
example we show that QDs can be formed between two etched segments.
Although we were able to fabricate QDs with different coupling strengths, engineering
a specific Γ value has been proved to be challenging. Instead of optimizing the fabrication
methods, we turned to an alternative approach which provides in-situ barrier tunability.
As already mentioned in Section 3.2.2, an array of thin electrostatic gates below the NW
can be used for this purpose. In Chapter 5 we present CPS experiments in such bottomgated InAs NWs.
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5
Cooper Pair Splitting

In this chapter we first introduce the typical scheme and phenomenology of CPS experiments, recalling the first successful realization in an InAs NW device [11]. We establish
the nomenclature and show the characteristic signature of the CPS process. We evoke the
temperature dependence at zero bias in that antecedent work, and show that the same
observation holds at finite bias too. Then we draw the conclusions from these measurements and introduce the bottom-gated CPSDs. In the remaining major part of the chapter
we present CPS measurements in such nanocircuits. We demonstrate that the non-local
signal can exhibit diverse forms, varying as the transport parameters are tuned by the
electrostatic gates and magnetic field, and introduce theoretical models to explain the
newly seen resonance shapes.

5.1

Introduction

Figure 5.1(a) illustrates the InAs NW-based beam splitter circuit in which the first
groundbreaking experiments were performed.1 The InAs NW is contacted with an aluminum superconducting electrode in the middle (depicted in blue), and two normalconducting electrodes, N1 and N2 at the sides (in green). With the aid of the global
back-gate the device is tuned to the Coulomb blockade transport regime. The top gates
(in yellow) enable the separate tunability of each QD formed between the contacts. These
top-gates denoted as g1 and g2 address QD1 and QD2, respectively. Each QD was characterized by means of finite-bias conductance measurements, as the function of top-gate voltage Vgi and bias voltage Vsd (applied between the superconducting and normal contacts).
A superconducting gap 2∆ ≈ 300 µeV (at 20 mK), and a charging energy Ec ≈ 2 − 4 meV
was extracted from such measurements (not shown). Having the Ec  ∆ criterion fulfilled, the CPS process was probed as follows. The dc bias voltage is set to zero and the
QD resonances are tuned to a position illustrated in the energy diagram in Figure 5.1(c).
QD1 is fixed on the side of a resonance curve, while QD2 is in blockade. The differential
conductance of each arm, G1 and G2 is measured simultaneously while shifting the levels
1

The device was fabricated using the techniques described in Section 3.1. The measurements were
carried out in a wet dilution refrigerator, unlike the dry system presented in Section 3.3, but a similar
electronic setup with lock-in detection was employed.
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of QD2 by tuning the top-gate voltage Vg2 . Such a measurement is shown in Figure 5.1(d),
where QD2 is tuned across several resonances, each of them manifesting in a peak in G2
(green curve). To demonstrate the effect of QD2-tuning on the other arm, the change
in the conductance through QD1, ∆G1 = G1 − Gbg is plotted in red in the same figure (Gbg is the background conductance, either a constant value, or a linear function of
the gate voltage, detailed below). In this curve we see the response characteristic for the
CPS process: G1 changes in positive correlation with G2 . In the control experiment the
superconductivity of the central electrode is quenched by applying an external magnetic
field, and the measurement is repeated. The result is plotted in Figure 5.1(b). Here G1
changes in negative correlation with G2 , as expected in a classical resistive model of the
Y-junction. Such a model consists of R1 (fixed) and R2 (changing), representing the two
arms, and a resistor RW in the middle, in series with the central electrode, to account
for the resistance of the wiring of the electronic setup (RW ≈ 200 Ω). The gray curve in
Figure 5.1(b) shows the calculated signal ∆G1 ≈ −∆G2 RW G1 expected in such a model
(assuming that the conductance changes are small and RW  1/G1 ), showing a good
agreement with the measurement.
Definitions and interpretation
In this scheme QD1 with the fixed energy level is called the sensing dot. The non-local
signal is the conductance response shown by the sensing dot as the QD in the other arm
is tuned.2 Conversely, the tuned dot shows the local signal, in this case a sequence of
six Coulomb resonances. For visualization, to enhance the visibility of small changes, a
constant background conductance can be subtracted from the non-local signal. Moreover,
to eliminate the conductance change arising from the capacitive crosstalk (in this case,
between g2 and QD1), a linear function of the gate voltage Vg2 can be subtracted. In this
latter approach the side of the resonance curve of the sensing dot is approximated by a
straight line, and its slope (combined with the lever arm of the far side gate) determines
the coefficient of the gate voltage.3 Correspondingly, if the sensing dot is tuned precisely
to a resonance maximum, the slope diminishes and the linear function simplifies to an
additive constant. Because of this, in such on-resonance measurements we usually omit
any corrections.
We define the CPS efficiency χ as
χ=

2GCPS
.
G1 + G2

(5.1)

Based on the theoretical considerations presented in Chapter 2, we write the conductance
of each arm as a sum of the CPS and LPT contributions:
Gi = GCPS + GLPT,i .
2

(5.2)

The term non-local is purely phenomenological, and does not reflect an evidence of quantum entanglement.
3
This approximation is made possible by the skewed capacitance ratio: the cross capacitance (g2-QD1)
is about a factor of 1000 lower than the direct capacitance (g2-QD2). This is the result of the screening
of the superconducting electrode in the middle, and can be considered as a practical advantage of this
CPS implementation. In contrast, a considerable cross capacitance is present in carbon nanotube [13, 14]
and graphene CPSDs [15, 16]. In addition, in those CPSD implementations both QDs are sensitive to
each other’s charge, and the non-local signal is burdened with charge sensing features.
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Figure 5.1: Introduction to Cooper pair splitting experiments, adopted from Reference [11].
(a) 3D visualization of the InAs NW-based Cooper pair splitter circuit. The circuit is essentially
a Y-junction, with a superconducting electrode (blue) in the middle, and a QD and a normal
electrode (green) in the two arms. The structure is illustrated in the energy space in panel
(c). A superconducting gap 2∆ is present in the central electrode, hosting the Cooper pairs at
E = 0. Specifically, the QD configuration shows how the splitting experiment is carried out:
QD1 is fixed on-resonance, and we register the differential conductances G1 and G2 of each
arm as QD2 is tuned. (b) G1 and G2 obtained in the normal-conducting state of the device,
in B = 120 mT (the critical field of bulk Al is Bc,Al ≈ 10 mT). G2 (green) shows several
Coulomb resonances, G1 changes in negative correlation with G2 . A simple model calculation
of a resistive Y-junction is overlaid in gray, showing a good agreement with the experimental
data. (d) The same measurement as in (b), but carried out in the superconducting state. The
superconductivity results in a positive correlation between G1 and G2 . The plots of ∆G1 are
corrected for cross-capacitance (see the main text).

Note that while the LPT conductance differs in each arm, reflecting the local transport
properties, the CPS term is the same in G1 and G2 . We expect a strong CPS conductance
GCPS if both QD levels are with µS . As we tune QD2 in the experiment, the CPS pathway
opens up when the double resonance occurs, and the sensing dot current is increased. The
CPS efficiency is thus estimated by setting GCPS = ∆G1 in the formula 5.1, which yields
an efficiency maximum of χ ≈ 2% for the measurement shown in Figure 5.1. Obviously,
the role of the sensing and tuned dot can be interchanged, and we get ∆G2 as the non-local
signal. Intuitively, one may expect that ∆G1 = ∆G2 = GCPS . However, in the experiments
∆G1 = ∆G2 usually does not hold. The CPS and LPT processes are competing with each
other, and as a consequence, GLPT,1 does not remain constant as QD2 is tuned, even
though QD1 is ”locally fixed”. In other words, by substituting GCPS = ∆G1 we neglect
∆GLPT,1 . Since the two arms are never completely symmetric, this is reflected directly
in the experiment as the inequality ∆G1 6= ∆G2 . However, as a workaround, without a
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detailed model and strict evaluation method at hand, we can use
χ≈

∆G1 + ∆G2
.
G1 + G2

(5.3)

as an estimate of the efficiency. In the framework of a model we introduce in Section 5.4.4
this efficiency estimate is in fact a lower bound.
Another quantitative measure, the visibility η was introduced in Reference [14], which
is defined as
∆G1 ∆G2
·
.
(5.4)
η = η1 · η2 =
G1
G2
This definition is motivated by Bell test proposals based on electrical
current correlations,
√
where the violation of Bell’s inequality corresponds to η > 1/ 2 [181, 182].
Temperature dependence
Figure 5.1(b) shows that the non-local signal attributed to CPS vanishes when an
external magnetic field larger than the critical field of the superconductor strip is applied.
The decay of the non-local signal is shown in Figure 5.2, as the temperature is increased
in zero magnetic field. The non-local signal is evaluated in three different positions of the
sensing dot (marked by red, blue and orange circles in the inset G1 (Vg1 )), between 20 mK
and 220 mK. The largest relative non-local signal observed is η1 = ∆G1 /G1 ≈ 12% at
T = 20 mK. In the same panel the temperature dependence of the superconducting gap
∆ is plotted. Surprisingly, the non-local signal vanishes at T = 250 mK, even though ∆
barely changes in this temperature regime. Based on the closing of the superconducting
gap ∆, a critical temperature of Tc ≈ 850 mK was determined.
We investigated the temperature dependence of the non-local signal at finite dc bias
in another sample [183]. An asymmetric biasing scheme was employed, the dc bias was
applied either to N1 or N2, while the other terminals were grounded. Figure 5.3(a) shows
the local conductance map of the sensing dot QD1, and panel (b) shows the non-local
signal. Here the transport through QD2 is tuned by means of the dc bias UN 2 , and Vg2
was fixed. Each vertical slice in panel (b) corresponds to a separate non-local curve,
with different positioning of the sensing dot QD1. In this map we find local maxima and
minima, at zero and finite bias as well. These features can be qualitatively explained by
considering higher order tunneling processes. Such a detailed discussion can be found in
Reference [183], here we focus on the temperature dependence of the non-local features.
Figure 5.3(c) shows the absolute amplitude |∆G1 | of the non-local signal in the sensing
dot position Vg1 = −148 mV and bias voltage UN 2 = −1 mV. Similarly as it was seen in
the zero dc bias case, the signal perishes at T ≈ 200 mK, which is much smaller than the
critical temperature of the superconducting electrode.
Conclusions
In the pioneering experiments the expected signature of the CPS process, the positive
correlation of the electrical currents in the two arms of the junction has been demonstrated.
However, the efficiency of CPS was only a few percent, which makes the phenomenon
very hard to observe. A plausible explanation for that is the strong coupling to the leads,
and the violation of the criterion ΓN + ΓS  ∆ (see Section 2.3.3). In the experiments
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Figure 5.2: Temperature dependence of the non-local signal, adopted from Reference [11]. Red,
blue and orange circles show the decay of the non-local signal as the temperature is increased
(scale to the left). Black squares show that in this temperature regime the superconducting gap
∆ barely changes (scale to the right). The upper inset G1 (Vg1 ) shows the sensing dot resonance,
and the three fixed positions where the relative non-local signal ∆G1 /G1 was extracted. The
lower inset ∆G1 (Vg2 ) shows such an evaluation.
(a)

(b)

(c)

Figure 5.3: Temperature dependence of the CPS process at finite bias [183]. (a) Local conductance map of QD1, showing Coulomb diamonds with charging energy Ec ≈ 1.5 − 3 meV.
Dashed lines indicate the superconducting gap 2∆ ≈ 260 µeV. (b) Non-local signal acquired
while grounding N1 and applying bias to N2. Here Vg2 was fixed. (c) Decay of the non-local
signal as a function of temperature (the gray line is a guide for the eye). |∆G1 | vanishes around
200 mK.

Γ = ΓN + ΓS = 100 − 500 µeV was found, which is the same order of magnitude as ∆.
Figuratively, the QD resonances are blurry, with a considerable transmission amplitude
outside the superconducting gap. As a result, the amplitudes of the processes competing
with CPS are high.
Furthermore, it has been shown that the non-local signal originating from CPS is more
sensitive to the temperature than the superconducting gap ∆. This observation has not
been resolved so far, but it hints that besides the superconducting gap, other energy scales
are also involved in the CPS process.
73

5.2. Fabrication of bottom-gated CPSDs

5.2

Fabrication of bottom-gated CPSDs

We have found that Γ & ∆ holds in the CPSD and identified this as a source of low
efficiency. Clearly, there are two approaches one can follow to enter the regime Γ  ∆:
decreasing Γ, and increasing ∆. Since these two approaches are not mutually exclusive,
we chose to pursue both of them simultaneously. In the top-gated CPSD the coupling
strengths are accidental, the gate structure does not provide means to control them insitu. There have been trials to reduce the coupling strength by changing the fabrication
procedure, for example by reducing the Ar sputter-etching time in ohmic contact formation. This would in principle leave a thin oxide layer on the NW (see Section 3.2),
which acts as a tunnel barrier. The development of the wet etching techniques presented
in Chapter 4, were also motivated by this goal. However, we could not decrease the coupling strength substantially, and the Γ < 100 µeV range was not reached. Driven by the
success of various bottom-gated InAs NW devices presented in the literature [138, 137],
we decided to equip the CPSD with an array of bottom-gates, to gain control over the
coupling strengths by tuning the potential landscape along the NW axis. At the same
time, we replaced the aluminum superconducting electrode by niobium, which has a ∼ 10
times larger bulk gap (2∆Nb = 3 meV and 2∆Al = 340 µeV [107]). In the latest generation
we switched to lead (Pb), which has a gap almost as large as Nb, ∆Pb = 2.7 meV, but
lower critical field, which makes the control experiment more feasible.
While changing the superconducting material is relatively straightforward and easy,
the realization of the other novel component, the fine bottom-gates, was challenging. The
development of the bottom-gate fabrication procedure was mostly done by our collaborator, Samuel d’Hollosy (University of Basel), and it is detailed in Section 4.3 of Reference
[78]. In a nutshell, to achieve the desired resolution, all the steps of EBL were optimized.
To ensure a clear lift-off, a large undercut is needed.4 Because of this, either a two-layer
PMMA/MA resist system, or ZEP, and a low acceleration voltage (10 keV) was employed.
A Zeiss Supra 40 SEM was used for exposure, equipped with RAITH lithography components, and controlled by the lithography software Elphy. After carefully focusing on Au
nanoparticles in 3 corners of the sample wafer, and switching on the software-controlled
3-point focus correction, the bottom-gates are exposed as lines with a single pixel width.
Lithographic proximity effects become relevant in such a fine structure. To compensate
for them, different dose factors were set manually for the separate elements of the bottomgate unit. To enhance the mask contrast and sidewall quality, the development solution
was cooled in an ice bath, maintaining 0◦ C [184, 185]. After development, a thin Ti/Pt
metallic layer was deposited by e-beam evaporation, and finally, the resist was stripped
in a prolonged lift-off.
At first a uniform, equidistant local gate structure was implemented (see Figure 5.4(b)
and (c) for a SEM image, and Figure 5.5(b) for a sketch of the cross section). Later on,
the gate geometry was improved (Figure 5.4(d)), but the fabrication procedure essentially
remained the same. Another modification of the overall production of the CPSD, in connection with the bottom-gates, is the deposition of an insulator layer. As this dielectrics,
silicon nitride was deposited with PECVD in the Paul Scherrer Institute. Moreover, to
achieve a reasonable yield, we had to switch from drop casting to a controlled NW trans4

On the other hand, we note that the undercut also sets a minimum for the distance of bottom-gates.
If the resist openings touch or merge because of the large undercut, the mask will collapse.
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fer method, using a micromanipulator (see Section 3.2.3 and Figure 3.4). To sum up, the
steps of the bottom-gated CPSD fabrication were the following.
1. Creating the bottom-gate structure. We define the bottom-gate structure with
EBL. In case of the uniform, equidistant bottom-gates (such as on Figure 5.4(b) and
(c)), the gate width is 40 nm and the periodicity is 100 nm. The metallic film with
4 nm Ti/18 nm Pt layer structure is e-beam evaporated.
2. Dielectrics deposition. As the insulator over the bottom-gates, ∼ 25 nm silicon
nitride is deposited with PECVD. This step is maskless, the dielectrics is covering
the whole wafer.
3. NW placement. Next, we place the InAs NW with the micromanipulator on the
wafer, centered over a bottom-gate unit (Figure 3.4).
4. Creating the normal electrodes. We define the normal electrodes with EBL.
The NW oxide layer is removed either by Ar sputter-etching or sulfur passivation
(see Section 3.1.3). The metallic layer is e-beam evaporated (7 nm Ti/95 nm Au).
5. Dielectrics removal. To make the bottom-gate accessible for contacting, the dielectrics over them must be partially removed. We define rectangular windows with
EBL, and the dielectrics is etched with CHF3 /O2 RIE (see Table A.2).
6. Contacting the bottom-gates. In the next EBL cycle, the bottom-gates are
contacted with metallic lines, usually with the same layer structure as the normal
contacts.
7. Creating the superconducting contact. In the last EBL cycle, the superconducting electrode is defined. The NW oxide is removed similarly as in the case of the
normal electrodes (step 4). Niobium (Nb) and lead (Pb) superconducting electrodes
were used in the bottom-gated generations, deposited with sputtering and e-beam
evaporation, respectively.
Altogether, the fabrication procedure involves 5 EBL cycles. The first two steps can
be done in batch production, creating multiple chip templates on a single silicon wafer. In
principle, one bottom-gate unit with ∼ 10 local gates can host a single CPSD. However, we
have often encountered imperfections. To counterbalance the flawed structures, we have
designed each chip template with ∼ 300 bottom-gate units, arranged in a regular grid (see
Figure 3.4(d)). Because of instrumental constraints – the limited number of measurement
lines –, we produce only two CPSDs per chip.
Optionally, after NW placement (step 3) the NW can be imaged in an SEM, to rule
out possible mistakes and prevent further complications. For example, it can happen that
two NWs stick together, which cannot be resolved in an optical microscope.5 Furthermore,
not only the NW, but the bottom-gate unit can be also inspected at this step. In extreme
cases, the faulty units can be already identified in the optical image (for example, see
5

We remark that the apparent color of the NW usually gives a hint. Single, thin NWs appear yellowish and homogeneous in bright field illumination. Thicker, or double NWs are usually darker, and
inhomogeneous in color.
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Figure 3.4(d), uppermost row, bottom-gate unit in the center). The thin bottom-gate lines
might have discontinuities, possibly originating from underdose or resist imperfections,
which can render the whole bottom-gate useless. However, because of the presence of
the silicon nitride layer, such details are hard to see in the SEM. Alternatively, they
can be imaged right away after step 1, before dielectrics deposition, but then a detailed
bookkeeping of the chip templates is necessary.
Importantly, we create the normal contacts (step 4) right after NW placement, because
they fix the NW on the wafer. Otherwise they may detach in the wet processing steps.
The superconducting contact could be also used for this purpose, but the superconductor material (Nb, Pb) is degrading faster due to oxidation in the ambient environment,
to which we expect the CPS to be sensitive. Therefore, we create the superconducting
contacts in the last step, and try to minimize the time spent between the fabrication and
the measurements. For the same reason, we usually store the finished samples in a high
vacuum chamber until it can be loaded into the cryostat.
If sulfur passivation is used for the oxide removal in ohmic contact formation, then
contacting the bottom-gates can be done in the step as the creation of the normal electrodes. However, if Ar sputter-etching is used, then they must be done separately, as in the
listing, because the thin bottom-gate film might become etched completely. In principle
the dielectrics removal and bottom-gate contacting could be done in the same step, but
the bottom-gate structure, tiled across the whole chip (see Figure 3.4(d)), would make
the scheme prone to accidental electrical shorts.
The NW diameter sets a minimum thickness for the metallic layer in case of the
deposition of the superconducting and normal contacts. Accordingly, a film thickness of
∼ 100 nm was chosen. Regarding the superconducting electrodes, while Nb was deposited
by sputtering6 , Pb was e-beam evaporated. In case of Pb electrodes, in fact a 3-layer
sandwich structure was created with 4.5 nm Pd/110 nm Pb/20 nm In. The Pd serves as
a sticking layer, the In capping layer protects from oxidation. Pb has a low melting point,
and in connection with that, it was empirically found that strong surface diffusion during
the film deposition results in ill-defined edges. Therefore, the sample was intensely cooled
with liquid nitrogen to around −90◦ C for the evaporation. Also, we payed extra attention
to evaporate the surface oxide on the Pb source, before we started the deposition on the
sample by opening the sample shutter. The removal of the oxide is reflected in the color
change of the glow around the source. This deposition procedure was developed by Jörg
Gramich (UniBasel) for CNT CPSDs [59].
In this fabrication scheme the bonding pads are not pre-patterned, but created in the
same step as the corresponding electrode. Because of this, the bondability must be also
considered. For example, the Pb film was empirically found hard to contact with wedge
bonding, most probably because Pb is too soft, mechanically. Therefore, the bonding pad
for the Pb superconducting electrode must be created from another material, together
with the Ti/Au normal electrodes, for example.

6

In case of the Nb strips, vertical, or over-folded ridges of excess material can be seen at the edge on
Figures 5.4(b) and (c). This feature originates from the filling of the undercut in sputter-deposition.
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(a)

(b)

(c)

(d)

Figure 5.4: Evolution of the Cooper pair splitter device. Artificially colored SEM pictures of
4 generations. (a) Representative device used in the pioneering works, adopted from [183]. Here
an aluminum electrode was used as the source of Cooper pairs, the global back-gate and two
top gates were available for the tuning of the electrostatic potential. (b) Device with uniform,
equidistant bottom-gates. Silicon nitride was used as the dielectrics, the aluminum superconductor was replaced by niobium. (c) A device with bottom-gates similar to as in (b), but the normal
electrodes are placed further apart to reduce the screening of the gates. The synthesis of InAs
NWs has been improved parallel to Cooper pair splitters, in this generation the devices were
built on top of stacking-fault-free NWs. The experimental results presented in Sections 5.3 and
5.4 and published in References [186] and [187] has been done on a device from this generation.
(d) A device with non-uniform bottom-gate structure and lead (Pb) superconducting electrode.
In a few devices the NW was cut with FIB milling in the middle, below the superconducting
contact prior to Pb deposition (specifically, the sample in panel (d) is not cut). Preliminary
measurement data acquired in such a FIB-cut CPSD with Pb superconductor is presented in
Section 5.5.
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5.3

Tuning the tunneling rates in CPS

In this section we present CPS measurements carried out in a bottom-gated CPSD with
Nb superconductor source.7 The sample is cooled to ∼ 30 mK in a dry dilution refrigerator,
the differential conductances are acquired with lock-in detection (see Section 3.3). A SEM
picture of a representative device is shown in Figure 5.4(c). The 12 local electrostatic gates,
designed with a periodicity of 100 nm and width of 40 nm, provide more adaptability than
the two top gates in the first generation CPSDs. We demonstrate that they enable the
tunability of the tunnel couplings and the optimization of CPS. We begin the experiment
by forming a QD in each arm of the CPSD.

5.3.1

Quantum dot formation

We take an intuitive 3-gate approach to form a single QD. In the left arm of the junction
we use gates 1, 2 and 3 to form QD1 (see Figure 5.5(b)). We apply negative voltages to
the outer two gates to induce tunnel barriers, and we tune the chemical potential of the
QD by changing the voltage of the middle gate. In other words, the outer two gates serve
as barrier gates, the middle one as the plunger gate. However, we note that this picture
of gating is strongly simplified. These three gates do not act ”orthogonally”, the barrier
gates also tune the chemical potential, and vice versa, the plunger gate also changes the
confinement potential. Similarly, gates 8, 9 and 10 are used in the right arm to form QD2.
The QD formation is illustrated with a few snapshots of the process in Figure 5.5.
For the sake of simplicity, we apply a magnetic field of B = 5 T to quench the superconductivity, which may otherwise suppress the transport amplitudes in the gap. Panels
(a) and (c) show G1 as the function of the barrier-inducing gate voltages Vg1 and Vg3 at
zero dc bias. Ideally, in such a stability map we expect to see straight, parallel lines, optimally with a slope of -1. These would correspond to Coulomb resonances of a QD situated
symmetrically between g1 and g3, leading to equal lever arms. Instead, we encounter a
rich transport map, with a UCF-like (universal conductance fluctuations) region towards
more positive gate voltages (upper right corner), and resonance lines with varying slopes
towards depletion (lower left corner). We qualitatively interpret such maps as follows. A
completely vertical feature (with infinite slope) would correspond to an object insensitive
to the variable assigned to the y axis, and tuned only by the other experimental parameter, along the x axis. For example, such an almost completely vertical feature in panel
(a) is the abrupt change of conductance around Vg1 = −3.4 V, spanning the entire Vg3
range. Based on the geometry sketched in Figure 5.5(b), we speculate that this feature is
associated to the tuning of the electron density in the NW segment between the normal
lead N1 and g1. To eliminate such effects, in the subsequent CPS generation the outermost local gates were designed as wide rectangles, extending below the normal contacts
(see Figure 5.4(d)). The identification of clear, straight resonance lines allows us to determine the relative lever arm of the respective gates quantitatively, for which we present an
example in the next section.
Figure 5.5(c) shows a measurement of a smaller gate region, with higher resolution.
The apparent stability of the device is better, there are fewer gate jumps present. It
is a general observation that the measurements are more reproducible when the gate
7
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The sample was fabricated by Samuel d’Hollosy (University of Basel), and measured by the author.
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voltages are swept in a smaller window, with a slower rate. After further optimization
through taking similar, gate-vs-gate conductance maps, we arrive to a clear parameter
region governed by Coulomb blockade. The Coulomb diamonds are mapped in finitebias spectroscopy measurements, shown in panels (d) and (e). These also show how the
charging energy can be increased from Ec ≈ 0.5 meV to Ec ≈ 4 meV by changing the
confinement potential.
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Figure 5.5: QD formation in the left arm of the CPSD with bottom gates (B = 5 T,
T = 30 mK). We apply negative voltages to g1 and g3 to induce barriers, and use the gate
inbetween, g2 as the plunger gate. (a,c) Stability maps of QD1, showing G1 as a function of
the barrier-inducing gate voltages Vg1 and Vg3 . The axes have a one-to-one ratio, to make the
slope assessment easier. (b) Schematic cross section of the CPSD, showing the numbering of the
gates. Two local gates below the middle contact were not connected and left floating (marked
”n.c.”). (d-e) Finite-bias maps of G1 , using g2 as the plunger gate. The dc bias voltage Vb is
applied to N1, and S is grounded. These show Coulomb diamonds with (d) Ec ∼ 0.5 meV and
(e) Ec ∼ 3 − 5 meV. Gate voltage parameters are shown in the plots.
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5.3.2

Tuning the N-QD1 coupling

Having QDs formed in both arms, we now turn our attention to CPS. Essentially,
we carry out the experiment described in the introduction (Section 5.1): we measure G1
and G2 simultaneously, while keeping the sensing dot, for say, QD1 fixed, and tuning
QD2. Since the amplitude of the non-local signal depends immensely on the setting of
the sensing dot, this gate sweep is repeated at different sensing dot positions. That is,
we measure G1 and G2 as the function of the plunger gate voltages of QD1 and QD2,
Vg2 and Vg9 . Such a measurement can be visualized in a pair of 2D intensity plots, for
an example see Figure 5.6(b). Taking, for instance, a horizontal slice from such a plot
corresponds to a CPS experiment where QD1 was playing the role of the sensing dot (its
plunger gate was fixed, while the far side QD was tuned). Also, the same dataset can be
interpreted with the roles of the QDs interchanged, by taking vertical slices. Throughout
this chapter, we will show multiple CPS experiments visualized this way, with pairs of
colorscale plots, and extracted cuts. Basically, the same measurement scheme was chosen
already in the pioneering experiments presented in Section 5.1. However, there the nonlocal signal was evaluated only in a few different settings of the sensing dot, because
of practical reasons. Since the amplitude of the non-local signal was rather low (∆G ∼
10−3 G0 ), it needed excessive averaging. The integration time for one curve presented in
Figure 5.1(b,d) was a few hours. Extending them to a wider range with a small step
size, to create 2D maps would have been unfeasible. In contrast, a measurement like the
one presented in Figure 5.6(b) can be carried out in ∼ 1 hour, and shows the non-local
signal (∆G ∼ 10−1 G0 ) clearly. We attribute the increase of the CPS signal to the smaller
resonance broadening/superconducting gap ratio. The better device stability and lower
noise is the benefit of the bottom-gates which screen the charge traps in the wafer oxide.
We investigate the effect of tuning ΓN1 , the tunnel coupling between N1 and QD1,
on the CPS process by repeating the CPS experiment at different Vg1 values. The local
map of QD1, as the function of Vg1 and Vg2 is shown in Figure 5.6(a). Although we have
seen in Figure 5.5 that the transport dependence on the gate voltages in general is rather
complex, Figure 5.6(a) shows that we can indeed find small regions in the gate voltage
space with straight, parallel Coulomb resonance lines. Following their evolution as Vg1 is
tuned more negative, we see that their amplitudes are suppressed from ∼ 1.5 · 10−1 G0 to
∼ 1.5·10−2 G0 . Neglecting the shift of resonances along Vg2 , this feature can be interpreted
in the simplified gating picture, invoking the Breit-Wigner formula: supposing that ΓS1 is
constant – since Vg3 is not tuned –, while ΓN1 is getting weaker, the amplitudes become
smaller as a result of the increased coupling asymmetry (see Figure 2.3(c)). The shift
in Vg2 is simply the by-product of tuning Vg1 , and reminds us that we cannot associate
independent roles to the gates.
Four dashed lines with Roman numerals mark the Vg1 settings in Figure 5.6(a), at
which the CPS experiments were performed (Vg1 = {−3.596, −3.54, −3.5, −3.465} V ).
These are shown at the two extreme settings (I and IV) in Figure 5.6(b) and (c). Additionally,
the measurements at intermediate Vg1 values are shown in Figure A.8 in the Appendix.
In the intensity plots G1 exhibits horizontal lines of high conductance, corresponding to
the local Coulomb resonances of QD1, marked L1 and L2. The local transport is tuned
by Vg2 and apart from the crossing points, it is insensitive to Vg9 . Similarly, we see vertical Coulomb resonance lines in G2 (marked R1, R2 and R3), which are dominately
Vg9 -dependent. The CPS signal is manifested at the crossings of these lines, where the
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Figure 5.6: Electrical tuning of the N-QD1 coupling. (a) G1 as a function of gate voltages
Vg1 and Vg2 . Towards more negative values of Vg1 the N-QD1 coupling becomes weaker. (The
intensity plot was assembled from three measurements, with slightly different domains in Vg2 .)
Roman numerals with dashed lines mark the values of Vg1 , at which the CPS signal was investigated. (b-c) The CPS experiment at the two extreme values of Vg1 : zero-bias maps of QD1 and
QD2 acquired simultaneously, as a function of the respective plunger gate voltages Vg2 (for QD1)
and Vg9 (for QD2). One-dimensional slices of such 2D maps, taken horizontally and vertically
are shown in (d) and (e), respectively. These illustrate the evolution of the non-local signal with
the decreasing N-QD1 coupling.
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double resonance occurs. In these points both QD levels are aligned with the chemical potentials of the leads. In a 3-terminal junction with normal contacts only we would expect
a dip in both non-local curves, G1 (Vg9 ) and G2 (Vg2 ) at these points, stemming from the
resistive crosstalk between QD1 and QD2. From the CPS process we expect a positive
conductance contribution and correspondingly, a peak at the double resonances, both in
G1 (Vg9 ) and G2 (Vg2 ). In the intensity plot in Figure 5.6(b) we clearly see this enhanced
conduction as L1 crosses R1, R2 and R3. However, in Figure 5.6(c) we see examples where
a dip in G1 (Vg9 ) is paired with a peak in G2 (Vg2 ). To address these features, we turn to
a different visualization. We present the behavior of the non-local signal through slices
taken on-resonance, in Figure 5.6(d-e). For orientation, we highlighted the crossings with
symbols (N, , , ), consistently across the four panels (b-e). The curves in (d) and (e)
are shifted artificially along the conductance axis. Moreover, in (d) the lowermost curve
is multiplied by a factor of 5 to enhance the visibility of the signal. In (e) the curves are
moved horizontally too, to compensate for the shift in Vg2 caused by the changing Vg1 .
We note that the horizontal slices in (d) appear more noisy because of the execution of
the experiment in time. The gate voltages are swept in a double embedded loop, with
the inner loop corresponding to a vertical cut. Therefore, in a horizontal cut the adjacent
data points are acquired with a larger time difference.
In the case of QD1, we used L1 as the sensing state, the cut position is marked with a
horizontal arrow in Figure 5.6(b) and (c). Panel (d) shows the evolution of the non-local
signal shown by QD1. From top to bottom, the g1-voltage is tuned more negative. In
the topmost curve the double resonances, where L1 crosses R1, R2 and R3, result in an
enhancement of the conductance, which is the fingerprint of the CPS process. Interestingly,
the peaks at the crossings become smaller in curve II, completely diminish in III, and even
turn into dips in IV.
The non-local signal induced in G2 is studied similarly in panel (e), by taking vertical
slices on top of the resonance R1. Here all the curves exhibit peaks at the positions of the
QD1 resonances L1 and L2. As the non-local signal vanishes in G1 , the peak at the L1-R1
crossing in G2 (marked by ) becomes more pronounced.

•

Quantitative analysis
Evaluation of the empirical efficiency formula 5.3 in gate configuration I for the crossing L1-R1 (N– ) yields χ ≈ 13%. At first glance, trying to quantify the change in χ
as Vg1 is tuned more negative is obstructed when ∆G1 becomes negative in curve IV of
Figure 5.6(d). Nevertheless, we provide the evaluation of empirical efficiency and visibilities in Table 5.1 for the 4 settings. The biggest uncertainty of these values stems from the
determination of the background conductance. In every case, ∆Gi was determined conservatively. From configuration I to IV, ∆G1 and η1 decrease monotonically, while ∆G2 and
η2 are increasing. The 5th row of the table shows that ∆G1 + ∆G2 remains constant up to
an error of ∼ 7%, which is close to the error of the determination method. Loosely speaking, this observation can be phrased as the ”conservation of the non-local amplitude”. At
the same time, χ barely changes between I and III, but increases considerably in setting
IV. This reminds us to apply the formula with caution. To complement χ, we calculate
the overall visibility η = η1 · η2 . Were the CPS process optimized, we would expect η to
increase as well, but this is not the case in configuration IV. Based on the χ − η pairs in
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the table, configuration II seems to be the optimal for the CPS process at the crossing
L1-R1, among the four cases analyzed. This is also the most symmetric one, where we get
closest to ∆G1 = ∆G2 .
Table 5.1: Quantitative analysis of the non-local signal at the crossing L1-R1 in Figure 5.6:
empirical efficiency (χ) and visibilities (ηi ). Conductances are shown in units of G0 .

L1-R1
G1
G2
∆G1
∆G2
∆G1 + ∆G2
χ
η1
η2
η = η1 · η2

I
0.2915
0.4298
0.062
0.0337
0.0957
0.1327
0.2127
0.0784
0.0167

II
0.1991
0.4557
0.0316
0.0577
0.0893
0.1364
0.1587
0.1266
0.0201

III
0.2247
0.4322
0
0.0905
0.905
0.1378
0
0.2094
0

IV
0.00782
0.5253
-0.005
0.1409
0.0909
0.2549
-0.6394
0.2682
-0.1715

The remaining 2 crossings along L1 (L1-R2 and L1-R3) show similar behavior. The
Coulomb resonance L2 has a weaker ΓN1 coupling than L1, and the non-local signal
G1 (Vg9 ) taken along L2 is completely flat already in setting I (not shown), similarly to the
G1 (Vg9 ) curve taken along L1 in setting III. As Vg1 is tuned more negative, dips develop
in G1 (Vg9 ) along L2 as well. In this dataset, restricting ourselves to the cases where the
positive conductance correlation appears both in G1 and G2 (a peak in G1 (Vg9 ) is paired
with a peak in G2 (Vg2 )), we find the highest efficiency χ ≈ 20% at the crossing L1-R2 at
setting II. Here the visibility reaches η ≈ 3.7%.
Figure 5.7 shows the finite-bias spectroscopy of QD1 and QD2, acquired in B = 0. The
Coulomb diamonds are well-defined in QD2, with charging energies of Ec,2 ≈ 1.5 meV.
The diamonds are less pronounced in G1 , we estimate Ec,1 ≈ 1 meV. Also, we find subgap
features in G1 which resemble Andreev bound states (ABS) [188, 57, 189] (see Section 5.7).
The presence of these suggests that the coupling of QD1 to the superconductor lead is
strong, ΓS1  ΓN1 . This is supported by the observation that the FWHM of the resonances
L1 and L2 practically does not change as Vg1 is tuned more negative (Figure 5.6(a-c)),
even though the amplitude is suppressed, because the peak-broadening is dominantly
determined by ΓS1 . From the ABS states of QD1 we estimate an induced superconducting
gap 2∆∗ ≈ 70 µeV. In the transport map of QD2 the gap is negligible (< 10 µeV). The
strong reduction of the apparent gap with respect to the bulk value (2∆Nb = 3 meV) can
be attributed to multi-band transport with substantially varying transmission amplitudes
[190], or can also originate from the imperfect superconductor-NW interface [189, 191,
192].
The relative lever arms of the local gates are extracted as follows. We determine the
slopes of the Coulomb resonances in Figure 5.6(a) by algorithmically finding the local
maxima in vertical cuts, then fitting lines to the (Vg1 , Vg2 ) points. This yields αg1 /αg2 =
0.75 for the relative lever arm. Applying the same procedure for a map taken in the
g2 − g3 plane (not shown), we get αg3 /αg2 = 0.51. These ratios indicate that QD1 is
centered over g2, as sketched in Figure 5.6(b). Tuning the QD2 resonances with g8, g9
and g10, we find αg8 /αg9 = 0.61 and αg10 /αg9 = 0.9, thus establishing the depiction of
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QD2. The resonance lines in the CPS measurements shown in Figure 5.6(b-c) are not
totally horizontal (vertical) in G1 (G2 ). The small, but finite cross-capacitance of the
gates results in a small tilt. By repeating such a measurement in a wide gate range, we
extract a lever arm ratio αg2 /αg9 = 3.6 · 10−3 for QD1.
While the zero dc bias, gate-vs-gate type maps only enable the extraction of relative
lever arms, from the finite-bias measurements (Figure 5.7) the absolute lever arm of the
respective gate can be determined. We find a lever arm of αg2 = 0.036 for QD1 and
αg9 = 0.064 for QD2.
The lifetime broadening of a local resonance is evaluated by fitting a Lorentzian function and converting the fitting parameter Γ from gate voltage to energy using the lever
arm of the respective gate. This procedure yields ΓL1 = 83 µeV and ΓL2 = 70 µeV for the
states of QD1, and ΓR1 = 207 µeV, ΓR2 = 160 µeV, ΓR3 = 176 µeV for the QD2 states.
These broadenings are measured in configuration I, far from the crossing points.
(a)

(b)

Figure 5.7: Finite-bias spectroscopy of QD1 and QD2 (B = 0). (a) G1 as a function of Vg2
and Vb (Vg1 = −3.5 V, Vg3 = −6.5 V). (b) G2 as a function of Vg9 and Vb (Vg8 = −4.5 V ,
Vg10 = −4.7 V).

Summary
We carried out CPS experiments in a device equipped with local bottom-gates and
Nb superconductor source. Utilizing the local gates, we studied the effect of tuning ΓN1
on the non-local signal. At a relatively strong ΓN1 coupling we have seen the positive
conductance correlation characteristic for CPS in both G1 and G2 (peaks matched with
peaks). Quantitative evaluation revealed that in most cases ∆G1 6= ∆G2 . Additionally,
extreme examples have also been found, where ∆G1 turned negative and ∆G2 increased
further (dips matched with peaks), when the coupling of QD1 to the normal electrode was
tuned. Before providing the interpretation, we present complementary CPS experiments,
where the ΓS2 coupling was tuned.
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5.3.3

Tuning the S-QD2 coupling

We also studied the effect of tuning ΓS2 on the non-local signal. The results are summarized in Figure 5.8. Panel (a) shows two resonances of QD2, marked R4 and R5, as a
function of Vg8 and Vg9 , at zero dc bias. Here we expect the coupling between QD2 and
the superconductor lead, ΓS2 , to increase as Vg8 is tuned more positive. Again, as a byproduct, the resonances also shift in Vg9 . Following these resonances, the CPS experiment
is performed in two g8-settings, indicated by dashed lines and Roman numbers V and
VI. The CPS experiments are shown in Figure 5.8(b-e). In the middle row the results in
setting V are presented. Panel (b) shows the pair of 2D intensity plots, containing the
complete dataset, while in (c) and (d) we plot the horizontal and vertical slices taken on
top of resonances L3 and R4, respectively. In the lowermost row, panels (e-g) show the
experiment in setting VI, with the same visualization. For orientation, the crossings are
highlighted with symbols, as earlier.
Again, at the crossings in the intensity plots we find peaks in G1 (Vg9 ) paired with peaks
in G2 (Vg2 ), but we encounter dip-peak pairs as well. The non-local curve G2 (Vg2 ), taken
along R4 and shown in Figure 5.8(c) exhibits two peaks as QD1 is tuned through the local
resonances L3 and L4 (the non-local peaks are marked by  and ). Both of these are
matched with peaks in the vertical slices G1 (Vg9 ), along L3 and L4. One of these slices,
taken along L3 is shown in Figure 5.8(d). However, at the g8 setting with the stronger
ΓS2 coupling, the peaks in G2 (Vg2 ) turn into dips, as shown in Figure 5.8(f) ( and ).
Meanwhile, G1 (Vg9 ) shows positive correlation in both gate configurations at the L3-R4
crossing (see panels (d) and (e)). Similarly to the tuning experiment in Section 5.3.2, ∆G1
increases parallel to the decrease in ∆G2 , from setting V to VI.
We note that the increasing broadening of R4 in Figure 5.8(b) and (e) as Vg8 is tuned
more positive is not an artifact of visualization. Although the Vg9 window is shifted, but
the size is the same (40 mV). Interestingly, R4 and R5 show distinct evolution as Vg8 is
tuned more positive. While R4 gets broader, and its amplitude enhances, R5 is getting
suppressed. Remarkably, despite its very small local amplitude, R5 generates a strong
non-local signal. In fact, in both settings, at the L3-R5 crossing the variation induced
in the non-local signal is larger than the local amplitude: ∆G1 > G2 (see
and
in
Figure 5.8(d) and (g)).

•

•
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(a)
V
R5

VI

R4

stronger S-QD2 coupling
(b)

(c)
V

L3

L4

V

(d)
L3

R5

L4

R4

R5

R4

(e)

(f)
VI

L3

L4

VI

R5

(g)
L3
L4
R4

R4

R5

Figure 5.8: Electrical tuning of the S-QD2 coupling. (a) G2 as a function of Vg8 and Vg9 , with
two Coulomb resonances highlighted (R4 and R5), and the Vg8 settings indicated with dashed
lines. (b) CPS experiment in setting V (Vg8 = −4.536 V), visualized with a pair of 2D plots.
Horizontal and vertical cuts, along R4 and L3, are shown in (c) and (d), respectively. (e-g) The
CPS experiment repeated in setting VI (Vg8 = −4.48 V), shown in intesity plots and slices, in
analogue with panels (b-d).
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5.3.4

Master equation model

We interpret our findings in a semi-classical master equation model of the CPSD [14,
64]. In this model the double QD system is represented by 4 possible charge configurations,
depending on the dot occupations ni , i = 1, 2. These configurations are labeled as (n1 , n2 ),
where ni = {0, 1}, a QD is either empty, or filled with one electron. Theses states and
the allowed transitions between them are illustrated in Figure 5.9. Between states l and
k, an arrow annotated with pk,l shows the rate of the l → k transition. For the sake
of simplicity, the rates in the illustration are indexed with the coupling parameter or
the name of the respective process, rather than the dot occupation numbers. These are
calculated by multiplying the coupling parameters of the involved tunneling events. The
processes are summarized diagrammatically, and their rates listed explicitly as a function
of the microscopic parameters Γa in Table 5.2.
(a)

(b)
S

QD1
N1

QD2
N2

Figure 5.9: Illustration of the semi-classical master equation model, adopted from [64]. (a)
Symbolic, real-space representation of the CPSD. (b) The charge configuration space of the
double QD system. The 4 possible states are represented by the occupation numbers of the
QDs, (n1 , n2 ). Arrows show the allowed transitions between them, annotated with the effective
transition rates.

For example, both QDs can be filled in the same step by the splitting of a Cooper
pair, in the transition (0, 0) → (1, 1). Clearly, for this process to happen, the QDs must
be empty initially. This splitting is hidden in the sense that it does not directly result in a
current in the normal leads. After the initial splitting, a filled QD can be emptied via single
electron tunneling (SET) to the adjacent normal lead (which results in electrical current),
or, since the direct interdot coupling (Γ12 ) permits, SET to the other QD, in case that one
is empty. While the latter process alone does not result in a visible current either, we will
see that this interdot tunneling plays an important role in the generation of a negative
conductance correlation. Although the transition (1, 0) → (0, 1) can be realized in higher
order processes through virtual states of the superconductor as well, here it is described
simply by the effective coupling Γ12 , an additional independent parameter. Local pair
tunneling (LPT) also results in electrical current, in which both electrons constituting a
Cooper pair are transmitted sequentially into the same normal lead. In this model LPT
can be incorporated by filling an empty dot with the first electron, and transferring the
second one to its normal lead (resulting in current), e.g. as the transition (0, n2 ) → (1, n2 ),
where n2 is indifferent but unchanging. Such a process has the rate pLPT = Γ2S1 ΓN1 .
We remark that the (0, 0) → (1, 1) transition is unidirectional, and in connection with
this, the rates pk,l should be interpreted as effective rates.
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Process

Diagram

Rate

Transitions

SET to N1

ΓN1

(1, 0) → (0, 0)
(1, 1) → (0, 1)

LPT into lead N1

Γ2S1 ΓN1

(0, 0) → (1, 0)
(0, 1) → (1, 1)

Initial CPS

ΓS1 ΓS2

(0, 0) → (1, 1)

SET between QDs

Γ12

(1, 0) → (0, 1)
(0, 1) → (1, 0)

SCPS via QD1

Γ2S1 Γ12

(0, 0) → (1, 1)

SET from S to QD1

ΓS1

(0, 0) → (1, 0)
(0, 1) → (1, 1)

Table 5.2: Allowed transitions in the master equation model: single electron tunneling (SET),
local pair tunneling (LPT), Cooper pair splitting (CPS), sequential Cooper pair splitting (SCPS).
The counterparts of the processes obtained by interchanging QD1 and QD2 are not listed.

The probability to find the system in the state k at time t is Qk (t). The time evolution
of the occupation probabilities Qk (t) is governed by the following master equation:
X
d
Qk (t) =
[pk,l Ql (t) − pl,k Qk (t)],
dt
l6=k

(5.5)

where k = 1, 2, 3, 4. The first term collects the transitions to state k from any other state
l, the second one sums the opposite transitions, from the state k to every other state l.
To get the steady state solution of the master equation we set dtd Qk (t) = 0,Pand arrive
at a homogeneous, linear equation system with the normalization condition
Qk = 1. 8
Using the steady state solutions Qk , we calculate the conductance into N1 (in arbitrary
units):


G1 = ΓN1 Q(1,0) + Q(1,1) + Γ2S1 ΓN1 Q(0,1) + Q(0,0) ,
where each term corresponds to a process which results in one electron transferred into
lead N1 (G2 is calculated similarly). To mimic the gate dependence in the experiments,
the rates pk,l are replaced by p̃kl = pk,l L(i ), where L(i ) is a Lorentzian function, playing
the role of the gate-dependent density of the target state in the transition, and i are the
QD detunings (for details, see Section 6.5 of Reference [64]).
8

Technically, the original implementation of the model, presented in Reference [64], solves the equation
system using the maximal tree method [193], taking advantage of the vanishing terms stemming from the
unidirectionality of the (0, 0) → (1, 1) transition.
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Although this model is strongly simplified, it contains all the important ingredients of
the Cooper pair splitter. In numerical calculations we successfully reproduced the qualitative findings of the ΓN1 and ΓS2 -tuning experiments. To simulate the former one, we
set the following (fixed) coupling parameters: ΓS1 = 0.01, ΓS2 = 0.005, ΓN2 = 0.05,
Γ12 = 0.001, and calculated the non-local signals G1 (2 ) and G2 (1 ) at 4 different ΓN1
values, ΓN1 = {0.1, 0.08, 0.06, 0.04}. The results are shown in Figure 5.10(b-c). The qualitative observations seen in the experiment are recovered: as the ΓN1 coupling is getting
weaker, the peak in G1 (2 ) at the double resonance is gradually disappearing and turning
into a dip. Meanwhile, in G2 (1 ) the peak persists, and the conductance variation ∆G2
increases as the coupling ΓN1 is decreased.
To simulate the ΓS2 -tuning experiment, we fixed ΓN1 = 0.1 and repeated the calculation at different ΓS2 values: ΓS2 = {0.005, 0.009, 0.013, 0.017} (the rest of the parameters remained the same). The resulting non-local signals G1 (2 ) and G2 (1 ) are shown in
Figure 5.10(e-f). Again, in agreement with the experiment, the variation ∆G1 is enhanced,
while the peak in G2 (1 ) turns into a dip as ΓS2 is increased.
We can summarize that in both cases the transition, leading to the sign change of
non-local amplitude was induced by making the ΓS /ΓN ratio higher. Furthermore, we
made two general observations in the model. The rate of the (0, 0) → (1, 1) transition,
that is, the initial splitting can be calculated as GCPS = ΓS1 ΓS2 Q(0,0) . First, we found that
positive conductance correlations can only occur both in G1 (2 ) and G2 (1 ) when GCPS is
non-zero. Therefore, we attribute the presence of such positive-positive type correlation
(∆G1 > 0, ∆G2 > 0) in the experiments to Cooper pair splitting. Second, although
unbalanced non-local amplitudes, ∆G1 6= ∆G2 can be easily produced without interdot
coupling (simply by making the two arms of the device asymmetric), to generate a dip
in either non-local curve, Γ12 > 0 and local transport processes, for example finite QP
current is necessary. Having at a look at the geometry of the device (Figure 5.5(b)), the
existence of the interdot coupling is not surprising: a piece of NW is connecting the two
QDs. Also, the QP current is in accord with the soft gap seen in the finite-bias transport
maps of both QD1 and QD2 (Figure 5.7). Supported by these findings, in Figure 5.10(a)
we sketch an intuitive explanation of the sign inversion. In the case of a relatively strong
ΓN1 coupling, CPS is favored and leads to the desired behaviour where ∆G1 > 0 and
∆G2 > 0. However, as the N-QD1 barrier becomes relatively opaque, it becomes more
probable for an electron on QD1 to tunnel to QD2 and leave the junction through N2,
than to tunnel directly to N1. Importantly, the pathway towards N2 opens up only when
QD2 is tuned to resonance, thus we encounter the negative conductance correlation in
G1 (2 ). This applies not only to the electron occupation arising from CPS, but from the
local processes as well. Figuratively, the current is redirected from N1 to N2, and as a
result, the positive conductance correlation is enhanced in G2 (1 ).
In the analysis of the peak-to-dip crossover in ∆G1 and the enhancement of ∆G2 in
the measurement shown in Figure 5.6 we have found that ∆G1 + ∆G2 ≈ constant to a
good approximation. The intuitive picture of the ”redirected current” described above is
in good accord with this experimental finding. The model allows us to test this relation
in a wide parameter range. Similarly as shown in Figure 5.10(b-c), we simulated more
curves and extracted the non-local amplitudes the same way we did in the experiments.
Figure 5.11 shows ∆G1 , ∆G2 and ∆G1 +∆G2 at different ΓN1 values. Although the relation
∆G1 + ∆G2 = constant is not universally true in the master equation model, we see that
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N2
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N1

S

N2

Figure 5.10: Numerical simulation of the (a-c) ΓN1 and (d-e) ΓS2 -tuning experiment in the
framework of the master equation model. (a) Illustration and intuitive explanation of the ΓN1 tuning experiment. (b-c) Non-local signals G1 (2 ) and G2 (1 ). As ΓN1 is tuned weaker, the peak
in G1 turns into a dip, while the peak in G2 is enhanced. (d) Illustration of the ΓS2 -tuning
experiment. (e-f) Non-local signals G1 (2 ) and G2 (1 ) at different ΓS2 couplings. Similarly as
in (b-c), a peak-to-dip transition happens in G2 , as the ΓS2 /ΓN2 ratio increases. In panel (f) a
constant background conductance was subtracted from G2 .

the sum of non-local amplitudes ∆G1 + ∆G2 exhibits a saturating behavior. This is in
part trivial where both ∆G1 and ∆G2 are in their own asymptotic regime, but the plateau
in the sum starts one order of magnitude earlier than in the individual amplitudes. We
point out that in the regime of interest, around the ∆G1 = 0 and ∆G1 = ∆G2 crossovers
the relation ∆G1 + ∆G2 ≈ constant is supported by the model calculations. Furthermore,
even in the off-plateau regime, the change in the sum is also one order of magnitude lower
than in ∆G1 or ∆G2 . Considering especially that ∆Gi are determined as the conductance
variation over the respective local conductance as the function of the non-local detuning,
this approximate ”conservation of the non-local amplitudes” is a non-trivial property.
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(a)

(b)

Figure 5.11: Evolution of the conductance variations ∆G1 and ∆G2 in the the numerical simulation of the ΓN1 -tuning experiment. ∆G1 + ∆G2 , ∆G1 and ∆G2 extracted from rate equation
simulations as a function of ΓN1 , in a wide parameter range (note that the x axis is logarithmic).
The variations ∆Gi are taken at the double resonance point, determined the same way as in the
experiments. In panel (a) ∆G1 + ∆G2 shows a saturating behavior, in the regime ΓN1 > 0.04 it
is constant to a good approximation. In (b) the three curves are shown within the same graph.
∆G1 + ∆G2 changes on a scale ∼ 10 times smaller than ∆Gi . The parameter range used in
Figure 5.10(b-c) is highlighted with green in both panels (0.04 ≤ ΓN1 ≤ 0.1). The rest of the
coupling parameters are the same as in Section 5.3.4.

5.3.5

Conclusions

We fabricated CPSDs equipped with local bottom gates. We have shown that a single
QD can be formed and manipulated using 3 adjacent local gates. In the small vicinity of an
operating point in the gate voltage space an intuitive picture of gating can be applied: by
changing the voltages on the outermost 2 gates, we can tune the tunnel barrier strengths
of the QD. Compensating for the shift of the QD level by the middle gate allows us to
follow the same resonance, and investigate the evolution of the non-local signal.
Through the tuning of Vg1 , we have performed CPS experiments at different ΓN1 coupling strengths. By making this N-QD1 barrier opaque, the positive conductance correlation, characteristic for the CPS process, turned into negative in G1 at the double
resonances. Similarly, by tuning Vg8 more positive, and correspondingly, making ΓS2 more
transparent, we induced a peak-to-dip transition in the non-local signal G2 . In an optimal
gate configuration we have achieved a CPS efficiency χ ≈ 20% which is a 10-fold increase
compared to the pioneering experiment in Reference [11].
We provided a qualitative explanation of the turnover of conductance correlation in the
framework of a semi-classical master equation model. In numerical calculations we have
replicated the peak-to-dip transition in the non-local signal. Moreover, we have found for
the sum of the non-local amplitudes, that ∆G1 + ∆G2 ≈ constant to a good approximation, despite the change in the sign of the conductance correlation.
However, upon close inspection of the non-local signal, we find peculiar line shapes in
some cases. Were the CPS process simply manifested in an extra conduction contribution
proportional to the local conduction, we would expect a Lorentzian peak in the nonlocal signal at the double resonances, superimposed on a background conductance. In
contrast, we find slightly asymmetric non-local resonances (see N in Figure 5.8(d) or 
in Figure 5.6(e)) and S-shaped resonances as well (see
in Figure 5.8(g)). These are
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resembling Fano resonances (compare with Figure 2.6(d)). Similar features have already
been observed in the first generation InAs CPSDs (see Appendix A in Reference [63]),
and in carbon nanotube CPSDs [64]. These resonance shapes cannot be reproduced in the
incoherent master equation model.
In the next part we show CPS measurements performed in a different gate configuration. We find that these irregular line shapes in the non-local signal can be distorted in a
continuous fashion with the tuning of experimental parameters, and introduce a coherent
quantum mechanical model to account for them.

5.4
5.4.1

Quantum coherence effects in CPS
Quantum dot formation

In the previous section we took the 3-gate approach to form a single QD. Although
this approach proved to be practical for tuning the tunnel barriers, it resulted in QDs with
a relatively large size, and correspondingly, low charging energy and level spacing. Taking
advantage of the flexibility provided by the local gates, here we turn to a new scheme and
create the confinement potential using two adjacent gates. By applying negative voltages
to two neighboring gates close to each other, we expect that the QD forming in-between
will have a smaller size, and as a result, higher charging energy and level spacing. First
we induce the QD in the right arm of the CPSD, using the bottom-gates g8 and g9. The
measurement of G2 (Vg8 , Vg9 ) is shown in Figure 5.12. We see a complex region in the
upper right corner, towards positive gate voltages, reminiscent of the stability diagram of
double QDs [194]. Around the center of the gate window we can spot two resonance lines,
which behave close to ideal. Their amplitude is suppressed in the upper left direction,
as the barriers are becoming more asymmetric (see the Breit-Wigner formula 2.6). From
their slope we determine the relative lever arm αg9 /αg8 = 0.55. The suppression in the
other direction is less clear because of the gate jumps. Figure 5.12(c) shows the finitebias spectroscopy of QD2 at fixed Vg9 = −4.53 V. The charging energy has increased
significantly, we extract Ec ≈ 12 meV and αg8 = 0.14. Having a look at Figure 5.12(a-b), in
this gate regime the device seems to be inherently unstable, there are many discontinuous
resonance lines present. These originate from the filling and emptying of charge traps
near QD2. Although the charge capture and emission has a random nature, in some
cases, where only a small number of charge traps are involved, the conductance waveform
can be understood and the original, noise-free curve can be approximately reconstructed.
We find such an example in the formation of QD1.
We form QD1 in the left arm of the CPSD with gates g4 and g5. Although in QD
formation we focus on the local signal G1 , we present the simultaneously recorded G2
as well in Figure 5.13(a). In G1 we again encounter a rich transport map with many
resonance lines. Some of them are bending, and gate jumps complicate the evaluation
further. The overall picture is resembling a honeycomb stability diagram of a double
QD, where the strong interdot coupling results in anti-crossings (see Reference [194] for
a review on double QDs, and Reference [195] for an example in graphene with tunable
interdot coupling). In G2 the local resonance R6 of QD2 appears as a broad, tilted strip
with high conduction. In the previous part we have not seen such an experiment, where
QD2 was tuned to this extent by the far side gates of the left arm. This is not the result
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(a)

(b)

(c)

R6

R7

Figure 5.12: QD formation with 2 gates in the right arm (QD2). (a-b) G2 as a function of Vg8
and Vg9 at zero dc bias in B = 3 T and B = 0. In both plots the axis ratios are equal. Earlier g10
was used to induce the QD2-N barrier, here Vg10 = 4 V. (c) G2 as a function of the dc bias Vb
and gate voltage Vg8 at Vg9 = −4.53 V, marked by the dashed line in panel (b). The symbols N
and highlight two Coulomb resonances in these three different planes of the parameter space,
consistently across the panels.
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Figure 5.13: QD formation with 2 gates in the left arm (QD1) and simultaneous non-local
measurement (B = 0, zero dc bias). (a) G1 and G2 measured simultaneously as a function of
Vg4 and Vg5 (at fixed Vg8 = −4.334 and Vg9 = −4.53). Vertical slices of G1 and G2 , taken at
Vg5 = −4.672 V and Vg5 = −4.512 V are shown in panel (b) and (c), respectively.
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of an increased cross-capacitance, it simply originates from the wider range in which
Vg4 and Vg5 are tuned. Superimposed on the broad R6 resonance we see the non-local
signal generated by the resonances of QD1. Interestingly, while in the local signal G1 the
amplitudes of L5 and L6 change substantially, and L5 even disappears for Vg4 < −4.15 V,
the non-local signal generated in G2 can be followed in a wider gate range. The local and
non-local conductions are illustrated in vertical cuts at two different Vg5 values (marked by
arrows) in Figure 5.13(b-c). In panel (b) G1 exhibits 4 consecutive Coulomb resonances.
Although L6 has a very low amplitude at this setting, it is still identifiable in the local
signal. The non-local signal generated by the leftmost 3 resonances appear clearly in G2
on top of the broad resonance R6. The non-local signal of the 4th peak is masked by the
noise, which dominates on the right half of the broad resonance R6. The visibility of the
non-local signal generated at the position of L5 (marked by ) is η2 ≈ 0.61. However,
this is not a conventional CPS measurement, we cannot extract ∆G1 . In the evaluation
of the efficiency formula, restricted to use ∆G2 only, we can estimate a CPS efficiency
χ = 2∆G2 /(G1 + G2 ) ≈ 0.26.
In Figure 5.13(c) similar cuts are shown, taken at a more positive Vg5 value. Here the
local resonance L5 is completely suppressed, its position can only by determined from the
non-local signal. Again, the right slope of R6 is loaded with heavy noise, masking any
possible non-local peak at the position of L7 and L8. This noise is not instrumental, it is
inherent to the device. In the colorscale plot of G2 in Figure 5.13(a) it is manifested in
”digital-looking graininess” on the upper side of R6. This noise is rooted in the fluctuating
occupation of a charge trap near QD2 [196, 197, 198, 199, 200]. We illustrate the effect
of switching in G2 , due to the charge capture and emission of the trap in panel (c) using
two guides for the eye (dotted curves marked 1 and 2). Electron capture or emission of
the trap results in a shift of ∆Vg,trap ≈ 40 mV of the QD2-resonance. This is the gate
voltage magnitude in Vg4 which is equivalent to the change in the electrostatic potential
induced by the filling or emptying of the charge trap. Curve 1 corresponds to the empty,
curve 2 to the filled state, these are exact copies of each other, shifted by ∆Vg,trap . The
occupation is strongly gate voltage dependent. Approaching from the left side, the charge
trap is dominantly empty and the resonance follows curve 1. As QD2 is tuned through
the local maximum, the charge trap filling starts fluctuating, and the measured curve
switches back and forth between the two dotted curves. The time scale of this fluctuation
is comparable with the integration time of the measurement (∼ 100 ms).9 As QD2 is
tuned even further from the resonance maximum, the trap stabilizes in the occupied state
and the conductance follows curve 2. Although filling and emptying the charge trap in
principle can result in the change of the resonance amplitude as well, because the change
of the potential landscape can alter the barrier symmetry, here the shift alone seems to
account for the waveform acquired in the experiment.
In a certain sense, the measurement in Figure 5.13(a) can be interpreted as a Γtuning experiment, since the tunnel barriers are induced by gates 4 and 5. But again,
9

If the charge fluctuation was much faster than the averaging time, the switchings would be averaged
and we would see a smooth, broadened resonance. If they were much slower, we would not see so many
switches. We get intermediate points as well, in-between the dotted curves, if the charge trap is occupied
in only a part of the integration time. We note that measuring the conductance in such a fluctuating
regime as a function of time, with the gate voltages fixed yields a curve where the conductance switches
between two values at unpredictable times. This is the so-called random telegraph signal.
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this measurement is not a complete CPS experiment, here the roles of the QDs are fixed,
QD1 is tuned and QD2 is the sensing dot. Relying on this dataset solely, we cannot turn
it around and determine ∆G1 . Furthermore, in G2 the non-local amplitude depends on
the local detuning of QD2. Each double resonance should be evaluated under the same
conditions, at the same detuning of sensing dot with respect to the Fermi energy, for
example directly on-resonance. Correspondingly, this kind of measurement alone does not
allow us to optimize the tunnel couplings for a maximal CPS performance. We simply
tune QD1 where gate jumps are less prominent and the Coulomb resonances are parallel
straight lines, characteristic for a single QD. The clearest region in the local map of G1 ,
shown in Figure 5.13(a) is around Vg5 ≈ −4.4 V, where two straight resonance lines
develop, denoted by L7 and L8. In Figure A.10(a) we show the zero-bias map in an
extended regime, and in Figure A.10(b) we show the finite-bias spectroscopy of QD1 at
Vg5 = −4.3 V. From the former measurement we extract αg5 /αg4 = 0.56, and from the
latter one, Ec ≈ 11 meV and αg4 = 0.1.
We conclude that in both arms we induced QDs with a high charging energy, Ec ≈
10 meV. In the gate-vs-gate measurements we found the last few resonance lines: towards more negative gate voltages, the conduction is pinched. Seemingly, the QDs can
be depleted completely and even the last electron can be removed. In coupled QD-QPC
systems the removal of the last electron of the QD can be verified by the QPC signal [201].
Here the non-local signal can be used in a similar way. For example, Figure A.9 shows
the simultanous G1 and G2 measurement (the data is the same as in Figure 5.12(b)).
The non-local signal G1 reveals 4 more resonance lines, which cannot be resolved in the
local signal G2 . The underlying process is the same as presented in Section 5.3.4 for the
ΓN -tuning experiment: the resonances of QD2 give rise to CPS, but due to the weak coupling to the normal lead N2, the electron on QD2 subsequently leaves to N1 via interdot
tunneling. Since even more resonances may lay outside the gate window, in this specific
measurement we cannot tell the exact number of electrons on the QD, but it is plausible
that the QD is in the few electron regime.
Unfortunately, the inherent instability of the device in this gate configuration prohibits
us from extended investigations in the gate voltage space, as it was done in the previous
section. Instead of that, we investigate the CPS in finite magnetic field, and focus on the
lineshape of the non-local signal.

5.4.2

Magnetic field dependence

The high critical field of the Nb superconductor allows us to carry out CPS experiments
in finite magnetic field. While Bc ≈ 10 mT for bulk Al, the upper critical field of Nb is
Bc2 ≈ 300 mT for bulk samples and single-crystal Nb films in perpendicular field, and
can reach as high values as Bc2 ≈ 450 mT in polycrystalline films [202], like our sputtered
electrode. In Figure 5.14(a) we present the CPS experiment in B = 0, performed at
the L7-R6 crossing. In each arm we used the gate with the stronger response as the
plunger gate: gate 4 for QD1 and gate 8 for QD2. We see positive conductance variation
in both conductances in B = 0, we extract a CPS efficiency of χ ≈ 15%.The experiment
was repeated in finite B fields, increasing in steps of 200 mT, up to B = 3 T. The
measurement in B = 1 T is shown in intensity plots in Figure 5.14(b). The horizontal and
vertical cuts extracted from the measurements in the range of B = 0 − 1 T are shown
96

5.4. Quantum coherence effects in CPS
in Figure 5.14(c-d). These are corrected for the Zeeman shift along both plunger gate
voltages. For example, in the horizontal cuts shown in panel (c), the position of the cut
(in Vg4 ) follows the shifting L7 resonance of QD1, to stay on-resonance. These cuts, shown
as the function of Vg8 are shifted along Vg8 as well, to follow the R6 resonance of QD2.
The precision of this latter correction is illustrated by the local curves (bottom panel).
We see that as a consequence of compensation, they are all centered on the grey line.
This position is marked in the non-local panel as well. The same procedure was applied
to the vertical cuts in panel (d). Here we only present the measurement data in the range
B = 0 − 1 T, where the non-local signal varies the most. The vertical and horizontal slices
up to B = 3 T are shown in Figure A.13 in the Appendix.
Although the conductance variation in B = 0 is positive in both sides, on having a
closer look at G2 in Figure 5.14(a), we notice that the the bright yellow spot is not exactly
at the crossing point, but at a bit more positive Vg4 value. This is more clear in the vertical
cut shown in Figure 5.14(d), where the maximum in the lowermost non-local curve is a
bit to the right of the gray line, which marks the center of the local resonance. As the
magnetic field is increased, the peak does not simply turn into a dip, as it was presented
in Section 5.1. In B = 200 mT the non-local curve resembles a Fano resonance with an
intermediate q parameter, q ≈ 1 (see Figure 2.6(d)). In B = 600 mT the non-local curve
exhibits a relatively symmetric dip, which corresponds to q = 0 in the Fano picture. In
B = 1 T the conductance variation is much smaller, and a local maximum develops to the
left of the local minimum, which can be interpreted as the sign change of the q parameter.
A similar transition can be observed in the non-local signal of G1 . In B = 0 the nonlocal peak does not exactly coincide with the local Coulomb resonance. As the magnetic
field is increased from B = 0 to B = 1 T, the maximum on the right side of the local
resonance disappears and an inverted, broadened resonance develops. In even higher B
fields another pattern inversion takes place, mirroring the resonance curve, as shown in
Figure A.13.
As a general tendency, the conductance in both arms decreases as the magnetic field
is increased. This is reflected in the scale of the intensity plots, and in the amplitude
of the local Coulomb resonances shown in the slices. However, the decrease of the local
resonance amplitudes is not strictly monotonic.
We note that the appearance of the Fano-type resonance is not a unique property of
the QDs induced by 2 gates. In Figure A.11 we show intensity plots and in Figure A.12
slices taken on-resonance of CPS experiments in the 3-gated regime, in finite magnetic
field. The non-local slices are showcasing a large variety of lineshapes. In the next section
we show that the Fano-type resonances are not restricted to finite magnetic fields either,
they can appear in zero magnetic field as well.

5.4.3

Gate voltage dependence

Although the systematic study of the gate voltage dependence was not feasible, in
Figure 5.15 we provide a pair of CPS experiments, showing that the shape of the nonlocal signal can be varied by electric field as well. For this purpose, we use gates 6 and 7.
These adjacent gates are connected electrically, and we denote the voltage applied to them
with Vg6−7 . They are situated partly below the middle superconducting electrode, and as a
result, they are strongly screened. From zero-bias gate-vs-gate measurements (not shown)
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(a)

(b)

L7

L7
R6
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Figure 5.14: CPS experiments in finite magnetic field, in the range of B = 0 − 1 T (Vg5 =
−4.3 V, Vg9 = −4.53). (a-b) Intensity plots of the CPS experiments: G1 and G2 recorded
simultaneously, as a function of Vg4 and Vg8 , in (a) B = 0 and (b) B = 1 T. (c) Horizontal and
(d) vertical slices extracted from intensity plots in the range B = 0 − 1 T, increasing in steps
of 200 mT. The slices are taken on-resonance, and they are compensated for the Zeeman shift,
centering all the local resonance peaks to the gray line. The non-local cuts (in the upper panels)
are offset vertically for the sake of clarity.
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we extract relative lever arms αg6−7 /αg4 = 4.1 · 10−3 (for QD1) and αg6−7 /αg8 = 6 · 10−2
(for QD2).
Because of charge rearrangements we do not relate these two resonances in Figure 5.15
to the ones shown previously and leave them unlabeled. Consistently with the relative lever
arms determined from a separate measurement, the resonance of QD1 shifts about 4 mV
(from -4.168 to -4.172) as Vg6−7 is tuned from -1 V to 0. Meanwhile, the resonance of
QD2 shifts about 60 mV. In Figure 5.15(a), where Vg6−7 = −1 V, G1 exhibits a strongly
asymmetric resonance strip, resembling a comet with a dust tail. Again, the horizontal cut
in panel (b), taken along this resonance shows a Fano-like resonance curve with |q| ≈ 3.
The vertical slice of G2 in panel (c) shows a dip at the crossing point, and the conductance
scale of G2 is about two orders of magnitude lower than G1 . These two findings suggest
that the device is in the choked regime, with very weak ΓN2 coupling.
In Figure 5.15(d), where Vg6−7 = 0, G1 is almost perfectly symmetric. The horizontal
slice in panel (e) shows that the Fano resonance turns into a symmetric peak, centered
on the local Coulomb resonance, and the variation of G1 becomes smaller. The change
in the intensity plot of G2 is less profound, and the on-resonance cuts are practically
indistinguishable in the two Vg6−7 settings.

5.4.4

Coherent 3-site model

In the previous part we have seen the appearance of a new kind of non-local signal,
which resembles a Fano resonance. The Fano lineshape can emerge in zero and finite
magnetic field as well, and can be tuned by both magnetic and electric fields. The lineshape hints that quantum interference may lay behind these observations, which cannot
be modeled in the master equation picture presented in Section 5.5. We interpret our experimental results in a coherent 3-site model [203]. The model is illustrated schematically
in Figure 5.16(b). In this model the CPSD consists of three QDs, coupled coherently to
a superconductor and two normal electrodes. In earlier theoretical works the CPSD was
modeled as a double QD system, with or without interdot tunneling [10, 13, 204, 205].
To account for the features seen in the experiments, the introduction of a middle QD is
necessary, which is the abstraction of the NW segment directly below the superconductor
electrode. Justified by the screening of this electrode, the on-site Coulomb interaction is
neglected on the middle site, which allows us to simulate the superconducting proximity
effect. A Cooper pair from the superconducting electrode is first injected to this middle
level through the tunnel coupling γm . The 2 electrons occupy the spin-degenerate level
with on-site energy m , without additional energy cost, because of the neglected Coulomb
repulsion. Ideally, the Cooper pair is then split via the coherent couplings t1m and t2m to
QD1 and QD2, and the electrons leave the junction to the opposite normal electrodes N1
and N2.
However, in the local transport to either side (LAR and single QP processes), there
are multiple pathways available for an electron to reach N1 or N2 from S. Two paths
ending in N2 are illustrated with green lines (continuous and dashed) in Figure 5.16. The
electron taking the path marked with dashed line makes a detour, and suffers a reflection
from QD1, then leaves to N2 via QD2. The electron phase acquired in this latter pathway
depends on the detuning of QD1. Meanwhile, the transmission through the direct pathway
is constant to a good approximation, because the cross-capacitance of the QD1 plunger
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Figure 5.15: Electrical tuning of the non-local lineshape (B = 0). CPS experiments at (a-c)
Vg6−7 = −1 V and (d-f) Vg6−7 = 0. (a) G1 and G2 measured simultaneously as the function of
the plunger gate voltages Vg4 and Vg8 , at Vg6−7 = −1 V. (b) Horizontal and (c) vertical cuts of
G1 and G2 taken on-resonance, from the intensity plot shown in panel (a). The conductance G2
is multiplied by 10 for better visibility. In (d-f) the CPS experiment is shown at Vg6−7 = 0 with
the same visualization.
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gate to the middle dot and QD2 is small. The interference arising between the different
paths with different accumulated phases is the intuitive picture behind the Fano-type
non-local resonance (see Section 2.1.3), appearing as a function of the QD1 detuning. In
the Fano terminology, the resonant channel with the strongly changing phase is the one
including the reflection from QD1 (dashed line), and the non-resonant channel is the direct
path (solid line). In the total conductance the Cooper pair splitting signal is superimposed
on the Fano-type function of the local conductance. Furthermore, decoherence gives rise to
an incoherent background. Reproducing the experimental results is challenging because of
the high number of model parameters. Before providing numerical results with qualitative
fitting, we present the framework of the calculations.
(a)

(b)

path 1
path 2

S
NW
N1

N2

QD1

QD2

Figure 5.16: (a) Artist’s view of the bottom-gated Cooper pair splitter device. (b) Illustration
of the 3-site model: three QDs coupled to a superconducting (S) and two normal electrodes (N1
and N2). The tunneling amplitudes between these objects are denoted by tk . Continuous and
dashed green lines mark two possible electron paths from S to N1. In an intuitive, simplified
picture the Fano-like resonance curve in G1 (2 ) stems from the phase difference between these
two paths.

The total Hamiltonian of the 3-site model is composed of 5 terms:
H = H0 + HN1 + HN2 + HS + Hτ ,

(5.6)

where H0 is the Hamiltonian of the central three sites, HN1 and HN2 describe the normal
leads, HS describes the superconductor lead, and Hτ contains the coupling between the
leads and the central three sites. The Hamiltonian of the middle sites is

X
X
X 
†
H0 =
i,σ ni,σ +
Ui ni,↑ ni,↓ +
tim di,σ dm,σ + h.c. ,
(5.7)
σ,i

i

σ,i6=m

where σ is the spin index and i = 1, 2, m is indexing the left, right and middle site levels.
These levels are spin degenerate, their energies are i,σ = i + σgi B/2, taking account for
the orbital and Zeeman energy. The operator d†i,σ (di,σ ) creates (annihilates) an electron
on site i with spin σ, the third term describes hopping between the middle site and the
outer sites. The outer sites are not coupled directly, only through the middle site. The
number of electrons on site i with spin σ is ni,σ = d†i,σ di,σ . Ui is the on-site Coulomb energy,
zero Coulomb energy is set for the middle dot, Um = 0. The normal leads (l = 1, 2) are
modeled as reservoirs of non-interacting electrons,
X
HNl =
k a†lkσ alkσ ,
(5.8)
k,σ
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where a†lkσ is the creation operator in lead l and k is the electron dispersion. The central
superconducting electrode is described by the BCS Hamiltonian:

X †
X
(5.9)
HS =
∆k c†k↑ c†−k↓ + h.c. ,
ξk ckσ ckσ −
k,σ

k

where ∆k is the superconducting gap, ξk is the QP dispersion and c†kσ is the fermionic
operator creating a QP in the superconductor lead. The coherent tunnel coupling between
the leads and the QDs is described by
 X
X  †

Hτ =
ti diσ aikσ + h.c. +
tm d†mσ ckσ + h.c.
(5.10)
i6=m,k,σ

k,σ

The tunneling amplitudes ti are assumed to be independent of k and σ.
The linear conductances of the two arms Gi (i = 1, 2) are calculated using an equation
of motion approach for the electronic Green’s function. This approach allows us to decompose the total conductance into the sum of the local conductance and the conductance
arising from CPS: Gi = Gloc,i + GCPS . The local conductance can be broken down further,
differentiating the LAR process from single QP tunneling: Gloc,i = GLAR,i + Gqp,i . Note
that while the local conductances can differ in the two arms, the same GCPS term appears
in G1 and G2 .
Non-interacting case
The coherent three-site model is a huge leap from the master equation approach.
Before applying it to our measurement data, we first show its general characteristics in a
simplified, non-interacting case, where we neglect the on-site Coulomb interaction on all
the three sites. We set t1m = 0.2∆, t2m = 0.4∆, γ1 = γ2 = γm = 0.2∆ and m = 0.3∆ and
plot the non-local signals G1 (2 ) and G2 (1 ) taken on-resonance in Figure 5.17.
(a)

(b)
total
local
CPS

Figure 5.17: Decomposition of the non-local signal in the coherent three-site model (noninteracting case). Total, local and CPS conductance through (a) QD1 and (b) QD2, as a function
of the non-local detuning.

Besides the total conductance, we show the decomposition into the local and CPS
contributions. In both G1 and G2 the total signal is asymmetric. The CPS conductance is
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a relatively symmetric function of both 1 and 2 , but the local conductances are strongly
asymmetric, with a dip-peak fine structure, akin to Fano resonances (see Section 2.1.2).
Since in G2 the local conductance dominates over the CPS conductance, the total signal
is much more asymmetric than in G1 .
As the next step, we turn on the Coulomb interaction on QD1 and QD2, and tune the
parameters to simulate the experiment of Figure 5.14.
Reproduction of the measurement
Figure 5.18 shows the numerical results of the 3-site model, qualitatively reproducing
the CPS experiments of Figure 5.14. The superconducting gap ∆ is suppressed as the
magnetic field is increased, this is simulated with a smooth function ∆(B), with Bc ≈ 1 T.
The model parameters, expressed with ∆(B = 0), were the following: m = −0.03∆,
2t1m = t2m = 0.1∆, U1 = U2 = 3∆, and the coupling to the leads γ1 = 0.15∆, γ2 = 0.2∆,
and γm = 0.11∆. g factors in the range |g| = 5 − 15 were set, in accord with experimental
results in similar InAs NW QD systems [129, 132]. The numerical results are visualized
the same way as the experimental data. Intensity plots of the total conductances G1 and
G2 are shown in Figure 5.18(a) and (b), for B = 0 and B = 1 T, respectively. These are
plotted as a function of 1 and 2 , which are proportional to the gate voltages. In accord
with the general observation in the experiments, the maximum (or minimum) in the nonlocal conductance usually does not coincide with the local resonance. The horizontal and
vertical slices are prepared the same way as in the experiment, following the Zeeman shift
of the resonances. In Figure 5.18(c), in the B = 0 non-local curve of G1 the peak appears
slightly offset compared to the local Coulomb resonance. This peak barely changes from
B = 0 to B = 400 mT, then goes through a transition, and finally, in B = 1 T the local
maximum emerges on the left side of the local resonance. In the evolution of G2 we again
encounter a similar pattern inversion. In B = 0 the non-local curve resembles a dip-peak
type Fano resonance with q ≈ 1. The peak gets smaller and a symmetric dip develops
(q ≈ 0) as the magnetic field is increased. Then a peak grows again on the left side, and
a peak-dip type Fano curve appears with q ≈ −2 in B = 1 T.
The model allows us to study how the lineshape of the total conductance is built from
the different contributions. Figure 5.19(a) shows the decomposition of the non-local signal
in B = 0 (black) and B = 1.2 T (green) into the local and CPS terms. Gloc,2 , illustrated
with dashed line, exhibits a dip in both fields, at slightly different positions. GCPS shows a
Lorentzian peak, also with a slightly varying position. The origin behind these characteristics is the interference between different pathways. The lowest order scenario, giving rise
to interference in the local transport to N2 is depicted in Figure 5.16(b) with green lines.
The phase difference of these two paths depends on the relative level positions, and varies
as the QD1 level is tuned through a resonance. Constructive (destructive) interference
results in a peak (dip) in the local transport, and in general, produces an asymmetric
conductance variation. Importantly, the CPS conductance is affected much less by interference than the local conductance, because in CPS it only enters at higher orders. The
difference between the zero and finite B curves arises from the detuning of the middle
site. Although i contains the Zeeman shift in all the three sites, by taking the slices
on-resonance, we compensate for the Zeeman shift of the outer dots. Correspondingly,
the Zeeman shift of the outer sites does not have a role in the interference signal of the
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(a)

(c)

(b)

(d)

Figure 5.18: Numerical results of the 3-site model. Map of G1 and G2 as a function of the
energy level detunings 1 and 2 in (a) B = 0 and (b) B = 1 T. i is negated to account for the
negative electron charge and make the comparison with the corresponding measurement plots
shown as the function of gate voltages more straightforward.
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non-local curves. But the Zeeman shift of the middle level does, m is shifting compared to
the Fermi energy, as the magnetic field is increased. Since an electron making the detour
is transmitted twice through the middle site, and in the direct path only once, m tunes
the phase difference and the lineshape. This results in the pattern inversion of the local
background conductance, on which the CPS peak is superimposed. The same explanation applies to the gate voltage dependence of the non-local signal shown in Figure 5.15.
Gates 6 and 7 below the superconductor lead tune m electrostatically, and since they
are strongly screened, a relatively large voltage (∼1 V) must be applied to change the
lineshape significantly. We note that the gating of the NW segment below the superconductor lead can be made more efficient by covering the NW only partially, as it was done
in the Majorana device of Reference [206]. For similar reasons, efforts have been made to
synthesize InAs NWs with an epitaxial Al half-shell [189].
Summing the asymmetric local and the symmetric CPS curve can produce a complicated signal. The example in Figure 5.19(a) is in a sense a special case, where the local
curve is a relatively symmetric dip, which corresponds to q ≈ 0 in the Fano language. The
Lorentzian contribution of CPS is superimposed incoherently on this dip, and in total, a
peak-dip or dip-peak Fano-like curve is produced. This example illustrates that seemingly
small changes in either contribution can alter immensely the shape of the total signal.
In general, the local conductance itself can exhibit a peak-dip (or dip-peak) Fano-type
resonance, without the CPS contribution (see Figure 5.17). In such a case, superimposing
the CPS Lorentzian can generate a peak-dip-peak signal. In the experiments we have seen
such an example in Figure 5.14(d) ( ) and in Figure A.12(b) (feature no. 5).
To address the variation of the local conductance alone, we turn to experiments carried
out in high magnetic fields. The B = 2−3 T curves in Figure A.13 still exhibit conductance
variations, although significantly smaller than in the range B = 0 − 1 T. In the high field
curves the superconductivity is quenched and GCPS = 0, thus we attribute the variation
to the interference in the local transport. Such features have been observed in other gate
configurations as well, up to B = 5 T (not shown).
In the evaluation of experimental data we estimate the CPS conductance by taking
the maximal variation of the total signal ∆Gi . The decompositions in Figure 5.19(a)
suggest that by doing so we underestimate the CPS contribution. The CPS peak is partly
masked by the dip, or in general, an asymmetric local background. Figures 5.19(b-d)
illustrate how the non-local lineshape affects the efficiency estimation (5.3). At γm =
0.17∆ the non-local signal is a relatively symmetric peak. As γm is gradually lowered to
0.05∆, the peak first turns into a Fano-line peak-dip resonance, then into a simple dip.
The decomposition allows us to calculate the CPS efficiency exactly by substituting into
formula 5.1. This numerically exact efficiency is plotted in Figure 5.19(c) for each curve.
In the earlier sections we simply extracted the maximal conductance variation from the
non-local signal and interpreted the efficiency in a single point of the parameter space.
Here the efficiency is calculated pointwise, as a function 1 . Figure 5.19(c) shows that
the efficiency practically does not change as γm is tuned, even though the shape of nonlocal signal changes substantially. Figure 5.19(d) shows the efficiency estimate we get by
applying the same evaluation to the curves in panel (c) as we do to the experimental
data. In contrast to the exact efficiency χ in panel (c), the efficiency estimate χe changes
immensely across the different non-local curves. It is clearly highest for the blue curve,
exhibiting the most symmetric peak, then gradually disappears and turns negative for the

•

105

5.4. Quantum coherence effects in CPS

Figure 5.19: Numerical results of the coherent 3-site model. (a) Decomposition of the total
conductance G2 (−1 ) into the local and CPS contributions in two different magnetic fields. The
slight change of the local background results in the pattern inversion of the total signal. (b)
G2 (−1 ) at different γm values, exhibiting diverse non-local lineshapes. The curves are shifted
vertically for clarity. (c) Numerically exact CPS efficiency for the curves shown in panel (b),
calculated using the decomposition into local and CPS terms and substituting into (5.1). (d)
Efficiency estimation for the curves shown in panel (b), calculated using formula 5.3.

dip-shaped non-local signal (negative values are omitted in the plot). Even in the case of
the simplest blue curve, the empirical formula underestimates the efficiency by a factor
of ≈ 2. The discrepancy between the two efficiency calculations is intensified as the local
background turns into a dip.
Finally, we remark on the limitations of the model. Coherent models of a double
QD CPSD have been introduced earlier, the main novelty of the 3-site model is the
incorporation of the middle site. We argue that modeling the NW segment below the
superconductor with a single level is reasonable. In InAs NW QDs with similar size as
the superconductor lead, that is, ≈ 330 nm, orbital level spacings of ∼ 180 µeV have
been observed. This spacing is large enough, and enables us to consider only one level to
gain insight into the transport characteristics in the linear conductance regime (at small
bias voltage) in a magnetic field range of B = 0 − 1 T. At larger bias voltage transport
through multiple levels comes into play, or tuning the magnetic field in a larger range
brings multiple levels across the Fermi energy. The introduction of the middle site in this
sense is a minimal deviation from prior models, and a first step towards more realistic
calculations. For example, to account for the second pattern inversion observed at high
B fields in the non-local curves of Figure A.13, more levels on the middle site must be
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considered. Similarly, we speculate that the oscillating variation ∆G1 in Figure A.12(b)
as the magnetic field is increased is also the product of levels on the middle site crossing
the Fermi energy.

5.4.5

Conclusions

We demonstrated another aspect of the possibilities provided by the local gate structure. By constraining the QDs between two adjacent gates, we induced QDs with smaller
spatial extension, and ∼ 10 larger charging energy (Ec ≈ 10 meV), than we did in the
same device in Section 5.3 using second-neighbor gates for confinement.
We have performed CPS experiments in zero and finite magnetic fields, focusing on the
evolution of the non-local lineshape. We have observed positive conductance variations in
B = 0 at the double resonances. In finite magnetic field we have seen non-local resonances
with a complicated internal structure, which cannot be explained with resistive crosstalk
or the incoherent master equation model of Section 5.3.4. Prevalently, we encountered nonlocal resonances with a peak-dip (or dip-peak) fine structure, resembling a Fano resonance.
We found that the shape of the non-local signal can be tuned both by magnetic field and
electric gating.
We interpreted our experimental results in a more elaborate model. Importantly, in
contrast to the rate equation approach, the introduced 3-site model is coherent. This model
sheds light on the emergence of the Fano-like non-local resonances. The physics behind
these is quantum interference, which generates an asymmetric background conductance in
the local transport (LAR and QP processes). The formation of these is not related to CPS,
and correspondingly, these features have been observed up to B = 5 T, in the normal state
of the middle contact. The model predicts that the CPS conductance is less affected by the
interference, and the CPS peak in the non-local signal is Lorentzian-shaped, although not
necessarily at the position of the local Coulomb resonance. To account for the tunability
and characteristics of the interference pattern, we incorporated a middle site, which is the
main novelty of the model. This site corresponds to the NW segment below the middle
contact, the role of which has been neglected in earlier theoretical works.
The model allows us to calculate the local and CPS conductance separately. Through
this decomposition of the total conductance, the CPS efficiency can be calculated by substituting into formula 5.1. Comparing the results with the empirical evaluation method
used in the experiments, we found that the latter method underestimates the CPS efficiency. The reason behind this is that the CPS peak is partly masked by the Fano-like
local background.

5.5

CPS with Pb superconductor source

The experiments presented in Sections 5.3 and 5.4 were performed in a CPSD with
Nb superconductor. In this section we present CPS experiments in a device from the
next generation. The device differs from the CPSD studied previously in three aspects:
(i) instead of Nb, a Pb superconductor source is employed, (ii) the local gate structure
is non-uniform and (iii) the InAs NW is cut in the middle, below the central electrode.
Furthermore, while the CPS process was investigated in the linear transport regime only
in the previous sample, here we present experiments at finite dc bias as well. The results
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shown in this section are preliminary in the sense that we do not provide a theoretical
model to account for the details of the experimental features.
An SEM image of a representative sample is shown in Figure 5.4(d). The local gate
structure is illustrated with a cross section in Figure 5.20(a). The width of the central
(5) and the outermost gates (1 and 9) is increased. The outermost wide gates are used
to accumulate electrons in the NW segment between the normal contacts and the QD.
Having one wide central electrode decreases the complexity of the structure, opposed to
having 4 thin ones, and may also slightly increase the gate response of the NW segment
below the middle contact. Using this central gate with a stronger response the electron
density of the middle NW segment may be lowered, and by that, the direct pathway
between QD1 and QD2 (modeled with the middle site previously) may be eliminated,
preventing interference effects. Cutting the NW in the middle serves the same purpose,
and therefore in the specific sample studied here, the central electrode loses its importance.
The NW is cut with Ga FIB milling directly before creating the superconductor contact.
As observed in test samples, the cut has a slightly tapered profile, with a width of 3050 nm. The FIB milling is maskless, and the position of the cut is determined manually,
without an automatic alignment procedure as it is usually done in EBL, which can result
in an inaccuracy up to ≈ 100 nm. The cutting procedure is illustrated with a screenshot of
the dual-beam microscope control software in Figure A.7 in the Appendix. We note that
the native NW oxide was removed by Ar sputter-etching for the middle superconductor
contact.
The Nb superconductor of the previous sample has high critical field and allows us to
study CPS in finite high magnetic fields. On the other hand, it makes the control experiment in the normal state impractical. As we increase the magnetic field over the critical
value, apart from quenching the superconductivity, we tune other transport parameters
substantially. As a result, the local conductance also changes, and the comparison of the
zero field and high field non-local curves becomes non-trivial. The Pb superconductor
source of this device has significantly lower critical field, and only slightly lower gap. For
bulk Pb, the critical field is Bc,Pb ≈ 80 mT [107], and in Pb strips of similar dimensions
a critical field of Bc,Pb = 150 − 200 mT was found for out-of-plane magnetic field [59].

Local gating
In Figure 5.20(a) the geometry of the CPSD is illustrated, and in Figure 5.20(b-c)
we show the gate tunability of the left arm, as the function of Vg2 and Vg3 . The device
did not show gate response for gate 4, which restricted us to use these two gates for QD
formation. In general, the sample shows remarkable stability. The transport map is similar
to the zero-bias gate-vs-gate maps of the previous sample, shown in Figure 5.5, 5.12 or 5.13.
Towards positive gate voltages we see a region of UCF. The map of Figure 5.20(c) in higher
resolution reveals Coulomb resonances at the border of depletion, around Vg2 = −0.8 V,
Vg3 = −0.8 V. Again, the resonances form a complex pattern. Although they are bent,
which makes the assessment of the slopes difficult, it is plausible that the QD is formed
between g2 and g3.
108

5.5. CPS with Pb superconductor source

(a)

N1 nanowire

S

N2
Pb

QD1

1
(b)

2 3 4

QD2

5

6 7 8

9
(c)

Figure 5.20: Sample geometry and gate response of the left arm. (a) Illustration of the CPSD
with Pb superconductor source and InAs NW cut in the middle. The bottom-gate structure is
non-uniform, the central (5) and outermost gates (1 and 9) are widened, with respect to the
device of Section 5.3 and 5.4. (b) Forming a QD in the left arm, G1 as a function of Vg2 and Vg3
(Vg1 = 2 V, Vg4 = 0 V). (c) G1 in higher resolution, in the gate window of the bottom left area
of panel (b), showing Coulomb resonances. (Equal axis ratio is set in panels (b) and (c).)
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CPS experiment at zero bias
In the previous section we attributed the emergence of the Fano-like asymmetric resonances in the non-local signal to the transport pathway between the QDs through the
middle NW segment below the superconducting electrode. This NW segment was modeled
as a QD with direct tunnel couplings to QD1 and QD2. By cutting the NW we eliminated
this pathway, the question whether by this we completely got rid of all interference effects
is addressed by Figure 5.21. In panel (a) we show a zero-bias CPS experiment in B = 0,
and in panels (b) and (c) we show vertical and horizontal slices from the colorscale plots.
Contrary to our expectations, the non-local signal in G2 clearly exhibits the Fano shape,
and asymmetric resonances can be seen in G1 as well, although with a small amplitude.
Interestingly, this non-local signal in G1 is present far from the QD1 resonance as well,
with an amplitude independent of the detuning, but only to more positive gate voltages.
Finite-bias spectroscopy (not shown) reveals that here the resonances both in QD1 and
QD2 arise from Andreev bound states (ABSs, see Section 2.3.2). The lines of high conductance in Figure 5.21(a) arise from the ground state (GS) transition of the ABSs, where the
resonance energies ±ζ cross at zero bias (see Figure 2.9(e)). Thus the generation of the
non-local signal may be substantially different from the case discussed in earlier sections
(double Coulomb resonance), including the asymmetry of the lineshape.
As shown in Figure 5.21(d-f), in B = 100 mT the non-local signal disappears completely, in contrast to the results acquired in the Nb sample, where the interference
patterns were present irrespective of the magnetic field, in the normal state as well. In
B = 100 mT the Andreev resonances are blurred out, but still identifiable. Again, this
suggests that the process resulting in the non-local signal is governed not only by the
superconducting gap, but other energy scales as well.
The Andreev resonances themselves, and the non-local signal stemming from them
is investigated in the next section. We note that the following measurement data were
acquired in a different cooldown of the same sample.

Superconducting features
In Figure 5.22 finite-bias spectroscopy measurements are shown of QD1 and QD2 in
B = 0 and B = 500 mT. In the latter field the Pb strip is in the normal phase. In
the B = 0 maps in panel (a) and (c) one finds subgap features, which we identify as
Andreev resonances. The structure of these resonance lines is more rich than what is
presented in Section 2.3.2, at some gate voltages multiple resonances can be found inside
the gap (for example, see the region marked with a white star). These may originate for
example from multiple orbitals, or from the lifted degeneracy of the spin-up and spindown states, due to the spin-orbit interaction [207]. From the maximal bias value, up to
which these features persist, we extract an induced gap of 2∆∗1 = 420 µeV in case of
QD1, and 2∆∗2 = 730 µeV for QD2. The presence of the Andreev resonances suggests a
strong coupling to the superconducting lead. This is supported by the finite-bias maps in
B = 500 mT, especially in the case of QD1, which is in the open dot regime, with relatively
transparent barriers for Vg3 > −0.9. We note that one Coulomb diamond is identifiable
in G1 to more negative gate voltages, with Ec1 ∼ 3 meV. The Coulomb diamond pattern
appears more clearly in QD2 at Vg6 < −0.4, where we extract Ec2 = 5 − 7 meV.
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Figure 5.21: CPS experiment in B = 0 and control experiment in B = 100 mT. (a) G1 and
G2 measured simultaneously in B = 0 as the function of the plunger gate voltages Vg2 and
Vg7 . (b) Horizontal and (c) vertical cuts of G1 and G2 taken on-resonance, from the intensity
plot shown in panel (a). The horizontal slice is taken at the local maximum of the upper QD2
resonance at Vg7 ≈ −0.18 V, while the vertical cut was taken along the single resonance of QD1
at Vg7 ≈ −0.818 V. QD2 exhibits a strong non-local signal, with an asymmetric line shape. The
non-local amplitude in QD1 is smaller, but the asymmetry is resolvable there as well. In panels
(d-f) the control experiment is shown in B = 100 mT with the same visualization. The non-local
sign vanishes both in QD1 and QD2.

N

To carry out a CPS experiment, we focus on the regimes Vg3 ≈ −0.8 V (marked with
in Figure 5.22(c)).
in Figure 5.22(a)) and Vg6 ≈ −0.5 V (marked with

•

CPS experiment at finite bias
In Sections 5.3 and 5.4 we investigated the CPS process at zero dc bias only. The bias
and gate voltage dependence of the Andreev resonances motivate us to extend our investigations to finite dc bias. The experimental setup allows us to apply different bias voltages
to the N1 and N2 electrodes. However, to reduce the number of parameters, and to make
the interpretation of the experiments easier, we bias the CPS circuit symmetrically, such
that µN ≡ µN1 = µN2 = −|e|Vb , where we chose the Fermi energy of the superconductor
as the reference, µS = 0.
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Figure 5.22: Superconducting features in the CPSD with Pb source. (a) Differential conductance of the left arm in B = 0, as a function of bias and gate voltage. We find subgap resonances, which we ascribe to ABS. From these we deduce an induced gap of 2∆∗1 = 420 µeV.
(b) Conductance map of the same region in B = 500 mT, with the subgap features absent.
(c) Differential conductance of the right arm as a function of bias and gate voltage. We deduce
an induced gap 2∆∗2 = 730 µeV. White star marks a region where multiple ABSs can be seen
at fixed gate voltage. (d) Conductance map of the same region in B = 500 mT. The subgap
features disappear, and the Coulomb diamonds appear more clearly. We extract a charging energy of Ec2 = 5 − 7 meV for the leftmost Coulomb diamonds. The symbols N and
mark two
regimes which are investigated in detail in Figure 5.23. The gate voltages not tuned in a given
measurement were fixed at Vg1 = 2 V, Vg2 = −1.3 V, Vg3 = −0.75 V, Vg5 = 0, Vg6 = −0.5 V,
Vg7 = −0.76 V, Vg8 = 0 and Vg9 = 2 V.
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(a)

(b)

(c)

(d)

Figure 5.23: CPS experiments at finite bias, with different tuning-sensing dot roles and sensing
dot positions. In panels (a-b) QD2 is the sensing dot, tuned to Vp2 ≡ Vg6 = −0.481 V and Vp2 =
−0.497 V. In (c-d) QD1 is the sensing dot, tuned to Vp1 ≡ Vg2 = −0.88 V and Vp1 = −0.828 V.
These sensing dot positions are also marked with symbols (N and ) in all the panels, on the x
axis of the respective local map. Horizontal red and blue arrows on the y axis mark the positions
of Andreev resonances at a given gate setting. To evaluate the non-local signal, we focus on the
regimes in the dashed white rectangles. We visualize G1 and G2 using one-dimensional cuts at
the positions marked with a pair of solid and dashed lines, together with the currents I1 and I2
calculated with numerical integration in Figure 5.24. All the panels of the figure are extracted
from a single run of measurement, where G1 and G2 was registered simultaneously, as a function
of Vb , Vp1 ≡ Vg2 and Vp2 ≡ Vg6 (see Figure A.14 and the main text).
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In Figure 5.23(a) we show a finite-bias CPS experiment as a function of the plunger
gate voltage of QD1, Vp1 ≡ Vg2 and the symmetric bias voltage Vb . In G1 we see the closeup of the Andreev resonances from Figure 5.22(a). In Figure 5.23(a) it is more visible
that they do not cross, i.e. there is not GS transition at these charge states, the GS is
always the singlet state (see Figure 2.9(d-f)). In this measurement QD2 is the sensing
dot, and correspondingly, G2 contains the non-local signal. Some transport features in G2
appear as horizontal lines, independent of the tuning of QD1. We associate these to the
local transport in QD2, tuned only by the symmetrically applied bias. In addition, we find
replicas of the Andreev resonances of QD1, that is, G2 is enhanced when the transport in
QD1 through the ABSs opens. Interestingly, this positive non-local signal is only observed
at negative bias voltages (µN > µS ).
We have shown in the previous sections that the configuration of the sensing dot has
an immense effect on the non-local signal. In the zero-bias experiments this meant that
we tuned the plunger gate of the sensing dot as well, and focused on the non-local curves
acquired on the Coulomb resonance. We have also shown that the two QDs can exhibit
qualitatively different non-local signals, and both ∆G1 and ∆G2 must be evaluated, by
turning around the sensing-tuning dot roles. In the case of the present finite-bias CPS
experiment, this means that to gather a complete dataset, we have to tune the plunger
gate of QD2, Vp2 ≡ Vg6 as well, and repeat the measurement of Figure 5.22(a) at each
Vp2 value. That is, we measure G1 and G2 simultaneously, as the function of Vp1 , Vp2
and Vb . From the point of view of measurement control, this is achieved by tuning these
parameters in a triple embedded loop.10 The outputs of such a measurement are two pieces
of 3D scalar fields, G1 (Vp1 , Vp2 , Vb ) and G2 (Vp1 , Vp2 , Vb ) (see Figure A.14 in the Appendix).
The visualization of such a dataset on paper – or in 2D, in general – is challenging. In
Figure 5.23 we plot 2D planes of G1 and G2 , extracted from the 3D dataset acquired with
this method, to which we refer as CPS tomography. In these planes either Vp1 =constant or
Vp2 =constant, which corresponds to swapping the roles of the dots, sensing and tuning. To
complement Figure 5.23, Vb =constant planes are shown in Figure A.16 in the Appendix.
Figure 5.23(b) shows the same measurement as panel (a), but repeated at a different
sensing dot position Vp2 . For orientation, these Vp2 values are marked with symbols, N and
, throughout the figure. To make these values meaningful, we have to look at the local
map of G2 , for example in panel (c). The Andreev resonances of QD2 cross at zero bias,
unlike in QD1. The two distinct Vp2 values, at which the panels (a) and (b) are measured,
are marked on the x axis. The gate value marked by is to the left, while the one marked
by N is to the right of the GS transition. Notably, by changing the GS of the ABS in QD2,
the non-local signal arising from the Andreev resonances of QD1 changes sign (compare
the maps of G2 in Figure 5.23(a) and Figure 5.23(b)). To the left of the GS transition
(see , Figure 5.23(b)) the positive correlation appears at positive bias (µN < µS ), and
the correlation disappears at negative bias. We remark that if QD2 is tuned further to
the right from the GS transition, we additionally observe negative correlation at negative
bias, that is, the Andreev resonances of QD1 result in suppressed conductance through
QD2 (see Figure A.15).

•
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For such a measurement an excellent device stability is necessary. Here the parameter tuned in the
outermost loop is Vp1 , thus gate jumps along Vp1 can be expected to be more frequent. However, even
the Vp1 ,Vb intensity plots appear continuous, apart from two minor jumps.
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The positive non-local signal appearing both in ∆G1 and ∆G2 is regarded as the
signature of CPS. In this measurement simultaneous conductance enhancement is observed
at Vp1 = −0.828 V ( ), Vp2 = −0.497 V ( ) and Vb = 90 µV. This point is marked with
black arrows in Figure 5.23(b) and (d), and also in Figure A.16(a) in the Appendix. We
first elaborate the experimental features observed at this ”sweet spot”, then provide a
qualitative explanation of the finding.

•

•

In Figure 5.24(a) we show vertical cuts of G1 in Figure 5.23(d). The cuts are taken
at the positions marked with dashed vertical arrows, red and black, at Vp2 = −0.497 V
( ), and Vp2 = −0.481 V (N), respectively. We observe the conductance enhancement
in G1 in the cut at the former position, but not in the latter one (see these positions in
the local map of QD2 in Figure 5.23(c), for example). Thus we associate the black curve
to the local background conductance of QD1, and denote the conductance variation by
∆G1 with respect to this curve. One finds that ∆G1 is largest at Vb = 90 µV, and turns
negative at larger bias voltages (in Figure 5.24(a) the red curve goes below the black one).
However, at finite bias – outside the linear regime – the correlations in the currents Ii
should be evaluated, rather than the differential conductances Gi = dIi /dVb . Therefore,

•

(a)

(b)
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Figure 5.24: CPS at finite bias. (a) G1 and (b) G2 as a function of Vb at fixed gate voltages,
and the currents calculated by numerical integration (c) I1 and (d) I2 . For the gate voltage
positions, compare with Figure 5.23. For each QD, the local conductance and current curves are
shown with black lines. Maximal excess currents of ∆I1 = 0.385 nA and ∆I2 = 0.54 nA are
found at Vb = 150 µV.
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in Figure 5.24(c) we plot the current I1 calculated by the numerical integration of G1 .
In accord with our expectations, ∆I1 , the current variation over the background current,
does not change sign for large positive bias, unlike ∆G1 . We extract the largest excess
current of ∆I1 = 0.385 nA at Vb = 150 µV. We repeat the same procedure for QD2, and
plot the cuts G2 and the calculated current I2 in Figure 5.24(b) and (d). The cuts are
taken at Vp1 = −0.88 V (N), and Vp2 = −0.828 V ( ). The former one is interpreted as
the local conductance background of QD2. We find the largest variation in I2 again at
Vb = 150 µV, ∆I2 = 0.54 nA. We estimate the finite-bias CPS efficiency using the formula
χe = (∆I1 + ∆I2 )/(I1 + I2 ), and find that χe assumes a maximal value of χe = 0.3 at
Vb = 90 µV. The visibility η = (∆I1 /I1 ) · (∆I2 /I2 ) also has a local maximum at the same
setting, with η = 0.09. Thus the efficiency and visibility maximum does not coincide with
the excess current (∆I1,2 ) maximum, which we ascribe to the bias dependence of the local
transport processes, and the broadening of the Andreev resonances.
We remark that both ∆I1 > 0 and ∆I2 > 0 persists for bias voltages larger than the
estimated induced gaps ∆∗1 and ∆∗2 . Consistently with ∆∗1 < ∆∗2 , ∆I2 remains observable for larger bias voltages than ∆I1 does, even at the high end of the bias window.
Interestingly, the simultaneous positive current correlations are practically absent at negative bias, where one would expect ∆I1 < 0 and ∆I2 < 0, corresponding to inverse CPS
(Cooper pair injection to S from N1 and N2).

•

Interpretation
In Figure 5.25 we illustrate that the point in the 3-dimensional parameter space,
where we found the largest non-local signals in the differential conductances ∆G1 and
∆G2 , corresponds to the double Andreev resonance of QD1 and QD2. Here we sketch
the experimental features seen in the white dashed rectangles in Figure 5.23. The panels
(a) and (b) of Figure 5.25 correspond to panels (b) and (d) of Figure 5.23, respectively.
The Andreev resonance energies of QDi are denoted by ±ζi . The resonances at ±ζi are
seen as horizontal lines at constant bias, when QDi is the sensing dot, and gate voltage
dependent curves, when QDi is tuned. The two-way conductance enhancement is observed
at the crossing of these resonances lines, that is, at µN = −ζ1 = −ζ2 .
In Figure 5.26 the relevant sub-gap transport processes are depicted. Figure 5.26(a)
shows the local transport through the cycle of excitation and relaxation of the dot as
follows (see Section 2.3.2). We suppose that the singlet state |Si is the GS, and the excited
state is the degenerate spin doublet |Di = {|↑i, |↑i}. The dot can be excited by injecting
an electron from N1 with energy ζ1 = ED − ES , or by extracting an electron with energy
−ζ1 . The cartoon illustrates the latter process, relevant in the current measurement at
positive bias, µN = −ζ1 . Subsequently, the dot relaxes by emitting an electron at energy
ζ to N1. In the cycle of |Si → |Di → |Si one Cooper pair is transmitted to N1 from S.
Figure 5.26(b) depicts the double Andreev resonance, which arises when the gate
voltage of QD2 is tuned such that the Andreev resonances of QD1 and QD2 are aligned,
ζ1 = ζ2 ≡ ζ. In addition to the local transport process of panel (a), when this condition
is fulfilled, the CPS process becomes enabled. The electrons constituting a Cooper pair
are injected to QD1 and QD2 at opposite energies, ±ζ, and leave the circuit to different
normal leads. Similarly to the local transport, the on-set of this process is at µN = −ζ. By
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(a)

(b)

Figure 5.25: Sketch of the features seen in the measurement of Figure 5.23. We observe positive
conductance correlation at the crossing of the Andreev resonances, at µN = −|e|Vb = −ζ1 =
−ζ2 = 90 µeV, Vp1 = −0.828 V ( ) and Vp2 = −0.497 V ( ). The Andreev resonances with
negative energy appear on the top part, at positive bias, because of the chosen bias voltage sign
convention.
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Figure 5.26: Schematic of the CPS mediated by double Andreev resonance. (a) Local transport
in QD1 through the cycle of excitation and relaxation at positive bias, µN = −|e|Vb = −ζ1 . (b)
Double Andreev resonance at µN = −|e|Vb = −ζ1 = −ζ2 ≡ ζ, giving rise to the CPS process.
One constituting electron is injected at −ζ to QD1, and the other one at +ζ to QD2. Due to
the symmetry of the configuration, the CPS process has two pathways, via (−ζ1 , +ζ2 ) (black
arrows) and (+ζ1 , −ζ2 ) (gray arrows).

tuning either dot off-resonance, the CPS process is suppressed, and the local background
current can be obtained.
In this picture an enhanced current is expected at every double Andreev resonance,
not only at the ”sweet spot” marked by the black arrows in Figure 5.23. However, in the
measurement of Figure 5.23, the two-way conductance enhancement is absent in most
cases of double resonance (”crossing”), and only QD2 shows the positive non-local signal.
One possible explanation of this is the asymmetry of the device parameters, analogously
to the case of the zero-bias CPS experiments in Section 5.3. So far we have not addressed
the formation of the ”replica” Andreev resonance lines, which also appear in an unbalanced
way: in G2 the resonances of QD1 are clearly seen, but not the other way around. Apart
from the Andreev resonances sketched in Figure A.14, other sub-gap features are also
observed in G2 at higher energy (see the local map of QD2 in Figure 5.23(c)). These
can originate for example from the finite QP density of states in S (soft gap), or ABSs
composed of different orbitals. We speculate that the replica lines originate from the CPS
process via the multiple Andreev resonances, involving different orbitals. This accounts for
the lack of replica lines in G1 , and the presence of them in G2 : the smeared-out Andreev
resonances of QD2 enable the formation of replicas in a relatively wide energy range. The
117

5.5. CPS with Pb superconductor source
local transport map of QD1 is cleaner, and therefore it acts as a stricter energy filter. To
explain why the replica lines appear stronger at negative or positive bias, depending on
the GS of QD2, a quantitative model is necessary, which takes into account the transition
rates as a function of gate voltages and coupling strengths.
We remark that two experimental works can be found in the literature which report
non-local phenomena involving ABSs in a very similar device. In Reference [64] a N-QD1S-QD2-N CNT device was investigated, but only QD1 showed ABSs. Positive and negative
non-local signal has been observed in the transport through QD2 at the Andreev resonances of QD1. The sign change was induced by the GS transition in QD1. The non-local
signal was interpreted as originating from CPS and elastic co-tunneling. Reference [207]
reports of a QD coupled to 3 terminals – 2 normal-conducting and 1 superconducting – exhibiting ABSs. In addition to CPS, in the latter work a direct electron transport between
the normal electrodes has been observed via the ABS. This co-tunneling-like process has
been given the name resonant ABS tunneling by the author. Since in our case QD2 also
shows Andreev resonances, the elastic co-tunneling devised in the first work through the
Coulomb resonance of QD2 cannot take place, only via a process akin to the one observed
in the second work, resonant ABS tunneling. Thus a combination of these two mechanisms
may serve as an alternative explanation of the Andreev replica lines.
Conclusions
We have fabricated a CPSD with the NW cut below the middle superconducting
electrode. By applying negative voltages to the local gates, we formed QDs. Finite-bias
spectroscopy of these revealed an induced gap of a few hundred µeV, and ABSs were
observed in both arms. We investigated the current correlations at finite bias, with both
QDs tuned to its respective Andreev resonance. We observed a simultaneous current
enhancement in both arms, and a maximal CPS efficiency χe = (∆I1 + ∆I2 )/(I1 + I2 ) =
30% and visibility η = (∆I1 /I1 ) · (∆I2 /I2 ) = 9%. We interpret the current enhancements
as the signature of the CPS process. We conclude that the energy filtering of the ABSs,
arising in the regime of strong coupling to the superconductor, can be used to force
the splitting of Cooper pairs. This is in analogy with the energy filtering of Coulomb
resonances in the opposite, weak coupling limit, only the origin of the finite addition
energy differs. However, we note that in this approach the local transport of Cooper pairs
through the ABSs is also allowed at the resonance energy (±ζ), thus the competition of
the local and non-local processes sets a limit on the CPS efficiency.
The current correlations between the currents of the two arms are absent in the normal
phase of the middle electrode (in B = 500 mT), unlike in the device of Section 5.3 and
5.4. We attribute this change to the elimination of the direct coupling between the dots
via the middle NW segment.
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Throughout the thesis we provided short summaries at the end of each part forming
a logical unit. Here we sum up again our findings in a highly distilled form, and also take
a look at the future of CPS.
Novel fabrication techniques were demonstrated in Chapter 4 for the post-growth
geometrical patterning of InAs NWs. In particular, we defined QDs with geometrical
constrictions, and in the same lithography step we created self-aligned electrical contacts.
These techniques are versatile and can be easily adapted to form nanogaps, or needleshaped tips for scanning probe microscopy.
CPS experiments were analyzed in a device with a global back-gate and two local
gates. A probable cause of the low efficiency, the relatively strong coupling broadening
(Γ1 , Γ2 ∼ ∆) was identified. Novel CPSDs were fabricated in a bottom-gated geometry,
with Nb and Pb superconductor source. We have shown that the barrier transparencies
of the QDs can be tuned by the local gates, and the CPS efficiency can be optimized.
Various types of non-local line shapes have been observed. The symmetric peaks and
dips, and the transition between them can be explained in the framework of an incoherent
master equation model. More complicated signals, from slightly asymmetric peaks and
dips to strongly asymmetric Fano-like curves were interpreted in a coherent 3-site model.
This model revealed that the origin of the asymmetric signals is the quantum interference
between alternative pathways in the local transport. It also shed light on the importance
of the middle NW segment, which has been mostly ignored in prior theoretical works.
We have demonstrated the tunability of the CPS process and achieved an efficiency
of ∼ 20% in zero-bias experiments. The performance can be likely improved further in a
device where the induced superconducting gap is a clean, hard gap, with a size close to the
bulk value, and with better control over the QD coupling strengths, to fulfill the ΓS  ΓN
condition. A proposed CPSD geometry is illustrated in Figure 6.1, featuring epitaxial contacts and local wrap-gates. Epitaxial Al shells have been shown to produce a clean induced
gap [141, 106]. Self-screening of the applied, relatively thick (∼ 80 − 100 nm) semiconductor NW prohibits us from introducing sharp potential barriers. The local wrap-gates,
in combination with a thin InAs conducting core and a dielectric shell would provide an
outstanding electrostatic tunability. Thorough characterization of CPSDs requires an excellent device stability. In the bottom-gated CPSD the interface between the NW and the
silicon nitride layer, or the NW oxide itself may host charge traps, whose fluctuating occupation lowers the stability. An MBE-grown insulator shell with a better interface quality
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Figure 6.1: Future design of the Cooper pair splitter with MBE-grown epitaxial contacts,
dielectric shell and local wrap-gates. The NW is decoupled into two pieces by the incorporation
of an InP barrier in the middle.

would alleviate, or even eliminate completely this problem. The local wrap-gates provide a
high lever arm to tune the coupling strengths, more evenly than gating from one side does,
and preserve the cylindrical symmetry of the NW. The fabrication of wrap-gates with an
aluminum-oxide dielectric insulator shell has also been demonstrated [208]. However, the
gates were ∼ 400 nm wide, with ∼ 200 nm spacing, which is not yet appropriate for QD
confinement. Furthermore, in the CPSD the direct electron pathway between the QDs can
be removed by having an InP barrier segment halfway along the NW axis, at the location
of the superconducting shell. The synthesis of InAs NWS with built-in InP barriers have
been demonstrated too in several works [90, 103, 104]. Although the components outlined
above have been already realized in separate devices, merging them in the same device
and tailoring them for the reliable fabrication of CPSDs appears to be non-trivial and
challenging.
The CPS experiments can be made substantially faster by employing radio frequency
measurement techniques. For example, a fast read-out scheme of a double QD has been
demonstrated recently, which allowed an integration time as low as 400 ns with an appreciable signal-to-noise ratio [155]. Although by having an inherently better CPSD the
gate voltage optimization becomes much easier, and therefore, less time-consuming, fast
measurements still provide many practical advantages.
Having produced an efficient CPS circuit, the next milestone is the verification of the
spin-singlet character of the split pair. This task has been addressed in several theoretical
proposals. For example, one can use ferromagnetic leads as spin detectors and measure the
conductance correlation [209], couple the device to a microwave cavity and measure the
radiative response [210], combine the stream of electrons in the two arms using a beam
mixer and measure the noise [211], or employ spin-readout schemes used in QD-based
qubit technology [212] to provide a proof of entanglement.
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András Magyarkuti, László Pósa, Zoltán Balogh, Dr. Attila Geresdi, Vilmos Kocsis, Ádám
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Table A.1: Acronyms used in the thesis

Acronym
2DEG
ABS
AR
CAR
CPS
CPSD
CNT
FET
FIB
GHS
GPIB
GS
LAR
LPCVD
LPT
MacEtch
NW
PCB
PECVD
PMMA
QD
QM
QP
QPC
RIE
SCPS
SEM
SET
SMD
SPM
UCF
UHV
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Explanation
2-dimensional electron gas
Andreev bound state
Andreev reflection
crossed Andreev reflection
Cooper pair splitting
Cooper pair splitter device
carbon nanotube
field-effect transistor
focused ion beam
gas handling system (of the cryostat)
general purpose interface bus
ground state
local Andreev reflection
low pressure chemical vapor deposition
local pair tunneling
metal-assisted chemical etching
nanowire
printed circuit board
plasma-enhanced chemical vapor deposition
poly-methyl methacrylate
quantum dot
quantum mechanics
quasiparticle
quantum point contact
reactive ion etching
sequential Cooper pair splitting
scanning electron microscope
single electron tunneling
surface mounted (device)
scanning probe microscopy
universal conductance fluctuations
ultra high vacuum

Appendix

Table A.2: Parameters of the reactive ion etching (RIE) with the Oxford Plasmalab RIE.

Parameter
Base pressure
Process pressure
O2 flow
CHF3 flow
RF power
RF time

O2 RIE
CHF3 /O2 RIE
−5
4 · 10 mbar 4 · 10−5 mbar
250 mTorr
50 mTorr
16%
4%
50%
30 W
50 W
20 s
90 s
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A.1
A.1.1

Experimental techniques
Wedge bonding

A nanodevice fabricated on a silicon wafer must be connected to our instruments with
electrical wires for the conductance measurements. The gap between the nanoworld of the
device and our macroscopic world is bridged in 2 stages. The first stage is the patterning of
micrometer-scale conductors on the wafer, as the extension of the nanocontacts, to which
we refer as bonding pads. These can be fabricated in the same step as the nanoscale
contacts with EBL, or, since the scale permits, with photolithography as well. After the
processing steps we glue the silicon wafer piece (chip) into a centimeter-scale chip carrier.
As a group-wide standard, we use 20-pin leadless ceramic chip carriers.1 To fix the wafer
in place, and to form electrical contact to the strongly doped bottom of the wafer, we use
silver paint. Then, in the second stage, with a wedge bonder we form electrical contacts
between the bonding pads and the leads of the chip carrier. Photographs of the bonder
head are shown in Figure A.1. The chip carrier is fixed on the substrate stage with the
clamps. The bonding is done using a stereo microscope (not shown). The thin, 25 µmdiameter Al wire (alloyed with 1% Si, for better mechanical properties) is fed through
the tiny hole at the tip of the wedge (Figure A.1(c)). To form an electrically conductive
bond, the wedge pushes the wire against the metallic bonding pad, and a piezo crystal
applies ultrasonic vibration to the wedge. After this first bond on the chip we move to the
gold-plated bonding surface of the chip carrier, pulling off a 1-2 mm-long wire piece from
the spool, and place the second bond. After that, by fixing the wire with the clamp and
moving the bonder head upwards, we cut the tail of the wire. We repeat the procedure for
all the electrodes of the device. Once we are done, for the measurements the chip carrier
is placed in a matching socket of a sample holder (see Figure A.1(d)).
In case there are multiple devices on a single chip, and not enough leads on the chip
carrier to bond all the electrodes, one can test for the most promising devices using a probe
station. Such a setup consists of a stereo microscope, a micrometer positioning stage, and
micromanipulators. Metallic needles are mounted in the micromanipulators, using them
we can create temporary electrical connections, and measure the room temperature conductance and gate response. Having the devices prioritized, we bond the highest ranking
ones for the low temperature measurements. The probe station setup at the Department
of Physics, BME was developed by Endre Tóvári.

A.1.2

Electrostatic discharges

Many different types of dangers are threatening the success of transport experiments
in nanostructures. One of these dangers, lurking behind every corner, is electrostatic
discharge [213, 214, 215, 216].
There are various ways to separate positive and negative charge carriers and create a
charge imbalance. The imbalance can be equilibrated in an electrostatic discharge (ESD)
event. ESD happens in a short time scale, and the current flowing through a nanostructure
with small cross sections results in a very high current density, leading to the destruction
1

For example, type LCC2021501 or PB-C87321. These differ slightly in the size of the internal pit,
where the silicon chip is placed ( ≈ 5 × 5 mm).
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Figure A.1: Wedge bonder. (a) Bonder head with the wedge, clamp, solenoids and the piezo
crystal, above the sample substrate, holding the chip carrier. (b-c) Close-up of the wedge and
the clamp. The Al wire has a diameter of 25 µm. (d) Chip carrier with a chip inside, placed in
a chip socket.
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of the device. ESD has been taking a toll in numerous fields in industry, endangering the
integrity of integrated circuits, spacecrafts and satellites as well [213, 216]. In response,
ESD control, a field which focuses on the prevention of ESD in critical areas, has emerged.
Here we very briefly summarize the precautions we can take to avoid losses to ESD.
It is a long-standing observation that charges can be separated by rubbing two solids
with different material compositions (triboelectric effect). We can unintentionally accumulate charge in simple, everyday activities like walking on the floor, sitting down or
standing up from a chair and, a bit ironically, unrolling a scotch tape. Tens of kVs can
be generated while walking on a regular nylon floor, a sample thus can be destroyed by a
wrong step, literally. Essentially, we would like to prevent the accumulation of charges,
or, if the charge imbalance is already present, equilibrate it in a slow, controlled manner.2
Proper material choice plays a crucial role in both tasks to create ESD-safe tools and
work environment. Materials with an intermediate surface resistance (106 –109 Ω/cm2 ) are
desired, since these, even if they get charged, bleed off themselves, and in an ESD event
they present a high-impedance pathway and limit the peak current. Grounding is crucial in ESD control, and because of the same current-limiting reason, a soft ground with
∼ 1 MΩ resistance in series to the ”earth ground” should be used. ESD grounding accessories usually have a built-in resistor (or have resistive wiring), but it is a good practice
to double-check with an ohmmeter. By grounding we make sure that the different objects
in the environment are at the same potential.
In practice these guidelines boil down to the usage of anti-ESD heel and wrist straps
(grounding the human body), table-top and floor mats (also grounded, and made of a
dissipative material), and ionized air blower (neutralizing charges on insulators, or other
objects inaccessible with electrical contacts). While it is natural that charges can be
transferred when an object is touched, it is less obvious that current can be induced
even without any contact. For instance, by approaching an ungrounded metallic sphere
with a charged insulator, we can separate the charges in the metal and create an electric
dipole. This textbook example illustrates the importance of grounding, and also warns
that samples can be destroyed without touching them with electrical connections, in any
phase of sample fabrication. Therefore, it is well-worth to store the samples in anti-ESD
boxes and handle them with anti-ESD tweezer tips (also made of a dissipative material).
Instead of insulating rubber gloves, cotton gloves with carbon threads are favorable in
some situations, for example where we would like to avoid contaminations of vacuum
surfaces, but there are no chemicals involved.
A quite special case is the glass needle used in the micromanipulation of NWs. If the
tip gets charged, it becomes impossible to manipulate the NWs as desired. They behave
notoriously, cannot be aligned, and do not stick to the substrate. Sometimes, they cannot
be picked up either, because upon touching them they are suddenly repulsed. A telltale signature of charge accumulation is when the NW forest on the growth wafer bends
towards the glass needle. Occasionally, similar effects can be seen when there is a NW
already on the first needle, and we approach it with the second one, to align it. Here
ionized air blowers cannot be used, because even a gentle air movement causes significant
vibrations at the tip of the long and thin needle. The charges can be neutralized by holding
2

In the semiconductor industry it is usual to include additional elements in integrated circuits to
handle ESD events and protect the ESD-sensitive circuit. However, at the present moment such on-chip
protections are difficult to realize for quantum devices.
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a radioactive α-source next to the needle for a short time. Alternatively, as the author also
prefers, an ionizer anti-static gun serves as a safe and easy-to-use tool [217]. Squeezing
and releasing the trigger deforms a piezoelectric crystal, positive and negative ions are
generated at the metallic needle of the gun.3

A.1.3

Supplementary information on the cryogenic filtering

In Section 3.3.2 we discussed the wiring of the cold-insertable probes and the electronic setup of the low-temperature measurements. Here we show the printed circuit
board (PCB) layout of the RC low-pass filter in the cold finger (Figure A.2) and the room
temperature probe box filter attached to the Fischer connector of the probe (Figure A.3).
In both filters surface-mounted (SMD) components are used, which have a small footprint. As a trade-off between space saving and easiness of handling, size 0805 was chosen.
Furthermore, SMD capacitors have superior electric properties over their through-hole
counterparts: their parasitic inductance is smaller, and therefore, the RC low-pass filter
realized with them is applicable to higher frequencies.

Figure A.2: PCB design of the RC low-pass filter stage in the cold finger. The PCB is 2-sided,
the upper and bottom copper layers are in red and blue, respectively. Surface mounted (SMD)
components were used to realize the RC filters (size 0805). There is a copper ground plane filling
wherever possible, which is connected electrically to the ground via the metallic parts of the
cold finger. The big and the small light blue circles mark the inner and outer edges of the PCB,
worked with a turning-lathe.

The probe box PCB (Figure A.3) is designed to fit in the Hammond 1550Z106 enclosure, and it is fixed with 4 screws in the corners (see the assembly in Figure A.4).
Both connectors, the DSUB on the top part, and the Fischer on the bottom part, are
panel-mounted, short copper wires connect them to the lines on the PCB. The 4-pole
switches are type Miyama MS-500P. The filters are made using SMD ferrites (Murata
BLM21BD272SN1L), and 7-stage π-filters LFCN-80, LFCN-1450 and LFCN-5000 (from
MiniCircuits). As a last step of the assembly, the PCB can be covered with Eccosorb
3

For a fun and instructive introduction on ESD protection we refer the interested reader to the
training video of Apple, titled The shocking truth. The video is presently available on YouTube at the
address http://www.youtube.com/watch?v=sFqedlvMm6k. The usage of a similar ionizer gun is also
demonstrated in the video from ∼11 min 40 s.
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CR-124, which is an epoxy-based microwave absorber resin (lossy dielectrics). We note
that the Eccosorb CR-124 is magnetic, and should not be used inside the stray field of
the magnets of the cryostat [161].

Figure A.3: PCB design of the probe box, hosting the room temperature filtering stage and
grounding switches.

Figure A.4: Assembled probe box with the room temperature filtering stage (without epoxy
coating).

The manufacturer does not provide data on the electrical properties of the microwave
filter VLFX-80 at cryogenic temperatures, nor in magnetic field. With a vector network
analyzer we measured its transmission and reflection spectrum at 4 K, in B = 0 and B =
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1 T (Figure A.5). We verified that the magnetic field does not influence the characteristics
substantially.
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Figure A.5: Magnitude of the transmitted (S12 ) and reflected (S11 ) power of the MiniCircuits
VLFX-80 filter as a function of frequency at 4 K, in zero magnetic field (black) and in 1 T (blue).

A.1.4

Cooldown of the cryo-free cryostat

Figure A.6 shows the temperature of the 50 K and 3 K plates as a function of time,
after the Cryomech compressor is turned on.
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Figure A.6: Cooldown of the cryostat from 300 K, measured by the Pt resistance thermometers
coupled to the 50 K and 3 K plates (electrical connectors accessible on the GHS). The cryo-cooler
cools down the cryostat with the high mass vector magnet inside in about 80 hours, without
liquid nitrogen precooling.
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A.1.5

Focused ion beam milling

The CPSD with Pb superconducting lead presented in Section 5.5 was fabricated on an
InAs NW cut with a focused ion beam (FIB). The cutting procedure is mostly manual,
in contrast to the automated pattern generation of EBL, for say. We briefly describe
the method we applied, using the screenshot of the control software as an illustration
(Figure A.7). The instrument used for FIB milling is a dual beam machine, the electron
column can be seen directly above the sample, and the ion column to the right, tilted
at ∼ 45 degrees (lower right panel). In the e-beam picture an InAs NW is shown (upper
left panel), with two FIB milled cuts. In the ion beam picture (upper right panel) one
can see the bottom gate structure. Right before the cuts were made, the e-beam and ion
beam images had been aligned manually, using the beam deflectors to overlap features
in this area. Then the ion column was blanked, and e-beam imaging was used to define
the position of the cuts. The thin yellow annotation line and the yellow triangle show
where the second cut would have been in an ideal case. This method allows us to avoid
the ion exposure of the NW (apart from the cut), but can lead to a considerable offset.
An alignment system similar to the one programmed in the EBL software would allow
more precise cuts without the cost of ion beam exposure. Unfortunately, such a feature
was not implemented in the FIB control software.

Figure A.7: Screenshot of the focused ion beam (FIB) milling control software. Electron and
ion beam images (upper left and upper right) of the sample, and optical image (lower right) of
the vacuum chamber.
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A.2

Supplementary data to the CPS experiments

In Figure A.8 the CPS measurements of the ΓN1 -tuning experiments are shown, presented in Section 5.3.2. The on-resonance horizontal and vertical cuts shown in Figure 5.6(de) were extracted from these measurements. Panels (a) and (d), corresponding to the
extreme values of Vg1 are identical to the ones in Figure 5.6(b) and (c), respectively.
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Figure A.8: Additional data to the N-QD1 coupling tuning experiment presented in Section
5.3.2. The intensity plots show G1 and G2 at different Vg1 voltages. The window of Vg2 (y axis)
was shifted in each measurement to follow the resonances of QD1, but the window size is kept
the same (40 mV). For the horizontal cut along L1 in panel (c) the gate jumps were corrected
algorithmically. This cut is the curve marked III in Figure 5.6(d).
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Figure A.9: QD formation with 2 gates in the right arm (QD2), additional data. Simultaneous
measurement of G1 and G2 . The same colorscale is set in both intensity plots. While in the local
signal G2 only 2 Coulomb resonances can be identified (marked by N and ), in G1 we see the
non-local signal generated by 4 more resonances, at more negative gate voltages.

•

In general, the amplitude of Coulomb peaks become smaller in an InAs nanowire QD
as it is tuned towards complete depletion. Thus the last visible Coulomb resonances in
the conductance may not correspond to the last charge states. In the CPS device the
non-local signal of the other dot — arising from the splitting process — can be used to
reveal additional charge states, the resonances of which cannot be resolved in the local
signal. Figure A.9 illustrates this in a specific example, where the non-local signal G1
shows 4 more resonances, with higher amplitude than the local signal G2 does (the same
colorscale is set in both panels).
To complement the QD formation with 2 gates illustrated in Figure 5.12, in Figure
A.10(a) we show the conductance of QD1 in a wider gate range (stitched together from
multiple measurements). In Figure A.10(b) the finite-bias spectroscopy of QD1 is shown
at Vg5 = −4.3 V. From the Coulomb diamond between L7 and L8 we extract a charging
energy of Ec ≈ 11 meV and lever arm αg4 = 0.1.
In Section 5.4 we present coherence effects arising in the CPS circuit. In the example
discussed there, the QDs were formed between 2 adjacent gates. To demonstrate that
the emergence of strongly asymmetric non-local resonances, originating from quantum
coherence, is not a unique property of the 2-gated regime, in Figure A.11 we show CPS
experiments in the 3-gated configuration (similarly as in Section 5.3), in (a) B = 0, (b)
B = 1 T and (c) B = 2 T. The non-local signal is illustrated with on-resonance slices in
Figure A.12. In panel (b) a variety of lineshapes is highlighted with numbers, from slightly
asymmetric peaks to strongly asymmetric Fano-like peaks.
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(a)

L8
L7

(b)

L7

L8

Figure A.10: QD formation with 2 gates in the left arm (QD1), additional data. (a) G1 as a
function of Vg4 and Vg5 , in an extended gate window. From the slopes of L7 and L8 we extract
a lever arm ratio αg5 /αg4 = 0.56. (b) Finite-bias spectroscopy of QD1 at Vg5 = −4.3 V. From
the Coulomb diamond between L7 and L8 we extract a charging energy of Ec ≈ 11 meV and
lever arm αg4 = 0.1.

135

A.2. Supplementary data to the CPS experiments

(a) B = 0 T
0 0.2 0.4

G1 (G0 )

0 0.05

G2 (G0 )

Vg9 (V)

-0.84
-0.86
-0.88
-0.9
-0.92
-0.94
-1.44

-1.43 -1.42 -1.44
Vg2 (V)

-1.43 -1.42
Vg2 (V)

(b) B = 1 T
0 0.1 0.2

G1 (G0 )

0

0.05

G2 (G0 )

Vg9 (V)

-0.84
-0.86
-0.88
-0.9
-0.92
-0.94
-1.44

-1.43 -1.42 -1.44
Vg2 (V)

-1.43 -1.42
Vg2 (V)

(c) B = 2 T
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Figure A.11: Additional data to Section 5.4, coherence effects in CPS. Evolution of the nonlocal resonances in the 3-gated regime in increasing magnetic field, (a) B = 0, (b) B = 1 T, (c)
B = 2 T.
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(a)

(b)

(5)
(4)

(3)
(2)

(1)

Figure A.12: Variety of non-local signals shown in slices: (a) horizontal and (b) vertical cuts
taken from the dataset shown in Figure A.11. The magnetic field increases from B = 0 to
B = 2 T, from bottom to top in steps of 200 mT. For the horizontal cuts in panel (a), the QD2
state at Vg9 ≈ −0.93 V was chosen as the sensing state, which generates the strongest, although
still very weak non-local signal. Panel (b) features different shapes in the non-local signal: slightly
asymmetric peak (1), symmetric peak (2), sawtooth-like curve (3), Fano-like peak (4), and peakdip-peak signal (5). The variation of the non-local signal in G1 (Vg9 ) oscillates, we find strong
variation in B = 0 and B = 1.4 T, and suppressed variation in B = 0.6 T and B = 2 T. The
vertical cuts are taken on-resonance, following the Zeeman shift of QD1.
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In the main text, in Figure 5.14 we show the magnetic field tuning experiment of the
interference signal in the range B = 0 − 1 T. Figure A.13 illustrates on-resonance cuts
of the local and non-local signal in the range B = 0 − 3 T, analogously to Figure 5.14.
Above B = 1 T, another pattern inversion takes place, which we associate to a second
level on the middle site crossing the Fermi energy, in the framework of the 3-site model
introduced in Section 5.4.4. For example in G1 in panel (a), at B = 0 the non-local peak
is slightly to the right, while at B = 1 T, it is slightly to the left of the local peak. Then
around B = 1.6 T, the local maximum develops again to the right of the local peak.
(a)

(b)

8

4

Figure A.13: CPS experiments in finite magnetic field (B = 0 − 3 T). Additional data to the
measurement shown in Figure 5.14, with the magnetic field range extended up to B = 3 T. The
non-local signals (upper plots) are offset artificially, the B field is increasing in steps of 200 mT.
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= const.

= const.

= const.

Figure A.14: Scheme of the CPS tomography measurements. Vb denotes the bias voltage applied
to the normal electrodes, Vp1 and Vp2 are the plunger gate voltages of QD1 and QD2. In a single
run G1 and G2 is acquired as a function of Vb , Vp1 and Vp2 .

In the finite-bias CPS experiments of Section 5.5 the differential conductance of each
QD is registered as a function of the plunger gate voltages Vp1 , Vp2 and the bias voltage Vb
(applied symmetrically to the normal leads). We gave the working name CPS tomography
to these kind of measurements. The resulting dataset can be represented as 3-dimensional
scalar fields (one for each conductivity, G1 and G2 ). 2-dimensional slices can be used to
visualize the data, where one of the three parameters is constant (sketched in Figure A.14).
Changing this constant value corresponds to making parallel slices with a shifting position.
Apart from tiling these (as it is done in Figure 5.23), the tuning of the third parameter
can be visualized for example as a movie on a computer.
In Figure 5.23(a-b) we show that depending on the ground state of QD2, the positive
non-local signal in G2 either appears at negative bias (panel (a), Vp2 = −0.481 V, marked
by N) or positive bias (panel (a), Vp2 = −0.497 V, marked by ). At the latter setting, we
do not observe a non-local signal at negative bias. However, if QD2 is tuned even further
from the ground state transition, negative non-local signal develops at negative bias. This
is illustrated in Figure A.15, which is extracted at Vp2 = −0.51 V.
In the main text Vp1 = const. and Vp2 = const. planes are shown of such a tomography measurement (see Figure 5.23). To supplement these, in Figure A.16 we plot the
orthogonal planes extracted at Vp1 = 90 µV, Vp1 = 0 and Vp1 − 90 µV. In panel (a), at
Vp1 = 90 µV we highlight the same point in the parameter space as in Figure 5.23(b) and
(d), where the current enhancement is analyzed. As it can be seen in Figure A.16(a), the
CPS process generates a local maximum at fixed finite bias, as a function of the plunger
gate voltages, similarly to the zero-bias experiments.

•
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Figure A.15: Additional data to the finite-bias CPS experiment: negative non-local signal. The
conductance of QD1 and QD2 as a function of bias voltage Vb and plunger gate voltage Vp1 at
Vp2 = −0.51 V. At this gate setting QD2 is tuned far from the ground state transition, and
the Andreev resonances of QD1 at negative bias suppress the conductivity G2 , that is, generate
a negative non-local signal. At the same time, at positive bias we observe a positive non-local
signal.
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(a)

(b)

(c)

Figure A.16: Additional data to the finite-bias CPS experiment. Vb = constant planes of the
tomography measurement shown in Figure 5.23, at (a) Vb = 90 µeV, (b) Vb = 0 and (c) Vb =
−90 µeV. In panel (a) the same (Vb ,Vp1 ,Vp2 ) data points are marked with black arrows as in
Figure 5.23(b) and (d).
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Alfred Forchel, M Scheffler, W Riess, BJ Ohlsson, U Gösele, et al. Nanowire-based
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and C Schönenberger. Finite-bias Cooper pair splitting. Physical review letters,
107(13):136801, 2011. (Cited on pages 72, 73, and 77.)
[184] Bryan Cord, Jodie Lutkenhaus, and Karl K Berggren. Optimal temperature for development of poly (methylmethacrylate). Journal of Vacuum Science & Technology
B, 25(6):2013–2016, 2007. (Cited on page 74.)
157

Bibliography
[185] Wenchuang Walter Hu, Koshala Sarveswaran, Marya Lieberman, and Gary H
Bernstein. Sub-10 nm electron beam lithography using cold development of poly
(methylmethacrylate). Journal of Vacuum Science & Technology B, 22(4):1711–
1716, 2004. (Cited on page 74.)
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