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In recent years, III-V semiconductor nanowires (NWs) are attracting increasing

interest in the scientific world because of the promise to provide value-added func-
tionalities on integrated circuits by means of spintronic components[l], photonic
circuit elements[2, 3] and topological quantum devices[4, 5, 6]. This is mainly
thanks to their high carrier mobility and saturation velocity combined with large
effective g-factor[7].
The interest of the quantum computing community in III-V nanowires stems from
the possibility to engineer, when coupled to a conventional superconductor, a par-
ticular state of matter known as topological superconductivity. The reason of the
interest is that one-dimensional topological superconductors are predicted to host
non-abelian quasiparticles, known as Majorana Zero Modes[8] (MZMs), that may
constitute the building block of fault-tolerant quantum computing.

The aim of the project was to achieve local electrostatic control of InAs NWs
grown via Template Assisted Selective Epitaxy[9] (TASE), a technique developed
at IBM - Research in recent years. Apart from being essential to implement quan-
tum operation on MZMs, local electrostatic control allows to realize multiple devices
on the same nanowire, hence representing an important step towards the scalability
of this technology. We report on different fabrication procedures along with the
challenges each of them presented and characterize the strength of the resulting
gates in changing nanowires chemical potential.

A key requirement to reproduce the topological regime is that nanowires growth
must be highly crystalline. On of the main evidence of low disorder in semicon-
ducting nanowires is the observation of ballistic transport, whose hallmark is con-
ductance quantization. In the second part of this work we then study electronic
transport in several device at cryogenic temperatures and discuss the result.

TASE grown nanowires may constitute a basis for device architectures able to
perform braiding operation. The interested reader can refer to the rich literature
[5, 10, 11] for further information about topological systems and circuits. The final
goal of our research is to perform fault-tolerant topologically protected quantum
operations through braiding of MZMs in NWs networks.
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STATE OF THE ART

Many different processes have been developed in order to realize III-V nanowires
as building elements of topological quantum devices. The overall trend is to look
for material systems that both support MZMs and can be fabricated to provide
branched, complex and scalable geometries. Majorana zero modes are predicted to
emerge once a superconductor is coupled in an external magnetic field to a semi-
conductor nanowire having a strong spin-orbit interaction [8]. InSb nanowires are
a prime choice for this application owing to the large g-factor and strong Rashba
spin—orbit interaction [12]. However, the large lattice mismatch of InSb with insulat-
ing substrates limits the quality of the crystal, while its fast growing and flaky oxide
makes processing quite tedious [13]. InAs NWs have been explored as well: they are
characterized by worse properties in terms of reaching the topological regime (lower
g-factor and larger effective mass), but offer better growth and processing. Strong
indications of MZMs have been found' in both InSb and InAs nanowires [14, 15].

Some of the possible approaches are shown in Fig.1.1. From left to right one moves

Growth from nucleation centers
v Selective Area Epitaxy Lithography on 2DEG

on patterned substrate

Figure 1.1: LEFT: Metal-Organic Chemical Vapor Deposition (MOCVD) of InSb
NWs on a pattered InP substrate via vapuor-liquid-solid method medi-
ated by gold nucleation centers. The superconductor is grown ex-situ in
a MBE chamber [16]. CENTER: Selective Area Epitaxy (SAE) of InAs
NWs on a patterned InP substrate with SiO5 as a mask. The supercon-
ductor is grown in-situ [17]. RIGHT: Wirelike device lithographically
patterned on a two-dimensional epitaxial InAs/Al heterostructure. A
2DEG is confined in the InAs layer and contacted by the Al film on top
[18].

from bottom-up to top-bottom techniques. Bottom-up approaches typically require
the optimization of a larger parameter space for each step of the growth process (i.e.
substrate orientation, III-V ratio, temperature, etc.). They provide complex con-

Tunnelling spectroscopy in electrical transport is the primary tool for identifying the presence of
MZMs. Being zero energy states they should produce a zero-bias peak in differential conductance.
The height of the Majorana zero-bias peak is predicted to be quantized at the conductance value
of 2¢? /h at zero temperature, as a direct consequence of the famous Majorana symmetry in which
a particle is its own antiparticle. One can distinguish this quantized Majorana peak from possible
non-Majorana origins by investigating its robustness to electric and magnetic fields as well as its
temperature dependence.
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tact schemes, with gates underneath and contacts on top, but also need non-scalable
nanomanipulation steps to remove NWs from the substrate once the growth is com-
plete. However, with such techniques, nanowires growth grants a great degree of
freedom in combining materials with different lattice parameters and doping pro-
files, allowing for configurations impossible to realize in thin film geometry.

On the other hand, top-down fabrication is an a attractive route towards scala-
bility. The main issue in this case is basically the fabrication of the substrate
and of a high quality interface between the semiconductor and the superconductor.
Moreover, patterning through Reactive Ion Etching (RIE) or Inductively Coupled
Plasma (ICP) is typically avoided to reduce interface degradation, and defining fine
structures with wet etching is quite challenging. Nevertheless, the mobility of a
2DEG is typically higher than the mobility of electrons in a nanowire, allowing for
longer mean free path and coherence length. In addition, the interesting feature of
the structure shown on the right of Fig.1.1 is that the coupling of electron wavefunc-
tion to the superconductor and the distance from the interface can be easily tuned
by varying the thickness of the InGaAs barrier layer. Creating a hybrid system
that supports topological superconductivity requires a balance between proximity
and segregation of constituent materials (electrons should inherit superconducting
correlations while retaining large SOC and large g-factor). This balance depends
on how much the electron wave function resides in both materials.

The growth of InAs nanowires through SAE somehow shares characteristics of both
techniques. in the center of Fig.1.1 a silicon oxide mask is used to selectively grow
arbitrarily complex and continuous patterns on a InP substrate. Problems in this
case may arise when depositing the superconductor, since the nanowire should re-
main partially uncovered to allow proper gating. Also, a high selectivity of the
mask is required to avoid parasitic growth.

A very attractive prospect is to integrate I1I-V nanowires on a silicon carrier wafer
and make them compatible with CMOS fabrication process. This typically requires
dedicated surface preparation steps and buffered layers to suppress the formation of
anti-phase boundaries and dislocations. In the following we will describe the growth
of InAs nanowires integrated on a silicon wafer via Template-Assisted Selective Epi-
taxy (TASE)[9]. The wires grow in a MOCVD chamber inside SiOs templates
defined on a SOI substrate (see Fig.1.2). TASE provides high-quality III-V nanos-
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Figure 1.2: Schematic of TASE process. From left to right: shape definition, tem-
plate formation and silicon back-etching, MOCVD, and template re-
moval if desired. The crystal orientation of the silicon substrate, the
direction of the nanowire with respect to it and the facet used as nucle-
ation surface must be properly chosen to optimize the growth. This has
been investigated in [19, 9].

tructures with low defect densities and surface roughness, and allows control of the
position, orientation and dimensions of NWs. The advantage of the approach lies
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in the fact that the first nucleation will occupy all the available material inside the
template. This prevents merging of nucleation centers and the associated creation
of defects. Moreover, compared to other techniques, the nanowires are encapsulated
into the template, which limits surface defect density. Surface passivation is needed
only to define ohmic contacts to the wire.

In the thesis presented herein, I report on the device fabrication ranging from
template patterning to NWs growth, as well as contacts and gates deposition. The
fabrication process has been conducted jointly with other group members. Further
details will be given in the next chapter. The goal is to produce a gating scheme
which allows to tune conductance of the nanowire and to perform DOS spectroscopy.



FABRICATION PROCESS & CHALLANGES

In this chapter we will divide the fabrication process into four sections. In each
section we will discuss a particular step along with the challenges it presented and
the solutions we found. At this point I would like to state that I have not taken
part in any optimization procedure but put my focus on learning the fabrication
steps and on the conductance of the transport experiments.

2.1 NANOWIRES TEMPLATE

Our substrates consist of 8 inches [100]-oriented SOI wafers provided by Soitec. The
overall thickness of each wafer is 740 pum, the one of the buried oxide is 150 nm and
the silicon on top is 30 nm thick. Each substrate was diced into 6 cm x 6 cm wafers
using a diamond saw and the ones on the corners (no. 1, 3, 7, 9) were discarded.
Out of each sub-wafer we patterned nine chips to be diced each into four quadrants
before bonding. This produces a good compromise between production speed and
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Figure 2.1: Schematic of wafer labeling and 6 cm x 6 cm chip after markers pattern-
ing.

flexibility, allowing to perform simple steps at a wafer level, but also to try different
recipes on more delicate processes at a chip level.

Tungsten markers (100nm) for alignment of optical and e-beam masks during sub-
sequent steps were patterned using optical lithography and RIE on a 100 nm-thick
tungsten layer. Everything was capped into a 300 nm SiOs protection layer and
device areas were opened with an HF dip.

Based on previous work [9, 19] all nanowires have been oriented along the [110] di-
rection, which is to say the one perpendicular to the notch in Fig.2.1. The degree of
crystallinity turns out to benefit from this adjustment. NWs pattern is defined into
Hydrogen silsesquioxane’ (HSQ) by electron beam lithography and then transferred
into the SOI. ICP is used instead of RIE since we aim to obtain a nanowire sidewall
as sharp as possible to have its width properly defined. With ICP the ion density in
the plasma and their energy can be controlled independently thanks to two different

1 HSQ is a negative resist with high resolution.
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RF generators. This allowes to increase etching anisotropy. The silicon is etched in
a HBr plasma at 80 W with the ICP generator at 800 W. This recipe has an etching
rate of approximately 1.8 nm/s, and its selectivity with respect to the underlying
Si0Oq is 1:3.

The HSQ is then stripped in HF. It is a very delicate step since the SiO2 below the
silicon is attacked and this may cause the NW to detach. An HF dip of 12 s on 50
nm of HSQ was found to yield good results. 2 pym long Silicon NWs with widths
ranging from 40 nm to 70 nm have been obtained (see Fig.2.2).

[——
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Figure 2.2: SEM image of a silicon nanowire after ICP etching and HSQ stripping.
The length is approximately 2 um. The effective length of the InAs will
be defined by the contacts [sec. 2.2]

We currently are at the first step in Fig.1.2, next step being the deposition of the
silicon oxide template. Since it is crucial to cover the Si nanostructure conformally,
Atomic Layer Deposition (ALD) is used. This is a slow deposition process that in-
volves self limiting reactions between precursors and the substrate. The deposition
of the 60 nm we aim to obtain take approximately 8 hours. It occurs at 300°C in
250 W oxygen plasma using Tris[dimethylammino]silane (3DMAS) as silicon pre-
Cursor.

The wafer is then annealed at 850°C for 30 s to improve oxide properties. The etch
rate of the ALD-SiO9 after annealing is approximately 1.6 nm/s in buffered HF. It
is worth mentioning that thermal oxidation would yield the best SiOy properties
(dielectric strength, thermal isolation, uniformity,..), but is not well suited for pat-
terned structures due to stress developing at the edges [20].

By splitting the template deposition step in two parts sidegates and contacts may
be patterned in between and hence encapsulated. This would avoid any further
step after nanowire growth, reducing the risk of damages and the need of sulfuric
passivation [sec 2.4]. The realization of such encapsulated gates and contacts will
be the subject of the next section.

2.2 ENCAPSULATED GATES

The first material we explored to realize gates and contacts to the nanowires was
TiN. The two main advantages of TiN are that it can be deposited in-situ with ALD
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right after the first 30 nm of SiOs9, and it has well established adhesion properties
to silicon oxide [21]. The deposition occurs at 300°C in nitrogen/hydrogen plasma
at 200 W using Tetrakis[dimethylaminoltitanium (TDMAT) as Ti precursor.

b)

Figure 2.3: a) TiN gates patterned using ICP. b) The same gates encapsulated. At
this step in the fabrication process a window in the template was opened
using RIE to etch the first 50 nm and an HF dip to finally reach the
silicon nanowire (see scc. 2.3).

Gates were patterned into a 20 nm-thick TiN film by ICP etching using an HSQ
mask. The same recipe used for silicon has been exploited. In this case the etching
rate is approximately 1.6 nm/s. Everything was then covered by the second oxide
layer. Fig.2.3b shows an example of a gating structure able to tune the coupling
of a quantum dot along the nanowire to the surroundings (outer sidegates) and to
adjust its chemical potential (inner sidegates).

TiN gates have one main drawback that we only discovered when the device fab-
rication was completed. During the annealing following the gates encapsulation,
titanium silicide may form at the Ti-SiOs interface due to the dissociation of SiOs.
As described in [22] this occurs for pure Ti already at low temperature (<500°C)
and can involve up to 100 nm of oxide. In our case, due to the presence of nitrogen,
the reaction could be weaker or even absent. Still, if it occurs, the effective distance
among gates would be much less then the designed one, leading to leakage issues.
One could reduce the SiO4 dissolution by decreasing the annealing temperature, but
the gates would still need to withstand the growth of the nanowires, which occurs
at approximately 550°C. A possible solution would be to exchange the oxide (i.e.
SizNy), but this would decrease the selectivity of nanowires growth (see scc. 2.3).

After nanowires growth and contacts deposition, the chip was glued on a chip carrier
and then bonded using an aluminum-based ultrasonic wire bonder. All measure-
ments have been obtained applying a DC voltage (Yokogawa GS200) to one contact
and feeding the output from the other contact to an IV converter with variable gain.
The output from the IV converter was then measured using a digital multimeter
(Keysight 34465a). What we have measured is a finite gate-to-gate and gate-to
contact resistance on several devices, suggesting that the integrity of structure is
not preserved. Plots in Fig.2.4 show a resistance of approximately 150 k() between
gate and contact (6-8) and of 210 k() between two gates (8-11). Also, conduction
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through the nanowire (14-6) is compromised.

Another route to realize encapsulated gates is to use a more stable metal such as
tungsten. Tungsten silicide forms at much higher temperatures (1000°C) [23]. In
this case however, patterning issues came into play. Possible strategies, along with
the results they led to, are summarized in Fig.2.9.

6-8
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Figure 2.4: Leakage measurements of a device with TiN gates. TOP-LEFT: Device
contact scheme. Contacts to the nanowire are realized as described in
sec 2.4, IV-CURVES: A finite resistance is measured between the two
gates and from one gate to the left contact (8-11, 6-8). The nanowire
(14-6) does not conduct.

Initially, we transferred an HSQ pattern into a 20 nm-thick evaporated tungsten
layer via 2 min RIE using SF¢ in nitrogen plasma at 25 W (18 nm/min). The
gates turn out to be quite well defined. However, because of the presence of the
silicon nanowire, the amount of tungsten to be removed in correspondence of the
height step is approximately 3 times the one to be removed elsewhere (40 nm of
Si + 20 nm of tungsten). Therefore, tungsten residues remain near the sidewalls
(see Fig.2.9a). Such residues are difficult to remove since the etching recipe attacks
both the underling silicon oxide, with a selectivity of approximately 1:2, and the
HSQ on top, with a much worse selectivity. The risk is that either we reduce too
much the oxide thickness or we consume the HSQ on top and start etching the gates
themselves. The same probably happened with the TiN etching and contributed to
leakage, even if we did not notice it from the SEM images. Metallic residues on the
sidewalls of the nanowire are not acceptable since they will screen the effects of the
gates.

13
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. Substrate

. Thin resist (100 nm)

. Thick resist (300 nm)

Figure 2.5: Double-layer structure. The two resists are such that at a given dose the
lower layer is overexposed, so that the subsequent development produces
the desired undercut.

Another possibility could be to perform a lift-off step. This means to expose and de-
velop a positive resist, deposit the desired metal, and then strip off the mask along
with the unwanted metal deposited on top. Typically one tries to obtain a exposure
profile that gets larger when approaching the substrate. In this way the deposited
metal does not get stuck on the sidewalls and the resist can be easily washed off.
This is mostly obtained by means of double-layer structures (see Fig.2.5). Some-
times, however, the lift-off can still work with a single layer resist provided that
the thickness of the metallic layer is few times smaller than the resist. Spinning
of AR-P-672.03 (PMMA) at 500rpm for 5 s, and at 6000rpm for 40s, using a hex-
amethyldisilizane (HMDS) adhesion promoting layer, gives approximately 100 nm.
The process will work if we aim to deposit 20 nm thick metallic layer. Single-layer
lift-off becomes mandatory when moving to critical dimensions of approximately 50
nm. This is because the undercut in the lower resist may compromise the stability
of the mask.

However, tungsten evaporation is quite demanding since the material needs to be
locally heated up to 3400°C. Moreover, because of the high temperature, tung-
sten particles may burn resist edges and fall down in the deposition areas. This
turns into flipping over of the gates on top of each other when removing the resist
(see Fig.2.9b). Anyway, evaporation remains a better option compared to sputtering
since it leads to less metal deposition on the resit sidewalls (less conformal covering).

Finally, obtaining fine structures with wet etching (i.e HoO2) is quite challenging.
The mask design must take into account the isotropy of the process, for example
by exposing resist areas smaller than the desired gates distance.

In parallel to the search of a good recipe for encapsulated gates, we carried on the
growth of InAs nanowires whose gates will be defined by a lift-off step at the end.
The growth process will be the subject of the next section.

2.3 NANOWIRES GROWTH

Before starting the growth, one needs to access and then back-etch the silicon
nanowire inside the template. The SiOs cap is opened by patterning a Chemical
Semi-Amplified Resist’ (CSAR 62) with e-beam lithography, and then etching the
oxide. The etching is done with a first RIE step followed by a buffered HF (BHF)

2 CSAR is a positive resist where an acid generator is introduced to increase sensitivity and contrast

(>15).
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dip to remove the last 30 nm. The RIE step ensure a high aspect ratio, while the HF
ensures the underlying SOI is not attacked and enlarge the window for the diffusion
of III-V precursors. Etching is performed by CHF3 in argon atmosphere with an
RF power of 100 W for 2 min at 10 mTorr (etch rate of 16 nm/min). Results of
this step has already been shown in Fig.2.3b.

To have the possibility to adjust the subsequent processes from chip to chip, the
wafer is diced into 2 cm x 2 cm chips. The back-etch of the silicon nanowire is done
in 2% wt. Etching in Tetramethylammonium hydroxide (TMAH) solution at 80°C
for 18min yields approximately 1.2 pm of back-etch. Directly before TMAH a 2 s
dip in BHF is required to remove the 2 nm native oxide on the silicon surface. The
etching time was determined from several etch tests and SEM characterizations.
It is important to leave part of the nanowire to serve as nucleation point for the
InAs nanowires. An example is shown in Fig.2.6. TMAH etches silicon anisotrop-

lum

Figure 2.6: SEM image taken by Markus Ritter while developing the Silicon back-
etch recipe. A 2% TMAH solution gives an etch rate of approximately
1 nm/s.

ically and exposes {111} planes, which are characterized by a smaller etch rate.
Such planes were found to be best suited to reduce the amount of defects in the
nanowires[19]. Directly after the back-etch the chip is transferred to the MOCVD
chamber where the InAs is grown starting from the Si seed.

In contrast to Molecular Beam Epitaxy (MBE), in MOCVD the growth of crystals
occurs by chemical reactions and not physical deposition. The process does not take
place in Ultra High Vacuum (UHV), but starts from gas phases at moderate pressure
(60 Torr). Gaseous precursors are introduced in the reaction chamber via so called
bubblers: in a bubbler a carrier gas (hydrogen in our case) is pumped through
the metalorganic liquid, picks up some metalorganic vapor and transports it to the
reactor. The amount of metalorganic vapour transported depends on the rate of
carrier gas flow and the bubbler temperature. Surface reaction of the metalorganic
precursors on the heated substrate creates the conditions for crystalline growth.
MOCVD is actually the only suitable process for growing the nanowire inside the
silicon oxide template, since deposition is not uniform but occurs at nucleation
points (the silicon nanowire in our case) hidden by the mask. The semiconductor
growth conditions are tuned to ensure epitaxial growth on the exposed substrate,

15
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but not on the dielectric mask.

lum

Figure 2.7: SEM image of the InAs nanowire. Overgrowth outside the template has
been removed. Devices on this chip were gated using encapsulated TiN.

Selective epitaxy of InAs nanowires is obtained using trimethylindium (TMIn) and
tertiarybutylarsine (TBAs) at 550°C with a V/III ratio of approximately 70. The
V/III ratio, meaning the ratio between As and In precursors in the chamber, must
be properly tuned to avoid inhomogeneities caused by different diffusion properties.
Indeed, while In is able to diffuse along the sidewalls of the nanowire during the
growth, As is not. That is why the concentration of TBAs must be higher.

The growth rate increases as soon as it becomes easier for precursors to reach the
nanowire. Typically what we have done is to grow until the nanowire overgrows
outside the template, for then carefully polish the excess. This implies to leave a chip
with a back-etch of 1.2 ym in the chamber for about 2.5 h. We also understand that
a too deep back-etching of the silicon nanowire would not be beneficial since it would
decrease considerably the growth rate. Results are shown in Fig.2.7. Notice that
this device has TiN encapsulated gates, and after the growth there is no evidence
of the reaction with the surrounding silicon oxide. This means that, if the reaction
is indeed the reason for gate-to-contact and gate-to-gate leakage, it must be quite
limited compared to what presented in [22], where the oxide is said to be completely
dissolved.

2.4 GATES AND CONTACTS LIFT-OFF

As mentioned above, realizing encapsulated gates and contacts would be nice in
order to avoid further processing on the chip after nanowires growth. However, it is
sometimes worth testing the device first (and hopefully to observe some interesting
physics), and then adjust less relevant details.

On the ’second generation’ chips we deposited gates and contacts in a lift-off step
at the end of the growth using a double-layer mask. In this way one avoids any high
temperature step on the electronic connections. The double-layer mask has been
realized by spinning 300 nm of AR-P 669.04 (PMMA) followed by 100 nm AR-P
672.03 (PMMA). After each spinning a hard bake at 180°C was performed. The
two resists are such that at a given dose the lower layer is overexposed, so that the
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Figure 2.8: SEM image showing a completed device after gates and contacts deposi-
tion. In this case gates are much larger than those of previously shown
designs since their aim is to tune the chemical potential of the nanowire.

subsequent development produces the desired undercut.

In order to contact the nanowires one needs to open the silicon oxide template prior
to the evaporation. This is done once again with a RIE step followed by a BHF dip.
Moreover, to stabilize nanowires surface and preventing fast oxidation, the chip un-
dergoes a 10 minutes ammonium sulfide dip and is then directly transferred to the
evaporation chamber. This step is crucial in order to ensure ohmic contacts [24]. In
principle, it could be avoided by realizing encapsulated contacts. If we were able to
pattern contacts on the silicon nanowire before InAs growth, the actual nanowires
could then be contacted during the growth itself. We have not explored this route
yet. The result after a double-layer lift-off of Ti/Au (20nm/150nm) are shown in
Fig.2.8. Here we were able to use a unique double-layer mask for contacts, gates
and contact pads since they gate a quite large. Structures like the ones in fig.2.3,
whose purpose is to realize quantum dots along the nanowire, require instead a
dedicated single-layer lift-off step (and therefore an additional e-beam exposure).

The contacts and gates structure in Fig.2.8 is the one that will be considered in
following chapter, where we will characterize electrical transport in our TASE grown
InAs nanowires showing evidence of ballistic transport up to a length of 300 um.

17
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Figure 2.9: Summary of gates patterning techniques and SEM images of the results.
Notice that these trials were done on a dummy wafer where a wrong
layer was exposed during a lithography step. a) Section. The HSQ
pattern is transferred into a tungsten (W) layer by reactive ion etching.
Residues remain on the sidewalls of the nanowire where the tungsten
effective thickness is larger. b) Sideview. Gates are defined by tung-
sten evaporation on a 100nm thick resist and subsequent lift-off. Resist
burning during the evaporation step causes tungsten to accumulate on
the sidewalls. After resist removal the gates flip on top of each other. ¢)
Sideview. HSQ pattern transferred in the tungsten layer by wet etching
(H202). Because of the isotropy of the process under-etching must be
taken into account in the mask layout.



BALLISTIC TRANSPORT

Ballistic transport in semiconductor nanowires is a key requirement for the observa-
tion of MZMs[25]. Let us consider a semiconductor wire with dimensions t - w- L con-

M w

i * 1 2
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Figure 3.1: Schematic of a semiconductor nanowire to which a voltage bias Vgp is
applied via two metallic contacts.

tacted by two metallic contacts to which we apply an external bias eVsp = o — 11,
where p; and po represent the respective Fermi levels. If the dimensions of the
semiconductor are large, its conductance is given by G = owt/L, but as soon as
they get smaller than the electron mean free path A, electrical transport cannot
be described in terms of scattering mechanism (conductivity o) anymore. In such
regime the phase coherence of electrons is not destroyed by scattering events, and
the transport is called ballistic. The ballistic effect can be observed if the elastic
mean free path is large compared to the sample size L as long as the sample size L
is not much larger than the phase coherence length A4. The hallmark of such trans-
port regime is conductance quantization, which is routinely observed in QPCs on
2DEG, but is more difficult to achieve in nanowires due to structural imperfections
and surface states.

In order to understand the phenomenon let us recall the simple model of a one-
dimensional channel where carriers are confined in two dimensions (z,y) and free to
move along the third one (z). If the channel is taken to be much longer with respect
to the cross-section, it can be treated as translationally invariant in that direction.
The time independent Schrodinger equation for the electron wave function 1 (R):

[ 277;* V2 + U(R)] ¥(R) = e (R), (1)

becomes separable. Assuming that the confining potential is only a function of
r = (X, y), this means the Schrodinger equation can be reduced to a two-dimensional
problem by taking 1)(R) = ¢(z,y)e™=*:

2m*

[—hviy + U<r>] B(r) = 0,y (x). 2)
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For an infinitely deep quantum well (good approximation for the interface InAs/SiOz2),
the quantization energies are:

71,2 2 2 n2
o = o V”*y : 3)

om* |w?2 2
where n;,n, = 1,2,3,.. . The total energy will be

k2

2m* (4)

€= €ry+

Finally, the spin degenerate density of states for one subband of a one-dimensional
channel can be calculated from the number of k-states per unit length N = 2k, /=
and the free space dispersion relation k, = v/2m*E/ h? as:

dN 1 2m*
=8 i\ E (5)

p(E)
Therefore the total density of states reads:

DOS(E) = Y % ﬂ@(E—ex,y) (6)

NNy o ex’y

The overall energy structure is summarized in Fig.3.2. Assuming ’reflectionless’

E(meV) (nzny) N

€5 = 82 |- mmer e XN (32) 5

€4 =59 |seemmee e L e (2,2) 4

€3 =45 |--------- Sly/20 A A (172) 3

€9 = 28 |--rmmman N\ e (271) 2

€] = 15 |rrrmeme e S (1,1) 1
DOS

Figure 3.2: Adapted from [26]. Subband quantization and density of states of a
nanowire with t = 40nm and w = 60nm. The energy levels are computed
according to equation (3). In the longitudinal direction the dispersion
relation becomes parabolic.

contacts, meaning that the electrons can be injected in the wire with probability
equal to 1, the net current is given by the difference of the right-moving (k,>0) and
left-moving (k.<0) electrons. Recalling that classically j = nev, the contribution
from one single mode having cut-off energy ey is given by':

e [* L

1= wtS [~ p(E)(E) [f(Es) - F(E.p2)) 5 dE ™)
EN wt

where the factor 1/2 has been included to consider only left- or right-moving states

in each term. To avoid the assumption of reflectionless contacts and perfect channel

it is sufficient to introduce a coefficient T(E) inside the integral, accounting for

Notice that n should be a density and p is defined per unit length. That is the reason for the factor
at the end of the integral.
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injection and transmission probability.

It is straightforward to show that the factor p(E)v(E) reduces to 4/h. Moreover,
at low temperature, the difference of the Fermi functions substantially select the
energy range in between py and ue. Finally, to include the contribution of multiple

subbands one needs to count the number of modes with cut-off energy smaller than
E. We have:

[= h%:/; O(F — en)dE — Qif%:[m—max(m,w)]. (8)

If the number of modes is constant and equal to N in the interval [puy,us], then,
assuming equal drop on both contacts’, one can also write:
2¢?

I==—Vip = GoVip, 9)

where the quantity Gg = % ~ (12.9 kQ)~! is called conductance quantum and s
is the chemical potential of the system.

The nanowire resistance in the ballistic transport regime is then quantized and
independent on the wire length. It is important to notice that such resistance does
not arises from the wire itself, but it is instead due to the redistribution of the
infinite numbers of current-carrying modes of the contacts into the few current-
carrying modes at the interface with the nanowire.

E(meV) E(meV) G(Go)
E— i T #0
€2 = 28\ 2 Ve(v)
12
112 0
/[ | 1
e =15 ot
k, Vsp (mV)

-Ve Ve

Figure 3.3: Several possible alignments of the contacts Fermi levels with respect to
the subbands structure and the resulting quantization of conductance.
The Fermi level of the system p is assumed to be halfway from p; and
p2. Green) Bias voltage smaller than subbands spacing and bias window
inside the first subband. The conductance of the wire is expected to
be Go. Orange) Bias voltage smaller than subbands spacing and bias
window partially in the first and partially in the second subband. The
conductance of the wire is not quantized in integer multiples of Gg. Blue)
Bias voltage equals subband spacing (Ae = V./e). The inset shows the
behavior of conductance as a function of the gate voltage at zero and
finite temperature.

Assume now we apply a zero DC bias and measure the wire conductance using a
lock-in amplifier. If the amplitude of the sinusoidal signal in input is sufficiently

2 More generally, on increasing Vgp the population of the left-moving states increases to 1 + meVgp

and the one of the right-moving states decreases to p - (1-m)eVgp. Here m is a phenomenological
parameter between 0 and 1.
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small with respect to the applied gate and bias voltage then what we measure
is directly the differential conductance G = 9I/0Vsp. When varying the gate
voltage Vg (either the sidegates in Fig.2.8 or a backgate), and therefore the chemical
potential of the system, the conductance is expected to increase in integer multiples
of Gg. However, for each subband there exist a critical bias voltage V. above which
the corresponding plateaus disappears. In that case (orange point in Fig.3.3) the
number of occupied subbands will not be the same for both velocity directions and
the conductance will not be quantized in integer multiples of Gg anymore. This
is clear when looking at the expression of the current when p; and po are in two
different subbands (i.e. the first two):

2 2
I= f[(m —€) + (p2 — )] = f[(queVSD/?—fz) + eVsp)
3
— G = EGO

Therefore, when plotting the conductance as a function of both the bias and the
gate voltage, a diamond-like structure will appear: inside each diamond G will be
quantized in integer units of Go. From a G-(Vg,Vgp) two-dimensional map we
should be able to compute the intersubband spacing by looking at those points
where p1 and pg coincide with subband edges. The situation is summarized in
Fig.3.3: intersubband spacing is given by Ae = V./e (blue point in Fig.3.3). The
effect of increasing temperature is to smooth out the transition until plateaus are
basically not visible anymore (see inset of Fig.3.3).

Ballistic transport in TASE InAs nanowires has been investigated using the set-up
described in Appendix Al. The sample can be cooled down to 1.6 K thanks to a
Physical Property Measurement System (PPMS) which can also apply a magnetic
field up to 9 T directed parallel to the cryostat axis. In a typical measurement
circuit an AC voltage of variable amplitude and frequency is fed into the device
source through a lock-in amplifier.  The out coming current is collected by an

a) G (2%m) D) G (2¢/h)
| —
T=10K 4.5
6 Vie = 20 uV
D) Vsp = 3 mV 4
5 3.5
4 4 3
£ 25
’ 8 g 2
9 15
8 1
1
0.5
- 0 -10 . My
-15 -10 -5 0 -10 -8 -6 -4 -2 0
VBG (V) VSGI (V)

Figure 3.4: 2D Conductance maps. Contour plots at integer multiples of Gg are
shown in both figures. a) Sidegates vs backgate strength: at sidegates
voltages above -6 V the backgate is not able to drive the nanowire to
pinch-off. b) Sidegates are symmetric in driving the nanowire chemical
potential.

IV-converter with variable gain, whose output is read by the lock-in itself. DC bias
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is provided by two Yokogawa-GS200 DC sources (range + 30 V) while gate voltages
are fixed by a ultra-stable high-resolution D/A Converter (QDAC, range + 10 V
and less than +2 pV drift in 10 hours). We did not use four probes for the present
measurements since we were limited in the number of available pins on the cryostat
breakout box, and we preferred to test as many devices as possible. If plateaus
are observed then one can then calculate the contact resistance by shifting the first
plateau to 12.9kQ).

A backgate was realized by metallizing the substrate with a Ti/Pt (10 nm/30 nm)
layer. We noticed that the influence of the backgate is weaker with respect to the
sidegates. This is confirmed by the 2D map of the conductance as a function of
sigate and backgate voltage (see Fig.3.4a). The two sidegates are symmetric (see
Fig.3.1b). At zero bias the nanowire conducts while at sufficiently negative bias
voltages it is pinched-off. Indeed, in InAs nanowires the Fermi level is typically
pinned in the conduction band because of surface states.

Results for a nanowire with L. = 300 nm and w = 60 nm are shown in Fig.3.5. The
sidegates and the backgate voltages have been swept together from 0 V to -8 V, and
the conductance was measured at 4 K, 10 K, 15 K and 20 K. A DC bias of either
3 mV or 5 mV was applied to the device.

T (K)
6 ‘ 20
Vac =20 pV
Rc = 2.5 k2 18
51
16
4l
Py 14
=
~
%3 12
O 10
2l
—Vsp =3 mV 8
1l _VSD =3 mV |
Vsp =5 mV 6
_‘/SD =5 mV
0 ' \ : s 4
-8 -6 -4 -2 0

Vsas & Vg (V)

Figure 3.5: L = 300nm, w = 60nm. a) Nanowire conductance as a function of the
gate voltages at different temperatures (4 K, 10 K, 15 K and 20 K) and
bias voltages (3 mV, 5 mV).

The conductance measurement offers the possibility to highlight some interesting
features. A contact resistance of 2.5 k() has been subtracted in the plot of Fig.3.5
to match the first plateau. Three plateaus are visible in the two lowest temperature
characteristics where a bias of 3 mV has been applied (Gg, 2Gg, 4Gp). The third

plateau is not visible potentially because the 3rd and 4th subbands are degenerate.

This may happen if the effective geometry of the nanowire is slightly different from
the designed one. The width of the plateaus is reduced the more the temperature
is increased as predicted by theory: the first plateau barely starts in the red and
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yellow curves.

Another point to be addressed is the one related to the conductance oscillations and
kinks. Deviations from the ideal behavior can be due to several reasons[27]. For
example, changing the gate voltage can change the charge of impurity sites, thereby
modifying channel transmission (see kinks in the conductance characteristic). Also,
the transmission probability T(E) can undergo resonant oscillations if the potential
landscape across the wire is not smooth but has local maxima and minima due to
coupling to the surrounding. In this case coherent backscattering causes electrons
to be transmitted resonantly. Nanowire transmission seems to be dependent on the
bias voltage as well. If we assume that coherent backscattering is the reason of the
transmission oscillations, then the most immediate way to suppress them is to re-
duce electron coherence length by increasing the temperature. Indeed conductance
oscillations seem to be smoothed out in the 15 K and 20 K characteristics.

2) sam P B (T)
3.5 : 8 3.5 : \ 8
T=2K NW T=2K NwW
3 Vac =20 pV 7 3l Vac =20 pV 7
Vsp =0 Vsp =5 mV

2.5 Substrate 5F Substrate

—‘/SGS (V_) _ _ —‘/SGS (V_)

Figure 3.6: L = 300nm, w = 60nm. Curves have been shifted horizontally in steps
of 1V to highlight the differences. a) Conductance of the nanowire as a
function of the sidegates voltage at zero bias voltage for different parallel
magnetic fields. Vpg held at 0 V b) The same as in a) but with Vgp =
5 mV.

Analogously, such coherent oscillations disappear when increasing the magnetic
field. In Fig.3.6 the wire conductance is measured as a function of the sidegates
voltage at different magnetic fields. After a certain number of voltage sweeps on
the same device, plateaus are observed to disappear. This is probably because of
charging-induced damages that reduce the electrons mean free path but preserve
the coherence length. However, the amplitude of the oscillations decreases with the
magnetic field.

The dependence of the oscillations on the magnetic field is related to the so called
Aharonov-Bohm phase, that depends on the magnetic flux thorough a closed elec-
tronic path. As a rule of thumb one can assume that modulations of the conductance
because of the Aharonov-Bohm phase occur as long as the classical cyclotron radius
of the electron R, = hkp/eB is large compared to the width of the nanowire [27].
In the previous considerations, B is assumed to be perpendicular to the plane of
the wire, but we only applied it parallel to such plane and the wire axis. Never-
theless, some effects were observable probably because the sample was not centered
in correspondence of the maximum field uniformity. A more systematic study is
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definitely required.

In Fig.3.6b we also notice that such oscillations are reduced with respect to the
oscillations in a) when a DC bias is applied . This is probably because we average
the measurement over the bias window.

Finally, Fig.3.5 shows two 2D maps of the wire conductance at 2.5 K. The sidegates
were swept from 0 V to -8 V (-9 V in the right side plot) and the bias voltage from
-30 mV to +30 mV (-20 mV to +20 mV). The backgate was held at -10 V (-5 V). A
critical bias voltage of approximately 11 mV can be extracted, in good agreement
with the 13 meV subband spacing predicted by theory.

In the plots on the left side the conductance is smoothed out at sidegates voltages
below -5 V. This happened because for some errors in the cryostat temperature
stabilization. The temperature rose gradually up to 112 K before we were able to
solve the issue. The measurement is shown to highlight once again the effect of
temperature on the wire conductance.

a) b)
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Figure 3.7: a) Two-dimensional map of the conductance as a function of the source
bias and sidegates voltage. The backgate was held at -10V and the
temperature at 2.5 K. Two highlight transitions features, the same map
is plotted below differentiated with respect to the sidegates voltage. b)
Same as in a but with Vgg = -5 V.
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CONCLUSION & PERSPECTIVES

In the frame of the present work we have achieved evidence of ballistic transport
in TASE grown InAs nanowires integrated on a silicon chip. TASE provides high-
quality ITI-V nanostructures for monolithic integration on Si with low defect densi-
ties and surface roughness and allows very good control of the position, orientation
and dimensions of NWs. In the next months our research will focus on the following
points:

e First of all we will carry on magneto-transports experiment to calculate the
effective g-factor of the nanowires. Spin-orbit interaction in semiconductors
does not only affect valence bands, but also influences the splitting of the
conduction band in the presence of an external magnetic field B [27]. As a
consequence of the spin-orbit interaction, the Zeeman energy splitting AE =
g*ppB (involving electrons with different spin) is proportional to a material
specific g-factor which is different from the one of free electrons in vacuum
(g = 2). The interplay of Zeeman splitting and spin-orbit coupling leads non
trivial changes in the band structure which we should be able to address.
The angle of the magnetic field with respect to the substrate will be varied to
reveal g-factor anisotropies. Having a large effective g-factor is important in
system coupled to a superconductor in order to reach the topological regime
before reaching the critical field of the superconductor.

o We will characterize more complex nanowires networks with the aim of eventu-
ally realize braiding operations with Majorana quasiparticles arising from the
coupling to a superconductor. The structure design is ready but the devices
have not been tested yet. An idea of what could be possible is shown in Fig.4.1.
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Figure 4.1: Layout of a cross junction of three wires aimed to realize braiding of
Majorana quasiparticles. v; are MZMs creation operators. The coupling
between the wires might be controlled using a proper set of sidegates,
whose positions are still to be discussed.
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III-V precursors should be able to enter the widows opened in the SiO9 and fill
the entire cross junction. Exchanging of MZM can then be obtained by tuning
the coupling among the different arms of the structure via gate voltages.

e Obviously we should be able to find a suitable superconductor coupled to the
nanowires. This is not easy but research is going on and possible ideas already
came out. One should find a superconductor which is lattice matched with the
nanowire (so as to realize an epitaxial interface and to proximitize properly
the semiconductor), and which will also withstand the process temperature.

For more than 50 years, the traditional approach to increase the performance of inte-
grated circuits made from CMOS has been to scale down dimensions so as to reduce
power consumption and increase signal processing speed. To achieve such miniatur-
ization in the face of exponentially increasing fabrication challenges requires many
ingenious ideas and billions in investment.

We are rapidly reaching the end of this path, as current system dimensions and
occupation reach the de-Broglie wavelength and single electron levels, meaning not
only can quantum effects no longer be ignored but in fact begin to dominate. Quan-
tum technologies are probably the answer to this long expected end of the classical
path. Their quest is to turn the challenges of hitting this quantum limit into an op-
portunity, namely, making use of the quantum properties of matter to bring device
technology to a superior level of performance, using novel architecture for comput-
ing, communication, and sensing applications. There are many attractive proposals
for qubits implementation. To exploit topological states of matter is extremely
challenging but also extremely interesting.
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Al: MEASUREMENT SET-UP

A.1 RACK INSTRUMENTS
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Figure A.1: Summary of all the instrument used for electrical measurements. They
were all connected to a computer via ethernet/USB cable and controlled
remotely using QCoDeS. The last is an open source Phyton-based data
acquisition framework developed by the Copenhagen / Delft / Sydney
/ Microsoft quantum computing consortium.



A.2 PHYSICAL PROPERTY MEASUREMENT SYSTEM

A.2 PHYSICAL PROPERTY MEASUREMENT SYSTEM

Figure A.2: a) DynaCool PPMS used in the present work. It is able to cool down to
1.6 K and is equipped with a b) 12-pin break-out box plus an internal
measurement system (not used in the present work). Our group is
currently waiting for its own cryostat with cooling capability down to 2
mK, required to bring the system in the topological state of interest. c)
Chip carrier and corresponding socket. In the background a ultrasonic-
based wire bonder.
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Al: MEASUREMENT SET-UP

A.3 DIP STICK

B perpendicular B longitudinal

Figure A.3: The PPMS has the limitation that it can control only 12 pins on a chip.
This basically means that maximum two devices with four probes and
two sidegates can be measured at each cooldown. a) For this reason we
built our own dip stick from where the cryostat ground can be easily
extracted from the stick itself. The stick is equipped with 48 lines (24
low noise twisted pairs) for measuring and each line has an RC filter
with a cutoff frequency at 20 kHz. One additional PCB was used to
host a LED and a thermometer (still missing in the picture). b) We
used only 32 lines of the 48 available to make the system compatible
with the 32-pin chip carrier. The chip carrier can be mounted either
parallel or perpendicular to the direction along which the magnetic field

is applied.
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