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1

Introduction

During the last couple decades significant technological advances have been
made, based on ability to manipulate and control electrons and photons.
The speed at which the control over charge transport increases even has a
name: Moore’s Law, stating that the number of components per integrated
chip would double about every two years [1]. Although not a real law, this
projection has held since 1975 (at least up to 2020), an indication of the
progress made during that time. A failure of Moore’s has been predicted
for a while [2], citing either size concerns or the progressively more difficult
challenge of thermal management, sparking increased interest in advanced
computational technologies, such as quantum computation, with the search
for the perfect quantum bit (qubit).
Although, no law describes the speed of technological advances made through
controlling photons, it can readily be seen in the development of wireless
communication or the increased use of optical fibres.
In contrast, control over phonons, which are responsible for sound and heat
transport in solids, is still in its infancy. The ability to manipulate phonons,
and thereby phonon transport, would allow significant advances in thermal
management. Highly efficient thermoelectric devices could help solve the
energy crisis [3–8], while precise control over heat flow could be used to
improve thermal management in micro- and nanoelectronic devices, heatassisted magnetic recording [9, 10] or the insulation of our houses. It could
futher lead to the creation of phonon transistors [11] or logic gates [12].
Control over the electron-phonon coupling would also be a significant step
towards stable qubits, where coupling to phonons is a major decoherence
mechanism [13–18].
A promising approach to control heat flow in nanostructures involves phonon
wave interference. Specular reflection and transmission at a superlattice interfaces modifies the phonon band structure, creating phonon band-gaps
[19–24], similar to the photonic band gaps observed in photonic crystals
[25–27].
The main challenge towards effective manipulation and control of phonons,
is the lack of efficient detectors. In contrast, we are able to very efficiently
detect charge. This is due to our ability to fabricate low-loss capacitors, on
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which charge can accumulate up to a measurable level. The same is not
possible for phonons due to a discrepancy between thermal and electrical
insulators. As every solid conducts heat to a certain degree, the thermal conductivity spans a much narrower range than electrical conductance. While
phononic band gap materials could improve this situation, they only act as
insulators for phonon energies within their band-gap.
The aim of this project is the realization of local phonon spectroscopy on
the nanometer scale, using inelastic tunnelling through the discrete energy
levels of double quantum dots (DQD), converting electrons to phonons, or
vice-versa, to investigate and thereby enable the engineering of phonon dispersions (Fig. 1.1).
Inelastic tunnelling takes place if the energy levels are detuned (ϵ1 ̸= ϵ2 ).

Figure 1.1. Illustration of a.) a phonon emitter and b.) detector using a
DQD. Driven by an applied bias, inelastic tunnelling is used to either emit
or detect phonons. c.) Schematic, illustrating the vision of this project.
Inside the semiconducting nanowire two double quantum dots (light blue)
are defined by local bottom gates (red) (or in-built barriers). Phonons are
then generated by an applied bias through source (S)-drain (D) contacts in
the left DQD system and detected by measuring the voltage in the right
DQD.
The electron will then tunnel through the DQD emitting/absorbing a particle (a photon or a phonon) able to account for the energy difference. When

2

ϵ1 > ϵ2 , tunnelling from QD1 to QD2 can only take place if such a particle
is emitted. Hence, the device acts as a photon or phonon emitter (Fig. 1.1
a.)). Analogously, when ϵ2 > ϵ1 , tunnelling from QD1 to QD2 can only take
place if a particle is simultaneously absorbed. The device now acts as a
detector (Fig. 1.1 b.)).
Within the scope of this thesis we focus on a single DQD, configured as a
phonon detector. The upper detection limit for phonon energies is given by
the charging energy of each QD. For a detuning larger than that, the next
higher QD stat would enter the bias window and change the QD configuration. The energy resolution of this detector is determined by the lifetime
broadening of the two probing levels. To maximise the energy resolution,
all tunnel coupling should be minimized.
We note that the applied voltage bias is not strictly necessary for the DQD
to work as a phonon detector. The working principle only requires a occupied initial and empty final state, a condition also given for DQD energy
levels on opposite sides of the Fermi sea. Applying a voltage bias can have
advantages: It provides a driving force, increasing the detection rate by
empting the final state. It further negates effects of a finite reservoir (S/D)
temperature. It may also drive a current through excited states, effectively
lowering the upper detection limit to the single particle energy spacing. This
could be circumvented, when the excited state spectrum is known.
Although a monochromatic phonon source would be ideal, for this thesis a
broad thermal source (i.e. a Joule heater) serves as phonon emitter.
In an effort to maximize both addition energy as well as single particle energy spacing of the DQD, the two QDs should be small, and well confined,
both features observed, which previously have been observed in InAs/InP
heterostructure NW [28].
Initially, we perform an in-depth analysis of the recently grown two barrier
InAs/InP heterostructure NW. We evaluate the characteristics of both the
QD, and the InP barrier segments.
As a natural next step, we characterise a three barrier InAs/InP heterostructure NW, forming a DQD. Finally, we investigate the characteristics of this
DQD as a phonon detector upon exposure to a thermal phonon distribution.

3
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2

Theoretical background

This chapter provides an overview over the theoretical principles behind the
experiments presented in this thesis, as established in literature. First, the
principles of electron transport in single quantum dots (QD) and double
quantum dots (DQD) are discussed, followed by a description of the specific material system employed here, where the growth and properties of
indium arsenide (InAs) nanowires (NWs) are discussed. Specific interest is
put towards the growth of indium arsenide/indium phosphite (InAs/InP)
heterostructure NWs and the mechanism behind the tunnel barrier formation. In the second part of the chapter we focus on phonons. First an
introduction to phonons in InAs is given. Then we consider the possibilities
for phonon excitation. In the last section, we discuss thermal transport at
the nanoscale.

2.1. Quantum Dots
A quantum dot (QD) is a quasi zero dimensional structure, where the motion of electrons is confined in all three spatial dimensions, resulting in a
quantized energy spectrum. These islands are also referred to as "artificial
atoms" due to their similarity to real atoms (localized electrons in specific
energy states) [29, 30]. QDs have been realized and investigated in a wide
variety of systems such as two dimensional electron gases [31–33], graphene
[34], carbon nanotubes [35, 36], graphene nano-ribbons [37] and semiconducting nanowires [38–41].
The quasi one dimensional nature of NWs has a distinct advantage over
other systems, as the electronic wave functions are already confined in 2 dimensions, leaving only the NW long axis open. To form a QD, further confinement in the long NW axis has to be introduced (in the form of potential
barriers). Common routes to form barriers inside the NW are electrostatic
gating to change the potential landscape [42] or band engineering, either
using different crystal phases or different materials [28, 43, 44].
In the QD system, where the electron transport is limited by tunnelling
events, the energy levels become quantized with a single particle energy
separation δE (analogous to a "particle in a box" model). The exact value
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of δE depends on the precise geometry of the QD as well as the dispersion
relation of the system. Generally δE scales inversely proportional to the
size of the QD.
In addition to the quantum confinement, the nature of electron transport
through a QD system is also governed by Coulomb interaction between
the electrons. Adding another electron to the charge island incurs an energy penalty for overcoming Coulomb repulsion, referred to as the charging
2
energy EC = CeΣ , where e is the electronic charge and CΣ describes the
islands self capacitance. Due to the nanoscale dimensions of QDs and the
correspondingly small self capacitance EC becomes non-negligible, or even
dominant when it exceeds the thermal energy (kB T < EC , δE). This phenomenon is usually referred to as Coulomb blockade.

2.1.1. Coulomb blockade and single electron tunnelling
The charge states of the QD system are usually described within the constant interaction model (CIM) [30]. The CIM is based on two major assumptions. Firstly, it assumes that the Coulomb interactions of the electrons on
and surrounding the QD can be described by a constant capacitance. Secondly, the energy spectrum of the QD is assumed to be independent on
the QD population. [29, 45]. A schematic of a typical equivalent electrical circuit, describing the QD electrostatics, is shown in Fig. 2.1 a.). The
QD is tunnel-coupled to the source (S) and drain (D) contacts forming
the electronic measurement circuit. By applying a source drain bias voltage
VSD = VS −VD a non-equilibrium electrical current can pass through the QD
system. Either the DC current or the differential conductance G = dI/dVSD
can be recorded. The QD is also capacitively coupled to source, drain and
to a electrostatic gate, which may be used to tune the QD energy levels.
Within the CIM the total capacitance CΣ is defined as the sum of all capacitively coupled electrodes CΣ = CS + CD + CG . For this system the total
energy U (N ) of the QD with a population of N electrons can be expressed
as
N

U (N ) =

(−|e|(N − N0 ) + CS VS + CD VD + CG VG )2 X
+
En
2CΣ

(2.1)

n=1

where N0 is the QD occupation number if all Vi = 0 (i ∈ S,D,G). The
equation combines three terms, one for the electrostatic energy from the
number of electrons on the QD, another for the gate induced charges (Ci Vi )
and one summing over the occupied single particle energy levels (En ). For
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Figure 2.1. a.) Capacitance model combined with a typical measurement
schematic. The QD is coupled to source (S) and drain (D) contacts by tunnel
barriers. This results in both capacitive coupling (CS,D ) and tunnel coupling (ΓS,D ). To tune the potential landscape, and thereby move the QD energy levels with respect to the electrochemical potential of source and drain
(µS,D ), an electrostatic gate is capacitively coupled to the QD (CG ). b.) Energy level diagram of a single QD tunnel coupled to Fermi distributed leads,
with N denoting the electron population on the QD. Schematic adapted
from Refs. [30, 46–48]
small biases and weak coupling we typically neglect contributions from excited states and only consider ground state transitions. We can then define
the electrochemical potential of the QD populated by N electrons as
µN = U (N ) − U (N − 1) = EN +

|e| X
e2
1
(N − N0 − ) −
Ci Vi (2.2)
CΣ
2
CΣ
i

constructing an energy ladder (Fig. 2.1 b.)) of states with a separation of
Eadd = µN − µN −1 =

e2
+ δE
CΣ

(2.3)

which is often called "addition energy". It can also be written as Eadd =
EC + δE. It has to be noted that δE can be zero, for example for spin
degenerate states, resulting in a periodic modulation of Eadd . The linear
dependence of µN on the applied gate voltages has to be noted. In conjunction with the constant energy spacing between levels this allows us to
experimentally shift the complete ladder relative to the source and drain
electrochemical potentials using any electrostatic gate by eαi ∆Vi , where we
establish αi as the conversion between the applied gate voltage and its effect
on the electrochemical potential (αi = CCΣi ). This factor is commonly called
7
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the gate lever arm as it describes its efficiency.
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Figure 2.2. a.) Energy level diagram of a single QD coupled to two Fermi
leads where the electrochemical potential of the QD (µ(N )) is resonant with
µS,D . b.) Corresponding off-resonance energy level diagram where the QD
is tuned into Coulomb blockade. c.) Illustration of the expected differential
conductance (G = dI/dVSD ) as a function of the applied gate voltage at zero
voltage bias (VSD =0). Figure adapted from Refs. [30, 46–48]
For electrical transport measurements the QD is coupled to metallic contacts. The electron in these leads can be described by a Fermi distribution
−1
E−µ
fS/D = exp( kB S/D
)+1
centred on their respective electrochemical
T
potential µS,D . The broadening of fS/D is temperature dependent with
4kB T describing its 10% to 90% width. For a thought experiment with
T=0 it becomes a step function. Further assuming VSD = 0, conductance
through the QD is only allowed for µS = µN = µD (Fig. 2.2 a.)). Here
the QD state is resonant with the electrochemical potential in source and
drain allowing sequential electron transport through it. Should the QD
state be "off-resonance", electron transport is blocked, with the QD system
in Coulomb blockade (Fig 2.2 b.)). Only upon tuning the position of the QD

8

2.1. Quantum Dots
energy levels using an applied gate voltage the QD can be filled up by electrons. Recording G as a function of ∆VG then yields a series of conductance
peaks whenever a QD state is in resonance (Fig. 2.2 c.)). Due to coupling
to the environment and a non zero temperature, these Coulomb blockade
resonances show a finite broadening which will be further discussed in the
next section.

2.1.2. Coulomb blockade resonance line shape
A QD system tunnel coupled to metallic leads will result in a state of finite lifetime τ . Taking Heisenberg uncertainty principle into account this
translates to an energy uncertainty of h/τ allowing off-resonant transport.
This is independent of temperature and holds at T=0. We establish the QD
state lifetime as one factor contributing to the resonance broadening. For a
purely (or dominantly) lifetime broadened peak (i.e. kB T ≪ Γ ≪ δE, EC ))
the line shape is described by the Breit-Wigner function[49]:
G(VG ) =

(Γ/2)2
e2 4ΓS ΓD
h Γ2 (−eαG (VG − V (0) ) + (Γ/2)2 )
G

(2.4)

(0)

where VG describes the gate voltage where the QD state is on resonance,
and Γ=ΓS +ΓD . The full width at half max (FWHM) of the peak is given
by the total tunnel coupling Γ and the peak height is given by the prefactor
(4ΓS ΓD /Γ2 ), and therefore governed by the asymmetry of the tunnel couplings.
The peak line shape is further affected by broadening of the Fermi distribution function in the leads. For Γ ≪ kB T ≪ δE, EC ) this temperature
broadening dominates the lineshape, which can be described by [50]:
(0)

G(VG ) =

(−eαG (VG − VG )
e2 π ΓS ΓD
cosh−2
h 2kB T Γ
2kB T

(2.5)

A dominantly temperature broadened peak will exhibit a FWHM≈ 3.5kB T
and the peak height is inversely proportional to the temperature.

2.1.3. Coulomb diamonds
So far we have limited the discussion to the zero bias case VSD = 0. By
applying a finite DC bias the electrochemical potential of source or drain
can be changed with respect to each other. We apply an asymmetric bias,
i.e. keep the drain electrode grounded. The condition to overcome Coulomb
blockade then relaxes from the QD state having to be aligned to both source
and drain electrochemical potentials to only having to be within the bias

9
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window (−|e|VSD = µS − µD ). Peaks in dI/dVSD appear when the QD level
becomes resonant with either µS or µD . Both source and drain electrodes
are also capacitively coupled to the QD. An applied bias voltage will therefore also have a gating effect and shift µN , which can be compensated for
by another external gate. Measuring G as a function of both VG and VSD
therefore yields a characteristic diamond pattern, the so called Coulomb
diamonds (Fig. 2.3) [45]. The diamond is created by two lines, one representing µN =µS and the other µN =µD . At their crossing point (i.e. the
top of the diamond) both source and drain are aligned to a QD level. The
height and width of the diamond therefore both represent Eadd (taking the
different lever arms of their respective gates into account). As the diamond
slopes are created by the interaction of two gating effects (VG and VSD ), they
G
can be used to calculate the gate capacitances of the leads by β− = − C
CΣ
G
. CG can be extracted from the peak separation at zero
and β+ = − CΣC−C
S
bias.

Figure 2.3. Illustration of Coulomb blockade in a single QD by a typical
differential conductance measurement as a function of bias voltage (VSD ) and
back gate voltage (VBG ). Two lines of slope β(+,−) span up diamond shaped
regions, where electron transport through the QD is blockaded by Coulomb
forces. The diamonds shown exhibit a two-fold periodicity allowing the
extraction of the charging energy (EC ), the addition energy (Eadd ) as well
as the single particle energy spacing (δE). I,II,III Energy level diagrams for
the single QD, illustrating the conditions which define the diamond borders.
IV Energy level diagram illustrating transport through an excited state.
Figure adapted from Refs. [30, 46–48]
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2.2. Double quantum dots
A double quantum dot (DQD) consists of two tunnel coupled QDs. These
are sometimes referred to as "artificial molecules" (analogous to the description of single QDs as "artificial atoms"), and may be coupled to source and
drain electrodes in either a serial [45, 51] or a parallel configuration [36, 52].
As the research presented in this thesis was carried out on the platform of
serial DQDs, we will here focus on this type of coupling.
In a quasi one dimensional structure such as a NW, the realization of a
DQD requires three tunnel barriers, which can be created using the same
methods discussed for the single QD case.
We will describe the electrostatic properties of the DQD within the framework of the CIM. One can describe the electrostatic properties of a DQD
system within the CIM, by considering the capacitances of all elements to
both QDs as well as adding an inter dot capacitance. Such a model including
a circuit diagram of a corresponding measurement setup is shown in Fig. 2.4
a.). The single QD case is expanded to two QDs, where each dot is capacitively and tunnel-coupled to source/drain electrode, respectively, in addition
to an inter-dot capacitance CM and an inter-dot tunnelling strength ΓM . To
tune the electrochemical potential in the two QDs, gate electrodes are capacitively coupled to their respective QDs (CL,1 ,CR,2 ). In nanoscale devices
it is almost impossible to prevent cross-capacitive coupling to the other QD,
which is therefore accounted for including CL,2 and CR,1 . Although they
can not be eliminated completely, steps can be taken to minimize these cross
capacitances to a degree where they can often be neglected.
An energy level diagram (Fig. 2.4 b.)) shows a similar "ladder" structure as
described for the single QD case, now for two coupled QDs. Due to the interdot coupling the electrochemical potential of each dot is no longer independent and depend now on the electron population of both QDs (µ1,2 (N, M ),
derivation in app. B).
We now discuss common DQD characterisation measurements for small bias
voltages VSD ≈ 0 and for a finite bias.

2.2.1. Charge stability diagram
At small DC bias (VSD ≈ 0), the charge configuration of the DQD is probed
by recording G as a function of the gate voltages VG1 and VG2 , yielding
the so called charge stability diagram. Neglecting cross capacitances, the
shape of the charge stability diagram is mostly determined by the inter-dot
capacitance CM relative to the total capacitance of each QD (C1(2) ) (illustrated in Fig. 2.5). For a very weak inter-dot coupling (CM ≈ 0) the DQD
system behaves as two decoupled QDs. The conductance resonances accom-
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Figure 2.4. a.) Capacitance model combined with a typical measurement
schematic for two QD coupled in series (i.e. a DQD). The QDs are coupled to
each other and source/drain, respectively, by tunnel barriers. The capacitive
coupling strength is denoted by CS,D,M and the strength of the respective
tunnel couplings is denoted by ΓS,D,M . Two electrostatic gates are employed
to tune the electrochemical potential of the QDs. They are capacitively
coupled to their respective QD by C[L,1],[R,2] as well as to the other QD by
a cross-capacitance C[L,2],[R,1] . b.) Energy level diagram of a DQD coupled
to Fermi distributed leads, where N (M) denote the electron population on
QD1 (QD2). Figure adapted from Ref. [51]
panying the addition of each electron run in straight lines perpendicular to
their respective gates (Fig 2.5 a.)). For small bias voltage, electron transport through the DQD system is only allowed at the crossing point, where
µS = µ1 = µ2 = µD . On the opposite extreme, for a large inter-dot coupling
(CM ≈ C1,2 ) , the DQD system behaves as one large QD. Here both gates
affect the merged QD similarly, leading to diagonal lines in G (Fig 2.5 b.)).
Finite cross-capacitance would have a similar effect, and change the slope
of the charge domain boundaries.
For an intermediate inter-dot coupling (0 < CM < C1,2 ), the charge stability
diagram takes the form of a repeating honeycomb pattern (Fig. 2.5 c.)). The
inclusion of a finite inter-dot capacitance also leads to an energy cost associated with charging an electron on the 2nd dot if the first QD is already occupied. This shifts the transition from (N +1, M )/(N, M +1) → (N +1, M +1)
up in energy, splitting the crossing (as observed in the decoupled regime)
into two so called triple points. At each triple point three charge states
are resonant resulting in two possible charge transfer pathways through
the DQD systems ((N, M ) → (N + 1, M ) → (N, M + 1) → (N, M ),
which can be seen as an electron tunnelling from source to drain, and
(N + 1, M + 1) → (N, M + 1) → (N + 1, M ) → (N + 1, M + 1) which
can be interpreted as the sequential tunnelling process of a hole from drain
to source, resulting in the same charge transfer).
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Neglecting cross capacitance terms, the separation of the charge domain
boundaries (i.e. the honeycomb dimensions) can be related to the gate
capacitances by
|e|
∆V(G1,G2) =
(2.6)
C(L,1),(R,2)
and the separation of the triple points relate to the inter-dot capacitance by
M
∆V(G1,G2)

CM
= ∆V(G1,G2)
C(1,2)

(2.7)

as indicated in Fig. 2.5 d.). To solve the equation system for all included
capacitances, an independent way of evaluating the total capacitance of the
two QDs (C(1,2) ) is missing. It can be extracted from finite bias measurements, which will be discussed in the following section.
So far the charge stability diagram has been discussed only taking into account the capacitive coupling between the two QDs. By also including the
finite tunnel coupling ΓM , the honeycomb structure changes slightly. The
degenerate QD states at the triple points hybridize into bonding and antibonding molecular orbitals, shifting the charge domain boundary from the
original triple point ∝ ΓM , rounding of the honeycomb edges (analogous to
an avoided crossing).

2.2.2. Charge stability diagram with finite bias
We now consider finite applied bias voltages (|VSD | > 0) to the source contact while keeping the drain electrode grounded. Analogous to the single
QD case, the requirement for electron transport relaxes to −|e|VSD = µS ≤
µ1(2) ≤ µD , so that each triple point evolves into triangular shaped regions
of allowed transport, the so called bias triangles (Fig. 2.6)[51]. The triangle
boundaries are then given by µ1 (N +1, M )=µ2 (N, M +1), µS =µ1 (N +1, M )
and µ2 (N, M + 1)=µD . As the dimensions of the bias triangles directly corresponds to VSD , the QD capacitances C(1,2) can be extracted from
α1(2) δVG1(G2) = |e|VSD =

CG1(G2)
|e|δVG1(G2)
C1(2)

(2.8)

where α1(2) represents the corresponding gate lever arms. Together with
Eq. 2.6 and 2.7, all included capacitances can be determined. To generalize
this solution (i.e. including finite cross-capacitance) additional measurements, such as considering the shift of the bias triangles due to CS,D , are
required[53].
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Figure 2.5. Charge stability diagram of the DQD for different inter-dot
coupling strengths (CM ) at zero bias voltage (VSD =0), neglecting any cross
capacitance. a.) Weak inter-dot coupling (CM ≈0) where the different
charge areas form a chessboard pattern. b.) Strong inter-dot coupling
(CM ≈ C1,2 ), where the two QD effectively behave as a single QD. c.) Intermediate inter-dot coupling (0 < CM < C1,2 ), where the characteristic
honeycomb pattern develops. d.) Illustration of a single honeycomb cell as
produced in the intermediate inter-dot coupling regime. The dimensions of
the cell may be used to evaluate the capacitive coupling strengths. Figure
adapted from Ref. [51]
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2
Figure 2.6. Electron transport through a serial DQD in the intermediate
inter-dot coupling regime at finite bias. The triple points evolve into bias
triangles, which envelop the regions of gate space where electron transport
through the system is allowed. I,II,III,IV Energy level diagrams illustrating the conditions at the triangle boundaries. Figure adapted from Ref.
[51]

2.3. Indium arsenide nanowires
Semiconducting NWs (sometimes also called nanowhiskers) are single crystalline nanostructures with a very large aspect ratio . They generally feature diameters in the tens of nm and lengths in the µm range. Due to
their narrow width, they may be treated as a quasi one dimensional system.
Semiconducting NWs have been synthesised from atoms the groups III-V,
II-VI or IV. This wide material spectrum together with the otherwise very
beneficial features have made semiconducting NW a promising platform for
many applications, such as thermal transport [54, 55], solar cells [56, 57],
light emitting diodes [58] and of course nanoelectronics, where NW systems
were employed as building blocks towards quantum computation [59, 60],
in thermoelectric research [61–63] as well as in spintronics [46, 64, 65].
The experiments done in the process of this thesis were exclusively performed on quantum dot systems in-built into indium arsenide (InAs) NWs.
InAs is an especially versatile platform due to its unique characteristics such
as its low effective mass [66], small band gap [67], high electron mobility [68],
large tunable g-facto and large spin orbit interaction [69, 70] in addition to
the generic advantages of any NW system.
In the following subsection the growth process and electrical properties of
InAs nanowires are discussed before putting a special focus on the InAs/InP
heterostructures which form the base material system of this research project.
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2.3.1. Nanowire growth

2

The synthesis of semiconducting NW systems is most commonly done using
the catalyst assisted vapour-liquid-solid (VLS) growth mechanism [71]. The
working principle of VLS growth is to bring a precursor vapour into contact
with a liquid catalyst particle, which is deposited on a substrate. The desired NW material will be absorbed into the catalyst until supersaturation,
at which point the excess material is segregated as a solid crystal at the
catalyst-substrate interface.
Depending on the desired growth mechanism and the material system, different growth techniques are available. These include electrochemical vapour
deposition (CVD), electrochemical beam epitaxy (CBE), molecular beam
epitaxy (MBE), and metal-organic vapour phase epitaxy (MOVPE). The
various techniques differ in the delivery method of the precursor molecules
to the catalyst, and the base pressure of the growth chamber (MBE and
CBE are preformed in UHV systems, MOVPE and CVD have higher base
pressures).
The choice of catalyst material is determined by the solubility of the precursor in the material. A high solubility improves the catalytic process and
therefore the ratio between axial and radial NW growth. For most material
systems gold (Au) is a efficient catalyst. As a noble metal it comes with the
further advantage of not reacting with oxygen.
The Au catalyst can be introduced by different methods. Au de-wetting
involves the thermal annealing of a previously evaporated Au layer, forming
catalyst particles of random distribution and diameter [72, 73]. This method
has the advantage of producing the most dense forest of grown NWs. Direct deposition of commercial Au colloids reduces the diameter spread (to
the commercial specification) but reduces the NW density [72]. The last
and most complex method is metallizing a EBL mask to create a pattern of
catalyst particles of fixed size and position [74].
InAs NW may be grown in both zincblende (ZB) and wurzite (WZ) crystal
phase, depending on the growth parameters. By careful parameter tuning
it is also possible to change the crystal phase during a single NW growth,
achieving a crystal phase heterostructure NW. As the two phases have
slightly different band gap energies of 0.42 eV for ZB and between 0.52
and 0.54 eV for WZ such a heterostructure also forms a quantum dot system [43, 75, 76].
The NW used for this thesis are exclusively WZ InAs nanowires grown by
VLS growth in a CBE environment by the group of Prof. Lucia Sorba
(NEST Pisa)[72].
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2.3.2. InAs/InP heterostructure
Heterostructure NW are one method of forming quantum dots in NWs by
taking advantage of the different bandgaps between different materials or
crystal phases. Here the focus lies on the heterostructure of InAs and InP
[77]. First the changes to the growth process, necessary to form symmetric
barriers with an atomically sharp interface, are discussed. Then the process
behind the formation of the tunnel barriers is described.

Growth
The heterostructure NWs are synthesized by VLS growth via CBE (analogous to the pure InAs NW as described in Sec. 2.3). Different materials
are grown by feeding different precursors to the catalyst particle. InAs NW
growth requires precursors for In (trimethylindium) and As (tertbutylarsine), whereas for InP growth the As precursor is exchanged for a phosphor
(P) precursor (tertbutylphosphine).
When changing the precursor gas flow the the growth does not immediately
switch, as the catalyst is in a supersaturated state. This causes a growth
delay during the nanoparticle reconfiguration. As the layer thickness is evaluated based on a calibrated growth rate, this leads to an inaccuracy between
different layers. For narrow segments (e.g. InP barrier segments) this may
lead to significant asymmetries.
This challenge has been overcome by the group of Prof. L. Sorba by deliberately performing the nanoparticle reconfiguration to its equilibrium composition of InAs growth by a pure As flux after each InP segment. With these
growth improvements the growth dynamics stay constant for any amount of
InP segments, allowing the growth of symmetric barrier segments [77][44].
An SEM micrograph showing the resulting NW "forest" from a successful
growth is shown in Fig. 2.7 a.).
Barrier Formation
With the heterostructure NW growth mechanisms and challenges discussed,
we next move towards the processes behind the tunnel barrier formation.
At the interface of two semiconductors with different band gaps the EF are
forced to align, creating wells or barriers in the band structure. This phenomenon has been used to realize various semiconductor heterostructures
(most prominently AlGaAs/GaAs) [78–80].
Here we consider InP barriers segments within an InAs NW. Fig. 2.7 b.)
shows a TEM image of such a heterostructure NW where three InP segments with lengths l1 , l2 encapsulate two InAs segments of length s. The
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band alignment at the interface results in a constant offset of the conduction band edge (ECBE ) V0 . During the measurement electrostatic gating
is used to shift ECBE relative to the constant EF , resulting in a gate variable effective barrier height. In an effort to estimate V0 we can start at the

2

Figure 2.7. a.) SEM micrograph of a NW "forest" still on the growth
chip. The Au catalyst particle is visible at the top end of each NW. b.)
TEM micrograph zooming in on the three InP segments of length li and
separation s. The overlay shows a schematic of the band structure of the
conduction band. The constant ECBE offset at the material interface is
shown as V0 . The gate variable difference of ECBE (InAs) to EF (ϕ= EF
- ECBE ), correlating directly to the effective barrier height. The SEM and
TEM images were provided by L. Sorba.
conduction band offset between bulk InAs and InP V0bulk = 0.6 eV [81–83].
Although convenient, assuming a hard wall profile for the band structure
is an oversimplification. The actual shape of the barriers will be affected
by band bending effects (influenced by the doping level or a piezoelectric
potential) [84] as well as strain [81]. Where band bending has theoretically
been shown to be negligible in a two barrier system of similar size [84], it
may have an effect in a three barrier system or at larger doping levels than
assumed in Ref. [84]. Furthermore it has to be noted, that the NW used in
this work were grown in the WZ crystal phase, exhibiting a different band
structure from bulk InAs, which shows a ZB crystal phase.
Strain will always be a factor in NWs and especially heterostructure NWs.
Tensile strain also tends to lower the conduction band energy. The bulk
value V0bulk can then be taken as an upper bound, reached for a system
large enough for any strain to relax. A low bound estimation can be made
for a planar InAs/InP heterostructure V02D = 0.4 eV. Due to the inhomo-
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geneity of strain in NWs one can not directly assume that the V0 for a NW
heterostructure system will lie in between these values, but they already
show that a strain can induce a large change from the expected barrier
height. In a NW heterostructure system the strain will not only depend
on the thickness of the segment but also on the radius of the NW (r). An
explicit dependence of V0 (l1,2 /r) is given by [81]
V0 (l1,2 /r) = V0bulk ·

1−

0.34
1 + 0.92(l1,2 /r) + 4.15(l1,2 /r)2.41

!
(2.9)

For a InP segment length l1,2 ≥ 1.5 r, V0 tends to its bulk value, where
for l1,2 << r V0 decreases towards the 2D value. For all NWs used in this
thesis, where l1,2 ≈ 5 nm and r≈ 60 nm conduction band offsets of ≈ 400
meV are expected.

2.4. Phonons in an InAs NWs
With the goal of this project in mind, we now discuss the particles of interest: phonons. The term phonon is used to describe collective excitations of
vibrational modes within a crystal lattice [85]. As such they are responsible
for the propagation of sound and heat in solids. The goal of this project
is to use inelastic tunnelling through a DQD to detect phonons. The relevant phonon energies are then restricted by the QD energy level spacing
(meV) placing the foucs firmly in the regime of acoustic phonons. A calculated phonon dispersion relation for the WZ InAs NW material system is
shown in Fig. 2.8. Using the proposed system as a phonon detector requires
phonons within the detectable energy scale to be present in the NW. Eventually this will be dealt with by a second DQD acting as phonon emitter.
In the mean time phonon excitation can be achieved by optical/microwave
excitation [86, 87], heating [88] or even surface acoustic waves (SAW) [89].
Here thermal excitation (i.e. heating) was chosen, where the DOS is populated with phonons according to a Bose-Einstein (BE) distribution. Although far from the desired limit of single phonons with spectroscopic accuracy, this method is a useful tool to examine the working principles of a
DQD as a phonon detector.
Optical excitation relies on the scattering of incoming photons to generate
phonons. Although a very efficient process to excite optical phonon modes,
here acoustic phonons are investigated. The method further poses the challenge of distinguishing phonon- from photon-assisted processes. We did not
further investigate optical excitation due to restrictions of the experimental
setup.
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Figure 2.8. Phonon dispersion relation and DOS for WZ InAs
NW. Peaks in the DOS correlate to the flattening of acoustic phonon modes,
moving away from the BZ center (Γ point), or the aggregation of optical
phonon modes, respectively. Spectrum calculated using density functional
perturbation theory performed by R. Rurali (ICMAB-CISI Barcelona).
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Finally, SAW excitation requires a strongly piezoelectric substrate making
it an ideal method for the GaAs/AlGaAs 2DEG DQD, but incompatible
with the Si/SiO2 substrate employed here.
Heating provides a broad distribution of phonons determined by the NW
temperatures, which depends on the thermal environment and the choice of
heating mechanism.

2.5. Thermal conductance in nanostructures
Thermal transport can be described analogous to electrical current. A potential (temperature gradient) drives a flow of current (heat).
Heat flow can also be separated into three characteristic mechanisms: conduction, convection and radiation.
Thermal conduction describes the heat flow between solids in direct thermal
contact. It is governed by Fourier’s law stating:
q̇ = −κ∇T

(2.10)

where q̇ describes the heat flux per unit area, κ the thermal conductivity
and T the temperature. In a solid heat may be carried by electrons or
phonons, but also more exotic particles such as quantum Hall edge states
[90] or magnons [91, 92]. Generally heat conduction is a diffusive process
well described by Fourier’s law, although some instances of non-Fourier heat
conduction have been reported either due to ballistic [93] or hydrodynamic
transport [94–96].
Convection describes the heat transport due to a flowing medium, usually
a liquid or a gas. Similar to heat conduction, the heat flux q̇ is described
as q̇ = hc (T − Tf ) where hc is the convective heat transfer coefficient, T
the surface temperature and Tf the fluid temperature. Within the work
presented here convection only affects the cooling within the forced flow
variable temperature cryostat.
Lastly, thermal radiation describes the generation of electromagnetic radiation from the movement of charged particle in matter. The heat flow emitted
due to thermal radiation can be described using Stefan-Boltzmann’s law as
q̇ = ϵσAT 4 where ϵ describes the emissivity, σ the Stefan-Boltzmann constant, A the area of the emitting body and T its temperature. The heat
flow between to bodies of different temperatures is then proportional to
(T14 − T24 ). Although relevant in the design and construction of cryostats
(where the temperature gradient to room temperature has to be considered)
thermal radiation plays a negligibly role in heating or cooling of nanostructures already at low temperatures.
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2.5.1. Heat conductivity

2

Within the boundaries of diffusive heat conduction, generalized by Fourier’s
law (eq. 2.10), the heat flux per unit area is linearly proportional to the
applied temperature gradient. An expression for the lattice thermal conductivity κ can be obtained from the kinetic gas theory as [85]
κph =

1
cm νλ = cm ν 2 τ
3

(2.11)

where cm describes the molar heat capacity, λ the mean free path , τ the
scattering rate and ν the velocity the phonons. We now consider the temperature dependence of κ in the low temperature regime.
Starting with phonons, we rely on the Debye model showing the phonon
3
heat capacity Cph to be proportional to TTD where TD is the Debye temperature. The sound velocity is independent of temperature in the low
temperature regime [97], leaving only the mean free path (mfp) to be discussed. The phonon mfp is determined by several scattering mechanisms
including boundary- and impurity-scattering as well as the intrinsic phononphonon scattering. At cryogenic temperatures (T ≪ TD ) the phonon mfp
is dominated by boundary and impurity scattering, which are temperature
independent, due to the low number of thermally excited phonons, leading
to κph ∝ T 3 .
For electrons the same principle can be employed to evaluate κe . The heat
capacity is given by Ce ∝ T . The Fermi velocity is also temperature independent. Below TD the electron mfp is also dominated by scattering at
boundaries or impurities (temperature independent), leading to κe ∝ T .
The electrical part of the thermal conductivity is also conveniently related
to the electrical conductivity by the Wiedemann-Franz law, stating
κe
= LT
σ

(2.12)

where σ is the electrical conductivity, L is the proportionality constant called
the Lorentz number and T is the temperature.
The total thermal conductivity is a combination of κe and κph .

2.5.2. Thermal boundary resistance
So far we have considered only heat transport within one material. To
expand the discussion to two materials in thermal contact, we also have to
consider the thermal interface resistance, or Kapitza resistance, RK . Generally, RK exhibits a temperature dependence of ≈ T −3 , with slight differences
depending on the materials. Its absolute value is difficult to calculate. The
two main models used to estimate RK are the acoustic mismatch model
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(AMM), which considers only specular scattering at a perfect interface, and
the diffusive mismatch model (DMM), where only diffusive scattering is considered.
For the AMM the phonons are treated as plane waves propagating through a
continuum (lattice structure is neglected). An incident wave can then either
reflect or refract at the interface (both with and without mode conversion),
with transmission angles given by Snell’s law:
sinα1
ν1
=
sinα2
ν2

(2.13)

where α1(2) describe the angles of the incoming (refracted) phonon wave and
ν1,2 describe the sound velocities in the two materials. Analogously to light
refraction, a critical angle for total reflection develops, reducing the amount
of transmitted phonons. Under these assumptions the transmission probabilities can be calculated for every angle and mode. The total transferred
heat is then calculated by summing up the contribution from all phonon
states.
The simplest approach the AMM offers is attributing each material an
acoustic impedance Zi = ρi νi where ρ is the mass density and ν the
sound velocity. The transmission probability can then be described analogously to a transmission line junction for a phonon with normal incidence
1 Z2
as Γ = (Z4Z
2.
1 +Z2 )
In summary the AMM predicts RK to depend on the mismatch of mass
densities and sound velocities between the two materials at the interface.
The DMM assumes all phonons are diffusely scattered at the interface. Under these assumptions the transmission probability is determined by a mismatch between the densities of states in the two different materials [98].

2.5.3. Electron-Phonon Coupling
At finite temperatures the electronic system is never fully decoupled from
the lattice. This leads to a finite interaction strength between electrons
and phonons, which affects the electric resistivity as well as the thermal
environment of the material. The total heat exchanged between electrons
and acoustic phonons (Qe-ph ) can be described by a general power law of
the form:
n
Qe-ph = V Σ(Ten − Tph
)
(2.14)
where V is the volume, Σ describes the electron phonon coupling strength,
Te(ph) describes the electron (phonon) temperature, and n describes the type
of the electron phonon coupling [62, 85, 97].
At cryogenic temperatures (T ≪ TD ), the power factor n is determined
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2

by a combination of the temperature dependence of the electron-phonon
−1
scattering rate τe-ph
∝ T p and an additional temperature dependence T q ,
stemming from an increased forward scattering probability at low temperatures, in the form n = p + q. [97]
We will now discuss these two factors a bit more detailed. The temperature
−1
stems from a decrease of scatterers towards lower temdependence of τe-ph
peratures with further contributions due to disorder and impurities in the
material. To address the latter point we define the clean limit as le ≫ λT ,
with le describing the elastic scattering length and λT the wavelength of
phonons with the energy kB T , and the dirty limit as le ≪ λT .
Calculations considering disorder in the lattice by Schmid et al. [99, 100]
have shown p = 4 in the dirty limit, p = 2.5 in an intermediate region, and
p = 3 in the clean limit.
In addition to the electron-phonon scattering rate, the energy transfer upon
a scattering event has to be considered for calculating the total heat exchange. At low temperatures (T ≪ TD ) the wave vectors of thermal phonons
are considerably smaller than the Fermi wave vector (kF ). Assuming the
electron velocity shows no large variations between neighbouring points on
the Fermi surface, the change of electron velocity in a single scattering event
will be small. This small angle scattering introduces a further T 2 dependence (q = 2) to the determination of the exponent n [97].
In systems with prominent Umklapp scattering, the assumption that the
electron velocity shows no large variation for small changes in wave vector
is no longer true, leading to a reduction of q. However, an inclusion of
phonon-drag effects may lead to an increase of q [97].
This discussion alone shows that the total exponent n may vary over a range
3.5 ⪅ n ⪅ 7.
Further insights can be gained by comparing different coupling mechanisms
(i.e. piezoelectric and deformation coupling) like in a work publiyhed by S.
S. Kubakaddi, which resulted in 3 ≤ n ≤ 7 [101].
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Device fabrication and experimental
methods

The results discussed in this thesis, and indeed most results in the field
of quantum electronics, rely on clean sub-micron structures. This chapter
describes the processes and methods required in the fabrication of such
nano scale devices. For this thesis the focus lies on nano-electronic circuits
of normal metal contacts to different nanowires, but most processes can be
applied to different systems with only small changes. The most important
process steps are discussed with the exact parameters in appendix A. This
chapter concludes with a description of the experimental setup and cryogenic
techniques used to perform low temperature transport measurements.

3.1. Device fabrication
Though the particular device architecture could vary greatly for different experiments due to the nature of the project, all devices were centred around
an InAs nanowire, hosting a heterostructure quantum dot system. The
fabrication can therefore be generalized to the process of making electrical
contacts to such a nanowire. Further steps, such as adding electrostatic
gates or growing local oxide layers using atomic layer deposition (ALD) are
also discussed. The devices fabricated to investigate phonon detection with
a DQD, further involve a joule heating segment, where additional considerations had to be made.
Fabricating electronic contacts to a quantum dot system built into a NW
involves deposition of said NW on a clean wafer with pre-defined markers
in place. After reading out the precise position of the NW and creating a
design for the electrical contacts, a mask is created by electron beam lithography (EBL). After removing the native oxide of the NW, the contacts are
metallized by electron beam evaporation followed by a lift-off leaving the
finished structure behind.
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3.1.1. Substrate preparation

3

The first processing step in every part of the fabrication process is the
preparation of the substrate for the subsequent steps.
All devices discussed in this thesis are fabricated on a heavily p-doped silicon
wafer (thickness ≈ 500 µm) with a capping layer of thermally grown silicon
oxide (SiO2 ) which allows the use of the wafer as a global backgate in later
measurements.
To ensure a clean chip surface each fabrication process is preceded by a
wafer cleaning procedure. In the first processing step this involves placing
the chip in an ultrasonic bath for 15 min while being immersed in acetone.
For subsequent steps (after the NW deposition) a bath in warm acetone
(40 ◦ C) replaces the ultrasonic bath due to the risk sonication poses to the
integrity of nanowires.
Directly following this, the chip is rinsed in isopropanol (IPA) and blown
dry using compressed nitrogen gas (N2 ) removing any remaining solvent
from the chip.

3.1.2. Basestructure
Making electrical contact to a structure with the size of a nanowire requires
both fabrication techniques with sub-micron precision as well as a precise
reference frame. The so called base structure was created to serve as reference. At its core the base structure (shown in Fig. 3.1) has a 500 µm
x 500 µm grid of unique markers used to locate nanowires and serve as
alignment markers for the duration of the fabrication process. The smallest
markers have a separation from each other of 10 µm. This grid of markers
is surrounded by small pads connecting outwards to larger bonding pads.
Together the markers and the pads form the 2 mm x 2 mm base structure. This design is fabricated using standard EBL processes followed by
the evaporation of 5 nm/45 nm titanium/gold (Ti/Au) (described in Sec.
3.1.4).
The base structure fabrication is the only step in the device fabrication
where batch fabrication is an option. Indeed they are fabricated on a large
(2.5 cm x 2.5 cm) piece of wafer which is cleaved into smaller pieces for later
processing steps. The size limitation is given by the EBL holder employed
in the fabrication.

3.1.3. Nanowire deposition
After the successful fabrication of the reference frame the next step towards
the finished device is transferring the nanowire from the growth chip onto
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Figure 3.1. Base structure design. a.) Scanning electron microscope
(SEM) images of the base structure starting from a full view image including
the outer bonding pads. b.) The inner pads and the complete marker
structure is shown in and an example of the unique marker design is shown
in c.).

the sample chip. Two different transfer techniques were employed: dry tissue transfer and micromanipulation.
Dry tissue transferring uses a sharp triangular tip cut into a cleanroom
tissue, which is brought into close proximity to the growth chip, where multiple nanowires will mechanically break off and attach to the tissue. The
nanowires are then transferred onto the chip by pressing the tissue on the
base structures. Tissue transferring, although a very quick method, comes
with some disadvantages: It offers only limited control over the amount of
nanowires deposited. Having too many nanowires affects further processing
steps similarly to dirt on the surface. This method is also prone to aggregate nanowires into bundles. Deposited nanowires are also more likely to
break into smaller pieces. These disadvantages may be offset by the larger
amount of transferred wires depending of your experimental requirements.
These disadvantages can be reduced, at the cost of time, by using a micromanipulation setup to transfer the wires. The setup consists of an optical
bright field microscope with large working distance objectives to observe and
direct the process by controlling two pneumatic manipulator arms, where
either glass or metal tips can be attached. Within the scope of this thesis
only glass tips were used. The tips are produced by a commercial device
(Narshige model PC-10) which pulls on a glass rod by applying a weight
to one end while fixing the other and then heating the middle locally. This
process yields two glass needles for every rod.
Used to its maximum potential the micromanipulator allows single nanowire
transfer and manipulation. To purely transfer wires on an existing base
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structure this requirement can be relaxed a little. The glass needles can be
used to transfer a limited amount of nanowires to the chip first and then
push them to achieve the desired density of single nanowires. As the use
of inbuilt barriers relaxes the precision requirements imposed on the NW
placement, this method was successfully employed within this project. It
has to be noted that this last step is heavily dependant on the specific wire
properties and may not be a viable option for every NW. If the wires stick
very well to the substrate or are too thin to be reliably pushed around without breaking, only direct single nanowire transfer remains as an option.
Once placed on the base structure, the nanowires have to be located in
relation to the unique position markers. For many other experiments this
process can be done using either optical microscopy or scanning electron
microscopy, where the latter would be avoided if possible to not risk contamination from the beam.
The proximity of the heterostructure to the NW tip imposes strict constraints upon fabrication precision ruling optical microscopy out as an option. The position of the nanowire is extracted from a scanning electron
microscope (SEM) image (Fig. 3.2 a.)). Due to the nature of the heterostructure, which is placed towards the gold catalyst, not only the location but also the orientation of the nanowire is crucial to properly design
electrical contacts and especially gate electrodes (Fig. 3.2 b.)). To limit any
possible contamination of the nanowire, the imaging exposure is done with
low acceleration voltages (<5kV) and is kept as short as possible. The exact
wire (and heterostructure) position is then extracted from the SEM image
by matching it to the base structure design. This process was significantly
sped up by a python tool developed by a co-worker, O.Faist.

3.1.4. Contacting InAs Nanowires
With the position known, the desired contacts and gate electrodes are designed in the Elphy software suite of our RAITH EBL system. The design is then realised into an evaporation mask by a standard EBL process
(schematically shown in Fig. 3.3). After the substrate preparation (sec.
3.1.1) a layer of resist is added by spin coating. Here a positive resist (e.g.
poly(meth)acrylate (PMMA)) is used, where exposure to an electron beam
breaks down the long polymer chains into smaller more soluble pieces.
After its realization by EBL exposure, the mask is developed by dipping the
chip into a solvent (e.g. 3:1 IPA:MIBK), which dissolves the resist in the exposed areas. The solubility of the exposed resist depends on the chain lenght
of the fragments, which is a result of the exposure parameters (mainly dose
and acceleration voltage). The development process results in an undercut
profile of the resist layer, due to the scattering of electrons on the surface.
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Figure 3.2. NW placement. a.) SEM images showing a deposited
NW inside a predefined marker field. b.) Close-up of the NW showing its
orientation from the visible Au catalyst particle at the bottom end of the
NW.
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Figure 3.3. Schematic depiction of the standard electron beam
lithography process a.) Silicon substrate (light grey) with a 400 nm silicon oxide (SiO2 ) capping layer (dark grey) and spin coated with a layer
of PMMA resist (pink). b.) Pattern exposure using electron beam lithography (electron beam depicted as a blue beam). c.) Development of the
evaporation mask from the exposed resist followed by metallization of the
mask. d.) Lift-off, removing the metal in non exposed regions together
with the resist, leaving the desired structure behind.

The undercut profile is also called a lift-off profile, as it is the desired shape
for metallization in a lift-off process. The undercut serves as a discontinuity
in the evaporated metal layer allowing a selective removal of the metal in
the non exposed areas.
By reducing the temperature of the development process (cold development)
to −15 ◦ C the smallest feature size can be decreased due to a decrease in
sensitivity of the resist. The reduced activity of the solvent at lower temperature freezes out the dissolution of larger chains, decreasing the effect
that scattered electrons have on the pattern quality [102, 103].
Following the development, an oxygen plasma reactive ion etching (RIE)
step is employed to remove any polymer residue remaining on the bottom
of the developed trenches.
Before this mask can be used to metallize the structure, the native oxide
of the nanowire has to be removed to allow good ohmic contact to the
NW. This is achieved by a wet etching step using ammonium polysulfide
(NH4 )2 Sx [104]. After removing the native oxide the etching leaves a monolayer of sulphur atoms behind on the surface, passivating it against reoxidation (leading to the process being known as "sulphur passivation"). This
S monolayer also dopes the contact areas locally, shifting the fermi energy
further up in the conduction band.
The mask is now metallized by evaporation of a bilayer of Ti/Au. The unexposed resist is then lifted off leaving the finished device behind. In this first
EBL process additional markers are written, allowing a precise alignment
relative to the contacts in subsequent steps.
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The gate electrodes and the joule heating segment were fabricated in a second EBL process without sulphur passivation. This eliminates the risk of
shorting the gates to the nanowire due to possible misalignment and allows
for smaller feature sizes due to less proximity of exposed objects. In early
devices the gates and the joule heater are metallized with the same Ti/Au
bilayer, for later devices Ti/Pd was used due to the increased resistivity of
Pd compared to Au, improving the performance of the joule heater segment.
An SEM micrograph of a completed DQD device including two side gates
and a joule heating segment is shown in Fig. 3.4 a.).
Oxide growth using Atomic layer deposition
To improve the thermal conductance between the joule heater and the
nanowire a layer of hafnium oxide (HfO2 ) was grown on chip using ALD
for specific experiments. The conventional ALD oxide growth is performed
globally on chip and etched back locally to make contacts to the bond pads.
Depending on the oxide and its thickness, it may also be possible to punch
through with the wire bonder.
Here a pseudo lift-off process was chosen instead. Contrary to metal evaporation processes ALD is not directional. ALD oxide grows one atomic layer
at a time over the whole chip. It is still possible to achieve a local deposition
using a pseudo lift-off. It relies on creating a weak point in the oxide layer
at the resist mask edge. During the lift-off the oxide layer breaks at the
desired breaking point leaving the intended structure behind. As growth
temperatures in the ALD exceeded the safe temperature of regular PMMA,
a copolymer resit based on PMMA and methacrylic acid (MA) was used in
this process.

3.1.5. Chip carrier and wire bonding
In the last step before the measurement, the chip is glued onto a commercially available non magnetic chip carrier with conductive silver paste. This
allows usage of the highly doped silicon substrate as a global backgate in
a later measurement. The bond pads of the base structure are connected
to the pads of the chip carrier by wire bonding (shown in Fig. 3.4 b.)).
The Au wire is wedged between the bonding tip of the machine and the
surface. A small pushing force is applied while the tip vibrates at its ultrasonic resonance frequency, melting the metal and forming ohmic contact
to the surface. Bonding parameters have to be chosen such that a reliable
conducting bond is achieved without creating a gate leak by forming a conducting channel through the SiO2 layer.
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In order to protect the device from electrostatic discharges (ESD) the sample, the machine, and the user have to be grounded during the process.
Finally, the fully connected chip carrier is build into a cryogenic measurement system.

3

Figure 3.4. Wire bonding a.) SEM image of a finished device, showing
a contacted NW flanked by two side gates and a narrow segment joule
heater. b.) Optical image showing the chip glued into the chip carrier
using conductive silver past. The bond pads of the base structure are wire
bonded to the pads of the chip carrier using gold wires.

3.2. Measurement setup
To be able to resolve quantum mechanical phenomena the environment temperature has to be low enough that the thermal energy does not mask the
investigated process. To this end, both the lattice and the electron temperature have to be lower than the investigated energy scales. For quantum
dot devices the relevant energies are the charging energy EC and the level
spacing δE, which usually are around a few meV. Reaching temperatures
corresponding to a meV energy scale requires liquid helium as a cryogen.
To reach the lowest temperatures (≈20 mK) commercially available dilution
refrigerators are used. They get their name from their cooling mechanism,
a 3 He and 4 He mixture, which separates into a 3 He-poor and a 3 He-rich
phase below ≈ 870 mK [105]. By continuously driving 3 He past this phase
boundary the mixing chamber is cooled down to low mK temperatures. The
chip and the cryostat wiring is thermally anchored to the mixing chamber
by the cold finger, a piece of high thermal conductivity metal. The chip is
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otherwise completely thermally isolated due to its location inside the inner
vacuum chamber (IVC). This isolation is of course necessary to reach such
low temperatures, as the mixing chamber is the coldest point and everything
else would only heat the device up. The downside of this technique is that
it provides only a very limited cooling power, which makes it a poor choice
for experiments involving local heating.
Higher cooling power are achieved using a different cryostat at the cost of
a higher base temperature. Using a variable temperature insert (VTI) the
environment temperature of the device can be regulated between 1.5 K 300 K. As a continuous flow cryostat the cooling is achieved by a continuous flow of helium gas over the sample. The temperature is controlled by a
heater and a needle valve (limiting the flow of cryogen).
For the measurements standard low-frequency lock in techniques are used
(Schematic in Fig. 3.5).
A SR830 (Stanford Research Systems) lock-in amplifier provides a low frequency (77 Hz) excitation signal. It is connected to the NW, at the source
contact (S), through a transformer where any additional DC bias may be
added to the AC signal. The output of the transformer is further attenuated
by a voltage divider (10−3 ) limiting the voltage applied to the NW to the
mV regime. Yokogawa YK7651 and the SP927 digital to analogue converter
(DAC) dc source (built in house by the electronics workshop) were used to
provide the DC voltage used to bias the quantum dot and to apply voltages
to the gate electrodes. The signal from the drain contact of the NW (D) is
amplified by a low noise current-voltage converter (107 -109 VA ) and recorded
simultaneously on the Lock-in and on a Keithley 2000 digital multimeter.
Contrary to both side- and backgates, which are designed to tune the electrostatic potential environment of the quantum dot structure, efforts were
made to limit the gating potential of the joule heater. To set its potential
close to zero, inverse voltages were applied to the two heater leads.
To limit influx of electromagnetic radiation down to the device, PI filters
with a cut-off frequency of 1 MHz, were mounted on the breakout box. In
dilution refrigerators the measurement lines are further filtered by homebuilt tapeworm filters (cut-off 10 MHz) close to the cold finger.
The measurements were controlled using QCodes, a python based data acquisition framework developed by the Copenhagen/Delft/Sydney/Microsoft
quantum computing framework.
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Figure 3.5. Measurement setup schematic Illustration of the typical
measurement setup used to simultaneously record the differential conductance as well as the DC current through a NW device at low temperatures.
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Two barrier InAs/InP heterostructure
nanowire 1,2

In this chapter we present and discuss characterization measurements performed on a QD formed in a two barrier InAs/InP heterostructure NW.
Heterostructure QDs, based on the same material system, have previously
been used to investigate QD physics [28, 40, 106–109], thermoelectric transport [110] and also heat flow [62].
For any QD employed as a spectroscopic tool, be it to read out qubit states
[111, 112], investigating transport through superconducting subgap states
[113, 114], or eventually as part of a phonon detector, well-known and reliably tunable characteristics are essential. These include properties that can
be tuned during a measurement, such as the QD level broadening, but also
some that are defined during the NW growth, such as the tunnel barrier
height and asymmetry.
The first step towards a controllable and stable system is the choice of tunnel
barrier. In-situ grown tunnel barriers provide a smaller degree of tunability (compared to electrostatically defined barriers), but on the other hand
generally provide a more stable system with less variables. Two methods
have been established for in-situ tunnel barrier growth in the InAs material
system, InAs/InP heterostructures and a ZB/WZ heterostructure [43, 115].
Here the InAs/InP heterostructure was chosen because it offers a larger confinement potential, due to the larger conduction band offset, enabling the
use of the QD system over a larger spectroscopic range.
This study shows the InAs/InP heterostructure system as a QD host material with exceptional stability with electrical tunability over a large range.

4.1. Device
The investigated NW were grown by the group of L. Sorba (NEST, Pisa).
The growth mechanism is further discussed in sec. 2.3.2.
The particular growth batch of NWs used here consisted ≈ 2 µm long InAs
1
2

Parts of this chapter have been published in similar form in Ref. [44]
This chapter is a collaborative work with F.Thomas, who also prepared most figures
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NW with a WZ crystal structure and a radius of ≈ 50 nm. The two InP
segments forming the heterostructure are grown in-situ, at a distance of ≈
400 nm from the Au catalyst particle. They are grown with a thickness
l(1,2) ≈ 5.5 nm and with a separation s ≈ 19 nm.
In order to perform an electrical characterisation of the QD and of the in-situ
barriers that form it, we make electrical contact to the QD system by two
Ti/Au electrodes (S/D) using the fabrication methods described in chapter
3. The result of such a fabrication process is shown in the SEM micrograph
in Fig. 4.1 a.).

4
Figure 4.1. a.) False coloured SEM micrograph of a typical devices used
to characterize the two barrier heterostructure NW. The QD is connected
to two metallic contacts (S,D) through two NW lead segments with lengths
L1,2 . b.) TEM image of a two barrier heterostructure NW. Two InP segments with thicknesses of l1,2 ≈5.5 nm delimit a short InAs segment of
length s ≈ 19 nm. The conduction band edge energy (ECBE ), relative to
the Fermi energy (EF ), is shown as a solid line in an overlay. The band
offset between the different materials (V0 ) is constant, while the effective
barrier height depends on the energy separation between the constant EF
and the gate tunable ECBE (ϕ = EF -ECBE ).
We generally treat this system according to the QD theory discussed in
section 2.1, which assumes tunnelling between two electrons baths with a
constant density of states (DOS) where the electrons are distributed by a
Fermi-Dirac distribution function. This holds for any metal electrode, but
as most NW QD systems have an "in-between" segment of semiconducting
NW, additional effects of these NW lead segments can occur, some of which
are discussed here. An in-depth investigation can be found in [116]. For the
device investigated here, the NW lead segments have lengths of L1 ≈ 350
nm and L2 ≈ 600 nm.
The measurements are carried out in a dilution refrigerator at a base temperature of 30 mK. A constant DC bias (VDC ≈ 50 µV) is applied to counteract
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small offsets. To perform lock-in detection, small AC excitation (VAC ≈ 1
µVrms ) are superimposed on the DC bias. Further details of the measurement setup are discussed in section 3.2.

4.2. Quantum dot characterization
Measuring a charge stability diagram is often the fastest way to get information about many of the relevant QD characteristics. Fig. 4.2 a.) shows
the corresponding measurement of dI/dVSD as a function of both VSD and
VBG . We observe a remarkable set of Coulomb diamonds, where we are able
to tune the QD from close to depletion (N≈0) up to N+124 electrons, by
sweeping the back gate (BG) over a range of 30V. By increasing VBG we
are not only adding electrons to the QD but also impacting the effective
tunnel barrier height (V0 -ϕ) and the tunnel coupling (Γ), both of which we
discuss in the following sections. As a direct consequence of this, charge
carriers may be thermally excited over the tunnel barrier, when increasing
VBG further (past 40V).
Assuming two-fold spin degenerate orbitals, we expect the Coulomb diamonds to form a even-odd pattern. The energy required to add an electron
to a state with an even electron number is then given by Eadd = EC + δE,
whereas the energy to add an electron to a state of odd electron number is
only EC . Indeed we observe this pattern in certain regions (Fig. 4.2 b.))
and extract Eadd = 5.5 meV, EC = 4.2 meV and δE = 1.3 meV from the
diamond dimensions. δE ≈ 1.6 meV can also be extracted from the excited
state resonances observed outside the coulomb diamonds (indicted ES in
Fig. 4.2 b.)) and agrees well with the value obtained from the even-odd
patterned diamond structure.
Plotting Eadd as a function of the electron number N for the observed range
indicates a steady decrease of Eadd (Fig. 4.2 c.)) as more electrons are added
to the QD. This is the result of electron-electron interaction changing the
QD capacitance [117]. From the very regular even-odd pattern indicated by
the blue box in Fig. 4.2 a.) the values for δE can be plotted as a function
of N (inset Fig. 4.2 c.)). We observe values between 0.2 meV and 4 meV
indicating, that only single levels contribute to the electron transport.
Besides the excited state resonances (ES), we also observe features which
can not be explained by solely considering the QD energy spectrum. We
find resonances caused by a non-constant DOS in the NW lead segments
(LS). As these are caused by the formation of a standing wave inside the
LS, and are strongly reflected at the InP barrier, the width of these states
is mostly defined by the coupling to the source/drain metal electrodes.
We further observe sections of negative differential conductance (NDC) over
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the whole range of the charge stability diagram. We attribute this to the
simultaneous gating of both the QD and the lead segments with different
lever arms. The occurrence of NDC is further indication that the DOS
within the lead segments is not constant [118].

4

Figure 4.2. Differential conductance (dI/dVSD ) measured as a function of
bias and back gate voltages. a.) Stable coulomb diamonds ranging from
close to depletion (N≈0), at low back gate voltages (VBG ), up to N=124 at
VBG =30V. b.) High resolution measurement in a gate range showing both
excited state (ES) resonances as well as resonance due to a modulation of
the density of states in the NW lead segments (LS). c.) The extracted
values of Eadd plotted against the QD population N. The inset shows the
single particle energy spacing (δE) as a function of N, extracted from the
region noted by the blue box in a.).

4.3. Resonance line shapes
An overview of the resonance line shape of coulomb resonance peaks has
been given in sec. 2.1.2, but as the characterisation of the tunnel couplings
and their evolution with VBG and T are a central pillar of this work some
more details is added here.
The electron tunnelling through the QD system is determined by the tunnel couplings of the two InP barriers Γ1(2) . Experimentally it is impos-
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sible to attribute Γ1(2) to the correct barrier, and for many applications
the relevant property is indeed only the total tunnel coupling Γ=Γ1 +Γ2 .
Under ideal conditions the resonance lineshape would only depend on Γ,
the electron temperature [50], and on the barrier asymmetry [119, 120]. In
reality it is further influenced by noise in the source/drain contacts and
by the applied AC voltage. We limit our analysis to a region where only
one QD level contributes to the transport, while also minimizing VAC (i.e.
eVAC , Γ, 4kB T ≪ δE). VAC intrinsically broadens the peak, thereby setting
a limit for the reliable extraction of Γ and T . In our measurement, it is
always chosen so that eVAC < Γ, 4kB T . By sweeping VBG we tune the effective barrier height (V0 − ϕ) as well as Γ. This allows the investigation
of three distinct regimes: the lifetime broadened regime (Γ ≫ 4kB T ), the
temperature broadened regime (Γ ≪ 4kB T ), and an in between region (Γ
≈ 4kB T ). The three regions are illustrated in the schematics of Fig. 4.3
(a,c,e), where the temperature translates to a broadening of the Fermi-Dirac
distribution in S/D and Γ translates to the width of the QD levels.
We model the line shape of the Coulomb resonances by numerically calculating G = dI/dVSD from the expression of I, which for electron transport through a single QD level is given by a resonant tunnelling model
[49, 50, 121]:
I=g

e
h

Z

TQD (E)[fS (E) − fD (E)]dE

(4.1)

where g = 1 is the number of independent channels, h is the planck constant, e is the electron charge, fS(D) (E) is the Fermi-Dirac distribution in
S(D) and TQD (E) = (Γ1 Γ2 )/(∆E 2 + Γ2 /4) is the Breit-Wigner (BW) transmission function, where ∆E = E − E0 describes the detuning from the peak
centred at E0 (Eq. 2.4).
In the lifetime broadened regime (4kB T ≪ Γ ≪ δE) eq. 4.1 completely reduces to the BW equation (eq. 2.4). The FWHM of the peak then directly
corresponds to Γ and the peak height is given by e2 /h · 4Γ1 Γ2 /Γ2 . We can
see that the peak height depends heavily on the tunnel barrier asymmetry
A = Γ1 /Γ2 ≥ 1, by Gmax = e2 /h · 4A/(1 + A)2 .
In the temperature broadened limit (Γ ≪ 4kB T ≪ δE) eq. 4.1 reduces to
G/Gmax = cosh−2 (∆E/2kB T ), where Gmax = e2 /h · π/2kB T · Γ1 Γ2 /Γ. We
are able to extract the electron temperature from the resonance width as
FWHM= 3.5kB T .
We monitor the evolution of the line shape, through the three regimes set out
here, as we change the QD occupation on the example of three resonances
at different VBG (Fig. 4.3 b,d,f). Each resonance was fit with the expression for a line shape dominated by thermal broadening, lifetime broadening
(BW) or a convolution (as described in eq. 4.1).
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The resonance displayed in Fig 4.3 b.) corresponds to N ≈ 10 and was
measured with VAC = 0.1 µV. The convolution fit as well as the fit considering a thermally broadened line shape can nicely reproduce the data,
whereas the BW line shape overestimates the tails of the peak. This peak
is clearly in the thermally broadened regime, where ECBE is very close to
EF resulting in a strong confinement. The width of the Coulomb resonance
is then dominated by the electron temperature, what allows us to reliably
extract T . We find Γ= 2.51 ± 0.07 µeV, A= 1.05 ± 0.04 and T = 50.5 ±
0.2 mK. We note that the extracted electron temperature is higher than
the cryostat base temperature (Tbath = 30 mK), due to noise, radiation and
insufficient filtering. Since the temperature can be reliably extracted from
the fits when it is the dominant broadening mechanism, we fix T to the
extracted value as the temperature can be expected to remain constant for
a constant Tbath .
The resonance displayed in Fig 4.3 d.) corresponds to N ≈ 50 and was
measured with VAC = 0.25 µV. The convolution fit still agrees well with
the data, which allows the extraction of Γ= 18.1 ± 0.4 µeV, A= 6.2 ±
0.2. Instead, neither the fit fo thermally broadened nor for the BW line
shape reproduce the data well. We can conclude that we are in the regime
where both lifetime and temperature contribute equally to the line shape
(Γ≈ 4kB T ).
Finally, we evaluate the resonance displayed in Fig 4.3 f.), which corresponds
to N ≈ 100 and was measured with VAC = 1 µV. The data agrees again
very well with a convolution fit, but now also with a BW fit, indicating that
we are indeed in the lifetime broadened regime. From the convolution fit,
we extract Γ= 52.5 ± 0.1 µeV, A= 7.2 ± 0.1.
We further investigated the temperature dependence of these three resonances, by now fixing Γ1 and Γ2 at the values obtained at Tbath = 30 mK,
for a series of different Tbath (Fig. 4.3 g.)). For Tbath between 30 and 60 mK
the extracted T is remains constant, and only starts to increase for Tbath
100 mK, where the electrons equilibrate with the lattice. While increasing
Tbath further the extracted T increases linearly (slope: 1.00 ± 0.05), except
for the resonance with N ≈ 100 where we extract a slope of 1.2 ± 0.1. We
attribute this to the resonance never fully reaching the thermally broadened
regime, starting off with a large tunnel coupling strength.
The QDs demonstrate remarkable stability, even for changing Tbath , not exhibiting any charge rearrangement over the full thermal cycle taking roughly
one week. Shifts in the Coulomb blockade spectrum were only observed
when tuning VBG over multiple tens of volts, which is then likely due to
significant charging of substrate states.
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Figure 4.3. b.), d.), f.) Differential conductance (dI/dVSD ) peaks as a
function of BG corresponding to three resonances in different regimes: a.)
The temperature broadened regime where Γ ≪ 4kB T, b.) the intermediate
regime (Γ ≈ 4kB T), c.) and the lifetime broadened regime (Γ ≫ 4kB T). Fits
with the three corresponding functions are overlayed. The electron temperature Tel was extracted in the temperature broadened regime as 50.5±0.2
mK and kept fixed thereafter. g.) Tel as a function of bath temperature
(Tbath ) extracted from fits in the thermally broadened regime. Tel shows a
linear dependence on Tbath (slope = 1.00 ± 0.05) until it saturates at Tel =
60 mK for Tbath going to zero.
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4

So far we have focused on the characterization of the tunability of the QD
characteristics. Here we move the focus to the properties defined during the
growth process, such as the conduction band offset between the heterostructure materials V0 and the tunnel barrier asymmetry.
The conduction band offset can be estimated from the dependence of Γ
on VBG in a resonant tunnelling model. We assume an electron bouncing
between two rectangular tunnel barriers (InP) at an attempt frequency ν
and escapes through either barrier. The total tunnel coupling Γ is then
described by [49]:



Γ(VBG ) = 2ℏν 1 +

V02 sinh2 (κ(ϕ)l)
4ϕ(V0 − ϕ)

−1

(4.2)

p

with κ(ϕ) = 2mInP (V0 − ϕ(VBG ))/ℏ2 , mInP = 0.08 me the effective electron mass in the InP segment [66, 122], ϕ(VBG ) = eαLS (VBG −VP ), where αLS
is the lever arm affecting the LSs and VP represents
the pinch-off voltage,
q
ν= νF /2s the attempt frequency with νF =

2ϕ
mInAs

and mInAs = 0.04me

the effective electron mass in InAs [66, 122], l = 5.5 nm and s = 19 nm
represent the length of the InP and the InAs QD segments, respectively.
A plot of the extracted Γ as a function of VBG is shown in Fig. 4.4 a.).
Each data point corresponds to one evaluated resonance. Black data points
correspond to resonances extracted from the large scale charge stability diagram. Red data points correspond to the resonances shown in Fig. 4.3,
which were measured separately and with a higher resolution.
We find Γ values increasing from Γ ≈ 1 µeV at low VBG up to 600 µeV for
VBG = 42V. By fitting eq. 4.2 to the data points, the following free parameters were determined: V0 = 350 ± 50 meV, VP = 3V and αLS = 0.0053.
The extracted value for V0 agrees well with the literature value established
for a strained InAs/InP heterostructure nanowire [81]. VP agrees well with
the first resonances on the charge stability diagram and the LS lever arm is
smaller than the QD lever arms by a factor of 4.5, in agreement with their
different sizes.
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Figure 4.4. a.) Tunnel coupling extracted from the resonance line shape
as a function of the back gate voltage (VBG ). The tunnel coupling increases
with increasing VBG , in agreement with a increase of ϕ (Sec. 2.3.2). The
expected evolution of Γ is plotted for different V0 =350±50 meV.b.) Tunnel
barrier asymmetry A=Γ1 /Γ2 as a function of VBG . Two distinct regimes
are pointed out by different colouring. For low VBG A≈1, while for larger
VBG A≈2-8. The red dots denote values extracted from high resolution
measurements. Error bars are smaller than the symbol size where not shown.

In Fig. 4.4 b.) the extracted values for the asymmetry in the extracted
tunnel couplings is plotted as a function of VBG . For VBG > 10.5 V the
extracted values of A scatter between 2 and 8, where as for VBG < A ≈
1 is found. We attribute this behaviour to a modulation of the DOS in
the lead segments. For confined lead states the modulation of the DOS is
determined by the single particle level spacing δLS and the broadening of
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the energy levels ΓLS . For a parabolic dispersion and at EF , δLS = πℏνF
and further reduces to δLS ≈ δE/10. The strong coupling of the LS to the
metallic S/D electrodes also leads to a larger ΓLS compared to Γ of the QD.
With increasing VBG , νF increases as well. We suspect that the difference
observed at VBG ≈ 10.5 V indicates the transition where δLS becomes larger
than ΓLS . The weaker overlap between the energy levels is seen in the
transport measurement as a larger modulation of the DOS in the LS. As
the extraction of A is performed with the assumption of a constant DOS in
the LS only the values for VBG < 10.5V can reliably be used to estimate the
asymmetry of the tunnel barriers (i.e. A ≈ 1)

4

4.5. Summary and Discussion
We present an in-depth study investigating the characteristics of a QD,
formed in a WZ InAs NW by in-situ growth of two InP barrier segment,
electrically contacted by Ti/Au electrodes. The QD proves to be exceptionally stable with respect to charge rearrangements. This is illustrated by
regular Coulomb diamonds, starting close to depletion, over a 30V range
(corresponding to ≈ 124 electrons). Due to the large confinement provided
by the InP barriers, a complete analysis of the Coulomb resonance line shape
was possible, leading to the observation of the transition from the temperature broadened to the lifetime broadened regime.
We show that InAs/InP heterostructure QDs can be used as reliable in-situ
thermometers, where they have a distinct advantage over typical Coulomb
blockade thermometers [123, 124]. Namely, in that they do not need further
thermal coupling to the otherwise external device.
From the systematically tunable tunnel coupling, an estimation for the conduction band edge offset between the InAs and the InP was possible and
lead to a value V0 = 350 ± 50 meV. Further investigations into the tunnel
barrier asymmetry showed a remarkable symmetry of A = Γ1 /Γ2 ≈ 1, as
designed during growth. This was shown for low VBG , where the tunnel
barrier symmetry is not masked by modulation of the DOS in the NW lead
segments.
The InAs/InP heterostructure QD is shown to be an interesting platform
for in-situ electron tunnelling spectroscopy as well as thermometry, taking
us one step closer to the DQD phonon detection scheme targeted in this
project.
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Double quantum dots as phonon
detectors

In the previous chapter, we showed the remarkable stability and tunability
of QDs formed within the InAs/InP heterostructure NWs. In this chapter, we move from single QDs to DQDs, formed by three in-situ grown InP
barrier segments within the WZ InAs NW. Similar heterostructures have
previously been used to investigate DQD physics [41, 88, 125].
Serial DQDs represent the example of a quantum mechanical two level system, making them ideal candidates for both spin [126] or charge quantum
bits (qubits) [127, 128]. Stimulated by the race towards feasible quantum
computation, the charge transport characteristics of a DQD have been extensively studied [45, 51]. The high sensitivity of the charge transport, on
the DQD level detuning, can be used to probe the interaction between the
DQD and the environment, such as photons [129–131] or phonons [13, 87,
89, 132–138].
In this chapter we investigate the characteristics of a DQD formed in a
InAs/InP heterostructure NWs, specifically towards an application as a
phonon detector. We rely on directional charge carrier transport induced
by phonon absorption, thereby converting the hard to detect phonon to
current. This mechanism has experimentally been seen in the form of back
action from quantum point contacts onto DQDs [133, 138, 139], and lately
also in the form of heat driven transport [88].
The discrete electronic states of the DQD would allow the detection of a
discrete phonon spectrum. However, this proof of principle experiment uses
a Joule heater generating a broad phonon spectrum following a thermal
distribution.

5.1. Device architecture
The DQDs are formed in three barrier InAs/InP heterostructure NWs grown
by the group of L. Sorba (NEST, Pisa). The growth mechanism is further
discussed in section 2.3.2 of this thesis. The particular growth batch investigated in this chapter consisted of InAs NWs grown in the WZ crystal
phase, with a length of ≈ 2 µm and a radius of ≈ 55 nm. The InP segments
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forming the heterostructure were grown in-situ, with a separation to the
Au catalyst particle of ≈ 270 nm. The barriers were grown with different
lengths of l1 ≈ 5.5 nm for the two outer barrier segments and l2 ≈ 6.8 nm
for the middle segment. The middle barrier was designed thicker in an effort
to decrease the inter-dot coupling. This adjustment in the growth process
was based on initial experiments on a previous batch of NWs grown with
symmetric barriers, showing strongly coupled QDs.
A SEM micrograph of a typical device is shown in Fig. 5.1. The heterostructure NW is electrically contacted by two Ti/Au electrodes (S/D), in order
to facilitate electrical measurements of the DQD system. In addition to the
S/D contacts, two side gates (SG1, SG2) and a Joule heater line are placed
on opposite sides of the NW.
The characteristic design of the heterostructure NW, in particular the QDs

5

Figure 5.1. InAs/InP barrier device. False coloured SEM micrograph
of a characteristic DQD device consisting of an InAs NW with three in
situ grown InP barriers that are connected to metallic contacts (S/D). Two
side gates (SG1/SG2) in combination with the global back gate (BG) are
employed to tune the QD energy levels. A constricted metal line is used
as a Joule heater in an effort to locally heat the DQD. The inset shows a
TEM image of such a three barrier heterostructure NW. Two QDs form in
the InAs segments (length s ≈ 17.5 nm) which are encapsulated by the InP
barrier segments (length l1 ≈ 5.5 nm and l2 ≈ 6.8 nm), due to a conduction
band offset between the materials of V0 ≈ 400 meV, as schematically overlaid
on the TEM micrograph [44, 81]. The TEM images are courtesy of L. Sorba.

and barriers size, pose additional challenges in the fabrication process, which
are discussed in in the following paragraphs. The general fabrication meth-
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ods are discussed in chapter 3.
The ability to individually control the two QDs of the DQD is key in any
DQD measurement. This is achieved by having a strong lever arm between
the gate and its corresponding QD compared to the lever arm towards the
other QD, where proximity is the main factor influencing the lever arm.
This is why the NW geometry with two 17.5 nm QD segments separated by
a 6.8 nm InP barrier requires narrow gate lines placed in close proximity to
each QD. As the DQD position is not reliably visible using standard SEM
imaging techniques, we have to rely on its position relative to the NW tip,
as evaluated from TEM. As a matter of fact, the DQD position in different
NWs shows only small variations, so that this characteristic just imposes
more stringent conditions upon the EBL alignment.
We now turn to the Joule heater, and the design considerations relating
to heat flow. The S/D contacts were designed cone-shaped to allow deep
gate access while retaining volume to act as effective heat sinks. The Joule
heater was initially just a constricted metal line, fabricated from Ti/Au.
This design was improved to a Ti/Pd constricted segment connected to
quick expanding Ti/Au leads, close to the NW.
One of the devices further features a HfO2 layer, employed to improve the
thermal conductance between the Joule heater and DQD. Due to limitations
in the pseudo lift-off oxide deposition, the oxide also covers the NW leads
and part of the metallic contacts, also increasing the thermal conductance
of these heat paths.

5.2. Heat induced electron transport
In order to discuss heat induced electron transport, we model the system
with a serial DQD with weak inter-dot tunnel coupling (ΓM ) and weak coupling between the QDs and their respective electron reservoirs (S, D). This
system is additionally coupled to three temperature reservoirs: the electron temperatures in both S and D (TS , TD ) and the the local phonon bath
temperature (Tph ). In order to limit the discussion to a single energy level
µL(R) for the left (right) QD, we further assume large addition energies for
both QDs. In absence of an external energy source (photons or phonons)
or voltage bias (VSD = 0), such a system is expected to show non-vanishing
conductance only at the DQD triple points, without any net current.
Fig. 5.2 a.) displays a DQD charge stability diagram at the (N,M) →
(N+1,M+1) transition, where N(M) describes the number of electrons occupying the left (right) QD, ϵ the charge transfer axis, and ∆ the detuning
axis. Coloured areas indicate regions, where a net current may be driven
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Figure 5.2. Schematic illustrating heat induced transport processes. Heat induced current through the DQD system in absence of an
external bias voltage, illustrated on a schematic of the DQD charge stability
diagram at VSD = 0. The charge on the left (right) QD are denoted by N(M)
within each charge domain. Current may be induced through inelastic tunnelling processes presenting themself along the detuning axis ∆ or through
thermoelectric transport which presents itself along the DQD charging axis
ϵ. b.) Schematic illustration of inelastic transport along ∆, where the QD
energy levels are symmetrically detuned from the electrochemical potential
in source (drain) (µS(D) ). Electron transport from the occupied lower level
to the unoccupied higher level is facilitated by absorption of either a phonon
or a photon with the energy ∆. Passing the triple point along ∆ inverts the
QD level detuning and the current direction. c.) Schematic illustration of
thermoelectric transport through the DQD due to a temperature gradient
between S and D. Charge polarity reverses as the QD energy levels pass
µS(D) along ϵ.

48

5.2. Heat induced electron transport
by an external heat source.
Here the system is heated using a Joule heater electrode, driving an electrical current through the NW through either phonon assisted transport
(PAT) or the thermoelectric effect (TE). We will now discuss both of these
mechanisms in more detail.

5.2.1. Phonon assisted transport
PAT describes the process of inelastic electron tunnelling assisted by phonons.
This can either take the form of phonon absorption or emission, although
for Tph > TS,D , PAT is dominated by phonon absorption. Both are inelastic
processes requiring a finite energy level detuning ∆ = µL -µR . For simplicity,
we consider points along the detuning axis ∆, where the QD energy levels
are symmetrically detuned against each other.
Phonon absorption (schematically illustrated in Fig. 5.2 b.)) describes the
inelastic tunnelling of an electron from the energetically lower and occupied, to the energetically higher and unoccupied DQD state by absorbing
a phonon of energy ∆. The extension of the phonon absorption signal in
∆ is, therefore, limited by the energies of the available phonons, which is
determined by Tph for an incoherent phonon source like the joule heater
used in the frame of this work.
As both, the occupied initial, and the unoccupied final state are required,
the QD energy levels have to be on opposite sides of µS = µD , limiting the
active regions to inverted triangles originating from the triple point.
Passing the DQD triple point along ∆ inverts the QD level detuning, thereby
also inverting the electron transport direction, leading to an inverted charge
polarity on opposite sides of ϵ.
It has to be noted, that phonon or photon absorption can not easily be
distinguished within the same experiment. We will later show experimental evidence that phonon absorption is indeed the dominant process in our
case.
A distinct influence of the inter-dot coupling, on the prevalence of either
PAT or TE, was observed by Dorsch et al. [88]. PAT was only dominating for weak inter-dot coupling, while for intermediate and strong inter-dot
coupling, TE was the dominant transport mechanism.
This can be understood by considering the formation of bonding and antibonding molecular states for ∆ not ≫ ΓM [140]. This additional energy
separation pushes the minimal energy for PAT to Eph > 2ΓM [141]. Furthermore, for large ΓM , the electron wavefunction extends over both QD
states, decreasing the directionality of PAT, while extending the area for
TE transport.
So far only PAT between the two QD ground states (GS) has been consid-
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ered. Involving excited states (ES), current resonances are observed when
an ES is aligned with the energetically higher GS. This has been explained
as a higher PAT probability for inelastic tunnelling processes only involving real states, compared to GS-GS tunnelling, where the electrons are first
lifted into virtual states, before tunnelling into a real state on the second
QD [88].

5.2.2. Thermoelectric transport

5

The thermoelectric effect gives rise to a current along the charge transfer
line ϵ for a temperature gradient between TS and TD [142]. It shows a charge
polarity reversal upon passing the triple point along ϵ. Although not desired
for this experiment, a small temperature gradient between S/D can not be
avoided due to imperfect placement of the Joule heater.
The thermoelectric current is driven by the electron population imbalance
between S and D probed by the two QD energy levels in resonance (µL =µR )
[143]. Transport occurs from hot to cold for µL,R > µS,D and from cold to
hot for µL,R < µS,D (Fig. 5.2 c.)). The extent of this signal in ϵ is determined by the temperature gradient between TS and TD , as it probes the
difference in broadening of the electron distributions in S and D. Its extent
in ∆ is determined by the QD level broadening, as the two levels have to
be resonant.

5.3. DQD Characterization
Initial DQD characterization measurements were performed in a dilution
refrigerator to reach base temperatures of 50 mK. The resulting charge
stability diagram obtained for VSD = -2 mV (Fig. 5.3 a.)) shows clear
bias triangles arranged in the characteristic honeycomb pattern. From the
charge stability diagram, several characteristic DQD values could be estimated, namely the charging energies of both QDs, EC1 = 5.8 meV, EC2
= 5.6 meV, with an inter-dot charging energy ECm = 2.5 meV. The DQD
further shows well defined excited state lines at ≈ 1.2 meV with respect to
the ground state.
Unfortunately, no PAT signal could be observed in Joule heating experiments at finite heating power (App. C). Instead only TE transport signatures were observed, which also vanished at PH ≈ 1 µW. We explain
the absent PAT signal with a local temperature equilibrium, where Tph is
not significantly larger than TS,D , due to insufficient cooling of the source
and drain contacts. Following the same argumentation, the imperfect Joule
heater positioning initially generates a temperature gradient between the
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electron reservoirs, which vanishes for larger heating powers.
Further measurements were all performed in a variable temperature insert
(VTI) at a Tbath = 1.7K, trading a higher base temperature in favour of
better cooling performance. DQD characterisation measurements yielded
regular bias triangles with comparable charging energies, but wider resonances (Fig. 5.3 b.)).

5
Figure 5.3. Bias triangle measured in the InAs/InP DQD. Differential conductance measured as a function of the two side gate voltages
(VSG1 ,VSG2 ) at a constant BG voltage and finite DC bias VSD . a.) Measurements performed in a dilution refrigerator at a base temperature of 50
mK, VBG = 6 V, and VSD = -2 mV. b.) Measurements performed in the
VTI at a base temperature of 1.7 K, VBG = 8 V, and VSD = -3 mV.

5.4. Observation of phonon assisted transport
In an effort to isolate inelastic transport across the DQD, all measurements
were executed at zero bias across the device. To achieve this, a small sourcedrain bias, originating from the experimental setup, had to be compensated.
The exact value is found by calibration measurements, tuning VSD such that
ISD reaches zero. For some resonances ISD does not reach zero for small VSD ,
but instead shows signatures of inelastic transport at small ∆, even in the
absence of heating. We attribute this to a coupling to photons through
the measurement lines, resulting in features indistinguishable from PAT.
We expect the energy distribution of photons, arriving at the device, to be
independent of local heating (i.e. constant amplitude and extent in ∆ of
photon absorption features).
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Measurement of ISD for different Joule heating powers are displayed in Fig.
5.4 a.) and b.). A background, calculated as the mean value of each respective fast axis scan (VG2 ), has been subtracted from all measurement points
to eliminate offsets and minimize drifts affecting the ISD .
Features corresponding to both, PAT and TE, are clearly visible. TE extends along ϵ with a charge polarity inversion on the triple point.
PAT is observed along ∆, with inverted current polarities on opposite sides
of the DQD triple point. Evidence of excited states increasing the PAT probability is seen in form of local current maxima (denoted by arrows), which
correlate well to the excited state spectrum (Fig. 5.4 c.)). When comparing ISD for different heating powers, a clear change in current amplitude is
observed as the phonon population increases towards higher temperatures.
The PAT features also appear to extend farther in ∆, as a second excited
state signature becomes visible (denoted by the red arrow in Fig. 5.4 b.)
and c.)). Similar results are obtained for negative ∆ values.
We conclude that the PAT current, although determined by the phonon
population, is further modulated by the QD excited state spectrum.
To ensure the measured signal stems indeed from phonon absorption and

Figure 5.4. PAT and TE signal in the Joule heated DQD. a.)
and b.) ISD measured for the same triple points at VSD = 0 and a Joule
heating power of 0.5 µW and 2 µW, respectively. Both PAT (along ∆) and
TE transport (along ϵ) are observed. Coloured arrows indicates region of
enhanced PAT probability due to the excited states indicated also in c.).
c.) Clear bias triangle observed in a measurement of ISD as a function of
the two side gates voltages (VSG1 ,VSG2 ) at a constant BG voltage of 4 V,
TBath = 1.7 K, and VSD = -3 mV.
is not induced by photons, we conducted a further experiment. A clear correlation between ISD and the Joule heating power could be observed, which
is consistent with the dependence of phonon absorption on local phonon
temperature in the DQD region of the NW. However, photons might also
be generated by the Joule heater either from a voltage drop or from thermal
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radiation, both of which correlate to the temperature of the Joule heater.
The dominant mechanism can therefore be determined by changing the coupling between the two temperatures.
In order to increase the thermal conductance between the Joule heater and
the NW, an ALD HfO2 layer was grown, covering the device. With the
increased thermal conductance, a higher local phonon temperature (at the
DQD region) is expected for similar heating powers. This device was also
fabricated with a Pd heating segment, which was taken into account to calculate the heating power.
The investigation of the PAT for this device is shown in Fig. 5.5 for dif-

5
Figure 5.5. PAT in a DQD device covered with HfO2 . ISD as a
function of the two side gates voltages (VSG1 ,VSG2 ) at a constant BG voltage
of 0 V, TBath = 1.7 K, and VSD = 0 for different Joule heating powers: a.)
no applied heating power, b.) PH = 42 nW, and c.) PH = 168 nW. It
is noteworthy that the scale of the colorbar was adjusted for the sake of
clarity.
ferent heating powers. For the investigated triple point, as denoted by ϵ
and δ, signatures of TE transport are almost absent, either due to a weak
inter-dot coupling [88], or due to the absence of a thermal gradient between
the electron reservoirs. The latter can be explained with the oxide layer
covering the whole NW as well as parts of the metal contacts, changing the
thermal environment and creating a more efficient heat evacuation.
The PAT signal for the indicated triple point in Fig. 5.5 b.) and c.) shows
almost a discontinuity along ∆, with significant current only at large detuning values. This supports the importance of the excited state spectrum,
modulating the PAT current, as the onset of PAT agrees well with excited
state resonance, seen in the bias spectroscopy measurement. For the triple
point investigated here, a current above the noise level is only observed
when the empty DQD energy level is aligned with excited states.
The fact that PAT current is suppressed when the empty DQD energy level
is not aligned with excited states poses a challenge, as the maximum extent
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of the PAT signal along ∆ can no longer directly be correlated to Tph .
To evaluate the effect of the oxide layer, the onset of the PAT current
through a particular excited state has to be considered.
In the measurement depicted in Fig. 5.4 a.), a current through the excited
state denoted by the blue arrow, is observed at ∆ ≈ 0.8 meV, while signature of a further excited state, denoted with the red arrow at ∆ ≈ 1.2 meV,
is observed at a heating power of 0.5 µW. The device with the oxide layer
(Fig. 5.5 b.)) exhibits PAT at ∆ ≈ 2 meV at only 42 nW compared to ≈ 1
meV at 0.5 µW without the oxide layer.
To conclude, by increasing the thermal conductance between the heater and
the NW, thereby increasing Tph , the heating power necessary to allow inelastic transport at ∆ ≈ 1 meV reduces by more than one order of magnitude.
This result was also reproduced for the comparison with a Pd heater device without any HfO2 layer. This clear dependence on Tph within the NW
DQD region clearly indicates phonon absorption as the dominant inelastic
process.
To further investigate the dependence of PAT on the applied heating power,
an additional device (without oxide layer) is measured for a larger range of
heating powers (Fig. 5.6). For low heating powers (PH < 7µW), the mea-

Figure 5.6. Evolution of PAT with Joule heating power Measurement of ISD as a function of the two side gates voltages (VSG1 ,VSG2 ) at a
constant BG voltage of 2 V, TBath = 1.7 K, and VSD = 0 for different Joule
heating powers: a.) PH = 3.5 µW, b.) PH = 6.2 µW, and c.) PH = 13.2
µW. Note the different scale of the colorbar in c.). Black rectangle shows
the comparable gate space between heating powers
sured data (Fig. 5.6a.),b.)) agrees well with previous measurements. PAT
at larger ∆ is observed for increasing heating power, modulated by the DQD
excited state spectrum. At ≈ 8 µW a sharp increase in ISD is observed (Fig.
5.6 c.)).
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5.5. Signature of phonon dispersion details in the detection
signal
In the previous sections we have shown strong evidence for phonon absorption induced current. In an effort to better understand the mechanics of
a DQD used as a phonon detector, we model the current due to inelastic
tunnelling on the basis of transmission through a three barrier system and
compare it to the measured data.
Measuring the charge stability diagram, we probe the phonon environment
using the fact that the discrete electronic states of the DQD that act as
energy filters. For a monochromatic source we expect a discrete phonon
spectrum, while for a Joule heating source we expect the inelastic transport
through the detuned DQD system to be driven by the phonon population
nph , which follows Bose-Einstein statistics for the temperature Tph . We
neglect many-phonon processes, thereby assuming only phonons with energy ∆ may contribute to current, such that nph = exp( kB∆
− 1)−1 . The
Tph
phonon distribution can generally be extracted by considering either I(∆)
at fixed Tph , or I(Tph ) at fixed ∆. Due to the extensive current modulation
of ISD by the DQD excited state spectrum we only discuss the second option.
We consider two weakly coupled QDs which are strongly coupled to their
respective electron reservoirs, without external bias VSD = 0, so that the
current is limited by the inelastic process between the two QDs. The total PAT current is described by the difference between the current mediated
through phonon absorption and the current mediated through phonon emission:
Iph = Iabsorption − Iemission
(5.1)
with Iabsorption and Iemission as:
Iabsorption ∝ fS(D) (TS(D) ) · DOS(∆) · nph (∆, Tph ) · (1 − fD(S) (TD(S) )) (5.2)
Iemission ∝ fD(S) (TD(S) )·DOS(∆)·(nph (∆, Tph )+1)·(1−fS(D) (TS(D) )) (5.3)
with fS(D) describing the Fermi-Dirac distribution of the electrons in the
reservoir S(D) with a corresponding electron temperature TS(D) . For small
∆ the acoustic phonon branch of InAs shows a linear dispersion, where the
phonon DOS can be described as ∆2 . To calculate the current, the finite
width of the DQD states is accounted for by a general proportionality factor, as it is independent of Tph .
ISD is extracted from the maxima of a line-cut, performed parallel to ϵ, at a
fixed ∆, for each available heating power PH . In this manner we account for
a possible shift of the detuning axis due to electrostatic gating, and ensure
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a symmetric detuning of the QD state with respect to each other.
With a model function for I(TS,D , Tph ) and measurements of I(P), a relation between PH , TS,D , and Tph can be established. We describe the thermal
environment based on thermal resistances (Fig. 5.7), where the colouring
of the NW segments is consistent with the SEM micrograph in Fig. 5.1.
The cryostat with its large coolant volume and active cooling is assumed

5
Figure 5.7. Thermal resistor model. Thermal environment of the DQD
NW device in proximity of a Joule heat source. Thermal resistors include
material thermal resistance, thermal boundary resistances, and electronphonon coupling in the NW.
to be a perfect cold bath of constant temperature Tbath . Due to their large
volume and large thermal conductivity the metal lines are also cooled efficiently, so that Tmetal ∼ Tbath .
The hot bath is provided by a Joule heater, heating the SiO2 substrate
through a Kapitza resistance (RSiO2 −Au ). Within the SiO2 a radial thermal gradient establishes through thermal conductance. The temperatures
within the NW are determined by the inbound heat flow from the substrate,
which is governed by another Kapitza resistance (RSiO2 −InAs ), and the outgoing heat flow through thermal conductance within either the phonon, or
electron system.
The heating characteristics of the Joule heater have been extensively investigated using noise thermometry [144–147]. Assuming RSiO2 −Bath to be small,
i.e. the substrate temperature is mostly determined by the cooling through
the cryostat. The substrate temperature can be expressed as[145, 146]:
2
TSiO2 = (Tbath
+ aPH )1/2

(5.4)

where a describes the thermal coupling between the heater and the bath.
The thermal conductivity of the SiO2 has been shown to be temperature-
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independent for temperatures between 1-30 K [148], not further influencing
the power-law within the substrate.
The heat flow across the SiO2 - InAs interface is determined by its Kapitza
resistance [149, 150]:
A
4
4
Q̇ =
(TSiO
− TInAs
)
(5.5)
2
RK
where A describes the contact area between NW and substrate, and RK
describes the Kapitza resistance.
From the significant change in required heating power upon covering a device in oxide, we reason that the Kapitza resistance between the SiO2 and
the NW is indeed a relevant factor for the phonon temperature in the NW.
Within the NW the temperatures are further influenced by the cooling
provided either through an outgoing heatflux mediated by phonons, where
3
the thermal conductivity κph for low temperatures is proportional to Tph
,
or through electron-phonon coupling (following the power law Qe-ph =
n
), with 3 ≤ n ≤ 7) into the electronic system, where κe is
V Σ(Ten − Tph
proportional to Te (see section 2.5.3).
b
+ aP )1/b and TS,D =
From these considerations we describe Tph = (Tbath
b
+ cP )1/b , where a(c) describe the effective coupling strength between
(Tbath
the substrate temperature and Tph,DQD (TS,D ) with a > c, while b serves as
indication of the dominant coupling mechanism. The extracted values of

Figure 5.8. Analysis of ISD as a function of the applied heating
power. ISD plotted against the applied Joule heating power for two fixed
detuning values extracted from the device with (a.)) and without (b.))
oxide covering the device. Curve in a.) illustrates the model function for
b = 2, Tph ≈ 8 K, and TS,D ≈ 6 K, at high heating powers.
ISD (PH ) from the oxide covered device, shown in Fig. 5.5, are shown in
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Fig. 5.8 a.). ISD exhibits a quick increase at lower heating powers, with
a slowly decreasing slope, as the electron reservoir temperature increases.
Unfortunately, Tph can not be clearly evaluated by fitting eq. 5.1 to the
data, as it requires too many inter-connected free parameters.
Fig. 5.8 b.) shows the extracted values of ISD for the bare device, shown
in Fig. 5.6. Instead of the expected rise, followed by a slowly decreasing
slope, we observe a sharp increase by one order of magnitude, followed by
a maximum of ISD after which the current decreases again saturating at an
intermediate value.
The sharp current increase is reproducibly observed for all measured DQD
resonances on this device. (Fig. 5.6 c.)) and appears to only affect PAT (and
not TE transport). We speculate that there is a connection to the dispersion
relation of the acoustic phonon modes (Fig. 2.8). Namely, a change of the
thermal boundary resistance between the substrate and the InAs NW, due
to the changing sound velocity as the first acoustic modes flatten towards
the BZ boundary. Within the bounds of the acoustic mismatch model the
thermal boundary resistance can be described as an impedance mismatch
between impedances Zi = ρi νi , where ρ is the mass density and ν the sound
velocity. For equal sound velocities we expect a large thermal boundary
resistance, due to the different mass densities, with ρInAs > ρSiO2 . While
acoustic phonon modes in InAs flatten out at ≈ 50 cm−1 , decreasing νInAs ,
in SiO2 the acoustic phonon modes follow a linear dispersion up to nearly
400 cm−1 [151]. We reason, that once phonons of corresponding energy are
present in the substrate (as provided by heating), they easily pass into the
NW, where they slowly decay into the expected thermal distribution. The
disproportionate amount of phonons provides one explanation for the sudden rise of ISD .
To explain the current maximum, we explore the relation between Tph and
TS,D . Without an increase of TS,D due to heating, the PAT current would
increase with the temperature dependence given by the BE distribution.
Any increase of TS,D decreases the slope of ISD (PH ). Towards higher temperature the coupling between phonons in the QD segments and electrons
in the reservoirs increases, effectively decreasing the difference between Tph
and TS,D . As PAT is driven by Tph > TS,D , a decrease of this temperature
difference leads first to a saturation, and finally a decrease of IS,D . We also
note the possibility of an overlap between PAT originating from different
DQD triple points contributing to the decrease of IS,D .
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5.6. Conclusion
We have investigated the transport characteristics of a DQD formed in
InAs/InP heterostructure NWs. Due to the large confinement provided by
the in-situ grown InP barrier segments, the DQD confinement is preserved
up to ≈ 10 K. Using a local Joule heating electrode, we have shown signatures of both, thermoelectric and inelastic transport of electrons through
the DQD. We provide evidence of phonon absorption being the dominant
inelastic process, by comparing a bare DQD device to one with an additional
HfO2 layer. This oxide layer increases the thermal conductance between the
heater and the NW slightly and the contact area to the NW significantly,
decreasing its thermal interface resistance, resulting in a higher Tph (i.e.
more phonons) at lower heating powers.
Efforts to extract the phonon distribution from the charge stability measurements were only partially successful, as only a qualitative agreement
between the model function and the data could be reached.
While using the DQD phonon detector in combination with a thermal
phonon source, local thermometry would allow for a more precise analysis.
We note an unexpectedly strong modulation of the phonon assisted transport by the DQD excited state spectrum, to a degree, where current above
the noise level was only recorded while in resonance with an excited state.
Even so, the DQD phonon detector was successfully used to exhibit evidence
of an energy selective phonon transport across the SiO2 - InAs interface, due
to the difference in phonon band structure.
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The overall goal of this thesis was to establish and investigate a DQD phonon
detector. Towards this goal, we first performed an in-depth characterisation
of a QD, formed in a two barrier WZ InAs/InP heterostructure NW. The
QD showed exceptional stability over a large gate range.
Analysing the Coulomb resonance line-shape, we were able to map the evolution of the tunnel couplings as a function of the QD occupation. We found
very symmetric, tunable tunnel rates from < 1 µeV to >600 µeV, while the
resonance line shape exhibited a transition from the temperature to the lifetime broadened regime.
A charging energy EC = 4.2 meV and a single particle level spacing δE
= 1.3 meV could be extracted for a QD occupation N ≈ 100. EC would
generally increase towards lower QD occupation numbers.
In relation to the goal of a DQD phonon detector, this evaluation shows the
InAs/InP heterostructure as a promising host material, with a potentially
highly tunable energy resolution, and a large detection range for acoustic
phonons.
Initial measurements on three barriers InAs/InP heterostructure NWs with
symmetric barriers, posed problems, as the two QDs could not be individually addressed. A combination of, increasing the thickness of the middle
barrier for a new NW growth batch, and a more stringent alignment process
during fabrication, resulted in a successful DQD characterization measurement. We estimate charging energies for the two QDs as EC1 = 5.8 meV,
EC2 = 5.6 meV, and the inter-dot charging energy EC2 = 2.5 meV.
We chose to conduct the phonon detection measurement at zero voltage bias
VSD = 0, to allow phonon detection at larger detuning values. For a finite
voltage bias the maximum detuning would be determined by the excited
state energies, as otherwise electron transport would be driven through the
excited state. A clear signal of heat induced inelastic current is visible with
a distinct current resonance whenever an excited state is resonant with the
energetically higher energy level of the inelastic tunnelling process.
We compared a bare DQD device to one with an additional HfO2 layer
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deposited on the active area of teh device. The oxide layer was meant to
increase the thermal conductance between heater and DQD, resulting in
higher energy phonons at lower heating power. This further experiment
exposed phonon absorption as the dominant inelastic process.
We finally report evidence of energy selective phonon transport across the
SiO2 - InAs interface, due to differences in band structure between the materials.
We could conclude that the DQD formed by in-situ grown InP barrier segments within an InAs NW can reliably be used as a phonon detector.
In the detected ISD we observe a sharp increase for a specific heating power.
We attributed this increase to a sort of resonance with the the flattening of
the dispersion of the acoustic phonon modes, related also to the decrease
of the sound velocity for these modes. If our speculation (or explanation)
is correct, then this proof of principle experiment has already performed a
key duty of the envisaged final device of this project: providing information
on the phonon dispersion.

6

While still using a Joule heater as incoherent phonon source, the analysis of the phonon absorption signal could be improved by independently
and locally measuring various temperatures (such as TS,D ), allowing a better quantitative modelling, by fixing a lot more parameters to measured
values.
The unexpectedly large modulation of the DQD excited state spectrum,
would have to be tackled for further measurements at VSD = 0, either
through an explicit theoretical model, or by relating the increase in phonon
absorption probability to the conductance through the particular excited
state (observed during bias spectroscopy).
Progressing the project to its next stage would include the departure from
a broad phonon source. While a second DQD within the same NW, as initially suggested, would perform well as phonon emitter, operating it would
require two metal electrodes in contact to the NW, within the path of any
emitted phonon. Using a superlattice excited by a pulsed laser as phonon
transducer seems the more convenient approach, if the growth remains feasible. Acoustic phonons could be optically excited on the superlattice and
detected by a DQD, defined by in-situ grown barriers.
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A Fabrication Recipes
This appendix contains the detailed fabrication recipes used and further
discussed in chapter 3

A.1. Fabrication of InAs NW Devices
A.1.1. Wafer Characteristics
• Substrate Material: Highly doped Silicon
• Dopant: p-type, Boron
• Resistivity: 0.003 − 0.005 Ωm
• Capping Layer: 400 nm thick thermally grown SiO2

A.1.2. Wafer Cleaning
1. Dice the wafer into 2.5 cm x 2.5 cm pieces.
2. Sonicate in acetone for ∼ 15 min.
3. Sonicate in IPA for ∼ 15 min.
4. Blow dry with N2

A.2. E-beam Lithography, Development and Lift-off
A.2.1. Basestructure fabrication
• Resist: PMMA 950K dissolved in Anisole.
• Spin Coating: 3000 RPM for 40s resulting in a thickness of ∼
600 nm.
• Baking: 180◦ C on a hotplate for 5 minutes.
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A. Fabrication Recipes
• E-Beam exposure: Area Dose: 240 µC/cm2 at 20 kV and high current mode

A

• Development: Dip into 3:1 Isopropyl alcohol (IPA) / Methylisobutyl
ketone (MIBK) for 60 seconds followed by a dip in IPA and blow dry
with N2 .
• Liftoff: >30 minutes in 50◦ C warm acetone.

A.2.2. Nanowire device fabrication
• Resist: PMMA 950K dissolved in Anisole.
• Spin Coating: 5000 RPM for 40s resulting in a thickness of ∼
200 nm.
• Baking: 180◦ C on a hotplate for 5 minutes.
• E-Beam exposure: Area Dose: 1050 µC/cm2 at 30 kV
• Development: Dip into cold (18◦ C) 3:1 Isopropyl alcohol (IPA) /
Methylisobutyl ketone (MIBK) for 60 seconds followed by a dip in
IPA and blow dry with N2 .
• Liftoff: >30 minutes in 50◦ C warm acetone.

A.3. Reactive ion etching - O2 Plasma Etching
This process is used to remove PMMA resist residue only.
• Parameters:
– O2 Flow: 16 %
– RF Power: 30 W
– Process Pressure: 250 mTorr
– Time: 60 s
• Etch Rates:
– SiO2 : negligible
– PMMA: ∼20 nm/min
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A.4. Removal of the NW native oxide

A

A.4.1. Etchant preparation
1. Dilute 0.96195 g Sulfur in 10 mL of 20 % NH4 Sx .
2. Stir overnight (∼ 12 hours) at 35 ◦ C.

A.4.2. Sulphur passivation
1. Preheat a waterbath and a test tube to 40 ◦ C.
2. Dilute 1 mL of etchant in 10 mL of H2 O.
3. Transfer 1 mL of the diluted etchant to the test tube and wait for
thermalisation (∼ 2 minutes).
4. Place the sample inside the test tube and etch for 90 seconds.
5. Stop etching by stirring in H2 O for 20 seconds.
6. Blow dry with N2 and immediately put the sample in vacuum.

A.5. Metalization
A.5.1. Ti/Au contacts
This process is used for the base structures and normal metal contacts and
gates.
1. Type: E-beam evaporation in the Sharon.
2. Pump to a base pressure of ∼ 9e−7 mbar.
3. Evaporate 5 nm of Ti (0.5 Å per second).
4. Evaporate 70 nm of Au (1.0 Å per second).

A.5.2. Ti/Pd segment
This process is used for Pd as the joule heating segment.
1. Type: E-beam evaporation in the Balzers.
2. Pump to a base pressure of ∼ 5e−7 mbar.
3. Evaporate 5 nm of Ti (0.5 Å per second).
4. Evaporate 25 nm of Pd (1.4 Å per second).
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A.6. HfO2 deposition

A

ALD oxide growth on a EBL defined mask

A.6.1. Defining the Mask using EBL
• Resist: PMMA/MA 33% 617.08
• Spin Coating: 6000 RPM for 40s resulting in a thickness of ∼
400 nm.
• Baking: 180◦ C on a hotplate for 5 minutes.
• E-Beam exposure: Area Dose: 120 µC/cm2 at 10 kV
• Development: 3:1 Isopropyl alcohol (IPA) / Methylisobutyl ketone
(MIBK) for 60 seconds followed by a dip in IPA and blow dry with
N2 .
• Residue Removal: O2 Plasma Etching 60 seconds.
• Liftoff: >1 hour in 50◦ C warm acetone.

A.6.2. ALD layer growth
ALD system Savannah 100 (Cambridge NanoTech, UK)
1. Build the sample into the main chamber
2. Heat the sample volume to 200◦ C.
3. Perform 200 cycles:
4. open water source for 0.015s
5. wait for 10s
6. open precurser source for 0.2s
7. wait for 15s
8. Results in a thickness of HfO2 of ≈ 20nm.
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B

Electrostatics of a DQD

This appendix contains an evaluation of the constant interaction model for
a DQD, as outlined by [51] including cross capacitances, which are neglected
for simplicity in chapter 2

B.1. Electrostatics of a system of N conductors
We are considering a system of N conductors, in the framework of the constant interaction model. For N conductors this systems results in N (N +1)/2
capacitances. The total charge on node j can then be defined as the sum of
charges on all capacitors connected to the node:
Qj =

N
X

qjk =

k=0

N
X

cjk (Vj − Vk )

(B.1)

k=0

The charges on the nodes can be expressed in matrix form:
#»
#»
Q = CV

(B.2)

Where C is called the capacitance matrix. The diagonal elements contained
in this matrix Cjj are the total capacitances of the respective node j,
Cjj =

N
X

cjk

(B.3)

k=0,k̸=j

The off diagonal elements of the capacitance matrix is the negative capacitance between node j and node k.
The electrostatic energy of this system is the sum of the electrostatic energy
stored on the N (N + 1)/2 capacitors and can be expressed as
U=

#»
#»
1 #»
1 #» #»
1 #»
V · CV = V · Q = Q · C−1 Q
2
2
2

(B.4)

To include voltage sources into the model it will be assumed that they carry
large charges and have a large capacitance to ground, such that V = Q/C.
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To simplify the calculation of the relation between charges and voltages can
be written as
  #» 
 # » 
Vc
Ccc Ccv
Qc
(B.5)
#»
#» =
Cvc Cvv
Vv
Qv

B

#»
#»
Where Qc and V c are the charges and voltages on the charge node, where
#» #»
as Qv V v are the charges and voltages on the voltage sources.
The voltages on the charge node are then
#»
#»
#»
V c = C−1
cc ( Q c − Ccv V v )

(B.6)

B.2. Double quantum dot
The total charge on dot 1(2) (Q1(2) ) can be expressed as
Q1 = CS (V1 − VS ) + CL,1 (V1 − Vg1 ) + CR,1 (V1 − Vg2 ) + Cm (V1 − V2 )
Q2 = CD (V2 − VD ) + CR,2 (V2 − Vg2 ) + CL,2 (V2 − Vg1 ) + Cm (V2 − V1 )
(B.7)
Bringing this into the form of eq B.2:



Q1 + CS VS + CL,1 Vg1 + CR,1 Vg2
Q2 + CD VD + CR,2 Vg2 + CL,2 Vg1



=



C1
−Cm

−Cm
C2

 
V1
V2

(B.8)

Where C1(2) represents the total capacitance on the QD 1(2) (C1 = CS +
CL,1 + CR,1 + Cm and C2 = CD + CR,2 + CL,2 + Cm ).
Putting this into the form of eq B.6 yields:

 

1
2
C1 C2 − Cm







Q1 + CS VS + CL,1 Vg1 + CR,1 Vg2
Q2 + CD VD + CR,2 Vg2 + CL,2 Vg1
(B.9)
To calculate the electrostatic energy of the system according to eq B.4 assuming Q1(2) = −N1(2) |e|:
V1
V2

=

C2
Cm

#»
1
1
1 #»
U = V · CV =
2
2
2 C1 C2 − Cm

Cm
C1



C2
Cm

Cm
C1
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−N |e| + CS VS + CL,1 Vg1 + CR,1 Vg2
−M |e| + CD VD + CR,2 Vg2 + CL,2 Vg1



−N |e| + CS VS + CL,1 Vg1 + CR,1 Vg2
−M |e| + CD VD + CR,2 Vg2 + CL,2 Vg1
(B.10)



·

B.2. Double quantum dot
which evaluates to

B
U (N, M ) =

1 2
1
N EC1 + M 2 EC2 + N M ECm + f (Vg1 , Vg2 , VS , VD )
2
2
f (Vg1 , Vg2 , VS , VD ) =
1
−|e|

(CL,1 , Vg1 )(EC1 N + ECm M ) + (CL,2 Vg1 )(EC2 M + ECm N )

+ (CR,2 Vg2 )(ECm N + EC2 M ) + (CR,1 Vg2 )(EC1 N + ECm M )

!
+ (CS VS )(EC1 N + ECm M ) + (CD VD )(EC2 M ECm N )

"

1
+ 2 EC1
e

1 2 2 1 2
1 2
2
CS VS + CL,1 Vg1
+ CR,1
Vg2 + CS VS CL,1 Vg1
2
2
2

!
+ CS VS CR,1 Vg2 + CL,1 Vg1 CR,1 Vg2
+ EC2

1 2 2 1 2
1 2
2
2
CD VD + CR,2 Vg2
+ CL,2
Vg1
2
2
2

!
+ CD VD CR,2 Vg2 + CD VD CL,2 Vg1 + CR,2 Vg2 CL,2 Vg1
+ ECm CS VS CD VD + CL,1 Vg1 CD VD + CD VD CR,1 Vg2
+ CS VS CL,2 Vg1 + CS VS CR,2 Vg2 + CR,1 Vg2 CR,2 Vg2

!#
+ CR,1 Vg2 CL,2 Vg1 + CL,1 Vg1 CR,2 Vg2 + CL,2 Vg1 CL,1 Vg1
(B.11)
C1
Cm
2
2
2
The
with EC1 = e2 C CC−C
2 , EC2 = e C C −C 2 , ECm = e C C −C 2
1 2
1 2
1 2
m
m
m
electrochemical potential µ1(2) (N, M ) of QD 1(2) is defined as the change
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of electrostatic energy by adding one electron on the respective dot.
µ1 (N, M ) = U (N, M ) − U (N − 1, M )
1
= (N − )EC1 + M ECm
2
1
+
(CL,1 Vg1 EC1 + CL,2 Vg1 ECm + CR,2 Vg2 ECm
−|e|

B

+ CR,1 Vg2 EC1 + CS VS EC1 + CD VD ECm )
µ2 (N, M ) = U (N, M ) − U (N, M − 1)
1
= (M − )EC2 + N ECm
2
1
+
(CL,1 Vg1 ECm + CL,2 Vg1 EC2 + CR,2 Vg2 EC2 +
−|e|

(B.12)

CR,1 Vg2 ECm + CS VS ECm + CD VD EC2 )
The energy required to change the occupation of dot 1(2) by 1 is called
the addition energy and can be written in terms of µ: µ+ (N + 1, M ) −
µ+ (N, M ) = EC1 , and similar for dot 2 µ2 (N, M + 1) − µ2 (N, M ) = EC2 .
µ1 (N, M + 1) − µ1 (N, M ) = µ2 (N + 1, M ) − µ2 (N, M ) = ECm .
Where, neglecting the cross-capacitance terms, the dimensions of the honeycomb cell and the size of the bias triangle may be used to extract the relevant
capacitances [51], without this assumption the equation system becomes underdetermined. Additional equations may be generated by considering the
shift of the bias triangles due to CS /CD [53].
µ1 (N + 1, M ; Vg1 + ∆Vg1 , V g2) = µ1 (N, M ; Vg1 , V g2)
∆Vg1 =

EC1 |e|
C2 |e|
=
CL,1 EC1 + CL,2 ECm
CL,1 C2 + CL,2 Cm

(B.13)

µ2 (N, M + 1; Vg1 , V g2 + ∆Vg2 ) = µ1 (N, M ; Vg1 , V g2)
∆Vg2 =

EC2 |e|
C1 |e|
=
CR,2 EC2 + CR,1 ECm
CR,2 C1 + CR,1 Cm

(B.14)

µ1 (N, M + 1; Vg1 + ∆Vg1 , V g2) = µ1 (N, M ; Vg1 , V g2)
m
∆Vg1
=

ECm |e|
Cm |e|
∆Vg1 Cm
=
=
CL,1 EC1 + CL,2 ECm
CL,1 C2 + CL,2 Cm
C2

(B.15)

µ2 (N + 1, M ; Vg1 , V g2 + ∆Vg2 ) = µ1 (N, M ; Vg1 , V g2)
m
∆Vg2
=

ECm |e|
Cm |e|
∆Vg2 Cm
=
=
CR,2 EC2 + CR,1 ECm
CR,2 C1 + CR,1Cm
C1
δVg1 =
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2
Vb (C1 C2 − Cm
)
CL,1 C2 + CL,2 Cm

(B.16)
(B.17)

B.2. Double quantum dot

δVg2 =

2
Vb (C1 C2 − Cm
)
CR,2 C1 + CR,1 Cm

(B.18)

B
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C

Additional measurements of the
InAs/InP DQD NWs

This appendix contains the Joule heating experiments performed on the
three barrier InAs/InP heterostructrue NWs in a dilution refrigerator at
Tbase = 50 mK.

Figure C.1. Joule heating experiments performed at 50mK Investigation of a single triple point by recording ISD as a function of VG1,G2 ,
at a constant VBG = 6V , VSD = 0 for different heating powers: a.) no
heating, b.) nW, and c.) 0.5 µW. Without external heating, features of
inelastic electron transport (current polarity reversal) are visible, likely due
to coupling to RT photons through the measurement lines. At minimal
Joule heating power the current is dominated by TE transport, which also
vanishes towards higher heating powers.

83

Acknowledgements

This PhD thesis would not have been possible without the help and support from many scientists, colleagues, collaborators, friends, and family that
I have had the pleasure of getting to know.
After four years as a PhD student, now looking back at how this path developed, I sincerely want to thank both Prof. Dr. Ilaria Zardo and Prof. Dr.
Christian Schönenberger for coming up with this project. I further want to
extend a special thank you to Christian for selling it so well to me when
I was doing my master thesis in his Group. I still find the project to be
extremely interesting, even if not all avenues that we thought of at the time
could be explored. I want to thank both of you for all the discussion we
had, both about science or about other things. I have thoroughly enjoyed
being in this rather uncommon situation, being part of both of your groups.
Thank you both for giving me this opportunity.
I am also very thankful for Prof. Dr. Stefano Roddaro for accepting to be
part of my PhD defense committee. I sincerely appreciate you for reading
my thesis and taking the time to attend my defense.
I am very grateful to have been supported by Dr. Andreas Baumgartner,
Dr. Milo Yaro Swinkels , Dr. Gergö Fülöp and Dr. Malin Nilsson during
the time we shared at this university. I have learned a lot from all of you. I
also want to use this opportunity to thank Milo for his sacrifice in helping
me with a particularly difficult excursion into the black box.
I want to thank Dr. Andreas Baumgartner, Nadine Gächter, Dr. Begona
Abad Mayor, Dr. Aswathi Kanjampurath Sivan and Raphael Pachlatko for
volunteering to proofread parts of this thesis.
I am very thankful for all the hard work that went into the creation of the
high quality heterostructure nanowires we received by our colleagues Prof.
Dr. Lucia Sorba and Dr. Valentina Zannier. Without them this thesis
would not have been possible in this way.
I am also happy to have met Riccardo Rurali and want to thank him for
the fruitful discussions.
I want to thank the people behind the scenes of the physics department,
who making sure everything runs smoothly: Barbara Kammermann, Astrid
Kalt, Claudia Wirth, Dominik Sifrig, Daniel Sacker, Patrick Stöcklin, Sascha

85

Acknowledgements

C

Marti, Michael Steinacher, Dr. Kerstin Beyer-Hans, Sandra Hüni, Dr.
Christel Möller and Dr. Michèle Wegmann.
I extend a spectial thank you to Alessio Campo for having organised the
coffee machine, which soon enters its fifth year of diligent service.
Furthermore, I would like to thank every member, past or present, from both
the nanoelectronics and the nanophononics group, as well as some other
friends made along the way, for all the interactions we had that made this
time special: Milo Yaro Swinkels, Nadine Gächter, Claudia Fasolato, Marta
De Luca, Gerard Gadea Diez, Begona Abad Mayor, Aswathi Kanjampurath
Sivan, Miguel Carballido, Nadine Leisgang, Alessio Campo, Diego De Matteis, Yashpreet Kaur, Giulio de Vito, Grazia Raciti, Nicolas Forrer, Caitanya
Arya, Arianna Nigro, Oliver Braun, Medina Umar, Matteo Camponovo and
Robert Hersberger, David Indolese, Frederick Thomas, Arunav Bordoloi,
Alessia Pally, Andreas Baumgartner, Mehdi Ramezani, Jann Hinnerk Ungerer, Gulibusitan Abuliz, Clevin Handschin, Cezar Harabula, Christian
Juenger, Vishal Ranjan, Joost Ridderbos Lujun Wang, Raphaelle Delagrange, Simon Zihlmann, Roy Haller, Paritosh Karnatak, Artem Kononov,
Libin Wang, Luk Yi Cheung, Calro Ciaccia, Martin Endres, Oliver Faist,
Rounak Jha, Zarina Mingazheva, Ian Correa Sampaio, Deepankar Sarmah,
Blesson Varghese and Han Zheng.
I also have to acknowledge the immense support I have received from my
family and from my partner Jolanda.
Thank you!

86

