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Nanomaterials derive their electronic, magnetic, and optical properties from
their specific nanostructure. In most cases, nanostructured materials and
their properties are defined during the materials growth, and nanofabrication
techniques, such as lithography, are employed subsequently for device
fabrication. Herein, a perspective is presented on a different approach for
creating nanomaterials and devices where, after growth, advanced
nanofabrication techniques are used to directly nanostructure condensed
matter systems, by inducing highly controlled, localized, and stable changes
in the electronic, magnetic, or optical properties. Then, advantages,
limitations, applications in materials science and technology are highlighted,

and future perspectives are discussed.

1. Introduction

Nanomaterials acquire novel physical properties which derive
from their specific nanostructure, or reduced dimensionality, and
which can be markedly different from the properties of their
bulk counterpart. For example, one of the most studied and ap-
plied classes of nanomaterials in condensed matter are thin solid
films. They are characterized by extended lateral dimensions, and
a low dimensionality in the vertical direction, which allows sur-
face physics to dominate volume effects, and to be efficiently
“stacked” in heterostructures composed of different materials,
giving rise to new properties. The huge development of thin film
growth techniques!!) such as sputtering, molecular-beam epitaxy,
pulsed laser deposition, or atomic layer deposition, following
the semiconductor revolution in the 60s allowed to reach an as-
tounding degree of control over the thickness, composition, crys-
talline structure, and coupling. This flexibility made thin films
the most advanced materials playground for testing and studying
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new physics, and contributed to the birth
and growth of research fields such as
nanomagnetism and spintronics, nano-
electronics, and nanophotonics. More re-
cently, the rise of 2D materials?! such as
graphene, where the films are up to a
few atoms thick, and more in general of
quantum materials,’! allowed to explore
new exotic physical phenomena involv-
ing unconventional transport properties,
and their applications.

Harnessing the electronic, magnetic,
and optical properties of nanomate-
rials for realizing functional devices
requires micro- and nanofabrication
techniques,!*! such as optical or electron-
beam lithography.  Conventionally,
micro- and nanofabrication is used to “shape” materials, such as
thin films, down to the nanometer scale by transferring geomet-
ric patterns via subtractive or additive processes. The majority of
nanodevices are realized by combining thin film growth, which
determines the properties of the material, with nanofabrication,
which confers the functionality of the device by defining a suit-
able circuitry for probing or altering the desired physical proper-
ties.

In some cases though, the capabilities of nanofabrication can
be used not only for device fabrication, but for inducing new
physical properties in the material itself. One notable example
is the one of optical metamaterials,®! where nanolithography is
used to create periodic arrangements of nanostructures smaller
than the light wavelength, which are seen by light as a uniform
material, with different properties with respect to its uniform
counterpart. In this sense, nanofabrication methodologies can be
used to induce novel physical phenomena in a variety of materi-
als systems, by locally modifying the geometry and structure with
high nanoscale spatial resolution and precision.

In this paper, we discuss a recently developed methodology in
condensed matter systems, called phase nanoengineering, pro-
viding an introduction to the concept and discussing the materi-
als and techniques involved. Then, we give an overview of specific
applications in the fields of magnetism, photonics, and electron-
ics and provide an outlook over future improvements and appli-
cations.

2. Phase Nanoengineering

Phase nanoengineering is based on directly inducing highly
localized, tunable, and stable modifications to the physical
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Figure 1. Schematic of phase nanoengineering. a) As grown 2D thin films, 1D nanowire arrays, and 0D arrays of nano-dots. They possess spatially uni-
form physical properties. b) Materials after the phase nanoengineering patterning corresponding to the 2D—1D-0D dimensionality above. c) The phase
nanoengineering process is sketched. A highly localized energy source is scanned on the sample and produces point-by-point controlled modifications
to the physical properties of the material. The color code indicates the “grayscale” energy landscape realized within the material. d) Examples of potential

landscapes patterned via phase nanoengineering.

properties of materials via exposure with a highly localized en-
ergy source. The concept is shown in Figure 1. In panel a, af-
ter growth, nanomaterials are characterized by uniform physical
properties across the plane. Nanomaterials with different dimen-
sionalities are sketched in the case of 2D thin films, arrays of 1D
nanowires, and arrays of 0D nanodots.

The phase nanoengineering methodology is sketched in
Figure 1c, where a highly localized energy source irradiates point-
by-point the material and induces controlled phase transitions,
compositional, or structural modifications. By tuning the energy
source while scanning the sample, it is possible to control point-
by-point the degree of modification, creating “grayscale” profiles
which in turn lead to highly controlled physical properties. This
goes beyond the capabilities of most conventional nanofabrica-
tion methodologies, which in most cases allow for binary pat-
terns characterized by the presence or absence of the material.
The direct-writing process also has the advantage of not requiring
to place the sample in contact with harsh chemicals, and of leav-
ing completely untouched the non-patterned regions. This aspect
is critical when dealing with sensitive materials, or in general ma-
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terials which are not compatible with standard lithographic pro-
cesses.

The material after the phase nanoengineering patterning pro-
cess is shown in Figure 1b, where “grayscale” spatially-varying
energy landscapes are stabilized, giving rise to new physical prop-
erties which allow to manipulate the characteristics and transport
of particles (e.g., magnetic domain structure, electronic trans-
port, spin currents) and waves (e.g., spin waves, plasmons, light).
Depending on the geometry and properties of the energy land-
scape, with respect to the typical physical length-scales in play,
widely different effects can be achieved. Some examples are re-
ported in Figure 1d. Periodic energy landscapes, such as the 1D
modulation shown in figure, can give rise to “grayscale” meta-
materials such as magnonicl® or photonic!”! crystals. Highly lo-
calized potentials on the other hand provide the basic build-
ing blocks for realizing nanoelectronic circuitry, for example,
nanowires, nano-islands, gates. Similarly, in the case of waves,
sharp property modulations, such as the refractive index in op-
tics or the magnetic properties in magnonics allow confining ef-
fects, among which waveguiding,®! or tailored wave emission.[°!
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Figure 2. Working principles of a) tSPL and b) DLW. In both cases, the writing process occurs by moving the sample with respect to the energy source
by means of a high precision positioner, such as a piezo-scanner. With tSPL, the energy stimulus is delivered to the material by the sharp heated AFM
tip in contact with the sample, while for DLW a laser beam is focused on the sample surface.

Finally, more complex profiles can be envisioned for exploiting
universal physical phenomena for the manipulation of transport.
One intriguing example is the ratchet effect,[') which is asso-
ciated to specifically engineered asymmetric energy landscapes,
and allows unidirectional particle or quasiparticle transport and
focusing, starting from symmetric external excitations.

3. Techniques

The capabilities of phase nanoengineering, in terms of the mini-
mum feature size, or the achievable degree of properties modula-
tion, are strictly related to the patterning technique employed in
combination with the specific material. In the following, we will
discuss two patterning techniques in the framework of phase na-
noengineering: thermal scanning probe lithography!!"2] (tSPL)
and direct laser writing(!*! (DLW). Both allow a “clean” delivery
of energy to the system, without the contamination associated to
the presence of particles or charged beams such as electron or
ion beams.

3.1. Thermal Scanning Probe Lithography

tSPLI12] ig a scanning probe lithography (SPL) technique that
has proven reliable to directly pattern materials with a lateral res-
olution below 10 nm.['*] tSPL’s most widespread application is
to pattern a polymeric resist by heating a probe tip around the
resist sublimation temperature, causing the polymer to locally
sublimate.[’>1%! The resist can then be used as a mask for trans-
ferring patterns to the substrate. Aside from the resist sublima-
tion, this intense, highly localized heat stimulus can be applied
to a wide range of heat-activated processes, that include chemi-
cal modifications of the surface chemistry!'’:*®! or physical trans-
formations such as magnetic phase transitions promoting differ-
ent alignment of magnetic dipoles,!'?! or local rearrangements of
atoms that induce structural phase transitions.?"! In this context,
phase nanoengineering deals primarily with the direct modifica-
tions of the physical properties of materials.

tSPL is a maskless lithography technique, hence the pattern is
written directly into the material without requiring a mask tem-
plate, by following a sequential approach. While this reduces on
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one side the maximum achievable throughput, which is currently
comparable to electron-beam lithography for a single-tip,!?!! it al-
lows on the other hand to change the patterning parameters pixel-
by-pixel. Material properties can thus be modulated in a con-
tinuous scale (also known as grayscale patterning), rather than
the “black and white” patterning of conventional lithographic
techniques; this also includes quasi-3D patterning capabilities
with nanoscale vertical resolution.??l The heat stimulus em-
ployed by tSPL, instead of charged beams employed by other
techniques (like electron-beam lithography) avoids unwanted ef-
fects such as ionic implantation andtrapped charges in the ma-
terial and, consequently, a wider class of sensitive materials can
be used.Moreover, since the interacting region of the material is
of the order of the probe tip size, any problem that arises from
proximity effects is strongly reduced.

As depicted in Figure 2a, in tSPL systems the thermal probe
is mounted on an atomic force microscope (AFM)-like setup;
a piezoelectric actuator is used to adjust the positioning of the
probe with respect to the sample, with nanometric precision.
Also, custom, dedicated electronics is used to control the heat-
ing of the AFM probe. The probe is a sharp AFM tip grown on a
bendable, highly doped silicon cantilever with a resistive micro-
heater incorporated above the tip. The resistive region is made of
lightly doped silicon, thus when a current flows from the highly
doped (conductive) cantilever into the resistive region, it will lo-
cally generate heat that diffuses toward the apex of the tip. The di-
mensions of the tip vary between 5 to 20 nm and the typical ther-
mal constant for a silicon heater is as low as a few microseconds,
allowing for extremely fast heating and cooling cycles, which
leads to among the highest patterning throughput among scan-
ning probe techniques.[?*) Another advantage of tSPL is the so-
called in situ reading capability. By simplyswitching the thermal
stimulus on and off, the tSPL system is capable of imaging the
topography of thepatterned surface without the need for time-
consuming separate metrology phases. This integrated imaging
provides instant information on the effectiveness of a patterning
process and allows for real-time adjustment of the patterning pa-
rameters to better meet target criteria in a closed-loop lithography
approach.2425]

There are a few parameters that play a key role in successfully
changing the properties of a material, and the temperature of
the integrated heater is arguably the most important one. If it
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is too low, no modifications are induced in the material, if it is
too high, the material can be damaged. The heater temperature
can be precisely set by controlling the applied electrical voltage,
and can be measured by performing a temperature-voltage cal-
ibration before patterning.[*®) Noteworthy, the tip-sample inter-
face temperature, which ultimately governs the patterning pro-
cess, is always lower than the heater temperature, due to thermal
dissipation through the sample, and depends on several param-
eters such as the tip geometry, contact area, sample roughness,
sample thermal resistance.?’]

Also, the sample’s physical properties play a role in defining
the patterning parameters. The thermal conductivity of the sub-
strate and thickness of the films define the efficiency of the heat
transport from tip to sample, so highly conducting samples will
give rise to lower tip-sample interface temperatures, and thicker
films will be less affected by the presence of the substrate.[?’]

The activation energy is also tightly related to the temperature,
as it represents the energy barrier to overcome to trigger modifi-
cations in a material. Higher values of activation energy require
higher temperatures, other than requiring longer times to com-
plete the patterning.

The pixel heating time is the duration of the tip-sample contact
time and determines the patterning speed. Together with temper-
ature, it affects the patterning outcome. It can vary between a few
and hundreds of microseconds and should be tuned according to
the specific modification.

Finally, the tip size defines the heat transfer efficiency and the
ultimate resolution of the process. Sharp tips, with diameters of
only a few nanometers, lead to lower tip-sample contact temper-
atures, but allow for the best spatial resolution.

3.2. Direct Laser Writing

Direct laser writing (DLW) is a serial, mask-less optical beam
lithography technique. Even if the spatial resolution is limited
by diffraction (the minimum feature size is normally in the or-
der of 1 pym, although with suitable modifications it is possible
to achieve sub-wavelength resolution up to a few hundreds of
nm(®]), DLW technology has been investigated as a promising
processing technology for inducing phase changes in materials
due to its 3D processing capability and a wide variety of pro-
cessing materials and applications.””! Inexpensive continuous
wave (CW) lasers are frequently utilized for patterning materials
at the micro/nanoscale in addition to more expensive femtosec-
ond lasers for DLW. The laser power varies from a few milliwatts
to several hundreds, while the wavelengths employed for laser
emission are between 300 and 800 nm.*]

The general working principle behind DLW is a laser beam
that is focused on a material, causing the material to change in
the highly localized focal volume. The physical mechanisms pro-
ducing the modification are several and are triggered by different
linear and non-linear light absorption pathways.[*"]

The main components of a DLW system, sketched in
Figure 2b, are a laser source that supplies the optical energy
needed to modify a material, and a dedicated optical system that
focuses the beam on the sample surface and controls the expo-
sure time (for instance by means of a shutter). The material re-
gions to be exposed are selected through a moveable stage that
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holds the sample, and it is all controlled by a computer run-
ning specialized software connected to a motion controller for the
moveable stage, and an observation and alignment subsystem.!!

To successfully nanopattern a material with DLW, few aspects
need to be considered. First, the optical absorption properties of
the sample at the laser wavelength are crucial in determining the
required dose and patterning capabilities. Furthermore, the cor-
rect optical alignment of the laser beam is crucial and ensures the
smallest possible beam spot. Any misalignment would severely
degrade the maximum resolution of the process. The correct fo-
cusing of the laser beam spot on the sample surface is another
key parameter, as an incorrect focusing would once again degrade
the process resolution and reduce the power density delivered on
the material, with the risk of failing in inducing phase modifi-
cations. Finally, the writing speed and exposure time are closely
related and, together with the laser power, are among the most
important parameters to determine the output.

3.3. Challenges and Outlook

Thermal scanning probe lithography and direct laser writing
have great potential for phase nanoengineering due to their abil-
ity to directly modify materials without the contamination associ-
ated with other lithography methods. The use of thermal probes
in tSPL and laser beams in DLW provides high resolution and
versatility for creating complex nanostructures. Despite the ad-
vantages offered by these techniques, their limited throughput
remains a significant challenge for high-volume industrial appli-
cations.

New approaches have been proposed to address this challenge,
including the introduction of tip multiplexing for tSPL and beam
shaping for DLW. The use of multi-tip approaches in tSPL em-
ploying arrays of cantilevers increases the throughput of the pro-
cess since multiple features can be patterned at the same time.
In ref. [32], the possibility of using heated cantilever arrays in
an AFM system to perform parallel nanolithography is demon-
strated. Similarly, in ref. [33], the parallelization of thermochem-
ical scanning probe lithography (tcSPL) using an array of joule-
heated cantilevers is demonstrated, achieving resolution down to
sub-50 nm over areas of 500 X 500 um? and 3D patterning. More
recently, a multi-tip approach was developed using an AFM sys-
tem with a dual-tip or a four-tip probe to demonstrate the scala-
bility of SPL systems for periodic patterning.[**]

Beam-shaping techniques have been used to enhance the effi-
ciency of the DLW process. For instance, spatial light modulators
(SLM) can be used to shape the laser beam for patterning applica-
tions. In particular, precise patterning of complex structures can
be achieved while significantly improving the throughput of laser
patterning.3°) In a different approach, holographic lithography,
in particular laser interference lithography (LIL) can be used to
shape laser beams for patterning applications. LIL is an effective
technique for large-scale laser patterning as it allows for single-
exposure patterning of periodical structures. In ref. [36], the au-
thors employed a beam shaper that produces different beam en-
ergy profiles, such as a homogenous intensity profile useful for
uniform patterning, a flat-top profile for 1D arrays, and a super-
Gaussian intensity profile that can be used for grayscale periodic
patterning.
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Hybrid tSPL-DLW systems are a potential solution for im-
proving throughput, as they can perform both tSPL for high-
resolution patterning and DLW for larger features. Commercially
available hybrid mix-and-match tools can perform tSPL and DLW
using the same x—y piezostage to guarantee the correct align-
ment of features patterned with both processes.’”! This effort
for achieving high process efficiency and lateral resolution will
require the development of new approaches and tools that will
continue to drive progress in the field of nanofabrication.

4. Applications

In this section, we review some applications where tSPL and
DLW are employed for the direct modification of materials via
phase nanoengineering and other approaches, in the fields of
magnetism, photonics, and nanoelectronics. In this framework,
we discuss some of the most promising classes of materials, and
how their direct patterning allowed to realize novel functionali-
ties in micro-nanodevices.

4.1. Nanomagnetism and Spintronics

Magnetic materials, such as ferromagnets or antiferromagnets,
possess a great fundamental and technological significance, and
are at the basis of the field of spintronics, which aims to use the
spin of electrons, instead of only their charge, for encoding and
processing information. In this framework, numerous magnetic
systems have been investigated for the development of devices
based on spin textures, that is, micro- nanoscale non-uniform ar-
rangements of the magnetization. Among these, current-driven
domain-walls and skyrmions, magnetic textures stabilized in
curved and 3D geometries, and nanostructures, such as nano-
oscillators have been intensively studied in the last decade.l!
In view of conventional and unconventional computing applica-
tions and signal processing, therefore, finding new ways for ma-
nipulating the configuration of the magnetic moments, and more
in general controlling the magnetic properties of the materials at
the nanoscale is crucial.

Recently, phase nanoengineering has been proposed for creat-
ing magnetic nanopatterns on thin films with nanometric res-
olution. Specifically, highly localized heating can drive a wide
range of processes leading to the creation of more energeti-
cally favorable states with modified properties, such as magnetic
anisotropies or saturation magnetization, resulting in the local
reorientation of the magnetic moments. In particular, using ther-
mal scanning probe lithography (tSPL,!®! Figure 3a) and direct
laser writing (DLW) allows to directly control point-by-point the
magnetic landscape with a “grayscale” profile and high degree of
tunability, not feasible with standard lithographic techniques.

In this context, “thermally assisted magnetic scanning probe
lithography” (tamSPL) is presented.l'”] Here, tSPL is used to
reversibly nanopattern the desired magnetic configuration in a
CoFeB (5 nm)/IrMn (7 nm) structure without altering the topog-
raphy of the continuous film. The working principle of this tech-
nique consists in locally altering the exchange bias field*#0 in a
ferromagnetic/antiferromagnetic bilayer by sweeping the hot tip
of a scanning probe microscope in contact with the sample, in
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presence of an external magnetic field. In order to locally modify
the exchange bias of the system, the temperature of the tip is set
above the blocking temperature Ty of the system, above which
the exchange bias vanishes. While patterning, the external ap-
plied magnetic field switches the magnetization in the ferromag-
net; as the tip is displaced, the heated region cools down and the
exchange bias is locally re-set in the patterned region, which is ob-
served as a shift in its hysteresis loop (Figure 3b). This technique
allows to reach a high degree of tunability of the spin textures of
magnetic films, without producing any sizeable change in the to-
pography, chemistry or structural properties of the sample. The
exchange bias strength can be modulated by changing the tip
temperature and applied magnetic field during the nanopattern-
ing process, creating a “grayscale” profile. The minimum feature
size of the spin textures depends primarily on the magnetic prop-
erties of the system. For example, 250 nm wide stripe magnetic
domains are stabilized by patterning single lines in an in-plane
magnetized system,[!*] as reported in Figure 3c. Additionally, it is
demonstrated a high degree of reversibility of the magnetic pat-
terning procedure, providing full flexibility in writing, erasing,
and rewriting the configuration of the magnetic anisotropy land-
scape in the nanopatterns (Figure 3c).

With this technique, a strategy for creating stable mag-
netic vortices and Bloch lines with controlled vorticity and chi-
rality was developed,*! by tailoring vectorially the unidirec-
tional anisotropy of the magnetic film with sub-um resolution.
Figure 3d shows the MFM image of the controlled nucleation of
vortex-antivortex pairs, where the direction of the magnetization
of the domains has opposite chirality.

In view of applications, the engineering of the local exchange-
bias field has also been proposed for designing a skyrmion-
based spintronic device for memory and computing purposes.[*?!
Through nanopatterning with tamSPL, the implementation of
domain walls and potential wells could be used for the localiza-
tion of skyrmions, for their annihilation and for enhancing their
motion in magnetic racetracks.

tamSPL was also exploited for manipulating spin waves, in the
field of magnonics.[***! Spin waves are propagating perturba-
tions in the orientation of spins, whose properties are strongly af-
fected by the local orientation of the magnetization. By patterning
the magnetization via tamSPL, it is therefore possible to control
the spin-wave propagation and build reconfigurable nanoscale
spin-wave circuits.’l To this goal, patterned spin textures, de-
signed as magnonic waveguides, were used for channeling and
steering the propagation of spin waves in a CoFeB (20 nm)/IrMn
(10 nm) exchange-biased multilayer. In addition, optically in-
spired platforms were used for launching coherent spin-wave
wavefronts in a synthetic antiferromagnetic (SAF) multilayer.’!
As shown in Figure 3e, in this case the local exchange bias
was modified via tamSPL for patterning spin textures acting as
magnonic nanoantennas, and generating high-quality propagat-
ing spin wave wavefronts and robust spin-wave interference pat-
terns.

The potential of tSPL has been also explored with regards
to the heat-induced local rearrangement of atoms to facili-
tate the crystallization of amorphous materials by activating
diffusion.'1121446] Tn this framework, it has been demonstrated
the possibility of systematically creating, in a non-magnetic thin
film of CoFe,O, gel, crystallized nanodisks with ferromagnetic
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Figure 3. Applications in nanomagnetism and spintronics. a) Sketch of the thermal scanning probe lithography technique applied to magnetism, allowing
the local reorientation of the magnetic moments. Adapded with permission.!8] Copyright 2018, Springer Nature. b) Working principle of the thermally
assisted magnetic scanning probe lithography (tamSPL) for the local engineering of the exchange bias field in ferromagnet/antiferromagnet multilayers
and formation of patterns with tunable direction of the magnetization. Adapted with permission.['l Copyright 2016, Springer Nature. c) MFM images of
stripe domains written via tamSPL (left) and for the demonstration of the reversibility of the technique. Different magnetic domains are written, erased
and rewritten in the magnetic film (right). Adapted with permission.[’] Copyright 2016, Springer Nature. d) MFM images showing the stabilization
of vortex-antivortex pairs through tamSPL nanopatterning and the control of magnetic domains with opposite vorticity and chirality. Adapted with
permission.l*1l Copyright 2018, AIP Publishing. e) Patterning of magnonic nanoantennas via tamSPL in a synthetic antiferromagnetic (SAF) structure,
for the generation of propagating spin waves, observed via scanning transmission X-ray microscopy. Adapted with permission.[°] Copyright 2020, Wiley-
VCH GmbH. f) Creation of crystallized nanodisks with ferromagnetic vortex from a non-magnetic thin film of CoFe, O, gel. On the top, AFM image of
the crystalized nanodisk after the patterning procedure via tSPL. On the bottom, MFM image of the nanodisk, confirming the formation of the vortex.
Adapted with permission.l*’] Copyright 2018, Elsevier. g) Analysis of the change in the anisotropy axis on the Co film in a Pt/Co/Pt multilayer, as a
function of the film thickness and laser power. Low-energy laser pulses stabilize an out-of-plane magnetization, while higher energy laser pulses lead to
predominant in-plane magnetization for all thicknesses. Adapted with permission.[>% Copyright 2014, AIP Publishing.

vortex domains by performing a local annealing with a heated
AFM tip at 700 °C.[*’l By varying the heating times between 15
and 150 s, the resulting diameters of the nanodisks increased
from 150 to 300 nm. In the AFM images shown in Figure 3f, it
is possible to recognize the outline of the crystallized nanodisk,
after the local annealing procedure on the non-magnetic gel film,
and the resulting ferromagnetic vortex domain.

Besides thermal scanning probe lithography, direct laser writ-
ing (DLW) has been proven as a powerful and multifunctional lo-
calized energy source for applications in magnetism. Historically,
the interaction of light with magnetic films has been deeply inves-
tigated in the framework of all-optical magnetization switching
experiments, where light is used for reversing the magnetization
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direction in ferromagnetic or ferrimagnetic thin films.[*! How-
ever, in this case, light produces only temporary modifications to
the magnetic properties, which revert back to the initial values
after the magnetization switching, when the beam is switched-
off. Permanent laser-induced changes are exploited instead in ref.
[49], where laser-induced local modification of the magnetic land-
scape in a thin Fe—Cr film with no long-range magnetic order is
achieved, with the formation of ferromagnetic regions with well-
defined direction of the easy magnetic axis.

A different approach was employed in refs. [50,51], demon-
strating the irreversible modification of the magnetic proper-
ties and the improvement of the magneto-optical signal in thin
Pt/Co/Pt and Au/Co/Au stacks by local irradiation with single
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femtosecond laser pulses. The effects were analyzed as a func-
tion of the Co thickness and of the laser power, whose fine tun-
ing allows to manipulate in a “grayscale” fashion the orientation
of the magnetization by changing direction of the anisotropy axis.
Specifically, as reported in Figure 3g, low-energy laser pulses fa-
vor the stabilization of a strong out-of-plane magnetization, ei-
ther improving the already dominant out-of-plane anisotropy axis
for small thicknesses or shifting it from in-plane to out-of-plane
above a certain thickness threshold. On the other hand, higher
energy laser pulses lead to predominant in-plane magnetization
for all thicknesses.

Laser irradiation has also been exploited in magnonics. In ref.
[52], the spatially shaped thermal profiles induced by laser irradi-
ation induce temporary localized periodic variations in the mag-
netic properties of materials for the realization of magnonic crys-
tals. In magnonics, YIG films are among the most studied,**! and
the control of the spin-wave transmission characteristic with the
formation of tunable bandgaps is a key aspect for achieving new
schemes of spin-wave based computing. By fabricating periodic
antidot structures by laser ablation of the film surface,>* it is pos-
sible to finely tune and modulate the YIG spin-wave resonance
spectra, with the formation of an additional peak depending on
the periodicity of the antidots.

In this framework, a wide range of applications of phase na-
noengineering in the field of magnetism can be envisioned.
For example, in the field of magnonics, the local modification
of the magnetic properties of materials with these techniques
opens up the possibility of using inverse-design for the cre-
ation of the building blocks for Boolean and neuromorphic com-
puting, similarly to what has been proposed in refs. [55,56].
The fabrication and tuning via phase nanoengineering of arti-
ficial spin ices (ASI), frustrated systems built up by interact-
ing single domain nanomagnets arranged in specific geome-
tries, hold promises for different applications.””] For example,
their tunable dynamics can be employed in nano-oscillators or
magnonic crystals®®] or their reconfigurability can be exploited in
reservoir computing.>”! Furthermore, in refs. [60,61], skyrmion-
based logic devices have been proposed by locally modifying the
anisotropy properties in magnetic films. In addition, phase nano-
engineering could play a major role in the patterning and creation
of magnetic racetracks for domain wall logic.!%?! Finally, the tun-
ing of the properties of the recently discovered class of magnetic
2D materials(®’! via phase nanoengineering holds great potential
in view of spintronic and spin-caloritronic applications,!®! such
as spin quantum dots, spin field-effect transistors, magnetic tun-
neling junctions, and spin valves, spin orbit devices, and sensors
or generators based on spin Seebeck effect.

Technique-wise, combining the high-resolution patterning
and nanometer-accuracy of tamSPL with laser writing would en-
able innovative hybrid nanolithography approaches.!* This mix-
and-match capability will become useful for the local manipula-
tion and fine tuning of the magnetic properties in new innovative
magnetic metamaterials.

4.2. Photonics with Phase Change Materials
The possibilities related to the direct manipulation of the opti-

cal properties have been widely studied and applied in the past
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decades. For example, the use of fs-laser micromachining for the
direct fabrication of 3D photonic devices in a variety of transpar-
ent optical materials is well established.[®%®] Fs-laser microma-
chining is based on the ability to induce non-linear absorption
in transparent media such as glass. This phenomenon occurs
when a small volume of the material is subjected to a high in-
tensity field for a short time in the 10-100 fs range. This energy
transfer can cause changes in phase or structure, which lead to
permanent changes to the refractive index, which in turn can be
used for fabricating integrated devices such as waveguides and
circuits.

Another promising research area is the direct processing of
phase change materials (PCMs). In this section, we will primar-
ily focus on PCMs, due to their versatility and importance across
various fields. The PCMs treated in this perspective are those be-
longing to the class of chalcogenides, alloys containing chemical
elements of group 16 of the periodic table such as sulfur (S), sele-
nium (Se) and tellurium (Te), which have advantages that are ex-
tremely important for all-optical devices. The most important are
low switching energy, high switching speeds and high thermal
stability.[*”] PCMs possess two configurations stable at room tem-
perature, one with a short-range atomic order, the amorphous
state, and the other with a long-range atomic order, the crystalline
one. The two states have significantly different electrical and pho-
tonic characteristics. Conceptually, the transition between the
two phases takes place as described in Figure 4a. These materials
have two transition temperatures, the first one is that of crystal-
lization, beyond which the phenomena of atomic reorganization
toward the crystalline state are active. The second one is that of
melting, beyond which the transition to the liquid phase occurs,
with consequent destruction of the crystalline order. Using short
laser pulses or via the joule effect of a coupled resistance, start-
ing from the amorphous state, the material is heated above the
crystallization temperature for a time suitable for the formation
of the crystalline structure (SET operation). The amorphization
process occurs by heating the material above the melting tem-
perature followed by rapid cooling which freezes the material in
a disordered state (RESET operation).(°]

In order to exploit these peculiar mechanisms to obtain easily
reconfigurable devices in the UV to IR spectral range, a multitude
of alloyed chalcogenides (ChG) containing germanium, gallium
and antimony have been identified in recent years. In particular,
Ge,Sb, Tes (GST), GeTe, Ge, Sb,Se, Te, (GSST), Sb,S; (SbS), and
Sb,Te, are the most promising.!®!

The optical properties of PCMs can be well visualized through
the analysis of the refractive index (n) and the extinction coef-
ficient (k) spectra, which represent fundamental information for
the design of photonic devices. A very significant feature is the re-
versible n and k variation of the GTS in the two phases, as shown
in Figure 4b. In the amorphous phase (aGTS), n exhibits a peak of
n=4.7 at A = 990 nm which then stabilizes at about 4 for a wave-
length between 2 and 10 pm. In the crystalline phase (cGTS), the
peak is found at 1650 nm and is equal to 7.1, while the plateau
is reached after 4000 nm with a value around 6. Significant varia-
tions are also present in the extinction coefficient of the material,
where it is possible to observe a red shift of the plasmon reso-
nance peak, from 450 nm (aGST) to 660 nm (cGTS).”! Such im-
portant variations of n and k are evidently reflected in the trans-
mission, reflection, and absorption properties which, depending
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on the phase imposed on the material, can be exploited in the
field of data storage, computation, and to develop easily reconfig-
urable optical devices.

The possibility of wavelength multiplexing, low power con-
sumption, ultrahigh information-processing speed, and wide fre-
quency bandwidth offers multiple advantages in the development
of all-optical computing devices compared to silicon technology.
In this sense, several solutions for the photonic integrated cir-
cuits have been developed in the last decade.l”!]

The first optical reversible device that exploits the reflectance
variation is represented by rewritable optical media (e.g., CD,
DVD), which through the use of high intensity laser beam is able
to induced state of high (bit 1) and low (bit 0) reflectance, while
using a lower optical intensity it is possible to read the mem-
orized state.l”?] In recent years, sub-wavelength structures have
been explored to create waveguides incorporating PCMs along
their path or coupling with PCM micro-ring resonators in or-
der to process photonic signals. Because the complex propaga-
tion constant of the waveguide mode depends on the phase state
of the PCMs, the resonant frequency and the transmission spec-
trum of the device are also strongly affected upon transition from
the amorphous to the crystalline phase. This is the basis for infor-
mation storage and elaboration in phase-sensitive photonic de-
vices. Furthermore, it is also possible to exploit different degrees
of crystallization to have a continuous variation of the photonic
properties!”?)(Figure 4c). A device example that takes full advan-
tage of this approach is shown in Figure 4d where a low-loss inte-
grated photonic switch is achieved.l”* The strategy adopted was
to exploit a pump system to set the degree of crystallization of
the GTS integrated in a micro-resonator, and a probe laser that
can be switched between a through port or a drop port in an ar-
bitrary manner. This solution is well suited to photonic switch-
ing networks, which are very important for the development of
all-optical computing devices. Through this approach, it is possi-
ble to realize programmable optical logic devices,”> all-photonic
memory elements,[”®) multimode photonic computing cores,!””]
and neuromorphic photonic computing devices.[”37°]

Another sector in which the PCMs use is promising is that
of optical elements. In this case, the reconfiguration strategies
of the optical properties of the elements essentially follow two
methods: mechanically modifying the geometrical features of the
nanostructure or using materials with controllable refractive in-

www.advmattechnol.de

dices. The first way is based on the creation of photonic res-
onators in which it is possible to change the plasmon response
of the nanostructures by acting on parameters such as distance
and size. This strategy, due to the mechanical stress, significantly
limits the tuning speed.®°! For the second approach, liquid crys-
tals have historically been used, where it is possible to obtain an
effective change of the refractive index via external stimuli. Nev-
ertheless, these are limited in modulation speed (milliseconds
to microseconds) and tunability due to the small change in re-
fractive index and slow switching speed.[¥! The ability to signif-
icantly modulate n and k of a material offers the possibility of
realizing tuned optical elements through PCMs metasurfaces.
Very interesting examples are varifocal metalenses,®?] nanopixel
displays,[®#>#* tunable absorber cavities,!®5] planar wavelength
multiplexing focusing devices.[® In Figure 4e, it is shown the
principle of operation of a reconfigurable beam steering!®’! work-
ing in the infrared region. The device is composed of a multi-
layer stack, in which the active optical components are a combi-
nation of periodical arrays of plasmonic structures (with different
dimensions) and GST layer. The heat switch in this device is acti-
vated through a transparent ITO layer heated by the joule effect.
When the crystalline state is set, the structure behaves as a mirror,
and the reflected light follows conventional Snell reflection laws
(the angle of reflection is equal to the angle of incidence). The de-
vice radically changes behavior when the PCM level is set to the
amorphous state. In this configuration the plasmonic structures
couple differently with the new value of the refractive index giving
rise to a phase shift which varies along the surface as a function
of the structure size (Figure 4e). This particular phase-response
results in a constructive interference in a direction different to
that of specular reflection, giving rise to the so-called anomalous
reflection. This application demonstrates how combining PCMs
with plasmon metasurfaces represents a promising strategy for
realizing reconfigurable nanostructured optical devices.

A crucial aspect that has emerged in recent years is the pos-
sibility of exploiting the presence of intermediate states between
the crystalline and amorphous phases in PCMs.[®8 This charac-
teristic is achieved thanks to the possibility of making the amor-
phous and crystalline state coexist, being able to vary their ra-
tio. Important applications have been implemented for the stor-
age of encrypted information'®! and in the realization of metas-
tructures with modulable non-linear optical response.*! In

Figure 4. Applications in photonics. a) Working principle of phase change materials. Voltage or laser pulses heat up PCMs to different tempera-
tures, either above the melting temperature (T);) or in between the crystallization temperature (T ) and the melting temperature. Adapted with
permission.!%8] Copyright 2020, Springer Nature. b) Optical properties of aGST and cGST as calculated using the dielectric functions. The shift in the
field-enhancement spectral band is due to the larger refractive index (n) of the crystalline phase. Adapted with permission.[”% Copyright 2016, American
Chemical Society. c) Evolution of the transmission spectrum during crystallization and amorphization of the GST film. Adapted with permission.[73]
Copyright 2013, AIP Publishing. d) Optical switch operation principle and measurement scheme. Left: when the GST is in the amorphous phase, the
signal resonantly couples into the microring and outputs from the drop port with a very low loss. When the GST is in the crystalline phase, the signal
is decoupled from the microring and outputs directly from the through port to avoid any optical loss. Right: pulses from a pump laser are used to
optically control the phase transition of the GST, thereby switching the output of the probe laser between the through and drop ports. Adapted with
permission.l”4] Copyright 2019, American Chemical Society. e) Reconfigurable phase change beam-steering device design. Top: structure and materials
of the device. Bottom: Huygens principle showing the wave front reconstruction under normal incidence when the GST layer is in the crystalline, and
amorphous states. Adapted with permission.[8”] Copyright 2018, Wiley-VCH GmbH. f) The write channel uses high intensity laser pulses to induce a
refractive index change into the GST film, which is then revealed by the read channel using a low intensity laser. Adapted with permission.[8¢] Copyright
2020, Wiley-VCH GmbH. g) Left: Schematic of the different PSOls obtained as a function of the written crystalline state. Right: structured metasurface
containing encrypted information (SEM images on the left). On the right, the different metaholograms obtained with right (RCP) or left (LCP) circu-
larly polarized light and the different crystalline state of the material. Each combination returns correct, misleading, or null information. Adapted with
permission.[3%] Copyright 2015, Springer Nature.
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particular, in ref. [89] a metal-dielectric-metal metasurface ex-
ploits the coupling between spin and orbital angular momenta
of photons, that is, photonic spin-orbit interactions (PSOIs).
Figure 4g shows a schematic of the different PSOI mechanisms
induced by the diverse crystalline states of the GST, where the
symmetric (asymmetric) PSOIs enables the joint (independent)
tuning of the right/left circular polarization. This property has
been used to store encrypted information in metaholograms,
readable only if the correct decryption key, that is, the appropriate
phase state of GST achievable at a given temperature, is known.
On the contrary, if the reading status is wrong, misleading infor-
mation or noise are returned (Figure 4g, right panel).

Finally, Figure 4f shows a possible writing and reading mech-
anism of reversible structures created with PCMs: femtoseconds
pulses write complex refractive index profiles, by changing con-
tinuously the PCM phase from amorphous to crystalline. A read
channel checks the different optical components.

In conclusion, direct engineering of the optical properties of
PCMs is an extremely active field, and PCMs are well suited
to be the future platforms for all-optical devices. Although the
mentioned applications are to be considered still at the prototype
stage, characteristics such as wavelength multiplexing, low power
consumption, ultrahigh information-processing speed, and wide
frequency bandwidth are usually required in any technology that
is a candidate for silicon successor. All these aspects, combined
with the possibility of finely tuning the degree of crystallinity
and thus obtaining intermediate or superimposition of different
states, make them very promising materials in the field of com-
puting and anti-counterfeiting. Furthermore, the demonstration
of how these materials can be integrated into silicon-based de-
vices ensures their high scalability and integrability into currently
used industrial processes.

4.3. Electronics

Thermal scanning probe lithography and direct laser writing can
be effectively employed to manipulate the electronic properties
in a wide range of systems, and to fabricate electronic devices
from materials that are challenging for conventional nanofab-
rication techniques. In this regard, the most widespread exam-
ples of phase-dependent properties can be observed in phase
change materials,®?] such as Ge, Sb, Te,, where the amorphous
and crystalline phases show different electrical resistivity, and
in 2D semiconductors,®®! such as graphene or transition metal
dichalcogenides (TMDC) monolayers,®) which are as promis-
ing for optical and electronic applications, as difficult to deal with
when fabricating actual devices.

In recent years, PCMs have been extensively studied for the
development of reconfigurable electronic devices for storage and
computing applications. In such materials, it is well known that
heat-induced phase transformations produce sizeable changes in
their electronic transport properties; accordingly, localized heat-
ing provided by tSPL and DLW represent a remarkable tun-
able technique for addressing micro- and nanoscale fabrication
of phase change devices.[®! In particular, it has been proposed
the concept of thermal data recording in GST, as depicted in
Figure 5a, where amorphization and crystallization, and thus
switching between high and low resistivity state, occur after in-
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direct heating from a tip irradiated by a pulsed laser over an
area smaller than 50 nm, instead of a conventional change in-
duced by joule effect.®] Besides the widely studied GST, other
phase change materials, and also geometries and patterning
parameters have been investigated, such as A-dependent DLW
on AggIn,,SbyTe,;[*”] and selective reversible crystallization of
Cu,,NicSn, P, ribbons.®®! A noteworthy application is the fab-
rication of monolithic serial interconnection of solar cells made
of Cu(In,, Ga,_,)Se, chalcopyrite through the laser tuning of the
electrical conductivity (Figure 5b), which turns out to be higher
in exposed regions due to selective vaporization entailing larger
fraction of copper, gallium, and zinc.[’]

Since the discovery of graphene in 2004, the physics and ap-
plications of 2D materials have gained more and more interest.
However, despite their unique transport properties, for exam-
ple, high mobility, their implementation in real electronic de-
vices is prevented by patterning difficulties, such as the fabri-
cation of metallic ohmic contacts on top of them with standard
processes. In this framework, it has been shown that tSPL can
effectively be used to directly pattern graphene-based systems by
inducing thermally-driven chemical reactions. In fact, tSPL pro-
vides a way to tune the electrical properties of graphene oxide
(GO) with nanoscopic resolution (below 15 nm) by local ther-
mal reduction.l'%1%1] The change in resistivity can be observed in
Figure 5¢ where a conductive-AFM measurement of the system
together with a schematic of the apparatus are shown. Reduced
GO is indeed about 10* times more conductive than unpatterned
GO, making this technique a viable route for the development
of future flexible graphene electronics. Moreover, a heated AFM
probe was used to fabricate nanoribbons (GNRs) as narrow as
40 nm by locally converting highly insulating graphene fluoride
(GF); such structures showed a resistivity only ten times larger
than pristine sheet graphene.[102]

Furthermore, tSPL and DLW have been proposed for chang-
ing the structural phases of TMDCs; the most studied example
being the 2H-to-1T” phase transition in MoTe, from the semi-
conducting hexagonal (2H) phase to the metallic monoclinic one
(1T").[1931 Upon laser irradiation it is therefore possible to pre-
cisely control the layer-by-layer thinning and phase engineer-
ing of few-layer MoTe,,'* allowing the formation of an ohmic
homojunction contact.!%>1%] Both the concept and the experi-
mental results are presented in Figure 5d. In order to address
the versatility of the technique, it is worthwhile to report that
similar results have been obtained for the 1T/1T’ phase tran-
sition in MoS,,[1%”] thence providing a viable route toward 2D
TMDCs based electronics. Another strategy for directly engineer-
ing transport in 2D materials uses tSPL for creating controlled
defect concentrations, which in turn lead to localized p-type or n-
type doping, depending on the atmospheric condition used while
patterning. /18]

Being heat a universal stimulus, it can be used to pattern
a huge variety of materials presenting different functional and
structural properties. In addition to phase change and 2D mate-
rials, thermal scanning probe lithography and direct laser writ-
ing have been in fact employed to fabricate, for instance, ferro-
electric and superconducting nanostructures. In Figure Se,f two
applications of tSPL are reported, where the patterns have been
obtained by localized heating from a hot AFM tip on a ferro-
electric material. The first one shows a crystallized line pattern
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Figure 5. Applications in nanoelectronics. a) Crystallization and amorphization of GST films via tSPL for thermal phase change storage. Adapted with
permission.[®®] Copyright 2006, Springer Nature. b) Laser exposure tunes the electrical conductivity of CIGSe channels for serial connections of solar
cells. Adapted with permission.[®°l Copyright 2016, Elsevier. c¢) Nanoscale reduction of graphene oxide via tSPL; patterned areas show a much larger
electrical conductivity. Adapted with permission.['®'] American Association for the Advancement of Science. d) Focused light induces a phase change in
few-layer MoTe,, allowing ohmic homojunction contacts for 2D electronics. Adapted with permission.['%] American Association for the Advancement
of Science. e) Phase nanoengineering of a GeTe film via tSPL produces a change in the conduction properties. Adapted with permission.['%°] Copyright
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on amorphous GeTe having different morphological, optical, and
electronic behavior,['%] while in the second one different-sized
ferroelectric dots are measured by PFM after being patterned on
poly(vinylidene fluoride-ran-trifluoroethylene).['1]

A different phenomenon which can be induced via DLW is the
so-called optical doping (or gating). As an example, a scanning
light probe was used in order to induce charge doping in the
aforementioned TMDC MoTe,.[''!] Here, as pointed out by the
experimental data in Figure 5g, laser light impinging on metal
patterns fabricated over channels of (2H)MoTe, can convert them
from an n-type to a p-type semiconductor, resulting in a mono-
lithic integrated circuit based on a 2D semiconducting material.
Moreover, optical gating by means of UV and red laser light ir-
radiation was successfully employed to persistently locally tune
the chemical potential of thin films of the topological insulator
(Bi,Sb),Te; grown on SrTiO, (Figure 5h).[''2113] Optical gating
appears to be equivalent to conventional electrostatic gating, but
it does not require additional lithographic steps and deposition
of material, promoting further studies on topological insulators
and their application in quantum computing and spintronics.

Exposure to focalized UV light can also induce effects that are
not directly thermally activated, as in the case of the patterning
of confined conductive conduits into the otherwise insulating
VO,, a strongly correlated material widely studied for its metal-
to-insulator (MIT) phase transition.!"'*] Figure 5i shows the large
resistivity drop of irradiated VO, areas and a sketch of the tech-
nique. Given a minimum energy threshold to activate the pro-
cess, it is hence possible to employ shorter UV wavelength to
achieve narrower features and higher resolution, and/or combine
heat and UV light in order to obtain complex structures showing
different optical and electronic properties.

One of the main advantages of tSPL and DLW is the possi-
bility of single-step patterning and creating structures with dif-
ferent electronic properties starting with a layer of a single ma-
terial. However, it is worth mentioning a slightly different ap-
proach, consisting on the activation of a process involving differ-
ent structures or materials already deposited on the same sam-
ple. This is the case, for instance, of crafting the microstruc-
ture of perovskite films, which nowadays remains a critical task
for high-performance optoelectronics. In this context, it was re-
cently shown that by scanning a pulsed laser over carbon quan-
tum dots implanted into a perovskite thin film, the resulting
grain boundaries are much larger than those following standard
thermal annealing, yielding enhanced crystallinity and phase
stability.[1]

Thermal scanning probe lithography and direct laser writing
are extremely versatile techniques for patterning nanostructures
on different materials. On the other hand, although a lot of ef-
fort has been done in order to increase the throughput and min-
imum feature size of SPL/[!%l optical lithography, particularly
extreme UV lithography (EUVL), are far from being reached in
terms of joint resolution and large scale production when deal-

www.advmattechnol.de

ing with electronic devices. Even so, in the recent years the in-
terest raised by the observation of exotic electronic properties
in quantum materials seeks new strategies in nanofabrication
which go beyond conventional processes as a matter of tunabil-
ity and compatibility for the exploitation of advanced features in
next-generation electronics.[''”:118] Phase nanoengineering, with
the aim of crafting thoroughly the physical and structural prop-
erties of low-dimensional system, represents a key viable route
in this regard. Particularly, it is promising for patterning peri-
odic and arbitrarily-shaped grayscale (i.e., 3D) energy landscapes
for controlling the electronic properties, for fabricating electronic
devices based on 2D materials,!'"! and for moving toward 3D
nanostructuring.['?] To sum up, while remaining mostly a tech-
nique suitable for scientific research and niche production, tSPL
and DLW can pave the way to the comprehension and harnessing
of uncharted electronic properties and materials, and ultimately
devising new electronical components.

5. Conclusions

Direct modification of materials encompasses a huge variety of
systems and techniques, and exploits a wide range of physic-
ochemical phenomena. In this paper, we gave an outlook on
phase nanoengineering and other approaches for directly mod-
ifying the materials properties, with applications in nanomag-
netism, photonics, and electronics. In this framework, thermal
scanning probe lithography and direct laser writing allow the
unique opportunity to deliver energy to the system, without any
unwanted effect associated with charges or particles. This pro-
vides enhanced capabilities in terms of tunability and flexibility
which are not achievable with conventional nanofabrication tech-
niques, and is therefore an extremely promising field of research.

In the field of magnetism, the capability of tuning the mag-
netic properties with nanoscale resolution is a key feature in the
development of spintronic devices. An example is the patterning
of spin textures, which can be used both as information carriers
or as a magnetic potential landscape to control spin waves. Com-
puting platforms based on Boolean and non-Boolean approaches,
devices for signal processing and sensors are few examples of
possible applications. In photonics, phase nanoengineering ap-
plied to phase change materials (PCMs) allows the modulation
of fundamental optical properties such as refractive indices and
absorption coefficients. In addition, the presence of intermedi-
ate crystalline phases can be exploited to obtain complex non-
linear optical states. Different applications, such as computing,
fabrication of optical elements, and information encryption can
be envisaged. In the framework of beyond CMOS computing
and flexible electronics, 2D materials and PCMs have been ex-
tensively studied. The tuning of their resistivity via phase nano-
engineering can been employed in view of creating monolithic
interconnections, data storage devices, transistors. Beyond the

2017, Royal Society of Chemistry. f) Patterning of ferroelectric nanodots based on tSPL and measured by PFM. Adapted with permission.[''% Copyright
2013, American Chemical Society. g) Integrated electronic circuits based on MoTe, doping fabricated by laser irradiation. Adapted with permission.['1]
Copyright 2018, Springer Nature. h) DLW gives optical doping in (Bi,Sb),Te; by locally varying the chemical potential. Adapted with permission.['12]
Copyright 2015, American Association for the Advancement of Science. i) Metallic regions result from UV laser patterning on insulating VO,. Adapted

with permission.[114] Copyright 2016, Wiley-VCH GmbH.
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aforementioned examples, the variety of materials employed in
electronics, from superconductors, ferroelectrics, to perovskites
allows to envision the application of phase nanoengineering to
different systems, to implement advanced functionalities in next
generation devices.

However, several outstanding challenges lay ahead regard-
ing both the further development of the phase-nanoengineering
methodology and related techniques. Among these, reaching
higher interface temperature in tSPL on thermally conductive
samples, without sacrificing spatial resolution is among the most
desired capabilities, as it would allow to access a whole new range
of phase transitions occurring at higher thresholds, significantly
extending the applicability of phase nanoengineering to other
systems. Several strategies are being studied including improv-
ing the heat transfer between tip and sample in tSPL by engi-
neering the cantilever and tip geometry and doping profiles, or
moving toward materials with higher thermal stability and melt-
ing point than Si for tip fabrication, which would allow to reach
higher heater temperatures. Regarding DWL, increasing spatial
resolution below the diffraction limit represents a key goal for
approaching length scales in the deep sub-100 nm range, which
would make DWL phase nanoengineering appealing for nano-
electronic applications. In this sense, super-resolution lithogra-
phy techniques such as near-field optical techniques!?!] or plas-
mon lithography!!'??] represent viable approaches for reaching
sub-diffraction spatial resolution patterning, and could be em-
ployed for phase nanoengineering.

Regarding applications, phase nanoengineering features a
unique set of capabilities appealing for device fabrication and in-
dustry, such as the possibility to self-align and overlay to previous
patterns derived from in situ reading capabilities of tSPL, and the
fact that direct writing allows minimal disruption to the unpat-
terned material. Furthermore, the possibility to confine the en-
ergy transfer in three-dimensions, for example, on the surface
of the material in case of tSPL and within the volume of the
material in case of DWL, allows to envision the application of
phase nanoengineering for the fabrication of 3D nanostructures.
Such patterning capabilities are extremely sought for the design
of 3D monolithic devices in both nanoelectronics and nanopho-
tonics. However, the fundamental limitations of serial pattern-
ing methodologies (see Section 3.3), which have prevented so far
their widespread application hold true also for phase nanoengi-
neering. In this framework, at least in the short-medium term, it
can be envisioned that the unique capabilities of phase nanoengi-
neering can be employed within multistep processes, for carry-
ing out specific tasks which cannot be achieved via conventional
nanofabrication. In this framework, the adoption of phase na-
noengineering outside research labs will ultimately depend on
the scalability of the process and ease of integration with conven-
tional processes and materials.

In summary, phase nanoengineering of condensed matter al-
lows the realization of a new class of materials and devices, where
new physics and functions emerge as a result of the coexistence
and interaction of different structural, electronic, or magnetic
phases, at the nanoscale. While both tSPL and DWL are mature
technologies, their application to the direct modification of the
physical properties of condensed matter systems is rather recent
and offers extremely interesting perspectives due to its wide ap-
plicability and unique capabilities. This opens new possibilities to
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induce, study, and harness novel physical phenomena in a wide
range of technologically relevant systems.
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