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Abstract

Spin-based electronics is considered one of the most promising elds for the development
of both logic and memory devices. One of the most innovative beyond CMOS architec-
tures is that of the MESO (Magneto-Electric Spin-Orbit) device, proposed by Intel in
2019. In a MESO device the information is stored in the magnetization of a ferromag-
netic layer, which is used to control the transmission of current through spin-to-charge
current conversion in a strong spin-orbit-coupling material. Being the output dependent
on the memorized state, this design allows for information transmission. The e ciency
of the information transfer process is identi ed by Intel as a crucial parameter to be able
to build working devices, with desired values ranging betwe&® 100 %and a potential
gain scaling the device dimensions. The read-out process was recently studied using a
bilayer CoFe-Pt heterostructure, which successfully demonstrated the feasability of the
process, but only achieved an e ciency oD:1 % To improve this value it is necessary

to introduce innovative spin-orbit-coupling materials showing higher spin-to-charge con-
version e ciency. In this thesis, we focused on the devices used to study the read-out
process, optimizing their design and nanofabrication process. We then performed the elec-
tric characterization of the devices retrieving information on the properties of the single
materials and the operational limits for the use of the heterostructures. A central role in
this thesis was played by thermally assisted scanning probe lithography. The expertise
acquired on this technique allowed to reach the maximum resolution for the patterned
structures (60 nm) and to verify the its potential for the integration of particularly
promising 2D materials in the read-out stack.

Keywords: Spin-orbit logic, nanofabrication, thermal lithography, characterization






Abstract in lingua italiana

L'elettronica di spin & considerata uno dei campi piu promettenti per lo sviluppo di dis-
positivi logici e di memoria. Una delle architetture piu innovative distanziatisi dalla
logica CMOS ¢ quella dei dispositivi MESONlagneto Electric Spin-Orbif), proposta per

la prima volta da Intel nel 2019. In un dispositivo MESO l'informazione é immagazzi-
nata nello stato di magnetizzazione di un sottile nanomagnete, che viene utilizzato per
controllare la trasmissione di corrente sfruttando e etti di conversione di correnti spin-
carica all'interno di materiali con una forte interazione di spin-orbita. La dipendenza
della corrente in uscita dallo stato di magnetizzazione permette dunque la trasmissione
di informazione attraverso questi dispositivi. L'e cienza del processo di trasferimento di
informazione é stata individuata da Intel come un parametro cruciale per il funzionamento
dei dispositivi nali, con un trend di potenziale crescita riducendo le dimensioni dei dispos-
itivi e un valore ambito nell'ordine del90 100 % Il processo di lettura dell'informazione

e stato studiato utilizzando un'eterostruttura a due strati in Pt-CoFeB, che ha mostrato
con successo la fattibilita del processo, arrivando tuttavia ad ottenere un'e cienza dello
0:1 %. Per migliorare questo valore & necessario introdurre nuovi materiali con forte inter-
azione di spin-orbita per migliorare la conversione di correnti spin-carica. Il nostro lavoro
si @ concentrato sui dispositivi utilizzati per misurare I'e cienza di read-out, ottimizzan-
done il design e il processo di nanofabbricazione. | dispositivi completi sono poi stati
caratterizzati dal punto di vista elettrico ricavando informazioni sia sui singoli materiali
depositati sia sui limiti operazionali per I'utilizzo delle eterostrutture. Nell'ottimizzazione
dell'e cienza di lettura dell'informazione ha avuto un ruolo centrale lalitogra a a sonda
termica scansionante La conoscenza acquisita riguardo questa tecnica ha permesso di
raggiungere la minima risoluzione di scrittura ( 60 nm) e di veri care le potenzialita del
suo utilizzo per l'integrazione di materiali bidimensionali particolarmente promettenti nel
meccanismo di trasferimento dell'informazione.

Parole chiave: Logica spin-orbita, nanofabbricazione, litogra a termica, caratteriz-
zazione
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Introduction

Integrated circuits (IC) are at the heart of the computational revolution of the last 100
years, playing a central role in the birth and development of the information era. IC
have assumed a ubiquitous role in everyday's life, being the core of any modern electronic
device ranging from aircrafts and satellites to mobile phones and washing machines. As a
result this industry has developed in one of the most economically-relevant and competi-
tive global markets.

From the advent of the metal-oxide-semiconductor (MOS) transistor in the 1960s [1], the
core functioning of the fundamental computational logic unit has not changed. One of the
most important parameters to benchmark the progresses of computing capability is the
surface density of transistors produced on a single substrate. This value has been follow-
ing the trend predicted in 1965 by G.E.Moore [2] for half of the last century, doubling the
density of transistors every 18 months. Moreover, dimensional scaling of transistor saw a
parallel favourable scaling of the voltages and currents used, allowing the overall power
density to remain constant [3]. Electronics has been able to cope with the demanding
trend of Moore's Law by either improvements in the production process or by modifying
the device architecture and the component materials [4]. The importance of these two
solutions for transistor scaling can be understood considering the latest strategies adopted
by a market-leader of the IC manufacturing as Samsung Electronics, whose latest chip-
generations, the6 7 nm and 3 nm lines, were respectively produced by introducing
Extreme UltraViolet Lithography in the production process and adopting the innovative
Gate-All-Around transistor architecture [5, 6].

However, MOS technology is facing its natural limit in both dimensional and energy scal-
ing. The former being limited byshort channel e ects a ecting the minimum achievable
gate dimension, and the latter by Boltzmann's tyranny, thermodinamically limiting the
minimum voltage necessary to have an e ective distinction between then ando states

[7]. If the limits on dimensional scaling can be partially circumvented by alternative so-
lutions as 3D-packaging of transistors [8], power density still represents a major obstacle
to device scaling. As a result, the intrinsic limitations of MOS stimulated the search for
feasible alternatives, paving the way for the study of beyond-CMOS technologies [9, 10].
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Figure 1: Overview of the major achievements obtained in the eld of spin-based elec-
tronics divided into theoretical discoverieslflue), experimental demonstrations fed) and
spintronics-based commercial productsb(ack).Data are updated to 2020. Adapted from
ref. [12].

Among the most promising paths for beyond-CMOS technologies, a particularly promis-
ing role is played byspintronics. Spintronics allows to broaden the horizons of classical
electronics introducing the degree of freedom of thepin of electrons and its associated
magnetic moment. This requires the ability to generate and manipulate spins through
proper interactions with non magnetic and ferromagnetic materials as to inject or detect
spin currents. An overview of the recent developments in both the academic and com-
mercial elds of spin-based technologies is presented in Fig. 1. Spin-based technologies
have already been successfully commercialized in the eld of magnetic memory storage,
in which the order parameter of a magnetic region is used as a bit to store information.
Magnetic memories are among the most di used information storage technologies being
the technological core of the Hard Disk Drive (HDD) and owing much of their success to
the low energy consumption, long-lasting state retention and very fast reading and writ-
ing capabilities. In this eld, spintronic technologies were developed as both read-heads
for magnetic HDD and proper spin-based memories (e.g. spin-transfer torque magnetic
random access memories or STT-MRAM, by EverSpin [11]).

In 2018 Intel [13] pointed out the three main paths that are being followed in the devel-
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Figure 2: Three main axis along which computing technology evolution is expected to
take place according to Intel. Adapted from ref. [13]

opment of computing devices and architectures: reduced energy consumption, increased
error rate/tolerance, and increased architecture complexity, as shown in Fig. 2. From
this perspective, a central role is played by the progress along the energy axis as the pos-
sibility of increasing the device density by dimensional and energy scaling is thought to
potentially allow for even higher complexity architectures, thus allowing for advancement
on two di erent axis.

In the same paper, Intel suggested a new path for beyond-CMOS devices. The cor-
nerstones of this new technology are the possibility of havingon-volatile state reten-
tion, combined with low-energyswitching from an input signal andinformation transfer
through an output signal. The input and output signal are thought to be of the same
nature, as to potentially allow for a device cascade in which a device's output is used as
an input to switch the state of the subsequent device. As a result, these devices would be
comprehensive of both memory and logic functions allowing for a beyond Von Neumann
computer architecture.

The authors identi ed in the long-range order-parameter (magnetization, polarization,
strain,...) of certain materials a solution for the non-volatile state retention. These collec-
tive phenomena can indeed be used to store information without the need for any input
signal, at the same time allowing for atto-joule energy switching. On the other hand, spin-
tronics and spin-to-charge conversion phenomena were identi ed as the most promising
candidates to allow for the generation of the state-dependent-output and the consequent
information transfer. Referring to Fig. 2 we can say that the combination of collective
switch phenomena and spin transport is thought to allow to move along the energy axis
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towards atto-joule energy consumption per switch in a single device.

We will focus on one particular technology proposed by S.Manipatrurét al. in 2020
[14], following the collective switch principle previously illustrated: the Magneto Elec-
tric Spin-Orbit (MESO) technology. This technology was welcomed as one of the most
promising beyond-CMOS solutions technologies, combining low-energy state switching
and integrability in the CMOS fabrication process. As will be further explained in section
1.1 the working principle of the MESO logic can be understood considering its structure.
Each device can be divided into two stacks connected by a ferromagnetic layer, whose
order parameter is used to store information. Low-energy state switching is obtained by
exerting a switchable magneto-electric e ect on the magnetic layer through a ferroelec-
tric layer, present in one of the two stacks. The second stack is instead used for the
read-out of the memorized state and is composed by the ferromagnetic layer and a strong
spin-orbit coupling (SOC) material. The state read-out mechanism is based on the use
of a current that, spin-polarized after passing in the ferromagnet, will be converted to
a spin-dependent charge current through spin-to-charge-conversion (SCC) phenomena in
the strong spin-orbit coupling material. The e ciency of this conversion is one of the most
critical factors to be able to have working devices. Many methods are currently used to
measure SCC e ciency [15 20], among these, V.T. Phanet al. in 2020 [21] proposed
an innovative device to reproduce the behaviour of MESO's read-out stack using either
platinum or tantalum as SOC materials. Using these heterostructures, the e ciency of
the state read-out process was assessed to be at m@di%, orders of magnitude lower
than the 90 100% gure required in [13] for a working atto-joule logic. Nonetheless these
devices were able to successfully demonstrate the feasibility of the MESO logic, paving
the way for the study of alternative solutions to enhance the read-out e ciency.

The aim of this thesis is to implement a similar process for the fabrication of the read-out
stage. The know-how acquired in this thesis will allow to go further and integrate di erent
materials in the nal devices, allowing for the characterization of more promising mate-
rials potentially allowing for higher SCC e ciencies. This thesis focuses on the design,
optimization and fabrication of the read-out heterostructures, which was carried out at
PoliFab, the facility for micro and nano-fabrication of Politecnico di Milano. A particular
attention was given to the integration in the fabrication process of thermal Scanning Probe
Lithography (t-SPL). The choice of this technique can be ascribed to di erent factors.
Firstly t-SPL's working principle, based on using an heated tip to sublimate the upper-
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most layer of a resist stack, also allows for an Atomic Force Microscopy (AFM) scan of the
sample surface. This feature can be successfully used for an in-situ imaging of the surface
to pattern, providing a simple and e ective method to align the pattern on pre-existing
topologies. Moreover, t-SPL yields the highest resolution among the machines present at
PoliFab, allowing to maximize the e ciency of the read-out process, as will be clearer in
section 1.1.1. Finally, because of its imaging capabilities and the non-destructive nature
of the patterning process, this technique is considered particularly promising for the eld
of 2D materials [22] and ferroelectric Rashba semiconductors (FERSC), thought to poten-
tially yield extremely high read-out e ciencies. Therefore t-SPL not only presents some
practical advantages over other lithographic techniques, but its understanding is also a
fundamental step towards the study of alternative materials for spin-to-charge-conversion.

The thesis is organized as follows:

Chapter 1. Working principle of spin-orbit logic, with particular emphasis on the
magneto-electric spin-orbit (MESO) logic and the devices used to measure spin-to-
charge-conversion e ciency. Figures of merit of the MESO devices. Introduction to
the physics of spin-to-charge conversion phenomena and spin transport in metals.
Analytical description of spin transport at a ferromagnet/non-magnetic interface.

Chapter 2. Fundamentals of nanoelectronic fabrication, introduction to the litho-
graphic and deposition technigues used for the thesis work.

Chapter 3. Description of the three steps process designed to fabricate the read-out
of spin-orbit logic by using the combination of EBL, t-SPL and optical lithography.
Focus on the optimization of each technique and on the main problematic we had
to face.

Chapter 4. Electrical characterization of devices. Description of the setup used to
measure the IV characteristic. Characterization of the basic device properties and
comparison with literature (resistivity, IV curves, ...).






1 ‘ Theoretical Framework

1.1. Devices

The magneto electric spin-orbit (MESO) logic is considered among the most promising
architectures for beyond CMOS devices. In this section both the structure and the working
principle of a MESO device will be introduced. The focus will then move to the read-out
stack of a MESO device and the heterostructures used to assess its e ciency, highlighting
the critical factors to be tackled to maximize the output signal.

1.1.1. The MESO technology

In 2020 S.Manipatruniet al. proposed an innovative beyond-CMOS architecture for a
logic device [14]. The working principle of such devices relies on the use of an elec-
trically switchable magnetic state to store information and Spin-to-Charge-Conversion
(SCC) mechanism to transmit the stored information. Therefore, the resulting apparatus
has been calledagneto Electric Spin-Orbit (MESO) device. The working principle and
structure of a MESO device is illustrated in Fig. 1.1.

Figure 1.1: Stacks used to built a MESO device. Adapted from ref. [14]

A MESO device, being an electronic switch, can be thought as divided in two functional
units, respectively used towrite information and to generate an output dependent on the
memorized state, allowing for informationread-out Also from a structural perspective,
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each device can be thought as divided into two di erent stacks, connected by a ferromag-
netic (FM) layer. The writing stack is built by a ferroelectric (FE) and the FM layer,
coupled via magneto-electric e ect. This e ect allows to bound the long order parame-
ters of the two layers as to contemporaneously switch the polarization and magnetization
states. The working principle of this unit is based on the use of an input current, able to
generate a voltage drop su cient to switch the polarization of the FE layer, allowing to
write information through the simultaneous180 switch of the nanomagnets' magnetiza-
tion .

A second stack is then built by the aforementioned ferromagnet, a spin injection layer,
and the spin-orbit coupling (SOC) layer. This stack is in turn used to allow theead-out
of the magnetic state. The working principle of the second stack relies on SCC e ects.
These e ects, taking place in strong SOC materials, allow to transform a spin current in
a charge current. An introduction to the physics of SCC will be presented in section 1.3.
It is then possible to introduce the overall working principle of the read-out stack, based
on the use of a further current supply Ksuppy), di erent from the one used to switch
the magnetization state. The current supply, passing throught the ferromagnet, will be
spin-polarized according to the direction of the ferromagnetic layer's magnetization and
will be injected into the SOC layer (1.4). In the SOC layer, SCC phenomena will deter-
mine the conversion of the spin-polarized current into an output charge current. The sign
and magnitude of the output current will be respectively dependent on the direction and
degree of spin polarization of the current injected in the SOC layer, thus allowing for the
readout of the magnetic state through the output current(.(output)). In an hypothetical
cascade structure, the output current of a device can be thought to control the magnetic
state of the following one, thus allowing for the potential concatenability of these logic
devices.

The authors identify some speci c perks that the MESO technology would have with
respect to existing CMOS devices. In particular these regard on one hand the extremely
low energy consumption, envisaged to readh 10aJ values working with0:1 V switching
voltages, and on the other the extremely favourable scaling laws for the e ciency of the
read-out stack, which in addition relies on an output electrical (current or voltage) signal,
unlike what happens with other common magnetic-state-detection methods [23 25].

In the years following its introduction, the MESO technology paved the way for further
innovative devices. Among these one of the most promising is terroElectric Spin-
Orbit (FESO) GeTe logic proposed by C. Rinaldet al. in 2021 [26]. In this proposal,
whose stack is presented in Fig. 1.2, the information state is not contained in the order
parameter of the ferromagnet, that unlike in MESO is not supposed to be switched, but in
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Figure 1.2: Stack of the FESO technology, the polarization switch of the FERSC mate-
rial grants electrically controllable SCC without the need for magnetoelectric switching.
Adapted from ref.[26]

that of the ferroelectric material. The readout of the information is made possbile by the
particular properties of the ferroelectric material. The chosen ferroelectric (GeTe) is in-
deed classi ed as a FERSC (FerroElectric Rashba SemiConductors) [27]. These materials
associate to an high SOC, which translates in e cient SCC, the electronic switchability
of the SCC mechanism with the ferroelectric polarization [28], thus allowing for a more
compact, CMOS-compatible stack. The ferroelectric polarization of GeTe persists far
above room temperature, thus making it a good candidate for such an approach.

Read-out devices

We have seen in the previous section that a central role for the read-out stack of the
MESO technology is played by SCC. Without entering in the theoretical description of
this phenomena, which will be the target of section 1.3, we have said that SCC allows,
from an input spin-polarized current, to obtain a transverse charge current. A starting
point in this regard is the seminal article by V.T.Phamet al. [21], in which the feasability
of the MESO read-out stack was rstly demonstrated. This result was achieved using
a bilayer heterostructure made of a ferromagnet (FM) and a strong spin-orbit cupling
(SOC) material, which uses the same working principle of the MESO read-out unit but
takes advantage of an open circuit con guration to translate the equivalent output current
into a charge accumulation, i.e. in a voltage di erence, as shown in Fig. 1.3. In these
devices the e ciency of the read-out process is found by injecting a current, spin-polarized
throught the passage in a ferromagnet, into a "T"-shaped SOC layer and measuring the
resulting voltage drop originating perpendicularly to the injected current. ThdSHE sub-
script present in Fig. 1.3 refers, as will be explained in the following, to the Inverse Spin
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Figure 1.3: Schematics of a ferromagnet(CoFe)/non magnetic (Pt) heterostructure used
to measure the e ciency of the SCC mechanism. Adapted from ref. [21]

Hall E ect, the main SCC mechanism in the studied materials (section 1.3.2).

Starting from a 1D model for the interface between the FM/non-magnetic materials (sec-
tion 1.4), it was possible to nd the e ciency of the MESO read-out process, calculated
as the ratio between the injected I(c®) and output(l'S"E ) current [21]:

SR S (1.1)

where T takes into account the spin injection e ciency from the FM to the SOC material,
Wev IS the width of the magnetic channel and ¢+ is an equivalent length that describes
the e ciency of the spin-to-charge conversion process. The expressions fqf will be
given in section 1.3 for both Spin Hall e ect and Rashba-Eldestein e ect. One of the main
bene ts claimed by Intel about the MESO logic concerns the e ciency of the read-out
process, which shows an almost unlimited gain scaling the device's dimensions, unlike
what happens with CMOS for whom this trend is limited belows0 nm.

Considering instead the devices introduced in [21], the gure of merit used to quantify
the read-out e ciency Rispe = V'IS% measured with opposite magnetizations of the
nanomagnet:

1
Risve = t t off (1.2)
FM + SocC
FM SOC WSOC

wheret is the thickness, is the resistivity and w is the width of the interconnections.
From (1.2) and (1.1), it is clear how the two e ciency values can be strictly related
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through a geometrical factor.

According to Intel [13], the value of is one of the critical gures to be maximized to
obtain a working device, with an aimed value betwee0 100%

In [21], using a Pt-CoFe heterostructure the authors were however only able to retrieve a
value of =0:13 %using a nanomagneb0 nm wide.

To maximize this gure and be able to take full advantage of MESO's scaling law, SOC
materials with o > 20 50 nm are auspicable. The extremely low gure found for
standard materials as Pt (¢ 0:05nm), Ta ( ¢t Ol nm)and W ( ¢  0:15nm)
[13] calls for the study of novel promising materials with higher spin-to-charge conversion
e ciency, as for example GeTe (eff 1 nm) [29], SnTe ( 5 10 nm), Bi,Se

( ot 10nm) [30] or LaAIO4/SITIO 3 ( o 10 nm) [31].

1.2. Spin and charge currents

A rst step to understand the working principle of these devices, is to understand the
di erence between a charge current and a spin current. This chapter will therefore intro-
duce the concept of spin current and how it can di use in a material. Firstly the issue
will be tackled from the perspective of the Drude model, and later according to the two
currents model.

1.2.1. Spin and di usion

Drude model describes the motion of electrons in a solid considering the single electrons as
free particles, depicting conduction as a drift motion among a series of collisions with the
crystal lattice [32]. Considering . the characteristic time between two scattering events
and v; the Fermi-velocity of conduction electrons it is possible to de ne:

le = v e (1.3)

the characteristic length traveled between two scattering events.

A more complete description has to be done considering the spin of the electrons, which
can be conserved or not in the scattering event. Without entering in the details of the
scattering mechanism, we can call the spin- ip lengthy; as:

|sf = Vf S (1.4)
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with ¢ average time between two spin- ipping scattering events. A further parameter is
then the spin di usion length s de ned as the geometrical average between the spin- ip
length and the di usion length between two scattering events:

= (1.5)

The di erence betweenl and g lies in the fact that if the former is the actual distance
travelled by the electron in its ballistic motion between two spin- ipping events, the latter
is the distance that the electron has di used between the two events [33].

1.2.2. Two currents model

To describe the motion of spin-polarized electrons in a solid, thevo currents modelis
generally used. This model is based on the distinction between two di erent currents, one
per each polarization of the conduction electrons. The founding idea behind this model
was rstly introduced by Mott in 1936 [34] to describe conduction in transition metals.
The rst experimental con rmations were found in 1968 studying transport in Ni by A.Fert
and I.Campbell [35], who later further developed the model [36][37]. Starting from the
classical Drude model for conduction electrons, the motion of spin up and down electrons
is described as two parallel phenomena, neglecting the possibility of spin- ip events. Each
of the two electron populations will therefore be described by its own relaxation time—;
and, therefore, its own conductance .

The same distinction can then also be done for electrons pertaining to di erent bands,
distinguish for example between the scattering aFbandand d-bandelectrons. This model
allowed the explanation of di erent phenomena as for example giant magneto resistance
(GMR) [38], which was explained considering the in uence of the magnetization of a
material on the band structure and, as a result, on the scattering probability of di erently
polarized electrons.

To understand the two currents mode] it is then possible to introduce some important
guantities. As known we can de ne charge current density, as:

e dN

Jde= =— 1.6
c= Sdr (1.6)
Similarly, it is then possible to associate, to each spin population & #) its own charge

current
edNC=

S dt

JU= = (1.7)
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Considering how charge current is inherently independent on the electrons' spin we then
get:
Jo=J +J* (1.8)

We can then de ne a spin current densityds associated to the ux of angular momentum

for each spin population as:

~ dNC=
2S  dt
Overall we can therefore de ne the spin current considering the net ux of angular mo-

mentum as

30 = (1.9)

Js=Js I3 (1.10)

From this description it can be seen how the two currentsl¢; Js) will have a di erent
units of measure, referring respectively to charge and angular momentum currents. To
ease the notation in the following this distinction will be neglected by consideringy in
terms of ux of charges, by intrinsically multiplying for the Josephson constané.

In the description we have previously made the focus was on how the spin polarization
of the conduction electrons can in uence thalrift motion driven by an electric eld via
the relaxation time . Starting directly from the Boltzmann transport equation T.Valet
and A.Fert [39] showed that, for the case of spin di usion length bigger than the electron
mean free path, it was possible to nd two equations describing both the drift and the
di usion of the spin- polarized electronic currents we have de ned in eq.(1.7):

8 . :
3 © @y _ (#)
s @z | =2 (1.11)
;J(,,#) _ et
e @z

for a current owing along z. In these equations a central role is played by the electro-
chemical potential "=, that takes into account both the electrical potential driving the
drift motion, and the chemical potential driving the di usion of spin-polarized electrons.
A complete description of spin-related conduction phenomena can be found in [40].
This model will be the starting point to describe the spin di usion at the interface between
a magnetic and a hon-magnetic material in section 1.4.
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1.3. Spin-to-Charge-Conversion (SCC)

In the devices described in section 1.1, a central role is played by Spin-to-Charge-Conversion
(SCCQC). In this chapter a theoretical introduction to the most relevant SCC mechanisms
Is given.

1.3.1. Rashba e ect

Rashba e ect consists in a relativistic e ect due to the Spin-Orbit Coupling (SOC) be-
tween moving electrons and an electric eld in an inversion asymmetric system. As a
result a corrective term must be added to the energy of the electron to take into account
the interaction of the electrons'spin with the electric eld. An intuitive explanation of
this e ect can be done following the argument used to explain spin-orbit coupling for the
ne-structure of the single atom. Considering that an electric eld is always generated
by a charge distribution, a moving electron will, in its own reference frame, perceive the
charge distribution as moving. Moving charges generate a current, which in turn will
originate a magnetic eld. In presence of a magnetic eld, according to the projection of
the spin vector of the single electron on the quantization axis, electrons will have di erent
energies, thus originating the spin-dependent energy correction [41].

Following the intuitive picture just introduced, it is possible to understand how, being the
perceived magnetic eld function of the velocity of the electrons, the resulting corrective
term will in turn also be k dependent. For reasons that will be clearer introducing a
more formal study, the resulting band structure will showspin-momentum locking so a
de ned reciprocal orientation between the spin vector and the momentum of any state.
An example of the resulting band structure is shown in Fig. 1.4.

Figure 1.4: Band structure in absence (left) and presence (right) of Rashba band splitting
for the case of a 2D electron gas, the direction of the electron's spin is always perpendicular
to that of the momentum. Adapted from ref. [42].
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Formally Rashba e ect can be derived from an expression of the relativistic-corrected
Hamiltonian taking into account spin-orbit interactions. ConsideringH (ko) the unper-
turbed Hamiltonian at ko, we can rewrite the total Hamiltonian nearby that point as:

2~2

Hot = H(ko)+ —+ —q p+ H® + H®; 1.12
tot (ko) oMo moq P : ( )
starting from this Hamiltonian, using a perturbative approach, the band structure cor-
rection in presence of spin-orbit coupling can be found [43].

The spin-splitting contribution from H® will be negligible and will be not dealt with
hereafter, the main contribution will instead be due to:

H® =

gtV P (1.13)
Analysing this term it is possible to identify both the momentum dependence of the
corrective term and the resulting spin-momentum-locking. The latter can be understood
considering the eigenstates of the perturbation Hamiltoniakl @ (which is the only spin-
dependent Hamiltonian). H® will indeed be diagonal on the spinors of the third-order
tensor projected onto the axis perpendicular to bothr V andp. Therefore the resulting
eigenstates of the perturbed system will be polarized perpendicularly to both the electric
eld and their direction of motion, showing the e ect called spin-momentum locking.

As a result of the perturbative analysis, it is possible to nd the correction to the energy
of the electron as:

- =% fniH@juninuniq pitni + cc (1.1

m
Omen m n

As said, this e ect can arise only in systems lacking inversion symmetry. This can be
thought as due to the fact that spin has even parity with respect to spatial inversion,
whereas momentum has odd parity. To better understand this concept we can then con-
sider the expectation value at the numerator of eq.(1.14). In an inversion symmetric
system, the expectation value in eq.(1.14) should be equal to the expectation value of the
system under spatial inversion. However, being the spin odd and the momentum even
with respect to such symmetry operation, the only possibility is for the expectation value
to be 0. Therefore, the spin-splitting correction would vanish in presence of a inversion
symmetric system.

Rashba spin-splitting is usually known to take place at interfaces, since these systems
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naturally break the inversion symmetry. However it has been shown that a giant Rashba
like splitting can also happen in bulk systems. A material where this has been shown
to take place is GeTe [44], thus justifying the choice of this material for applications as
the FESO technology [26]. In bulk system three conditions need to be satis ed to have
giant Rashba splitting: strong spin-orbit coupling, small band-gap between conduction
and valence states and same simmetry for valence and electronic states [43]. It is impor-
tant to consider how, for bulk Rashba e ects, to be able to use this e ect in Spintronic
applications, we need the Fermi level to cut within these spin-splitted bands, as to have
spin-momentum locking for moving electrons.

Starting from eq.(1.13) it is then possible to rewrite the perturbation Hamiltonian in
a more compact way as to de ne a very important gure of merit, that is theRashba
parameter ( r):

H® = TR(Z ) (1.15)

which holds for a eld directed alongz [41]. The resulting perturbed energy bands, for
the case of a 2D-free-electron gas can be rewritten as:

E = Efreeelectron J Rj kJ (1-16)

From eq.(1.16) emerges how g is proportional to the intensity of the Rashba spin-
splitting.

SCC by Rashba e ect

As known, in Rashba e ect, there is an intrinsic spin-momentum locking of the electrons,
resulting in a band structure as shown in Fig. 1.4. For the easier case of a 2D system,
Rashba e ect allows for SCC thorugh two e ects: Rashba-Eldestein E ect (REE) and
its inverse (IREE) [45][46]. We can start to consider an intuitive description of IREE.
Considering the case in which electrons with a de ned spin orientation are injected into a
Rashba-splitted system, these electrons will end up accumulating in those positions within
the band structure allowing for their particular spin orientation. Therefore in IREE the
injection of a pure spin current determines a shift in the band structure due to the ac-
cumulation of spins in certain momentum-locked states in the momentum space, and the
consequent formation of a charge current. In REE instead the application of an electric
eld will determine a shift of the populated states in the momentum space. However, be-
cause of spin-momentum locking, the shift of the occupied states will also determine the
overall polarization of the electron population and, consequently, the formation of a spin
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accumulation. The particular behaviour of the Fermi Surfaces (i.e. the (N-1)-dimensional
surface formed by the highest occupied energy levels in the momentum space) in REE and
IREE is shown in Fig. 1.5. In both these cases the perpendicularity of the polarization
and current directions can be ascribed to the particular spin-momentum locking shown
in Fig. 1.4.

Figure 1.5: a)Rashba Eldestein e ect, by applying an electric eld in the direction there
will be a displacement of the electrons in the momentum space by a factok,, to whom
will correspond aJ. current along x. Furthermore, because of the di erent radii of the
inner and outer Fermi Surfaces a spin accumulation will arise asS = s, s , with
the spin population overall polarized alongy. b)IREE, the injection of a polarized current
(along y) determines an asymmetric shift of the inner and outer Fermi Surfaces, which in
turn will entail the formation of a current moving along x. Adapted from ref. [45].

Hence the particular band structure arising in case of Rashba-Splitting allows for a rst
form of SCC. In particular through REE it is possible to convert a charge current into

a spin accumulation oriented perpendicularly to the charge current's direction. On the
other hand IREE determines, in case of an accumulation of spin-polarized electrons, the
formation of a charge current owing perpendicular to the orientation of the polarization.
Both IREE and REE do not directly deal with spin currents, but rather with spin accu-
mulations. However the presence of a spin accumulation in a 2D system will translate into
a 3D spin current once we consider the di usion of spin-polarized electrons in presence of
a gradient in the spin population.

It is then important to highlight some parameters used to describe IREE and REE. A
gure of merit used to describe the e ciency of the SCC conversion mechanism is called
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Rashba length( ree ), and is de ned as:

JCZD
IREE — F (1.17)
This value will be used in eq.(1.1) in case of Rashba related SCC. Remembering the def-
inition of spin and charge current given in the previous paragraphs,greg Will have the

dimension of a length [45].

IREE and REE can also be used to describe what happens in another 2D system, that is
the conduction electrons of a Topological Insulator. Without entering in too much detail,
for certain insulators, topological considerations prevent the wave functions describing
surface electrons from mixing up with those of inner electrons. As a result these ma-
terials will present insulating behaviour for the bulk structure and conducting states on
the surfaces[47 49]. The conduction states of topological insulators will present a spin-
momentum locked band structure, as shown in Fig. 1.6. Also for topological insulators we
can speak of SCC, which will work according to the same principles described by IREE
and REE [50].

Figure 1.6: Spin-resolved band structure for 4, topological insulator. Adapted from ref.
[47]

A particularly interesting case is then that of FERSC (Ferroelectric Rashba Semicon-
ductors). These materials, by combining a giant bulk Rashba splitting to the electric
switchability of the band structure typical of ferroelectric materials, open up for electri-
cally pilotable SCC [28].
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1.3.2. Spin Hall e ect

Among the di erent mechanisms to achieve SCC, Spin Hall E ect (SHE) is one of the
most studied. The origin of SHE has once again to be found in SOC between the spin
of the electron and the potential of the crystal lattice, thus this e ect is observed in
SOC-materials. From a classical perspective, SHE can be thought to determine a spin-
dependent de ection of the trajectory of the electrons owing in non-magnetic materials.
Going beyond this model, SHE has to be related to a spin-dependent deformation of
the band structure near the Fermi level, similarly to what happens in the case of Rashba
e ect. Initially SHE was thought to determine, from an injected non polarized current, the
formation of orthogonally polarized pure spin currents owing perpendicularly to the pure
charge one, as shown in Fig. 1.7, which is usually callednventional SHE Nonetheless
recent studies have shown how the relation between the direction of the non polarized
current, the direction of the spin current and the axis of quantization of the spins are
related by a third order tensor whose components can vary according to the material's
crystallographic space group. These conclusions then allow for a multitude of di erent
reciprocal orientations of the two currents and the spin vector [51]. In the following we
will only deal with conventional SHE. Dealing with SHE we can therefore describe the

Figure 1.7: a) Conventional SHE, from a non polarized currentJc), SHE determines
the formation of a perpendicular pure-spin current(s), the orientation of the spins is
perpendicular to both J. and Js; b) conventional ISHE, from a purely spin current J)
we obtain an easily measurable electronic currrerd), once again the orientation of the
guantization axis is perpendicular to bothJ. and J .



20 1| Theoretical Framework

relationship between the eld injecting the non polarized current E) and the resulting
spin current polarized along the generigaxis (Js') as:

Jsi = SHi E (118)

where ' is thei-th component of the third order Spin Hall Conductivity (SHC) tensor .

It is possible to di erentiate between two kinds of SHE. According to the microscopic

mechanism involved, we speak of extrinsic SHE and intrinsic SHE. If in the former the
de ection happens because of di erent scattering mechanisms with impurities in the ma-
terial, in the latter the origin of this e ect has to be found in the geometrical phase of the

electrons travelling in an high spin-orbit coupling material. This same mechanisms are
thought to cause the Anoumalous Hall E ect (AHE) in ferromagnets, where the polar-

ization of the conduction electrons determines a transversal electronic current along with
the spin one [52].

Intrinsic Spin Hall E ect

Intrinsic spin hall e ect can be ascribed to the simple spin-orbit coupling between electrons
and crystal lattice, and arises even in absence of impurities. To fully understand intrinisc
SHE and why it arises it is necessary to consider the concept of Berry or geometrical
phase [53]. This emerges as an additional phase for the wave function describing the
motion of an electron in an adiabatic system. Taking into account the contribution
of this additional phase, Sundaram and Niu[54] revised the semiclassical wave-packet
electrodynamic, rewriting the equations regulating the motion of the wave packet as:

8

. ~ & (1.19)
"~k = eE e B
D E
Where (k) = i @@'*’ff @(;&'f is the de nition of the Berry Phase. For materials

with strong SOC this term is in turn dependent on the spin polarization as (k) R
where is the spin vector and g is the Rashba coe cient. As a result also the group
velocity of the electron wave packet will have a spin-dependent component, originating
from the Berry Phase contribution. This contribution will be perpendicular to both the
direction of the applied force k) and the spin vector () and will be more intense for
materials with strong SOC, thus matching the given description for conventional SHE.
Another way to explain this phenomena starts from an analysis of the SOC correction to
the electron Hamiltonian, as done in [55, 56]. In particular, one can start from a system
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in which the SOC correction takes a well known expression, as that of a 2D electron gas
introduced in section 1.3.1. Analysing the case of a Rashba split 2D electron gas, the
band structure, shown in Fig. 1.4, can be demonstrated to give origin to a transversal,
orthogonally polarized spin current in presence of an externally applied electric eld. This
can be seen from a simple graphical representation of REE, as shown in Fig. 1.5. The
same shift in the momentum space of the bands determining REE, is also responsible for
a variation of the orientation of the spins of the electrons moving in the perpendicular
direction (y in the image), to whom is therefore related a pure trasversal spin current
perpendicular to the charge one, as described by SHE [57].

Extrinsic Spin Hall E ect

Another possible mechanism is then related to spin-dependent scattering of conduction
electrons with impurities in the material, in this case we speak of extrinsic SHE. Once
again the phenomena can be explained considering the e ect of spin-orbit coupling.

We can further distinguish between two scattering mechanisms. We can speakskéw
scattering in case the inelastic scattering phenomena determines a change in the direction
of k before and after the scattering event, as illustrated in Fig. 1.8. The resulting SCC is
due to a spin-dependent scattering probability of the electrons and the consequent more
frequent de ection of a certain population of electrons. J.Smit in the 50s [58, 59] rstly
analyzed this phenomena using a perturbative approach showing how, in presence of an
electric eld, the perturbation of the periodic potential of the crystal lattice resulting from

the presence of an impurity would determine the formation of a spin current perpendicular
to the electric eld. A complementry approach is shown byA.Fert et al. in [60], where the
contribution to SHE from skew scattering is calculated by introducing an asymmetrical
scattering probability in the transport equations for the electron.

Another possible mechanism is then that ofide jump for whom the electrons'k is not
changed, thus making it an elastic scattering event. Nonetheless, the presence of the
impurity determines a displacement of the wave vector in the direction perpendicular to
the wave vector itself, as shown in Fig. 1.8. Being this shift asymmetric for opposite spin
orientations, the result will be a trasversal spin current, perpendicular to the direction of
the moving electrons [61].

Inverse Spin Hall E ect

If through SHE we are able, starting from a non polarized charge current, to obtain a
spin current, also the inverse e ect must be true because of Onsager relations. As shown
in Fig. 1.7, in Inverse Spin Hall E ect (ISHE), by injecting a spin polarized current in
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Figure 1.8: a) skew scattering mechanism, the orientation of the wave vectors changes in
the scattering event and the scattering event is more likely for certain spin orientations,
thus creating a perpendicualr spin current;b) side jump scattering mechanism, the orien-
tation of the angular momentum does not change but simply undergoes a spin-dependent
shift in a direction perpendicular to that of the wave vector itself. Adapted from ref. [62].

a material with strong spin-orbit coupling, we are able to obtain a charge current [55].
The easier detectability of ISHE's output make it a particularly e cient way to measure
the e ciency of SHE on a simple electronic basis. This is obviously possible being the
mechanisms involved exactly the same and being ISHE only the time reversal of SHE.
The rst experimental results showing signi cant ISHE were reached in 2006 ky.Saitoh

et al. [63] using a permalloy-Pt bilayer.

Spin Hall Angle

We have seen that a parameter used to show the e ciency of SHE is the Spin Hall
Conductivity sy introduced in eq.(1.18). An alternative gure of merit used in this
regard is then theSpin Hall Angle ( sy ), which is de ned as:

Js = sude (1.20)
Js: SHJC (121)

Which is obviously related to eq.(1.18).
sy can then be related to the spin Hall conductivity as:

SH = = (1.22)

where is the simple resistivity experienced by a the charge current [64] andy = ﬁ
For the case of ISHE the e ciency of the conversion between charge and spin is de ned
through the parameter shg = sH s, Where ¢ is the spin diusion length de ned in
eq.(1.5).
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It is then important to highlight how the di erent microscopic mechanisms that we have
seen so far contribute to sy and what is their dependence on. If for both the intrinsic
and side jump mechanism we have a direct proportionality to, the spin Hall angle for
the case of the skew scattering mechanism will instead be independent ¢65], as shown
in eq.(1.23). This relation then allows to infer the weight of di erent mechanisms in SHE,
starting from a measure of how s varies with  [62].

SH = SHmt + SHS|de+ SHskew :(Cmt + CS|de) + Cskew (1_23)

In general, from (1.23), emerges how the increasing the resistance of the strong-SOC-
material it is theoretically possible to increase the e ciency of the SCC mechanism.

1.4. Ferromagnetic/Non magnetic interface: an ana-
litical model

To wrap-up this rst chapter, a 1D analytical model for spin di usion can be briey in-
troduced.

The system introduced in eq.(1.11) can help us describe the interface between a ferromag-
netic (FM) and non magnetic (NM) material, which is turn fundamental to understand
what happens in an heterostructure as those introduced in section 1.1.1.

EqQ.(1.11) can be rewritten as a single di erential equation:

%—% = ? (1.24)
with the unknown being the spin accumulation expressed as di erence in the electro-
chemical potentials, andlg; the spin di usion length averaged between the spin-up and
spin-down populations. This equation in turn matches the results obtained in [66], show-
ing how the electrochemical potential di erence can be thought to obey a di usion-like
behaviour alongz. For the 1D case the di erential equation will yield a solution in the
form:

(1.25)
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Applying the correct boundary conditions to eq.(1.24) an expression for the spin accumu-
lation pro le in the two materials can be found [67]:

cosh hN+Z
(2) = (0) inNM
cosh hN

(1.26)

cosh hFM z
(z)= — (0) InFM
cosh th

The resulting trends for the electrochemical potential are shown in Fig. 1.9 for the single
spin populations.

Figure 1.9: Electrochemical potential at the FM/NM interface for the single spin popu-
lations ( --x) and averaged over the two populations (s). Adapted from ref. [68].

From Fig. 1.9 one can see how the presence of an interface has two main e ects. Firstly
the spin accumulation at the interface will determine a potential dropV acin the image).
Secondly, along with the charge current owing because of the applied electric eld, also
a spin current will be injected in the NM material because of the presence of a non zero
spin accumulation. The spin current will be a fundamental actor in the bilayer devices
presented in section 1.1 since it will be converted into a measurable voltage drop through
SCC.
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2 ‘ Introduction to nanofabrication

In this chapter the fundamental building blocks for state-of-the art electronic nanofab-
rication will be introduced, focusing on the perks and limitations of each technique as
to allow a more complete understanding of the 3-steps-lithographic process introduced
in the next chapter. The chapter is divided in two sections, dedicated respectively to
lithographic and deposition techniques.

2.1. Lithography

The term lithography, in the context of integrated circuit manufacturing, is used to refer to
the process of transfer of a desired pattern onto a substrate. Despite the great variability
of the techniques used, most of them share some common features, namely the use of
a resist and the developmentof the patterned layer. Theresist is typically an organic
material, that, dissolved in a proper solution, is initially spread on the substrate, for
example byspin-coating In this process rstly the solution is poured onto the substrate,
which is then spun at very high speed to evenly spread the solution and baked as to
evaporate the solvent to nally leave a layer of solid resist onto the substrate. Resists are
special polymeric materials whose properties, such as the solubility, can be locally modi ed
by exposure to light, electrons or even heat. By then rinsing the substrates in specic
substances, calledlevelopersit is therefore possible to locally remove the exposed resist
allowing to transfer the desired pattern onto the resist. The developed resist material will
allow to transfer the nal pattern onto the substrate, via either additive (i.e. deposition)

or subtractive (i.e. etching) processes, as will be explained in section 2.2.

2.1.1. Optical lithography

As a rst lithographic technique we can introduce optical lithography, in one of its most
advanced declinations that ismaskless optical lithography

Optical lithography can be easily understood thorugh a parallel with analog photogra-
phy. If in analog photography one is able to impress the Im by exposing it to light, the
same process happens in optical lithography: exposure to light will locally modify the
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structural properties of the light-sensitive resist, ophoto-resist. There are two kinds of
processes, we speak dfrect process in case the exposed regions become soluble, or we
speak ofindirect or inverse lithography in case the non-exposed regions are the soluble
ones, the processes are illustrated in Fig. 2.1. The photo-resist can eitherpmsitive in
case it becomes soluble upon exposure, r@gativein case exposure makes it locally non
soluble. For the fabrication of our devices we have used the AZ5214E photo-resist, a pos-
itive resist whose solubility can be inverted in a particular process calledversal as will

be further explained in chapter 3. Light di raction limits the maximum resolution (i.e.

the critical feature size) of optical lithography to about one wavelength. Thus, standard
optical lithography with UV light can achieve a resolution of aboutl M. State-of-the-art
devices using light in the Extreme-UltraViolet (EUV) range can instead reach the limit

of a7 nm resolution (half of the used wavelength 0£3:5 nm) [69, 70], at the expenses of
the complexity and cost of the instrumentation used.

Figure 2.1: Schematic depiction oflirect lithography, performed using apositive resist,
and aninverse process, for whom anegativeresist was used. Adapted from ref. [71].

In optical lithography, pattern projection is usually possible using an appositely prepared
chromium shadow mask, which projects the pattern one wants to reproduce on the resist
as would happen in a shadow play. Mask-based lithography su ers of scarse exibility,
since any change of the design would require the creation of a new mask for the process.
To overcome this limit, maskless lithography has emerged, allowing to reproduce any
desired pattern without the need for a xed mask. Di erent solutions for maskless pho-
tolithography are now found in state-of-the-devices taking advantage for example of the
exibility of an array of programmable spatial light modulator and/or using direct laser
writing of the pattern [72 74]. Both mask-based and maskless lithography are performed
at Polifab using respectivelyKarl SUSS's MA6/BA8 [75] andHeidelbergs MLA 100 [76].
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2.1.2. Electron Beam Lithography

Figure 2.2: Section of the EBL/SEM device used at PoliFab for the production of SCC-
bilayer devices. The system is comprehensive of both electronic and magnetic electron
lenses used for accelerate, de ect and focus the electron beam. Adapted from ref. [77].

Along with optical lithography, Electron Beam Lithography (EBL) is one of the most

di used lithographic techniques. This technique relies on an high-energy, highly focused,
electron beam. As shown in Fig. 2.2 electrons are extracted, taking advantage of either
eld emission e ect or thermo-ionic e ect, from an electronic source. Through a series
of electronic-lenses the electrons are then accelerated to desired energy and the beam is
focused as to have the minimum spot size on the sample. Further lenses then allow to
raster the beam on to the sample, locally modifying the properties of the resist. Typically
polymethyl-metacrylate (PMMA) is used as a resist material. Upon developement in
methyl isobutyl kethonéMBIK), it is usually possible to transfer the desired pattern onto
the resist [78].

With respect to optical lithography, EBL allows for a great improvement in terms of
resolution, which is not determined by the di raction limit of the electrons, but by the
electron-lens system, its ability to focus electrons against their mutual repulsion and
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its aberrations. Studies on PMMA and the development process, using state-of-the-art
devices, have shown that suliO nm resolution can be reached not only for the patterned
features, but also for the nal structures transferred on the substrate [79]. EBL was
performed for the fabrication of our devices using theEO 1525 SEM/EDX/EBL setup
by Raith and Zeiss[77], whose section is shown in Fig. 2.2.

2.1.3. Thermal Scanning Probe Lithography

A more recently developed alternative for high resolution lithography ighermal Scanning
Probe Lithography (t-SPL). This technique is based on the use of a nhanometric tip, as
one of those used in Atomic Force Microscope (AFM). As shown in Fig. 2.3 the tip is
attached to a cantilever, approached to the surface using a piezoelectric actuator, and can
be heated using a resistive element [80].

Figure 2.3: Schematic representation of a t-SPL tip. The tip can have up to nano-metric
dimensions and is directly getting in contact with the sample. The cantilever allows
for heating of the tip via simple Joule e ect of a resistor and is de ected through a
piezoelectric actuator to engage the surface. Adapted from ref. [81].

The tip can then be scanned over the surface of the sample using a further piezoelectric
actuator. By tuning the de ection of the tip towards the substrate and its heating,
this simple system allows for di erent possible operations. Firstly, as would happen for
an AFM, by simply rastering the tip over the surface and measuring the consequential
de ection of the cantilever, a passive analysis of the topology present in the rastered area
can be done. By then increasing the de ection of the cantilever and the temperature of
the tip it is possible to actively modify the sample. The possible outcomes of an active
use of the tip are shown in Fig. 2.4. A further possibility is then to use t-SPL in an
additive process to deposit materials, such feature will not be dealt with in this thesis
being beyond the use we made of t-SPL, the interested reader could nd more information
in Refs. [82][83].
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Figure 2.4: Possible active modi cations of the sample that can be implemented using
t-SPL. By applying a su cient force on the tip it is possible to remove a portion of the
substrate up to a desired depth, thus creating a 3D topology. This can either happen
via indentation or sublimation according to the temperature of the tip. By decreasing
the applied force it is then possible to simply locally engineer the phase of the sample
without any material removal. This can in turn happen via aphysical or chemical process.
Adapted from ref. [82].

Using a nanometrically-sharp tip this process allows to locally modify the sample up to
the resolution limit of 20nm [83, 84], mainly limited by heat di usion in the resist material
and sharpness of the tip. Besides the resolution, comparable with that of state-of-the-art
EBL systems, t-SPL presents further advantages. Among the perks of this technology one
has to consider the possibility to tune the depth of the patterning, allowing fogreyscale
writing and the accurate control of the writing depth via a feedback loop. Moreover, as
will be shown in the following, the possibility toread and write using the same machinery

iIs one of the most appealing features of this technology, allowing the precise alignment
of the desired pattern with the topology present on the substrate. Further advantages of
this technique are then related to the non-destructive nature of the patterning process,
not using high-energy particles as EBL, which makes it very appealing for lithography on
novel, particularly delicate materials [22, 82]. On the other hand however this technology
still has to be considered unripe, with some major drawbacks related to the very low
scanning speed, poor throughput and the scarce consistency of the results related to the
consumption of the tips.

T-SPL has been performed, for this thesis, using thBlanoFrazor Explore by Heidel-
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berg Instruments[85], the rst commercially available thermally assisted scanning probe
lithography system. An overview of the speci c process used is presented below.

2.1.4. Bilayer lift-o process

The Bilayer Lifto Process used in this thesis was initially proposed byHeidelberg In-
struments [86]. The aim of this process will once again be to transfer the desired pattern
onto a resist material. In particular the resist chosen for this application is composed
by the consecutive spinning of two layers, justifying the name given to the process. A
representation of the process is shown in Fig. 2.5. The bilayer is built by an upper layer of
Polyphthalaldehyde (PPA)deposited on a secondft-o layer of polymethylmethcrylate-
co-methacrylic acid (PMMA/MA) or simple PMMA . The choice of PPA as a top layer is
due to the particular properties of this material which will easily sublimate abové80 C.
Sublimation will happen through an endotermic and self-ampli ed decomposition process,
which allows for localized sublimation of the resist and accurate writing. Overall the PPA
will therefore work as a positivethermal-resist, allowing for the writing of a rst pattern
alternating regions of covered and uncovered PMMA(/MA). The presence of the second
layer is instead necessary to be able to transfer the pattern onto the substrate, facilitate
the lift-o process, and at the same time thermally isolate the sample from the writing
tip.

By developing the resist in a solution of de-ionized water and Isopropanol (IPA), it is
possible to transfer the pattern from the PPA, untouched by the solution, to the lift-o
layer, that will be dissolved. The development of PMMA has proven to be a very critical
step for the resolution of the desired features. The isotropic nature of the development
process will indeed entail the formation of arnundercut, which, on top of reducing the
resolution of the written features, will also strongly a ect the structural stability of the
resist bilayer. A SEM image showing how undercut could a ect the resolution is shown
in Fig. 2.6. Finally, the subsequent steps aepositionand lift-o  of the material chosen
for the pattern transfer will allow the recreation of the desired pattern onto the sample.
Further information on these steps will be given in section 2.2.

2.2. Deposition

We have seen how lithography allows to reproduce a desired pattern onto the resist ma-
terial. As illustrated in Fig. 2.7, to de nitively transfer the pattern onto the substrate
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Figure 2.5: Bilayer lifto process. a) The rst layer (PPA) acts as a positive thermal
resist and is sublimated when scanned with an hot tip, whereas the second layer (the
so-called lift-o resist) is preserved;b) the lift-o resist is then chemically developed to
allow for pattern transfer onto the substrate. Anundercut pro le is formed at this stage;

¢) deposition of the material;d) nal lift-o that allows to have the deposit in the areas
where the resist had been previously removed. Adapted from tiNanoFrazor Recipe Book
by Heidelberg Instruments[86].

either subtractive or additive methods can be used. Additive processes involve tte-
position of a layer of material or a material stack on the whole surface of the sample.
Upon immersion in an organic solvent (usually acetone) it is possible to locally remove
the remaining resist and the overlying deposition, thus leaving the desired pattern onto
the substrate (ift-o0 process). In subtractive processes, involvirgtching of the surface,
the resist has the role of a protective mask and is used to dig the desired pattern only
in the uncovered regions of the substrate. After resist removal the desired pattern is left
indented into the substrate.
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Figure 2.6: SEM image showing a resist with anndercut pro le. The developing process
proceeds at similar speed in all direction, thus etching the lift-o layer not only below
the removed PPA, but also in its surrounding. This process will therefore result in the
removal of material from an area wider than the desired one and will limit the writing
resolution. Adapted from ref. [86].

Figure 2.7: Sketch showing additive and subtractive processes through deposition and
etching, respectively.

In the following, two of the most important techniques for thin Im physical deposition,
namely Evaporation and Sputtering will be presented.

2.2.1. Evaporation

Evaporation is a standard thin Im deposition technique, it is mainly used in the eld
of academic research whereas nds limited use in the integrated circuit manufacturing
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industry. Evaporation works taking advantage of the possibility of creating a vapour
of almost any material by simple heating. As shown in Fig. 2.9, the material to be
evaporated (arget) is placed in a crucible inside a low pressure chamber, along with
the substrates on whom to deposit the thin Im. Heating the material to a desired
temperature it is possible to obtain a stable evaporation rate, allowing to deposit a Im of
controlled thickness. It is indeed possible to nd a trend for the evaporation rateReyap)
as a function of some deposition parameters [87]:

r __
Revap=5:83 102 A Q Pe 2.1)

whereT is the temperature,A is the evaporating area andn the molecular mass of the
material. P is the so-calledvapor pressure i.e. the pressure at which the liquid and
vapour phase will be in equilibrium. See Fig. 2.8 foP, versus temperature for various
materials. The use of a vacuum system is necessary to reduce the inclusion of contami-

Figure 2.8: Vapor pressureK.) for commonly evaporated elements. Adapted from ref.
[87].

nation in the deposit, as well as to allow for unhindered travel of the depositing particles.
It is possible to distinguish between two di erent kinds of evaporation process according to
the method used to heat the material. In case heating is obtained bombarding the mate-
rial with an accelerated electron beam the speci c technique is calledbeam evaporation

in contrast with thermal evaporationthat uses Joule e ect in a lament to warm up the
crucible containing the material. The e-beam evaporation works at higher temperatures
allowing to reach higher deposition rates, whereas thermal evaporation works with a way
simpler setup but does not allow to deposit materials with a very high evaporation tem-
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Figure 2.9: Schematic representation of an evaporation chamber. Adapted from ref. [88]

perature and entails higher contamination of the deposited material [87, 89]. Materials
with very high melting point/low vapour pressure (e.g. refractive metals as tungsten) or
requiring direct sublimation (e.g. magnesium oxide) strickly require e-beam evaporation,
while thermal evaporation is usually employed for metalization with metals having lower
melting temperatures. Both of these techniques have been used in di erent steps in this
work, using respectivelyMoor eld 's MINILAB-080 [90] and Evatecs BAK 640 [91] for
thermal and e-beam evaporation. Pictures of both the machineries present at Polifab are

shown in Fig. 2.10.
Evaporation allows to deposit almost any material, without any damage to the substrate

Figure 2.10: Evatecs BAK 640, used for e-beam evaporation, on the left, andlloor eld 's
MINILAB-080 used for thermal evaporation, on the right. Both instruments were used
for the fabrication of our samples. Adapted from Refs. [90, 91].
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surface (contrary to sputtering). However, evaporation is tipically employed for single
elements rather than compounds and presents a relatively poor conformality [87][88] (see
Fig. 2.11).

Figure 2.11: Dierence between anon-conformal layer(a) in which the thickness varies
depending on the local orientation of the surface, and @nformal layer (b) in which the
thickness of the deposited material is even on all the surfaces.

2.2.2. Sputtering

Sputtering is another important deposition technique, nowadays widely spread in IC man-
ufacturing. As for evaporation, this technique works by atomizing #arget material and
then letting it deposit onto the sample. The process requires vacuum to allow the transfer
of material to the sample and reduce the inclusion of impurities in the deposition. In sput-
tering deposition high energy electrons are accelerated towards the target material one
wants to deposit, requiring the formation and control of a plasma inside the deposition
chamber. A schematic representation of a sputtering deposition chamber is shown in Fig.
2.12.

In particular, by allowing for a controlled ow of gas in the plasma chamber and nely
tuning the voltage drop between the substrate and the target material it is possible to
reach the so calledstrike condition, such that the room-temperature ionized particles of
the pumped gas will be accelerated and, in a snowballing-mechanism of impact ionization
events, will create a plasma. The contact regions between the plasma and any surface
will see the formation of asheath layerin which a voltage drop will arise to compensate
electrons' outward fast di usion, accelerating the ions out of the plasma. Any voltage
drop applied to the plasma will be screened by the sheaths, which will adapt to match
the consequent charge unbalance. Hence external voltages can be used to nely tune the
acceleration of the ions toward each electrode to obtain di erent process. In case we take
advantage of the erosive action of high energy ions accelerated towards the substrate we
speak of asoft etchof the substrate. In case instead the acceleration is towards the target
material, the latter will be disaggregated and the resulting vapor will re-deposit on the
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Figure 2.12: Schematic principle of a plasma chamber for sputtering deposition. In the
vacuum chamber, by owing a controlled pressure of noble gas (typically Argon) and
applying a voltage drop between two electrodes it is possible to generate a plasma. The
sample and the target are placed on the two opposite electrodes used to drive the plasma.
Adapted from ref. [87].

substrate, in what is properly calledsputtering deposition A schematic of the deposition
mechanism is shown in Fig. 2.13.

Usually, sputtering uses a noble gas (such as argon) to generate the plasma in order to
avoid any chemical reaction and achieve a completely physical/mechanical erosion of the
target/substrate.

With respect to other deposition techniques sputtering allows for in-situ pre-cleaning of
the surface by a simple soft-etch and allows for easy deposition of compounds materials
and precise control over the deposited thickness. Some drawbacks for this technique can
be identi ed in the poor uniformity of the deposition over large wafers (can be solved by
imposing a rotatory motion to the sample and decreasing the distance from the target),
the possibility of incorporating impurities in the deposited material, and the poor gap-
lling capability of the deposition.

Despite the basic principle of this technique have not changed since the XIX century
[92], di erent declinations of sputtering deposition have been devised to partially solve
its most problematic features. For example, the deposition of insulating materials was
enabled by the introduction of an AC-radio frequency (RF) voltage to drive the ions'
acceleration, avoiding the charging of the target surface and consequent screening of the
sheath potential. In bias sputtering deposition and sputtering of the sample are nely
tuned to improve the gap- lling capability of the deposited layer. Inmagnetron sputter-
ing, to increase the deposition rate, a magnetic eld is added to impose a rotatory motion
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Figure 2.13: Schematic representation of the sputtering mechanism. Argon ions are accel-
erated from the plasma towards the target, here they dislodge the atoms of the target (in
this case aluminium), which travel all the way to the substrate and redeposit or re-di use.
The mechanism of inclusion of impurities (oxygen) and the impact ionization of neutral
argon atoms is also shown. Adapted from ref. [87].

(Larmor gyration) to the charged particles enhancing the impact ionization frequency and
the plasma density. Moreover, the presence of a magnetic eld can also be used to keep
the plasma away from the substrate reducing potential causes of heating and damage.
Further information about sputtering declinations can be found in Refs. [87, 89, 93].
Sputtering deposition is possible at polifab using th&JA ATC Orion 8 [94], shown in
Fig. 2.14

Figure 2.14: TheAJA ATC Orion 8 sputtering system used for the nanofabrication of
our samples at PoliFab. Adapted from ref. [94].
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3 ‘ Nanofabrication of spin-orbit
devices

In this chapter the nanofabrication process of the MESO logic read-out unit will be

presented. The process will require three steps. The rst step consists in the fabrication
of the T-shaped-structures, made of a material with large enough spin-orbit coupling
leading to spin-to-charge conversion. Then, the magnetic injector will be de ned. Finally,

the nanostructure will be interfaced with the measurement setup through bigger contacts
pads allowing for both probes and bonding connections. This chapter will provide deep
insight on the fabrication processes, highlighting the main criticalities of every step and
proposing strategies for future improvements.

3.1. SOC layer

Wafers made of thermally-grown amorphous SiP1 m)/Si were employed as substrates
(1 1cm). The thick insulating layer avoids the possible shunting of the current through
the substrate and also electrically isolates each device from the others. The substrates
were initially cleaned in a standard ultrasonic bath, rst in acetone and then in IPA, and
dried using a nitrogen gun.

The fabrication of T-shaped structures, shown in Figure 3.1, was done by electron beam
lithography, di erently from a previous work of the group, in which this step was carried
out by thermal scanning probe lithography (t-SPL). This choice allows to overcome the
low throughput of t-SPL, which is kept for the second step to ensure a good alignment of
the magnetic injector with the T-shaped SOC structure.

In particular, the LEO 1525 SEM/EDX/EBL system byRaith and Zeisspresent at Polifab
[77], was used. Resist, writing parameters and development time were rstly optimized.
PMMA 200K AR-P 641.035 by AllResist was the resist of choice, it was spin-coated at
5000rpm for 60 s with an initial acceleration of500rpm/s in order to end up with a thick-
ness of the polymer of aboufl10 nm on the sample [95]. A dose of abol865 C /cm?
was found to be optimal for the process. A development in a MBIK:IPA (1:3) solution
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Figure 3.1: a) Microscope image of the deposited T-structure. The presence of the crosses
is related to the necessity of alignment of future layers in further step$) High-resolution
scanning electron microscope (SEM) image of the deposited structure.

for 45 s stopped in pure IPA for40 s is suitable to achieve well-de ned resist patterns.
The nal pattern transfer was obtained by depositing metallic Pt or Ta (heavy metals
with sizeable spin-to-charge conversion [21]), and then removing the excess of metal via
a lift-o process. Either evaporation or sputtering deposition were used as to vary the
resistivity of the metal, which may have an impact on ISHE (see eq. (1.23)), as well as to
understand the adhesion to the substrate o ered by di erent techniques. The deposition
by sputtering system also allows for an initial soft-etch to clean the surface from organic
residua, thus favouring the adhesion and the quality of the deposit. The thickness for the
nal devices was of approximatelye 7 nm.

Using the Nanofrazor Exploreas an AFM we measured the e ective width of the nal
T-structure, critical for the measure of R;sye (see eq.(1.2)). An e ective width within
the range80 100nm was found when trying to reach the minimimun feature size of our
EBL system. To further reduce this value using the same setup and materials, the main
features to be tackled are the lateral development and the thickness of the resist, both
critical factors in achieving sub100nm features [96]. Despite the optimization process, it
was possible to identify some unwanted trends in the deposited structures, reducing the
yield of this step to60 70% In particular, we noticed that moving away from the region
where the focus of the electron beam was calibrated, there was a systematic lost in focus
of the e-beam, which gradually a ected the resolution of the design's smallest feature
up to the point where no structure was actually patterned. The di erence between the
in-focus and out-of-focus structures is showed in Fig. 3.2.

Another problematic identi ed in the output of this step was the poor adhesion of Pt
on the substrates, which resulted in the strain and deformation of the deposited struc-
tures. This issue was particularly relevant for evaporated Pt structures, whereas could
be partially limited by pre-deposition soft-etch of the substrate in sputtering deposition.
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