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1. Introduction

From the advent of the complementary metal
oxide semiconductor (CMOS) based transistors,
electronics has been able to cope with the de-
manding trend of Moore’s law through improve-
ments in the fabrication processes and archi-
tectures, while the core of the technology has
not changed. However, CMOS devices are cur-
rently facing the so-called Boltzmann’s tyranny,
which dictates an upcoming limit on the scal-
ing of logic devices. An alternative solution to
go well-beyond the CMOS paradigm is therefore
necessary. Among many technologies at study,
one of the most promising paths is the magneto
electric spin-orbit (MESO) logic, proposed by
Intel in 2019 [1]. MESO logic owes much of its
success to the combination of ultra-low energy
state switching and integrabilitiy in the CMOS
fabrication process. Furthermore, the use of the
collective switch of ferroelectricity and ferromag-
netism grants the non-volatility of information,
allowing to combine memory and logic function-
alities within the very same physical space [2].

The working principle of a MESO device relies
on the presence of a nanomagnet to store infor-
mation and spin to charge conversion (SCC) ef-
fects in materials with strong spin-orbit-coupling
(SOC) to read-out such information. While the

realization of the complete structure has never
been achieved so far, MESO read-out stage was
demonstrated by V.T.Pham et al. in 2020 [3]
taking advantage of a bilayer device made of a
spin-orbit material structure on whom a mag-
netic injector was deposited. The aim of this
thesis is to implement a similar process for the
fabrication of the read-out stage, with the long-
term goal of incorporating novel materials to
increase the efficiency of the device. The first
section of this summary will explain the work-
ing principle of the MESO logic and the read-
out unit, motivating the approach of this thesis
towards spintronics-based beyond-CMOS tech-
nologies. Then we will present the fabrication
process developed at PoliFab, the micro and
nanofabrication facility of Politecnico di Milano.
Finally the properties of the read-out stage will
be studied through the electrical characteriza-
tion of devices built with different materials
combinations and techniques.

2. MESO technology and read-
out stage

The MESO device, being an electronic switch,
can be divided in two functional units, one used
to write the information state and one able to
generate an output which is a function of that
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Figure 1: a) Structure of a MESO device as con-
ceived by Intel, divided in the writing (rear) and
read-out (front) functional units. b) Relation
between the input current and the magnetiza-
tion of the FM layer through the writing unit.
¢) Relation between input and output current
showing how, through the read-out stack, it is
possible to affect the output current.

state, thus allowing for information processing
or read-out. The structure of the MESO de-
vice, shown in Fig. 1, reflects the presence of
the two functional units as two different stacks
connected by a ferromagnetic (FM) layer, used
to store information.

The writing stack is built by a ferroelectric
(FE) and a ferromagnetic (FM) layer, coupled
via magneto-electric effect as to contemporane-
ously switch the polarization and magnetization
states. The working principle of this unit is
based on the use of an input current, able to gen-
erate a voltage drop sufficient to switch the po-
larization of the FE layer and allow to write in-
formation through the simultaneous 180° switch
of the nanomagnets’ magnetization. The read-
out stack is instead formed by the FM and a
strong spin-orbit coupling material. The work-
ing principle of this unit is based on the use of
the nanomagnet to inject a spin-polarized cur-
rent (I;,) into the spin-orbit material, where
it is converted to a transversal charge current
(Iput) via spin-to-charge conversion effects (e.g.
spin Hall effect [4], Edelstein-Rashba effect [5],
ecc.). The sign and magnitude of the output
current will be therefore dependent on the di-
rection and degree of spin polarization of the
current injected in the SOC layer. Thus, this

Figure 2: Representation of a bilayer device for
the measure of read-out efficiency. Overall the
complete device will be shaped as a cross, one of
the two branches will be only built by a SOC ma-
terial (along y in the image), whereas the other
branch (along z) will be built by aligning a fer-
romagnetic (FM) material with the remaining
SOC channel. Adapted from ref. [3].

transistor can produce an output current with
sign and magnitude depending on the magneti-
zation state of the nanomagnet in which the in-
formation is stored. The read-out process was
studied by V.T.Pham et al. using platinum-
based devices in which the same working princi-
ple is applied to an open circuit configuration, in
which the equivalent current is translated into a
charge accumulation, i.e. in a voltage difference
(Visag), as shown in Fig. 2.

One of the main benefits claimed by Intel about
the MESO logic concerns the efficiency of the
read-out process, which shows an almost unlim-
ited gain scaling the device’s dimensions, unlike
what happens with CMOS, for whom this trend
is limited below 50 nm. The read-out efficiency
can indeed be defined as [3]:

Iout — T« )‘eff (1)

77 =
Iin WFEM

where T takes into account the spin injection
efficiency from the FM the the SOC material,
wgp is the width of the ferromagnetic injector
and A,y is an equivalent length that describes
the efficiency of the spin-to-charge conversion
process. This thesis will focus on materials in
which the spin-to-charge conversion is provided
by Inverse Spin Hall Effect (ISHE) [4], so that
Aeff is given by the product of the spin diffu-
sion length (As) and the spin Hall angle (Ogfr),
a parameter used to quantify the conversion of
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Figure 3: a) Electron microscopy image showing the deposited "T-structure’; b) AFM image showing
the patterning of the magnetic injector at the intersection of the horizontal and vertical branches
of the 'T-structure’; ¢) SEM image showing the result of the first and second step for a Pt-CoFeB
heterostructure, a width below 60 nm was achieved for the deposited magnetic injector thanks to

optimized t-SPL.

a charge current (J) into a spin current (Jg) by
ISHE as:
Je=0spyJs X o (2)

where o is the direction of the spin polarization.
In an open circuit configuration (as shown in
Fig. 2), the figure of merit used to quantify the
read-out efficiency is instead the difference in
Rispe = @ measured with opposite mag-
netizations of the nanomagnet [3]:
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where t is the thickness, p is the resistivity and
w is the width of the interconnections. Eq. (3)
can be related through a geometrical factor to
the read-out efficiency of the MESO logic shown
in eq. (1). According to Intel [2], the ideal value
of 1 to achieve atto-joule energy per reading is
in the range 90 — 100 %. In [3] however, using a
Pt-CoFe heterostructure, the authors were able
to retrieve a value of n = 0.1 %, with a width of
the magnetic interconnection of about 50 nm.

To achieve an higher read-out efficiency and be
able to take full advantage of MESQO’s scaling
law, materials with A.pp > 20 — 50 nm are
auspicable. The extremely low figure found for
standard materials as Pt (Acff = 0.05 nm), Ta
(Aeff = 0.1 nm) and W (Aepr = 0.15 nm) [2]
calls for the study of novel promising materials
with higher spin-to-charge conversion efficiency,
as for example GeTe (A\eff ~ Inm ) [6], SnTe
(Aeff = 5—10 nm ), BiySes (Aerf = 10 nm ) [7]

or LaAlO3/SrTiO3 (Aeff ~ 10 nm ) [8].

In this thesis we aimed at developing a suitable
fabrication process for the read-out devices. In
particular our efforts were focused on the study
of thermally assisted scanning probe lithography
(t-SPL) [9] for the patterning of the magnetic
injector. T-SPL’s working principle, based on
using an heated tip to sublimate the uppermost
layer of a resist stack, also allows for an AFM
(atomic force microscopy) scan of the sample
surface, thus providing a simple and effective
method to align the desired pattern with pre-
existing structures. Furthermore, this technique
offers the highest resolution available at Polifab,
allowing to verify the scaling of the read-out ef-
ficiency. Finally, thanks to its imaging capa-
bilities and the non-destructive nature of the
patterning process, t-SPL is considered particu-
larly promising for the lithography of 2D materi-
als [10] and ferroelectric Rashba semiconductors
(FERSC) [11], which are among the most inter-
esting solutions to increase Acjy.

3. Nanofabrication

Here the three step process employed for the
nanofabrication of the read-out devices will
be presented. A combination of electron beam
lithography (EBL), thermally assisted scanning
probe lithography (t-SPL) and standard optical
lithography was used for the three subsequent
lithographic steps.

SOC layer: The first step of the nanofabrica-



tion process was the patterning and deposition
of the material responsible for spin-to-charge
conversion (SOC layer). SiOy/Si substrates
were spin-coated with a PMMA (polymethyl-
metacrylate) resist, patterned via electron
beam lithography (EBL) and developed in a
methyl isobutyl  kethone(MBIK):isopropanol
(IPA) solution. About 6 — 7 nm of tanta-
lum or platinum were deposited using either
evaporation or sputtering deposition as to
vary the material’s resistivity and thus the
spin-to-charge conversion efficiency, as well as
to understand the adhesion to the substrate
offered by different techniques. The remaining
resist was then removed in a lift-off process. A
proper optimization of the resist thickness, the
current dose and the development time allowed
to reach the resolution limit of the available
system (LEO 1525 SEM/EDX/EBL by Raith
and Zeiss [12]). A critical size of 80 — 90 nm
was achieved for SOC interconnects.

FM injector: The second step is the pattern-
ing and deposition of the magnetic "finger’ used
for the injection of spin polarized currents in
the T-shaped structure by thermally assisted
scanning probe lithography (t-SPL) using the
Nanofrazor Fxplore by Heidelberg-Swiss Litho
[13] and a Polyphthalaldehyde (PPA)/PMMA
bilayer resist [14]. As shown in Fig. 3b the
uppermost layer of the resist stack (PPA) was
used as a positive thermal resist, sublimating in
contact with the hot tip and allowing to write
the desired pattern. The developement in a
1:20 Hy,O in IPA solution allowed to transfer
the pattern to the second layer (PMMA), used
to thermally isolate the sample and facilitate
the lift-off process. The magnetic material
was then deposited using either sputtering
(CoFeB/Ru) or evaporation (NiFe/Ti). The
use of a sputtering machine also allowed for an
in-situ soft-sputter etch of the contact surface
between the SOC and FM layers. A proper
capping layer (either Ru or Ti) was used to
protect the nanomagnet against oxidation from
the solvents used in the subsequent lithographic
step. An example of the final device after the
liftoff is shown in as shown in Fig. 3c .

To overcome the 100 — 120 nm resolution limit
declared by Heidelberg, our work focused on the
optimization of both the tip writing parameters
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Figure 4: The optimization of the high-

resolution patterning in t-SPL was achieved by
writing matrix of features of critical size vary-
ing the writing parameters. This process was
possible thanks to ad-hoc Python scripts devel-
oped during the thesis work,allowing to identify
the optimal set of parameter for a specific t-SPL
tip. Here the temperature and height of the tip
vary respectively from top (700°C) to bottom
(880°C) and from left to right (240 — 250 nm).

and the resist thickness. The optimization of
the tip parameters was done controlling the
instrumentation in a python-coding environ-
ment and writing optimization matrices to
understand the role of different parameters
in achieving the best resolution. An example
of such matrices is reported in Fig. 4. This
process showed the necessity of a compromise
between the patterning depth and its resolution,
respectively directly and inversely proportional
to the tip’s temperature. As a result, the PPA
was therefore diluted to a 1 % solution in
anisole, reducing the film’s thickness from 30
to 20 nm to allow for a shallower and higher
resolution patterning. Also the PMMA was
diluted in a 1:2 solution in PGME, reducing
the thickness of the second layer (from 110 to
60 — 70 nm) and shortening the development
time and the consequent undercut profile.
Overall the optimization process allowed to
increase the resolution of a factor 2 i.e. reaching
a critical feature size of about 60 nm, better
than that of our EBL (80 nm). However, the
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Figure 5: Current vs voltage (I-V) curves measured along a Pt-CoFeB path. The channel shows an
almost linear behaviour below 0.8 V (a), while a breakdown is reached at current densities of about
2 %108 A/cm? corresponding in this case to 2.8 V (b). A SEM image of the device is shown in panel

c).

much lower throughput of the writing process
with respect to EBL and a lower yield in the
lift-off process must be considered.

Electrical pads for measurements: The
final step of the fabrication process was devoted
to the contact pads used to allow the electrical
connection of the nanostructure with the mea-
surements setup. Given the micrometric size
of the necessary features, optical lithography
was chosen for this step. After patterning,
the contacts were deposited evaporating a
Cr(bnm)/Cu(150 nm)/Au(25 nm) stack, where
the Cr film is an adhesive layer, while Au is
used to prevent the oxidation of Cu.

4. Device Characterization

Through the process previously described it was
possible to successfully fabricate the read-out
devices, which were then studied to retrieve
some relevant information on the electrical be-
haviour of the heterostructures and the de-
posited materials.

Breakdown Current: Given the low efficiency
of the read-out mechanism, high input currents
are necessary to obtain a significant output sig-
nal, requiring the study of the maximum in-
jectable currents. This value was retrieved using
a sourcemeter, which allowed to measure the IV
characteristic of each channel until breakdown,
as shown in Fig. 5 for the case of a Pt-CoFeB
channel. A SEM analysis allowed to relate the
breakdown to an opening of the channel in the
region where the design would narrow to 60—100
nm and the resulting boost in the dissipated
power would burn the channel. The maximum
operating voltages were found in the order of

a) Microscope image of the Hall
Bar and the micro-probes’ configuration used to
measure the resistivity. b) Structure of the Hall
bars used for the measurement.

Figure 6:

1.5—3 V for Pt and 15—20 V for Ta, with resis-
tances in the order of 10% Q and 10° €, respec-
tively. The corresponding current densities were
found in the order of 10% A/cm? for Pt based
heterostructures and 10°~7 A /cm? for Ta based
heterostructures, thus showing how our devices
can be safely operated in the range (106 A /cm?)
commonly used for spin-to-charge conversion [3].
Remarkably, some of the devices have shown
sensitivity to even small static charges breaking
during measurements.

Resistivity: We then focused on the study of
the resisitivity of the deposited metals, critical
to estimate the output signal (eq.(3)). The first
studies were done using Pt Hall bars realized
with a combination of e-beam lithography and
sputtering deposition. Using a four-contact con-
figuration (as shown in Fig. 6) we were able
to estimate the resistivity of the deposited plat-
inum as psoc = 29.12 £ 0.54 uQdem.

The values of resistivity found using the Hall
bars resulted comparable with those calculated
from a 2-probes measurement on the actual de-

vices. The values found for the resistivity of



different materials are summarized in table 1.
If compared with the results in [3], our Pt
shows low resistivity whereas our Ta seems to
be slightly more resistive. The particular re-
sults obtained for Ta can be either ascribed to
the partial oxidation of the channel, reducing
the effective conductive section, or to the differ-
ent deposition technique (evaporation instead of
sputtering) used. From the results found in [15],
relating fsy and s of Pt (at 10°K) to its re-
sistivity, and considering wp; = 100 nm, we can
calculate the expected output signal from eq.(3)
as ARISHE ~ 40mSf).

Material | p+ o, [uQecm)]

Pt 40 +£ 10
Ta 7900 £ 4700

CoFeB 165 £ 55

NiFe 160 £ 10

Table 1: Effective resistivity of metallic thin
films as measured in nanosized devices fabri-
cated in this thesis work. For the case of NiFe,
given the small number of data available the
range was used instead of the standard devia-
tion.

Read-out. To measure the efficiency of the
state read-out mechanism the value of Rjsgr =
VisuE/Iapp was finally measured versus a sweep-
ing external magnetic field, trying to identify the
presence of an hysteresis loop, as expected from
magnetization-dependent spin-to-charge conver-
sion (see Fig. 1c). The measurements were per-
formed using a four probes station and using a
magnetic field up to 0.2 T. Fig. 7, shows an
example of such measurement versus field on
a Ta/CoFeB device. So far, we haven’t been
able to measure a clear hysteresis loop in the
resistance at room temperature on such range
of magnetic field, despite a bistable state is
sometimes detected in the scans. Further work
is needed to achieve such a goal, fabricating
a larger number of devices with the optimized
recipe and investigating the spin-to-charge con-
version in these system versus temperature, with
higher magnetic fields and exploring several cou-
ple of ferromagnets and SOC layers.

5. Conclusions

The work behind this thesis allowed for the
complete fabrication of the read-out unit of the

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
Magnetic Field (T)
Figure 7: Equivalent output resistance versus
magnetic field measured on a spin-orbit device
up to 0.2 T at the four-probe station.

MESO logic. From the fabrication perspective,
the optimization of the resist stack and the writ-
ing parameters of t-SPL allowed to increase the
declared writing resolution of almost a factor of
2, up to the limit of 60 nm. Moreover, a semi-
automatic system was devised for the identifi-
cation of the optimal writing parameters for a
given resist, allowing to further push this limit
in the future. The electrical characterization of
the devices allowed to understand their oper-
ational limits (maximum current densities and
operating voltages) and to retrieve relevant pa-
rameters to estimate the efficiency of the read-
out process. Further work is however needed
to improve the yield of the fabrication process
(t-SPL lift-off in particular) and the robustness
of the nanostructures (annealing of the samples
to achieve strain relaxation and enhanced layer-
to-substrate adhesion). Overall, the know-how
acquired in both the fabrication and characteri-
zation of the spin-orbit devices, is a fundamental
step in view of the investigation of spin-to-charge
conversion mechanisms with innovative material
platforms such as 2D materials or FERSC thin
layers.
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