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Abstract

There has been much interest in leveraging the topological order of materials for quantum
information processing. Among the various solid-state systems, one-dimensional topological
superconductors made out of strongly spin-orbit-coupled nanowires have been shown to be the
most promising material platform. In this project, we investigated the feasibility of turning
silicon, which is a non-topological semiconductor and has weak spin-orbit coupling, into a one-
dimensional topological superconductor. Our theoretical analysis showed that it is indeed
possible to create a sizable effective spin-orbit gap in the energy spectrum of a ballistic one-
dimensional electron channel in silicon with the help of nano-magnet arrays. Experimentally, we
developed magnetic materials needed for fabricating such nano-magnets, characterized the
magnetic behavior at low temperatures, and successfully demonstrated the required
magnetization configuration for opening the spin-orbit gap. Our results pave the way toward a
practical topological quantum computing platform using silicon, one of the most technologically
mature electronic materials.
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Figure 1. [ (a) A spin-orbit coupled 1D system along the x-direction

in the presence of an external magnetic field along the
z—-direction. (b) The associated band diagram. Without
an external magnetic field, the dispersion is
degenerate at k=0 The external magnetic field opens
up an energy gap in the spectrum, as shown by the black
curves. Inside this spin-orbit gap, only two
degenerate states exist at each energy, and they are

spin-momentum 10CKEA] i 8

Figure 2. [ (Illustration of spin rotation for the four wave

functions with k=- m/a, which is the location of both
the good and bad gaps in the untransformed band
structure. (a) Band structure for an ideal wire in the
presence of a spatially rotating magnetic field. 1Inset
indicates the four modes and the associated subfigures.
(b) - (e) show the expectation values of the individual
spin components. for the wave functions corresponding
to the circled locations on the band structure. In the
lowest energy mode (e), the spin expectation value is
roughly antiparallel to the magnetic field. In the
highest energy mode (b), the spin expectation value is
roughly parallel to the magnetic field. In the two
middle-energy modes (c)-(d), the magnetic field and
spin expectation values rotate in opposite directions.]
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NOMENCLATURE

Abbreviation Definition
1D One-dimensional
2D Two-dimensional
3D Three-dimensional
EBL Electron beam lithography
FET Field-effect transistor
HCP Hexagonal close packed
HFET Heterostructure field-effect transistor
HSQ hydrogen silsesquioxane
ICP Inductively coupled plasma
IPA isopropyl alcohol
LDRD Laboratory Directed Research and Development
MFM Magnetic force microscopy
MFP Mean free path
MIBK methyl isobutyl ketone
MOS metal-oxide-semiconductor
MZM Majorana zero mode
PMMA poly-methyl methacrylate
RE Rare earth
RIE Reactive ion etching
SEM scanning electron microscope
SOC Spin-orbit coupling
TEM Transmission electron microscopy
™ Transition metal
XRD X-ray diffraction




INTRODUCTION

In recent years, much progress has been made toward realizing quantum computation
along many fronts. The most promising approaches are solid-state systems, including
the superconducting and semiconductor qubit platforms [1-4]. In these solid-state
systems, however, electrical and magnetic noise often causes information to be lost
through interactions between the qubits and the environment. This information loss
behavior can be characterized by a phase coherence time, T,. Quantum operations in
solid-state systems are often limited by very short T,, which makes read-out and
scaling very challenging tasks.

A potential workaround is to encode information in the topological order of materials
[5]. In this case, the non-local nature of the wave functions protects the information
from being destroyed by local noise

and potentially provides a much more (a)

robust quantum computation
platform  than non-topological T B
systems. One class of topological ,V 0

excitations that exhibit the required _

non-Abelian statistics for topological
qubits are the Majorana zero modes
(MZMs). These modes are predicted
to emerge at the interface between a (b)
topological superconductor and a
topologically trivial material [6-7].

L
>

Finding topological superconductors
is an extremely challenging task in its
own right. It was therefore a nice
surprise when Fu and Kane showed
in 2008 that one can obtain an
effective topological superconductor
by combining a conventional
superconductor and a topological
insulator [8]. Later, it was further

shown that even conventional Fig- 1:(a) A spin-orbit coupled 1D system
semiconductors, when in close along the x-direction in the presence of an
contact  with a  conventional €xternal magnetic field along the z-
superconductor, can turn  into direction. (b) The associated band
diagram. Without an external malgcgnet%)c

x - .

topological superconductors as long
as the spin-orbit coupling (SOC) is field, the dispersion is degenerate at
sufficiently strong [9-13]. Since the The external magnetic field opens up an
growth, processing, and physical energy gap in the spectrum, as shown by
properties of semiconductors are the black curves. Inside this spin-orbit
much more well understood than gap, only two degenerate states exist at
topological insulators, it seems cach energy, and they are spin-momentum
natural to use such  locked.

semiconductor/superconductor



hybrid systems as the starting point for the search of MZMs. Many experimental
efforts have been put forth and much progress indeed has been made [14-18].

The configuration that is the easiest to understand and the most widely adopted
experimentally is a one-dimensional (1D) semiconductor with strong intrinsic SOC, as
shown in Fig. 1(a). The energy-momentum (E-k,) dispersion relations of such a 1D
system with and without the presence of a magnetic field perpendicular to the SOC-
induced effective magnetic field are shown in Fig. 1(b) in black and green. At zero
magnetic field, the dispersion is simply two identical parabolas shifted left and right
from k,=0, effected by the SOC which behaves as a k, dependent magnetic field. The
shift is characterized by kso, which is proportional to the SOC constant. In the
presence of an external magnetic field that is perpendicular to the SOC-induced
effective magnetic field, the two crossing branches near k,=(0 mix and anti-cross,
opening up a spin-orbit gap near k,=0 that is proportional to the external magnetic
field and the effective g factor. Inside this energy gap, only two degenerate states
exist at each energy. The spin and momentum are locked. When a conventional
superconductor is in close electrical contact, an effective 1D topological
superconductor forms and MZMs appears at the ends of the 1D system, if the Fermi
energy is inside the gap and if the external magnetic field is sufficiently large. This is
the precisely the setup used in the experiments that have produced the most
convincing evidence of MZMs [14-18]. In those experiments, InAs or InSb nanowires
were the chosen semiconductor materials for their small effective mass, large g factor,
and, most importantly, intrinsically strong SOC.

While the evidence of MZMs in these InAs or InSb nanowire/superconductor hybrid
systems has been accumulating and becoming more convincing, two natural questions
to ask are how we can perform quantum operations on these MZMs and how we can
scale up for more realistic quantum computation needs. One potential approach
pursued by several leading groups is to continue the development of InAs and InSb
nanowires. There the difficulty lies in the controlled growth/synthesis of two-
dimensional arrays of uniform nanowire/superconductor heterostructures.

An alternative path, investigated in this Laboratory Directed Research and
Development (LDRD) project, is to use a semiconductor that is more technologically
mature in growth and material processing, and preferably compatible with modern
semiconductor foundry processes. From this perspective, Si emerges as the most
preferred semiconductor, as it is arguably the most well understood electronic material
and the supporting infrastructure is simply unparalleled.

However, the intrinsic physical properties of electrons in Si are highly unfavorable for
the pursuit of MZMs: the effective mass is large, the g factor is small, and, most
importantly, the intrinsic SOC is extremely weak. While in 2012, it was shown by
Kjaergaard et al. that MZMs can exist in a 1D semiconductor without SOC if a fine-
pitch nano-magnet array is placed next to the wire and if superconductivity is induced
[19], the calculation was done for InAs, a material with a smaller effective mass and a
large g factor. No band structure was calculated, either. It was therefore unclear
whether it is possible at all to create a sizable effective spin-orbit gap in Si.
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Furthermore, very few studies of superconducting electrons in Si exist, making the
feasibility of creating MZMs in Si highly uncertain.

In spite of the high risk, the potential payoff of a Si-based topological quantum
computing platform nevertheless warrants a careful examination of the two questions.
What we set out to investigate in this two-year LDRD project was mainly to address
the first question: can one engineer the SOC in Si so that the very weakly spin-orbit
coupled material effectively behaves as one with strong SOC? We also dabbed into
the induced superconductivity through external collaborations.

The project was organized into four tasks.

1. Theoretical analysis, three-dimensional (3D) simulations of the magneto-statics,
and spin-dependent band structure calculation.

2. Development of magnetic materials with controlled coercivity and
magnetization.

3. Formation and programming of nano-magnet arrays with the required

magnetization configuration.
4. Induced superconductivity in Si.

The results of each task will be described in more details in section 2. We provide a
brief summary for each task here.

1. We have set up 3D models using COMSOL Multiphysics for magneto-static
simulations that can generate the nanoscale magnetic field distribution resulting
from nano-magnets included in the model. The nanoscale magnetic field
distribution can then be fed into a spin-dependent Hamiltonian for band
structure calculation. With an optimized, experimentally realizable nano-
magnet configuration, an effective spin-orbit gap of ~0.3 K is indeed
achievable. A manuscript summarizing this effort was submitted to Physical
Review Applied in January 2018 and re-submitted in September 2018 after
revision [20].

2, We have developed processes for depositing SmCo thin films with controlled
coercivity. Systematic materials characterizations have led to a coherent
understanding of the magnetic properties of SmCo thin films at the microscopic
and macroscopic levels. A manuscript reporting our systematic investigation
was submitted to Journal of Magnetism and Magnetic Materials in August 2018
[21].

3. By using SmCo, which has high coercivities, and Co, which has low
coercivities, we successfully fabricated and programmed nano-magnet arrays
with alternating magnetization directions, the required configuration for
effecting the spin-orbit gap. A manuscript on this effort is in preparation.

4. Attempts to observe induced superconductivity in Si were made through
external collaborations. We indeed observed signatures of induced
superconductivity through the superconducting proximity effect but no
supercurrents.
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2.1.1.

TECHNICAL RESULTS

Designing Nano-magnet Arrays for Topological Nanowires in Si

As described in Section 1, while ideas of using nano-magnets to engineer an effective
SOC for creating MZMs in weakly spin-orbit coupled materials were proposed in
2012 [19], no band structure calculation based on realistic magnetic field distributions
was presented. No numerical simulation result existed for Si-based systems. We have
set up 3D models using COMSOL multiphysics to simulate the magneto-statics, which
yield the nanoscale magnetic field distribution for a given nano-magnet configuration.
The obtained magnetic field distribution is then plugged into a spin-dependent
Hamiltonian using the material parameters for Si. The dispersion relation and the
wave functions are obtained by numerically solving the Hamiltonian. Details of the
mathematical analysis and numerical methods as well as the band structures, the
design rules, and the feasibility analysis are all documented in our manuscript [20].
Here we only show the most important physical results. The understanding of the spin
rotation in the presence of a spatially rotating magnetic field is not included in the
manuscript and is therefore presented here.

Material platform

First, we argue that the best, and perhaps the only viable starting material platform is a
shallow Si/SiGe quantum well [22].

As discussed in Section 1, the common starting point of the theoretical analysis for
emergent MZMs in semiconductor nanowires is often a single-band, spin-orbit
coupled dispersion. This assumption of an ideal dispersion relies on a clean and
uniform semiconductor host material. A common metric for the cleanliness of the
host material is mobility. In the case where the spin-orbit gap is created by
nanomagnet arrays, as in the Si electron case, the mean free path (MFP) and phase
coherence length are the more relevant metrics. A MFP and a phase coherence length
that are larger than the spatial period of the nanomagnet arrays are desired. The phase
coherence length diverges at zero temperature and can be much longer than the MFP
at dilution refrigerator temperatures, so we consider here only the MFP. With our
electron beam lithography (EBL) capability, nanomagnet periods in the range of 100
to 200 nm should be straightforward to achieve, and 50 to 100 nm feasible albeit
demanding. The spatial period dictates where the zone boundaries are, and in turn, the
electron density at which the chemical potential is inside the spin-orbit gap. Taking
100 nm as an estimate, the required 1D electron density would be 2/(100 nm). Since
most available data on electron densities and mobilities are based on two-dimensional
(2D) electron systems, for estimation purposes, we estimate the required 2D electron
density to be (2/(100 nm))?, which is 4x10'° cm2. A nanomagnet period of 50 nm
quadruples the required 2D density (1.6x10'!' cm™). The required MFPs are 100 and
50 nm accordingly.

Such demanding requirements on low densities and long MFPs rule out conventional
Si metal-oxide-semiconductor field-effect transistors (MOS FETs) as the host material
for MZMs. Due to the close proximity to an amorphous SiO, layer, 2D electrons in Si

14



2.1.2.

2.1.3.

2.1.4.

MOS FETs are typically insulating below ~8x10!° cm= with a resistivity ~ h/e? [23],
which translates to a MFP less than 20 nm. At 1.6x10'! cm™ with a typical mobility
of 1x10* cm?V-!s'! in a MOS FET, the MFP is still less than 50 nm.

On the other hand, Si/SiGe quantum well heterostructures can support high-mobility
electrons in Si quantum wells owing to the epitaxially smooth interfaces where the 2D
carriers reside [24]. Mobilities exceeding 10° cm?V-!s! have been demonstrated [25].
More importantly, very low carrier densities, in the range of 10!° cm™2, are achievable
using the SiGe heterostructure field-effect transistor (HFET) architecture [22]. We
thus chose Si/SiGe quantum wells as the starting material.

Controlling Gaps and Design Advice

In the presence of a purely spatially rotating magnetic field, our simulation results
show that an effective spin-orbit gap opens up. For realistic magnetic field
distributions that result from nano-magnets, an additional feature shows up in the
dispersion: tiny gaps open up in the two supposedly continuous branches as a result of
non-ideal field distributions. While these tiny gaps (called bad gaps in our
manuscript) do not completely destroy the topological superconductor and the
emergence of MZMs, they shrink the operating window and enhance backscattering.

A careful Fourier analysis of the Hamiltonian gives us the following recipe for
optimizing the gaps (maximizing the good spin-orbit gap and minimizing the bad
gaps):

The magnetic field components should have their first Fourier coefficients 90 degrees
out of phase, equal in magnitude, and be as large as possible.

Designs with Only One Magnet Polarization

In the original proposal by Kjaergaard et al., a design where all the magnets are
polarized in the same direction was claimed to be a viable configuration [19].
However, our simulation results show that the magnetic field distributions resulting
from such nano-magnet configurations have non-zero average magnetic fields, which
introduce very large energy gaps. The effective spin-orbit gap is not identifiable in the
dispersion.

Nontheless, an interesting layout strategy was identified by us that allows using nano-
magnets polarized in the same direction. The key realization was that the local
magnetic field due to a nano-magnet points opposite directions near the tips and near
the waist. By strategically placing nano-magnets at precise locations, we showed that
it is indeed possible to use only nano-magnets polarized along the same direction. The
difficulty lies in the required high precision in nano-magnet placement, which may not
be achievable experimentally.

Tower Magnets

We also realized that by standing the nano-magnets up so that the tips of them point
directly at the 1D channel ensures the highest degree of proximity. Our simulation
results show that a 0.3 K spin-orbit gap is achievable using realistic dimensions and
materials parameters. A gap as large as 0.3 K is very reassuring, as temperatures as
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2.1.5.

low as 20 mK are routinely achieved in dilution refrigerators and single-digit mK
temperatures are possible using adiabatic demagnetization refrigeration.

Measuring the Spin-orbit Gap

An important question is how many periods is required for the dispersion to start to
look like our simulations results, which assume an infinitely long periodic 1D system.
We calculated the energy-dependent transmission through a finite nano-magnet array
using the KWANT software package[26]. We pleasantly discovered that as few as
four unit cells are required for the effective spin-orbit gap structure to be detectable.
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2.1.6.

Spin Rotation
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values rotate in opposite directions.

As this part will not be included in our manuscript [20], we provide more details. To
understand the physics that causes the spin-orbit gap in the band structure, it is
instructive to look at how an electron's spin rotates as it moves through the 1D
channel. As an example, in Fig. 2 we illustrate the spin rotation in the states nearest
the good and bad gaps at k=-m/a for an device in the presence of an ideal, spatially
rotating magnetic field. The lowest energy state [Fig. 2(e)] has its spin roughly
antiparallel to the spatially rotating magnetic field, while the highest energy state [Fig.
2(b)] has its spin roughly parallel to the spatially rotating magnetic field. In both
cases, when viewed from the +z axis, the magnetic field and the spin expectation
values rotate clockwise as we move along the +y axis. For the two states with
intermediate energies [Fig. 2 (¢) and (d)], the magnetic field and spin expectation
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2.2,

values rotate in opposite directions, so the energy shift is approximately zero. (If that
were exactly zero, there would be no bad gap.) In all cases, the spin rotates with the
same period as the magnetic field, and the magnitude of the wave function is fairly
constant (black curve, right axis). These results are consistent with the simple
physical picture that, when rotating spins are used as the basis, only the branches with
the same chirality and period as the rotating magnetic field are strongly perturbed in
energy. The rotation and wave function magnitude can be more complicated for other
k values.

Tuning the Microstructural and Magnetic Properties of SmCos Films

As described in Subsection 2.1, it is indeed possible to create an effective spin-orbit
gap in the dispersion of electrons in Si (Si/SiGe quantum well heterostructures, to be
more precise). The “help” for effecting the spin-orbit gap is nano-magnet arrays with
controlled magnetization, both in direction and magnitude. While we discovered new
designs that achieve the same goal do not require alternating magnetization directions,
what we set out to explore was to find an experimentally viable approach to create
nano-magnet arrays with alternating magnetization directions which, in turn, can
generate the required spatially rotating magnetic field along a 1D channel.

There appears to be several paths for achieving this magnetic configuration. First,
neighboring nano-magnets may exhibit an effective anti-ferromagnetic coupling to
minimize the magneto-static energy. The desired magnetic configuration may simply
result from de-magnetizing the nano-magnet arrays. The Second possibility is to
program individual nano-magnets through some electrical or optical signals. This of
course has the maximum flexibility and leads naturally to manipulation of MZMs
should such modes indeed can be created this way. However, this is also the most
difficult approach. Currently no technology exists for easily programming individual
nano-magnets that have sizable magnetic moments. The last approach, chosen and
pursued in our project, is to create two sets of interleaving nano-magnets. The
essential component is to have the two sets of nano-magnets made out of two
magnetic materials with distinct coercivities. The coercivity is, crudely speaking, the
magnetic field required to flip the magnetization direction. By having two materials
with distinct coercivities, we can use the following sequence of magnetic field sweeps
to achieve global programming of the nano-magnets. First, a magnetic field higher
than both coercivities is applied, aligning all of the nano-magnets to the same
direction. The magnetic field direction is then subsequently reversed and the field is
swept to a point between the two coercivites. The set of nano-magnets with the
smaller coercivity now flips, while the other set retains the original orientation. The
end result is a configuration with alternating magnetization directions.

The key to this global programming approach is the control of the coercivity of
magnetic materials. The larger the contrast in coercivity, the larger the operating
window and the higher the stability of the nano-magnets. To obtain a large contrast in
coercivity implies the use of one soft magnetic material and one hard magnetic
material. Further, the saturation magnetization of these materials should be as large as
possible to maximize the size of the spin-orbit gap, which, based on the analysis
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shown in the previous section, is proportional to the first Fourier component of the
nanoscale magnetic field distribution.

The choice of the soft magnetic material is fairly straightforward: Co has a fairly high
saturation magnetization (1.76 T, textbook value; ~2 T, measured by S. Eley) and has
a small coercivity (~20 mT, measured by S. Eley). To choose a hard magnetic
material, we considered two rare-earth magnetic alloys: SmCo and NdFeB. Both
materials can have coercivities higher than 1 T and have ~1 T saturation
magnetization. Attempts to sputter NdFeB failed in the early months of the project,
while sputtering of SmCo films were straightforward, reliable, and repeatable. We
thus focused on SmCo films in this project.

As-sputtered SmCo films are typically amorphous and have low coercivity. Post-
growth annealing is required for hard magnetic phases, such as SmCos crystallites, to
form. We systematically performed a series of annealing experiments and
characterized the annealed films through macroscopic analyses (x-ray diffraction
(XRD)) and magnetic moment measurements), thin film characterizations (Rutherford
backscattering and secondary ion mass spectroscopy), and microscopic imaing
(atomic force microscopy, magnetic force microscopy (MFM), and transmission
electron microscopy (TEM)). We obtained a comprehensive picture of how SmCos
thin films evolve structurally and magnetically upon annealing. The coercivity was
shown to be fine controlled by the annealing temperature, and we were able to achieve
a coercivity as high as ~1.5 T. The contrast in coercivity between annealed SmCo
films and unanealed Co films is more than adequate for the fabrication of
programming of nano-magnet arrays with alternating magnetization directions. These
results have been documented in a manuscript submitted to Journal of Magnetism and
Magnetic Materials [21]. Below is a summary of what we learned about controlling
the properties of SmCo films.

The SmCo films we sputter are amorphous as deposited, as evidenced by TEM
selected area electron diffraction. The coercivity is low (<0.1T). Upon anneal for 30
minutes at a given temperature in a close to ultra-high-vacuum environment (~10-7
torr), the magnetic properties of these films show little change when the annealing
temperature T <=500 °C. However, when the films are annealed at T, >500 °C,
the coercivity rises, the saturation magnetization decreases, new peaks that can be
identified as SmCos appear in XRD, and TEM reveals nanocrystals embedded in a
matrix. The coercivity continue to rise with the annealing temperature and reaches
~1.5 T at Tanmea=675 °C. Beyond this temperature, evidence of oxidation of the films
appears in XRD. Concomitantly the coercivity drops sharply. There is thus an
optimal window for annealing SmCo films.

MFM measurements yield estimates of magnetic moments consistent with
macroscopic magnetization measurements. More importantly, MFM and magnetic
moment measurements also reveal that the SmCo films exhibit perpendicular
anisotropy (the preferred magnetization axis is perpendicular to the film) as deposited.
Yet this perpendicular anisotropy weakens and eventually disappears when SmCos
crystallites form in the material. We tentatively ascribe the observed perpendicular
anisotropy to bond-orientation anisotropy [27].
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2.3.

Forming and Programming Arrays of Nano-magnets

After we identified the two magnetic materials to use for forming we moved on to
forming and programming nano-magnet arrays. An immediate task is was find a way
to fabricate SmCo nano-magnets. EBL followed by lift-off is an apparent solution.
Since our SmCo films are sputter-deposited and sputtering typically results in
conformal coating, lift-off did not seem to be the best option. We thus attempted to
form SmCo nano-magnets through an etch-back process. In parallel, we explored the
feasibility of using lift-off to form SmCo nano-magnets. While the conformal coating
indeed leads to undesirable “bat ears” on the nano-magnets as a result of tearing
during the “lift-off” process, the nano-magnet patterns are robust enough to survive
extensive sonication, which removes most of the “bat ears”. By performing very-
high-accuracy alignment, we were able to create the desired two sets of interleaving
nano-magnets made out of SmCo (deposited first) and Co (deposited last). We
achieve an alignment accuracy as good as 4 nm. By performing the programming
sequence described in Subsection 2.2 and MFM imaging after each of the
programming step, we successfully demonstrated the (global) programming of the
nano-magnet arrays into alternating magnetization directions. A manuscript is being
prepared for reporting these exciting results.

The results of our experiments on dry etching are documented here. We tested two
dry etching methods, ion-milling and inductively coupled plasma - reactive ion (ICP-
RIE) etching, to fabricate nano-magnets of SmCo5 alloy.

Ion milling is a mechanical etching process due to high-energy ion bombardment.
Non-reactive gases, such as Ar, are used as the source of ions. The etching is obtained
by the removal of surface atoms by sufficient momentum transfer from impinging ion
to the surface atom. Ion milling is a highly anisotropic etching technique. Etching
selectivity is poor by this technique compared to chemical methods as the etching rates
mainly depend on the energy and mass of the incident ions, mass of the target atoms,
and their surface binding energy. Plasma etching, on the other hand, is obtained by
exposing the sample in the plasma generated in a chemically active gas environment in
a low pressure chamber. In an ICP system, plasma discharge is obtained by
electromagnetic induction. In a typical ICP-RIE etching process, chemical species
react with the surface atoms or molecules and produce volatile byproducts which are
removed in the process. The etching in ICP-RIE is further aided by the physical
bombardment of the species (electrons, ions) in the plasma. High etch rates can be
achieved using ICP-RIE, and the material selectivity can be high.

Dry etching of rare earth-transitional metal (RE-TM) alloys can be challenging due to
the presence of heavy atoms in the alloy, strong chemical bonding, and weak reactivity
[28]. Patterning of RE-TM nano-magnets can be further challenging if the etching
selectivity of RE-TM alloy is not high enough compared to the mask used to define
the pattern. We studied patterning of SmCos nano-magnets by ion-milling and Cl-
based ICP-RIE with different types of masks.

To obtain SmCos nano-magnets by dry etching, line patterns were prepared on the
SmCo films using standard EBL. In a typical procedure, negative or positive resist
was spin coated depending upon the choice of the pattern mask, and then electron
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Fig. 3: SEM images of the HSQ line patterns on a SmCo film. (a) A block of line
patterns. (b) 72 nm wide lines with a pitch of 358 nm. (c) 35 nm wide lines with a
pitch of 80 nm.

beam was written on the resist. We used an scanning electron microscope (SEM) for
the patterning. The patterns were developed in an appropriate developer solution; for
negative resist hydrogen silsesquioxane (HSQ), tetramethylammonium hydroxide
(TMAH) was used at 40 °C, and for positive resist poly-methyl methacrylate
(PMMA), methyl isobutyl ketone (MIBK) was used by mixing it with isopropyl
alcohol (IPA) (1 part MIBK:3 parts IPA). The prepared HSQ patterns were used as
masks for etching without any further processing, whereas either Al,O3 or Cr were
deposited on the PMMA patterns followed by lift off to form a hard mask for the dry
etching step. Typically 10 pm long and 35 — 200 nm wide line patterns were
fabricated, and the pitch of the lines was in the range of 80 nm to 500 nm. Figure 3
shows the HSQ line patterns prepared on a SmCo film.

blon milling experiments were carried to etch SmCo samples patterned with HSQ
lines. The HSQ patterns were ~80 nm thick. The milling was performed in the ion
milling tool at CINT. In the milling process, sample was loaded in the ion milling
chamber and pumped down to 3x107 Torr. Ar gas was supplied through the hot
filament to produce Ar ions which were then accelerated to gain ~500 eV of energy.
The ion flux of 1 mA/cm? was exposed on the HSQ patterned SmCo films for different
etch times. The etched samples were then dipped into deionized water to remove
residues. The etching depth of each the sample was measured using a stylus
profilometer. The various etch times and the etching depths are tabulated below.

Table 1: Etching of SmCo5 films by ion milling with HSQ mask

Etching Time | Etching Depth | Comments

65 seconds 16 nm Rounded edges, no significant damage

120 seconds 28 nm Rounded edges, no significant damage
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180 seconds 38 nm Moderate damage of the patterns

240 seconds 52 nm Significant damage of the patterns

Fig. 4: SEM images of SmCos nano-magnets patterns after ion milling for (a) 65 s
and (b) 240 s. Insets are the magnified views. Significant pattern damage can be
seen in (b).

Figure 4 shows the SEM images of the SmCos patterns etched by ion milling. The
etch rate was found to decrease for longer etching time. HSQ forms amorphous SiO,
over soft bake and the ion milling selectivity of SmCos to SiO, can be as high as 12 to
1 [28]. However, when the pattern sizes of HSQ are sufficiently small, the selectivity
can be smaller as the lateral etching of the patterns can be significant. When the
etching time is as long as 4 minutes, significant damage of the SmCo5 patterns was
observed. We thus concluded that ion milling could not achieve the goal of this
project to fabricate high-quality SmCos nano-magnets.

It has been reported that mixing of Cl,/Ar discharge enhances the etching rate by
nearly 10 fold compared to pure Ar discharge [29]. The ICP-RIE etching was carried
out in a CINT Trion ICP-RIE system. We experimented with both Cl,/Ar and
BCl;/Ar based plasma, and found that the etch rate with Cl,/Ar based plasma is nearly
double of that of the BCl;/Ar based plasma. ICP-RIE etching of SmCos was tested
with HSQ, AL,Os;, and Cr masks. To prepare the Al,O; or Cr mask patterns, EBL was
performed on PMMA followed by thermal evaporation of Al,O; or Cr and liftoff.
Reasonable etching rate was obtained only when the RIE power was increased to more
than 50W and the ICP power was set to more than 250 W. HSQ displayed an
improved selectivity compared to the Ar ion milling but some damage and peeling off
of the HSQ mask was observed. Etching selectivity of Al,O; was also tested by
covering part of a SmCos film by an Al,O; film without patterning it. While the Al,O;
film showed a selectivity of approximately 1 to 5 over the SmCos film, patterned
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Al,O3 masks completely disappeared after ICP RIE etching, as shown in Fig. 5. One
explanation is that the deposited Al,O; films were amorphous and were more sensitive
to lateral etching. Cr displayed a similar etching rate as that of SmCos but the SmCos
patterns obtained from Cr mask patterns were among the best, due to the least amount
of damage. Table 2 summarizes the selected etch recipes used for SmCos etching
using HSQ, A1203 and Cr as the mask.

Fig. 5: Patterning of SmCos by ICP-RIE. (a) Al,O5 patterns after lift-off. (b)
Al,O5 patterns are completely removed by ICP-RIE. (c) SmCos patterns obtained
with an HSQ mask. (d) SmCos patterns obtained with a Cr mask.

Patterning of SmCos by dry etching is challenging due to the low etch rates and weak
etching selectivity over the masking materials. The selectivity further reduces for
smaller size mask patterns. We tested ion-milling and ICP-RIE etching using HSQ,
Al,O3 and Cr as masks. We observed that ICP-RIE produced better results compared
to ion milling by providing better selectivity and less damage on patterns. HSQ
showed better etching selectivity among the three masks, however, some peeling of
the HSQ patterns and damage of the SmCos patterns were also observed. Cr has
nearly 1 to 1 selectivity with SmCos but we see the least damage to the patterns.
Based on our results, we cannot recommend Al,O; as a masking material for the
etching of SmCos. HSQ is suitable for deeper etching, whereas Cr can be a suitable
mask for shallower etching depths.

Table 2: ICP-RIE etching of the SmCos films using various masks with selected
recipes

Recipe Etch time | Etch depth
P =6 mT, ICP/RIE = 300/50W, BCIl3/Ar = 10/5 scem | 120°s 45 nm
P =6 mT, ICP/RIE = 300/50W, Cl,/Ar = 10/5 sccm 120 s 97 nm
P = 10 mT, ICP/RIE = 300/70W, ClyAr = 20/10 | 100 s 52 nm
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2.4.

SCCm

Induced Superconductivity in Si

In the previous subsections, we have shown that a reasonably large spin-orbit gap in
the energy spectrum of 1D electrons in Si is achievable with the help of nano-magnets
and experimentally demonstrated the required magnetic configuration. The other
essential component for observing MZMs is induced superconductivity. Surprisingly,
there has not been much understanding of induced superconductivity in Si. There
have only been a few reports on this topic in the past 30 decades, most of which
concentrated in the 1980s. In particular, no reports existed on the superconducting
proximity effect in Si/SiGe heterostructures. As our main focus was on the spin-orbit
gap induced by nano-magnets, we collaborated with two external groups to address
this question. We set up collaborations with Michel Pioro-Ladriére at Université de
Sherbrooke and Javad Shabani at New York University.

Michel’s group attempted to observe the superconducting proximity effect Nb/high-
mobility 2D electrons/Nb devices where the high-mobility electrons are capacitively
induced in a Si/SiGe quantum well structure. The devices were fabricated at CINT
and shipped to Universit¢ de Sherbrooke for measurements. Signatures of the
proximity effect were indeed observed in a device with lum channel length. The zero-
field small-bias resistance of the electron channel dropped by ~20% from 0.6 K to 0.2
K and then saturated. No supercurrent was observed. The results suggest that while
there is indeed some induced superconductivity, the coherence length is much shorter
than the channel length. The next logical step is to fabricated devices with much
shorter channel lengths by EBL. The main complication is that PMMA, the most
common EBL resist, may not survive the Nb deposition step. The temperature of the
sample may rise so much that the thermal stress would cause the PMMA patterns to
shift and break. This phenomenon, in fact, has been observed in other experiments.

Depositing superconductors on Si/SiGe structures is fairly straightforward, but the
resulting interfaces are full of oxides, contaminations, defects, etc. These poor
interfaces are known to suppress induced superconductivity and soften the
superconducting gap. The preferred way of forming the superconductor/Si interface is
epitaxial growth. The dilemma is that, in order to remove the oxides and
contaminations at the starting Si surface, a high temperature anneal, as high as 900-
1000°C under ultra high vacuum is typically required. SiGe heterostructures
unfortunately do not survive at those temperatures. Strain relaxation and Ge diffusion
are two main failure modes. Javad Shabani’s group at New York University has set
up an atomic hydrogen cleaning capability in an molecular beam epitaxy chamber.
This capability allows the sample surface to be cleaned in situ at low temperatures so
that the SiGe heterostructures can be preserved. We thus started a collaboration with
his group to grow Al on Si/SiGe epitaxially and to see if a clean superconducting gap
and supercurrent can be achieve. Their group will perform the device fabrication and
low temperature measurements at New York University. Their molecular beam
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epitaxy chamber has been properly set up for this experiment, device fabrication is in
progress, and we expect to obtain preliminary measurement results in October 2018.
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CONCLUSION

We set out to explore the feasibility of creating MZMs in a Si-based material platform.
If successful, the results would pave the way to a practical topological quantum
computing platform. There are two essential ingredients for creating MZMs in Si: (1)
an effective spin-orbit gap in the energy spectrum of a 1D electron system and (2)
induced superconductivity. We focused our resources on the former, and collaborated
with two university groups on the latter.

Our theory and modeling results showed that an effective spin-orbit gap emerges in
the energy spectrum of a 1D system if there is a nanoscale spatially rotating magnetic
field. The size of the gap can be as large as 0.3 K, a temperature that is easily
experimentally achievable, if the nano-magnets have an optimized layout. We also
came up with designs that do not require nano-magnets with opposite polarities, albeit
at the cost of more demanding fabrication.

Experimentally, we systematically investigate the effects of post-growth annealing on
SmCo films. We found that the SmCos crystallites form at annealing temperatures
higher than 550 °C. This microstructural change is accompanied by a sharp increase
in coercivity, which reaches ~1.5 T for films annealed at 675 °C. Beyond this
annealing temperature, oxidation of SmCo occurs, probably because of residual
oxygen in the chamber, and the coercivity drops. A process window was identified for
tuning the coercivity of SmCo films. Through magnetic moment measurements and
microscopic characterizations, we also found that the as-deposited SmCo films exhibit
perpendicular anisotropy, a fairly unusual property for magnetic thin films. The
perpendicular anisotropy appears to disappear around the same annealing temperature
where SmCo crystallizes.

Combining the developed SmCo processes and electron beam evaporated Co, we
successfully fabricated interleaving nano-magnets with an alignment accuracy as good
as 4 nm. Exploiting the contrast in coercivity between annealed SmCo and
unannealed Co, we programmed the nano-magnets into a configuration where the
magnetization directions are alternating, as evidenced by MFM images. From both
theoretical and experimental considerations, our results thus showed that it is indeed
possible to create an effective spin-orbit gap in the spectrum of 1D electrons in Si.
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We collaborated with two university groups to study the superconducting proximity
effect in Si. The goal was to observe and characterize induced superconductivity in
Si/SiGe heterostructures. Devices fabricated with electron beam deposited Nb showed
some signatures of induced superconductivity but not supercurrent. Devices with
epitaxial superconductor/Si interfaces are being fabricated and are expected to result in
much improved superconducting properties.

At the program level, our results of this project have led many follow-on proposals.
Two follow-on LDRD projects have been funded: “Nanomagnet-based physically
unclonable functions,” funded by the Exploratory Express Investment Area for fiscal
year 2018 and “Magnetic Field Synthesis at the Nanoscale for Engineered Quantum
Materials,” funded by the Materials Science Research Foundation Investment Area for
fiscal years 2019-2021. Another LDRD proposal “Superconducting Si” was selected
for full proposal by the Advanced Science and Technology Investment Area but was
not funded. A full proposal “Silicon-Nanostructure-Based Topological Quantum
Systems” was submitted to the Basic Energy Science program at Department of
Energy, Office of Science for the Department of Energy Early Career Awards. It was
not selected for the Award, but the Basic Energy Science program is willing to
consider funding a project on this topic.
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