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Resumen

A medida que la industria de semiconductores se esfuerza por producir sistemas
altamente complejos y sin margen de error, la nanofabricacion electrénica basada en
la técnica de litografia con resina se enfrenta a limitaciones en términos de
compatibilidad con sustratos y de precision. De hecho, el uso de una resina, que es la
capa sacrificial esencial utilizada para transferir patrones en la litografia convencional,
tiende a dejar residuos en la superficie y causar desafios experimentales al tratar con
materiales fragiles y sensibles. Los desafios actuales demandan la exploracién de nuevas
estrategias de fabricacién para poder aprovechar al maximo los nuevos materiales.

Entre las diversas técnicas que han aportado novedad a la nanofabricacién, la técnica
de deposicién de capas atémicas, en inglés Atomic Layer Deposition, ALD ha
demostrado ser la solucion tecnoldgica para muchas necesidades industriales gracias a
su unico mecanismo de crecimiento basado en la unién quimica entra la capa fina
depositada y el substrato. Esta caracteristica ha sido aprovechada principalmente
hasta el dia de hoy para obtener recubrimientos incluso en nanoestructuras intrincadas,
desafiando la manipulacién de sistemas de baja dimensién. La alta conformidad de esta
técnica, que determind su éxito como técnica de recubrimiento en nanotecnologias, al
mismo tiempo determiné su dificil incorporacién en la nanoestructuracién de materiales
debido a la escasa compatibilidad entre los productos quimicos de ALD, llamados
precursores, y los pasos litograficos convencionales. En la actualidad, el concepto de
que ALD no puede utilizarse como técnica de estructurado se ha visto desmentido. De
hecho, una rama de ALD recién surgida, conocida como Area-Selectiva ALD (AS-
ALD), demostré que, mediante el control avanzado de las reacciones especificas entre
precursores y la superficie, se pueden depositar selectivamente materiales en dreas
seleccionadas de un sustrato (4reas de crecimiento), dejando otras regiones sin afectar
(dreas de no crecimiento) y sin necesidad de ninguna capa sacrificial o resina. Sin
embargo, dado que la selectividad de estos procesos se deriva de propiedades
particulares de la superficie, como la composicién quimica diferente o la presencia de
defectos, esta técnica todavia depende de alguna forma de la pre-estructuracion de la
superficie, que en muchos casos nos lleva de vuelta a la fabricacién basada en en
litografia. Para romper este ciclo, se esbozan métodos alternativos de estructuracion
por escritura directa capaces de producir modificaciones en la superficie sin depender
del uso de ninguna capa sacrificial, siendo un complemento poderoso para el AS-ALD.

Este trabajo se centra en varios aspectos tecnologicos y experimentales relacionados
con la selectividad del drea, que se extiende desde el objetivo original del AS-ALD
hasta otras formas de obtener nanoestructuras funcionales sin depender de pasos
litograficos. Esta exploracién se centra particularmente en un elemento, el niquel,
debido a su alta abundancia junto con su relevancia tecnolégica debida a su asombrosa
lista de propiedades que pueden presentarse segin su composicién y estructura.



Después de presentar las principales técnicas experimentales y herramientas utilizadas
durante esta tesis, el manuscrito comienza con un estudio de la ingenieria de la
maquina necesaria para cumplir los propésitos tecnolégicos avanzados deseados en este
trabajo. El Capitulo III se centra en el desarrollo del reactor de ALD, que es la primera
herramienta fundamental para explorar el campo de AS-ALD. Este proceso se realiza
mediante la investigacién experimental con herramientas de computacion de dindmica
de fluidos (del inglés, CFD). La optimizacién convencional de los procesos de ALD se
basa en la iteracion de experimentos con la optimizaciéon de pardmetros individuales.
Aplicar este enfoque a procesos que utilizan precursores sélidos, como los utilizados en
esta tesis, puede generar un esfuerzo experimental masivo debido al gran ntimero de
variables que afectan a el transporte de los vapores de el precursor. Sin embargo, los
métodos computacionales son lo suficientemente robustos en la actualidad como para
permitir la simulacion de condiciones experimentales y reducir drasticamente el
nimero de procesos realizados fisicamente. Ademaés, para los propositos avanzados de
AS-ALD, la dindmica de fluidos puede tener un impacto profundo en el resultado del
experimento y obstaculizar la ampliacién de un proceso. El andlisis mediante CFD de
la velocidad de los vapores de precursores durante un experimento de ALD esclareci6
las limitaciones de la herramienta que son responsables de reducir la eficiencia de los
procesos de ALD y, lo que es mas importante, conducir a la captura de precursores,
un factor que puede resultar perjudicial para los procesos de AS-ALD.
Complementando las ejecuciones experimentales con simulaciones de CFD, se
construy6 un primer reactor de ALD (reactor 1) optimizando el uso de precursores
para respaldar un estudio rentable de nuevas reacciones quimicas de ALD. Las pruebas
del reactor se realizaron optimizando el depésito por ALD de NiO utilizando Ni(Cp),
y ozono. Finalmente, la modelizacion de CFD del paso de pulsacion de ozono reveld
una, correlaciéon entre el reducido crecimiento de el material y las tasas de flujo de co-
precursores aumentadas, mostrando que el CFD puede ser una herramienta poderosa
no solo para la ingenieria de reactores, sino también como verdadera herramienta

experimental.

En el Capitulo IV, se analiza un proceso térmico para obtener niquel metalico a partir
de NiO. Se encontré que el recocido térmico utilizando un horno calentado por
infrarrojos en presencia de un gas de conformacién (mezcla 5% H, en N,) era una
configuracién conveniente para lograr una reduccién completa, obteniendo niquel
metalico de alta calidad a partir de temperaturas de procesamiento de 400°C. Para
probar la calidad del material, decidimos estudiar simultdneamente la aplicabilidad de
la ALD con métodos litograficos convencionales. Recordamos que el propdsito inicial
de la tesis es desarrollar y proponer alternativas a la fabricacién basada en litografia.
Sin embargo, en esta etapa de la tesis, familiarizarse con las principales herramientas
experimentales para la nanofabricacién fue un paso necesario para experimentar las

limitaciones tecnoldgicas de la ALD y poder ofrecer soluciones e innovacion. En este
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proceso de aprendizaje, se desarrollé un método optimizado que permite incorporar la
técnica de ALD en la nanofabricacién basada en la resina, donde generalmente se
evitaria su uso debido a su menor compatibilidad en comparacién con los métodos
convencionales de deposicion fisica de vapor (del inglés physical vapor deposition,
PVD). Utilizando este enfoque, construimos matrices micrométricas de niquel, que son
metasuperficies peculiares utilizadas en la actualidad para aplicaciones de deteccion en
el campo de la magneto-plasménica. Estas matrices estdn compuestas por nanodiscos
de niquel, magnéticos por naturaleza y, gracias a su reducido tamafno y disposicion
geométrica en una red periddica, también adquieren de resonancias superficiales de red
(en inglés surface lattice resonances, SLR) y de resonancias plasménicas de superficie
(surface plasmon resonances, SPR). Dada la amplia comprensién de la respuesta 6ptica
de tales estructuras, este fue el dispositivo ideal para probar simultdneamente la
calidad del material sintetizado y la precisién del método de fabricacién (matrices
micrométricas). Se produjeron y caracterizaron diferentes matrices de niquel a través
de mediciones de extincién. Los espectros obtenidos fueron ajustados posteriormente
con la respuesta tedrica simulada numéricamente utilizando COMSOL. Con este
enfoque, confirmamos que un método quimico que consiste en la deposicién de NiO
por ALD seguido de un recocido térmico rapido (rapid thermal annealing, RTA)
permite obtener metal de alta calidad que puede integrarse en nanoestructuras
avanzadas. El conocimiento adquirido durante la ingenieria del reactor y la
optimizacién del proceso condujo al desarrollo de un nuevo proceso compatible con la
estructuracion de escritura directa, que permite, a través del RTA, producir dominios
de niquel estructurados en su matriz original de 6xido de niquel. Esta metodologia se
etiqueté como recocido pulsado (pulsed annealing) porque se basa en la introduccién
del gas de conformacién en pulsos cortos. Para conferir un tamano y forma
determinados al dominio magnético de niquel, utilizamos una capa fina de aliimina
para evitar que el sustrato reaccione con el hidrégeno dejando expuestas al gas de
conformacién solo areas predeterminadas. Sin embargo, se propone que mediante el
uso de una fuente de calor de escritura directa como podria ser un laser, el mismo
proceso podria realizarse sin necesidad de litografia y con una resolucién mejorada.
Después de optimizar las condiciones del recocido pulsado y el grosor de la capa de
aliimina, obtuvimos dos resultados tecnolégicamente relevantes. El primero: pudimos
crear facilmente estructuras conductoras de niquel, completamente estructuradas en la
capa de O0xido de niquel. Esta forma de patrén no topogréafico se puede incorporar en
estructuras multicapa, ya que las nuevas propiedades son infundidas en el material a
través de la modificacion local de su composicién y no mediante la adicién o eliminacién
de materiales. Destacamos que en el futuro, este método podria mejorarse y extenderse
a una clase mas amplia de materiales y, en el caso de Ni/NiO, podria aplicarse para
estudiar si se pueden fabricar estructuras de niquel ferromagnético en contacto con
dominios de NiO antiferromagnetico que presenten interacciéon de intercambio. FEl
segundo descubrimiento de este capitulo estd relacionado con la interaccién entre el
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O0xido de niquel y la alimina en presencia de hidrégeno. A través de un estudio en
vacio de espectroscopia de fotoelectrones emitidos por rayos X, conocida en inglés como
X-ray Photoelectron Spectroscopy, reproducimos las condiciones de RTA de
experimentos anteriores, revelando que, bajo ciertas circunstancias, el recubrimiento
de altimina puede favorecer la reduccién del 6xido de niquel subyacente en lugar de
desfavorecerla. El mecanismo que se propone concuerda con algunos estudios recientes
v se basa en la captura reversible de hidrégeno en la capa de alimina. Dada la amplia
variedad de aplicaciones emergentes que involucran materiales a base de Ni y 6xido de
aluminio en el campo de la catélisis y el almacenamiento de energia, se concluye que
se deben realizar estudios adicionales para comprender este fenémeno.

El Capitulo V se centra en la implementacién de un paso de estructuracion mediante
escritura directa en la sintesis en estado sélido de siliciuro de niquel para promover el
crecimiento selectivo de areas deseadas Gnicamente. Recientemente, el interés en los
siliciuros ha aumentado, gracias al descubrimiento de nuevas propiedades que surgen
cuando los materiales se sintetizan en fases especificas o dimensionalidad reducida.
Este estudio tiene como objetivo respaldar la investigacién en este campo proponiendo
una via sintética que permite un control excepcional tanto sobre la morfologia como
sobre la ubicacion del sustrato de nucleacion de los cristales de siliciuro. Como se
menciond, esta clase de materiales se obtiene convenientemente mediante sintesis en
estado sélido que consiste en el RTA de una capa delgada de metal sobre silicio. En
este capfitulo, se decide extender la quimica de ALD ya familiar del niquel, a esta
sintesis en estado sélido con resultados sorprendentes. Se encontré que, durante el
RTA, si se utiliza NiO de ALD en lugar de niquel metéalico puro como fuente de metal,
se favorece el crecimiento epitaxial de cristales de nanosiliciuro y, lo mas importante,
estos cristales se alinean automaticamente con caracteristicas defectuosas del sustrato.
En una superficie pristina, estos sitios son reconstrucciones de Si, defectos lineales y
fallas de apilamiento, pero si la superficie se modifica con precisién a través de fresado
i6nico selectivo, la nucleacién puede dirigirse a las dreas deseadas. Los descubrimientos
de este capitulo sientan las bases de una nueva forma de extender el mecanismo de
selectividad de area a reacciones en estado solido. Nos referiremos a este proceso como
AS-silicidation. Estos resultados, como se mostrara en el texto, se demuestran para el
caso del siliciuro de niquel, pero se basan en mecanismos de crecimiento comunes a
muchos otros siliciuros. Por lo tanto, predecimos que esta metodologia podria producir
resultados comparables en otros materiales de relevancia tecnologica.

Finalmente, el Capitulo VI se dedica a un proceso de ALD inherentemente selectivo.
Para lograr tales resultados, cambiamos a una quimica de ALD diferente. El precursor
metalico de eleccién es Ni(DAD),, que se utiliza en combinacién con un agente reductor
para obtener deposicién directa de niquel. Recientemente se reporté que este proceso
conduce al crecimiento de niquel en sustratos puramente metélicos, y crecimiento
inhibido en superficies oxidadas. Dedicamos un esfuerzo considerable a la ingenieria de
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un nuevo reactor (reactor 2) para facilitar el complicado suministro de vapores de
precursor a los sustratos. Esta segunda fase de rediseno de la herramienta fue ayudada
por el conocimiento adquirido anteriormente y permitié generar una gran cantidad de
datos a partir de unos pocos experimentos de ALD. La selectividad del proceso se
estudié en sustratos de diferente naturaleza quimica. Los resultados mostraron que los
grupos -OH son responsables de destruir la selectividad del proceso. Segun la literatura,
este proceso AS-ALD deberia dar lugar a la ausencia de crecimiento en SiO,. Sin
embargo, la composicion superficial de este material se ve fuertemente afectada por su
cristalinidad, y esto puede afectar la nucleacién de niquel en la superficie. Para estudiar
este fenémeno, comparamos el crecimiento en dos sustratos de SiOs con diferentes
funcionalidades superficiales. Un sustrato de eleccion fue el silicio térmico, que presenta
una alta concentracién de grupos siloxano (Si-OH) en la superficie debido a su
naturaleza amorfa. Kl segundo sustrato fue cuarzo fundido de alta pureza, que, por
otro lado, presenta concentraciones de grupos OH muy reducida. El anélisis de XPS
después del procesamiento confirmé que el niquel puede nuclearse facilmente en
superficies altamente hidroxiladas, como el silicio térmico, pero no en cuarzo,
destacando la importancia de eliminar los hidroxilos superficiales antes de la deposicién
para mantener una alta selectividad. El estudio también se centrd en metales (Pt y
Au) y 6xidos metdlicos (FeOx y CrOx), revelando que el crecimiento de niquel ocurre
en todo el grupo de superficies. Mientras que en platino y oro, se esperaba la nucleaciéon
de niquel, en las superficies de 6xidos metalicos no se esperaba. El andlisis de
espectroscopia de Energia Dispersiva de Rayos X" (EDX por sus siglas en inglés) y
XPS revelé que el precursor Ni{DAD), puede causar redeposiciéon de hierro sugiriendo
que el complejo o sus subproductos pueden reaccionar con el hierro. Identificamos este
fenémeno como la posible causa del depésito de niquel tanto en las superficies de éxido
de hierro como de 6xido de cromo. Por lo tanto, proponemos que este compuesto
presenta mas de una via de fisisorcién y que se deben realizar experimentos adicionales

para desentrafiar su estabilidad térmica en presencia de diferentes superficies.

La combinaciéon de AS-ALD y métodos de escritura directa estd actualmente en las
fases iniciales de investigacién. A pesar de esto, este enfoque innovador presenta
implicaciones significativas para el futuro de la nanotecnologia. La intencién de este
trabajo de tesis doctoral es fortalecer y consolidar este enfoque innovador dentro del
ambito de las nanotecnologias ensefiando las ventajas del procesamiento quimico hacia
la fabricacién de dispositivos. Termino extendiéndole mis mejores deseos para una
lectura provechosa. Espero que este trabajo pueda contribuir al campo de estudio y
que pueda en alguna forma motivar a futuros scientific@s. jBuena lectura!






Abstract

Utilizing atoms as building blocks for bottom-up manufacturing has been a long-
standing dream. However, the most pragmatic approach for generating patterns on
various materials has utilized top-down manufacturing by means of lithography. ! For
centuries, this methodology has defined the standards of precision and reliability of
manufacturing, leading us into the silicon era and supporting our ambition to produce
ever smaller objects. However, as the semiconductor industry aims at producing highly
complex systems with no room for mistake, conventional lithography encounters
limitations, signaling the culmination of this race towards miniaturization. The current
challenges demand a paradigm shift and the exploration of novel strategies and new
physics. In this context, the success of future technologies hinges on the complementary
integration of new methods in conventional device fabrication schemes. The
development of new bottom-up techniques has gradually transformed from a mere
dream into a pressing necessity. Among the plenty available techniques, atomic layer
deposition (ALD) stands out for its capability to achieve highly controlled layer-by-
layer thin film growth, a characteristic which stands up to the challenge of
manipulating low dimensional and intricate systems. Moreover, a recently developed
branch of ALD, known as Area Selective ALD (AS-ALD), is gaining momentum as a
promising nanopatterning approach. This novel methodology leverages specific
reactions between precursors and the surface to facilitate precise and controlled
material deposition on selected areas of a substrate, leaving other regions unaffected.
In contrast to lithography, the spatial control is achieved without relying on any
sacrificial layer, but instead by exploiting unique chemical and physical properties of
the surface to initiate or suppress localized reactions. The true potential of AS-ALD
lies in its seamless integration with direct-write patterning methods, which can be used
to modify the surfaces prior to deposition. In this context, the chemical /physical nature
of the substrate, instead of a patterned resist, is the means for defining specific growth
or non-growth areas, overcoming the limits such as surface damaging and
contamination which can affect resist-based methods. Another consequence is that,
during chemical deposition, the precision is dictated by nature, in this way eliminating
experimental errors and misalignment which inherently affect resist-mediated
deposition. The combination of direct writing and AS-ALD is in its nascent stages of
exploration. Nonetheless, this innovative approach holds profound implications for the
future of nanotechnology, supporting the extension of chemical processing advantages
to device fabrication. Moreover, this transformation extends beyond technology,
permeating various aspects of our lives. In the face of global crises and lack of

! Lithography from the Greek Lithos “stone” and Graphein “to write” stems for the ancient art of carving images
on stone surfaces to reproduce patterns.
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alternatives, the pursuit of innovative solutions and new resources across multiple
fields becomes imperative.

This thesis, that was initially outlined to study exclusively area-selectivity involving
ALD, rapidly branched into a wider study where unexpected means of achieving local
modifications were unveiled and investigated.

"Bad times have a scientific value.

These are occasions a good learner would not miss."

Ralph Waldo Emerson
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Programmable molecules as building blocks

1.1 Beyond lithography

Photolithography and electron beam lithography (eBL) have led to exponentially
increasing progress in the computer industry and nanoscience for more than three
decades. These methodologies helped us producing ever smaller systems, and made us
push the boundaries of Moore's Law [1] to the current 7 nm process node. Nowadays
processors have been shrunk and packed into such highly dense systems that new
limits, imposed by current leakage and heating effects, have been reached. [2] The
understanding that miniaturization has a limit, made clear that new strategies need
to be adopted. This technological revolution, labelled “More that Moore” (MtM), ? is
based on the integration of different nondigital functionalities into semiconductor
technologies instead of further pushing miniaturization. The idea is that process
scaling, as well as lithography, will still remain being important in the coming decades,
but they will not be the sole drivers of the progress in electronics. [3]

In this scenario, it became essential to find ways to successfully incorporate new
materials, such as fragile and sensitive two-dimensional materials (2DM), into
functional devices. [4] New ways for controlling the shape and composition of these
materials, together with the redesign of the device architecture, have become
fundamental. In the past years, there have been many examples of new game changing
“MtM” technologies such as MEMS (microelectromechanical systems), spintronics and
spinorbitronics devices, which are supporting technological revolutions such as
quantum computing and neuromorphic engineering. [5]

To support this progress, new lithographic methods, like extreme ultraviolet
lithography (EUV) and Nanoimprint Lithography (NIL), have reached high resolution
and reliability, [6] but are still negatively affected by the high costs and the
requirement of a sacrificial layer (resist). [7] One widespread problem arises when
lithography is combined with thin film deposition for the fabrication of structures with

2 The strategic agenda and vision for More than Moore” (MtM) technology was formulated in 2005 by the European
Technology Platform for Nanoelectronics (ENIAC).



high aspect ratios, because it tends to cause resist sidewall coating, resulting in the
formation of undesired "ears" or causing undesired remains of the resin.

Another limit of lift-off-based fabrication is that conventional polymeric resists have
molecular sizes which are comparable with the desired feature sizes and that energy
transfer and proximity effects arising during the “writing” can lead to blurring of the
designs, causing a significant loss of resolution. With these issues in mind, many new
resist materials have been developed over the years for attaining higher resolution with
smaller EBL writing time. [8] In parallel, experimental effort has led to a deeper
understanding of all contributing factors that affect the exposure mechanism during
eBL and the energy density distribution generated around the beam spot (point-spread
function, PSF). [9] However, while some of the technological drawbacks can be
overcome, other limitations of lithography on low dimensional systems are simply
inevitable.

2D materials are crystalline solids composed of a single (or few) atomic layer(s).
Compared to their bulk counterpart, the properties of these materials are very much
related to the quality of their surface. In this sense, the use of resists during patterning
can lead to surface contamination which deteriorate their performance (contaminants
originating from the resist, solvents and nanoparticles). [10]

Another source of problems of lift-off-based methods is that a high patterning
resolution is achieved, according to Abbe’s diffraction limit, by increasing the energy
of the source used for writing. The energy required for patterning the resist is
dissipated into the substrate though scattering events, phonons, photons, plasmons
and electron re-emission, that can introduce surface defects resulting in performance
loss of the 2D materials. [11]

For these reasons, it became critical to develop fabrication methods capable of
minimizing sources of defects and contamination. The success of many future
technologies could be determined by the development of alternative fabrication
pathways capable of overcoming the limits of conventional lithographic methods.

All the methodologies that enable the patterning of the substrate by using high energy
sources and without relying on the intermediate step of resist patterning, are
considered resist-free methodologies, and are grouped under the name of direct writing
techniques.

The following paragraph overviews some promising technologies for direct-write
patterning.



1.1.1 Resist-free nanopatterning

Recent years have witnessed the development of many technological answers to the
challenge of manipulating matter at the nanoscale without relying on sacrificial layers
such as resists or masks. Whenever patterning is required, a highly localized source of
energy must be employed to induce controlled modification of the substrate.

Nanopatterning

Resist based

Surtace Deposition
modification P
eBL + Etching eBL + Deposition

Direct-write alternatives

a) MFM AFM

Thermal Lithography Self-Assembly
Laser Writing FEBID/FIBID
FIB AS-ALD

Figure 1: Direct-write patterning methodologies: a) Phase nanoengineering via thermal
lithography. Image taken from Ref. [12]; b) micro sculpture titled “Trust” by Jonty Hurwitz,
fabricated by two-photon direct laser writing on a human hair; [13] ¢) Nanostructures fabricated
via direct write milling using a focused ion beam; [14] d) template-mediated self-assembled
structured pillars; [15] e) Nano checkerboard, fabricated with FEBID on a Raith system; [16]
f) Area-selective ALD of ruthenium on platinum. [17]



One possible approach is to directly manipulate matter with atomic scale resolution
using a nano-sized object such as an atomic force microscopy (AFM) or scanning
tunnelling microscopy (STM) probe. Such probes are employed to induce modifications
to the surface by providing energy in a highly localized manner. One interesting
example is thermal scanning probe lithography, where the tip is used to induce stable
modifications to the substrate by point-by-point thermal irradiation, thereby
completely preventing the contact between substrate and external materials. [18] A
sophisticated way to use this approach is to perform the so called “phase
nanoengineering”’, wherein new properties are infused into the target material without
altering its topography, but by locally modifying its crystallinity and composition
(Figure 1, a). [19] Techniques such as thermal lithography are methodologies which
can offer a superior tunability and precision, but at the same time are limited in their
use to very specific technological needs. Also, the mechanical scanning of the tip over
the surface leads to extended processing times and limited up-scalability.

Other approaches of direct writing techniques rely on the use of ion beams (ion beam
lithography, IBL) to modify the substrate properties via milling. [20] Writing using
ion beams can offer high resolution and versatility but with the downside of inducing
contaminations commonly caused by ion implantation. [14] Focused ion beams have
also been used for phase nanoengineering by inducing layer intermixing into
magnetically coupled multilayer structures. [21]

Processes can be sped-up by sacrificing resolution via direct laser writing techniques
that have also demonstrated to be good tools for performing phase nanoengineering.
[19] Recent progress in the field has demonstrated that, by using femtosecond laser
irradiation, high resolution patterning (hundreds of nm feature size) of different 2D
materials at a writing speed as high as 5 mm/s, can be achieved. [22] Direct laser
writing can also be used for growing 3D objects but similarly to lithography, this
requires a sacrificial photoresist and thus will not be discussed here.

Up to this point, whether with local heat, ions, or photons, all techniques are employed
mainly for modifying a pre-deposited material or a substrate. They represent the resist-
free alternative to the conventional lithography-based approach consisting in resist
patterning, followed by an etching step to remove material from the desired areas (See
eBL + etching in 2.5.1).

The other lithographic standard for nanofabrication relies on resist patterning, followed
by thin film deposition and lift-off (See eBL + deposition 2.5.1). Two common
alternative methods used for resist-free deposition of nanostructures are Focused
Electron and Ton Beam Induced Deposition (FEBID) and (FIBID), respectively. These
techniques are based on the local decomposition of a gaseous precursor via focused
beams. They are established for micro/nano manipulation and fabrication of samples
inside SEM/FIB systems since many years. Both fields demonstrated significant



progress in the recent years expanding the library of obtainable materials, reducing
incorporation of contaminants during deposition, and showcasing the high potential
for the fabrication of intricate 3D nanostructures. [23,24] Long-processing times are
still an inevitable limiting factor that could relegate this technology to niche
applications or to be used in conjunction with other methods. [25]

Among all the listed methods, one shared characteristic is that the modified area is
always related to a physical magnitude such as the spot size (in the case of the high
energy focused beams) or the size of the local field (for a heated AFM tip).

Another class of resist-free bottom-up patterning methods rely on chemistry to locally
functionalize a substrate. This type of approach exploits different chemical affinities
between dosed molecules and substrate functionalities of different nature to produce
deposition on selected areas only. One characteristic of these methods is that, for
achieving area selective deposition (ASD), they must be used on pre-patterned surfaces
and thus present huge potential as complementary method to any previously described
form of direct patterning. Among ASD strategies, examples of solution-based chemical
patterning have been obtained using direct self-assembly (DSA) of block co-polymers,
chemical assembly of organic electronic materials, and spin dewetting. [26] The
combination of these techniques with lithographic methods led to interesting
methodologies such as template-confined DNA-mediated assemblies of superlattices
(Figure 1, d). [15]

Vapor phase methods, such as area selective atomic layer and chemical vapor
deposition (AS-ALD and AS-CVD, respectively), are further approaches towards
chemical patterning. Their high precision over large area processing, together with the
reduced material waste and low energy consumption, make them promising candidates
for the bottom-up fabrication of the devices of the future.

Given the important role the AS-ALD and ALD in general play for this thesis, they
will be described in more detail in the following.

1.2 Area Selective atomic layer deposition

Area Selective Atomic Layer Deposition (AS-ALD) is a recently founded subsidy of
ALD, a cyclic layer-by-layer thin film deposition technique based on self-limiting
chemical surface reactions carried out by exposing a substrate to alternating doses of
vaporized chemical reactants (See 2.1). *

3 If not familiar with ALD, it is recommended to read 2.1 before continuing the reading.



In AS-ALD, all ALD processes which allow layered deposition on a desired region of
the surface, are simultaneously maintaining adjacent regions unaltered. The growth
and non-growth areas are defined by different characteristics of the surface such as
chemical composition, surface group termination, topography and lattice structure that
have different interaction qualities towards an ALD precursor (Figure 2). [26,27] This
approach enables to completely re-think the processes of nanofabrication in the view
of new resist-free direct patterning methodologies. At the same time, it inherits all the
advantages of normal ALD such as, conformality over large areas and high aspect ratio
structures, low manufacturing costs, and reduced environmental impact.

In AS-ALD two main strategies promote surface selectivity, as described in a review
of Mackus et al. from 2018. [27] The first type exploits the different adsorption energies
that the ALD precursor or co-precursor have with specific surfaces (Figure 2, III).
The most studied system relies on chemical differences between hydroxyl-terminated
(OH-terminated) and hydrogen-terminated (H-terminated) surfaces for promoting or
inhibiting ALD growth. In a simple example, this enables ASD of metal oxides on OH-
terminated Si substrates, while H-terminated Si surfaces exhibit a nucleation delay.
[28] Variances in precursor adsorption on oxides versus metal surfaces have also been
adopted for the growth of nickel and cobalt thin films. [29,30] Some examples of AS
processes, based on selective adsorption of the co-precursor, are also present in
literature. In this context, a paper from J. Singh et al. shows that catalytically active
noble metals, such as platinum and ruthenium, can be used to promote dissociative
chemisorption of oxygen which was used as co-precursor, enabling its reaction with the
precursor in the catalyzed areas only. [31] Using this method, the authors were able to
grow iron oxide and nickel oxide on Pt by using nickelocene and ferrocene as precursors
and molecular oxygen as co-reactant. Although novel and ingenious, this approach has
an intrinsic limit over the thickness that can be deposited, because the catalyst is
rapidly passivated by the growing thin film.

The second approach is based on inducing a selective functionalization prior to ALD
to promote or hinder the growth in some target areas. [32,33] Among the different
strategies for selective functionalization, the use of self-assembled monolayers (SAMs)
as growth inhibitors is one of the most studied systems. SAMs, applied before the ALD
process, selectively bind to affine surface sites, inhibiting ALD precursor adsorption
and rendering the surface unreactive. The group of S. Bent has devoted much
attention to this topic, pushing forward novel ideas like the use of vapor phase
processed small molecule inhibitors (SMI) for higher spatial resolution and easier
processability. [34] This approach is optimal for passivating surfaces against highly
reactive precursors that would otherwise cause uniform growth throughout the whole
surface.



In summary, the first AS-ALD approach relies on inherently selective reactions
between surface and precursor, while the second one requires a surface
functionalization to extend selectivity to processes that otherwise would not be

selective.

In the framework of this thesis, the second methodology is less appealing because it

requires, like in lithography, the use of a sacrificial layer.
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Figure 2: Mechanisms for achieving selective growth, either dictated by different types of
surfaces or by the presence surface defects. Image taken from. [35]

As discussed before, AS-ALD always relies on surface pre-patterning and a common
way to employ it is the combination with lift-off-based fabrication to produce perfect
alignment between ALD-deposited coating and a pre-deposited structure, or to
selectively coat high aspect ratio structures. [26] The advantage of AS-ALD in this
context is the coating precision and convenience for large area samples where multiple

lithographic steps would otherwise be needed.

The new challenge for ASD methods is the combination with direct-write patterning
to completely remove any lithographic step. This combined approach can be used for
inducing surface modification for promoting AS-ALD processes prior to the deposition.
As a first demonstration, W.M.M. Kessels et al. performed a focused electron beam-
induced deposition (FEBID) of a platinum seed layer, followed by AS-ALD of Pt to
deposit thick contacts. [36,37]

Another mechanism of AS-ALD makes use of defect sites and edges of 2D materials
(Figure 2, I-II). Examples in literature report selective growth of materials on
graphene grain boundaries and point defects which have a relatively high free energy



compared to the unreactive basal plane of the surface. [38,39] This mechanism could
be coupled with direct writing methods to modify the surface energy of 2D materials
and define growth promoting and inhibiting areas. These last two examples outline the
central role of this methodology in enabling the fabrication of devices based on low
dimensional materials to which conventional lithographic methods are not applicable.
40]

During this thesis, different selective deposition processes involving nickel-based
precursors will be discussed.

1.3 Nickel-based materials

Nickel is a hard and ductile transition metal with the atomic number 28, first isolated
and classified as an element in 1751 by Axel Fredrik Cronstedt. [41] The name was
tagged in the 1600s, when German miners called Kupfernickel (“copper demon”) all
ores which were resistant to refinement into copper, a phenomenon later assigned to
the presence of nickel in the minerals. Nickel is the fifth most abundant element in
Earth’s crust, usually found in ultramafic rocks, and it is believed to be the second
most abundant element in Earth’s inner core. It is also greatly recyclable with current
technologies, has low toxicity and is exceptionally valuable for a wide range of
technological applications (Figure 4). [42] In the next section, the state-of-the-art of
ALD-processed nickel-based materials will be presented, discussing aspects of their
chemical synthesis and outlining current and future technological applications. Interest
will be devoted to three different nickel-based compounds, namely nickel, nickel oxide
and nickel silicide.

1.3.1 ALD synthesis

In ALD/CVD, metallic nickel and nickel oxide have been obtained using a variety of

precursors (Figure 3).

The first ALD of NiO was reported in the late 90s and used Ni(II) acetylacetonate
(Ni(acac),) or bis(2,2,6,6-tetramethylheptane-3,5-dionate)nickel(II) (Ni(thd),), in
combination with oxygen, ozone or oxygen plasma as precursors (Figure 3, a). This
first generation of precursors led to several technical publications suggesting
application of this material mainly in catalysis. [43,44]

In the early 2000s, two new ALD precursors appeared in the ALD library: nickelocene
(Ni(Cp)2) and Nickel(II) 1-dimethylamino-2-methyl-2-butoxide Ni(dmamb), (Figure
3, b), which, compared to the previous precursors, showed improved reactivity,



stability, and higher NiO growth per cycle (GPC). [45] Nowadays, these precursors
offer an affordable way to produce nickel oxide films that can be converted into

metallic nickel via hydrogen plasma or reductive thermal annealing.

Direct deposition of thin metallic nickel films has been achieved by either pyrolysis of
Ni(Cp), or Ni(dmamp),, or by ALD in presence of reducing co-precursors such as Hs,
NH;, or plasmas. The reported Ni growth rates from Ni(dmamp)s-based plasma-
enhanced ALD (PEALD) processes were 2.0 A /cycle with NH; plasma and 0.8 A /cycle
with H, plasma at a process temperature of 250 °C. [46] Thermal ALD processes of
metallic nickel have been achieved using Ni(iPrNCMeNiPr), and H, at a deposition
temperature of 250 °C. However, note that the precursor Ni(iPrNCMeNiPr), has a
decomposition temperature of 180 °C, which implies that the process is not fully
compliant with ALD.

However, for the deposition of metallic nickel, almost all ALD processes required harsh
processing conditions, involving strong reducing agents, such as hydrogen or ammonia,
high temperatures, and/or plasmas. These factors are strongly limiting the
implementation of such ALD synthesis into device fabrication because they can induce
damages and unwanted modifications to other materials involved in the fabrication

process.
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Figure 3: Common ALD precursors for nickel and nickel oxide depositions.

One exception to this trend was proposed in 2018 by Kerrigan et al. from the group of
C. Winter, who showed direct nickel deposition using bis(1,4-di-tert-butyl-1,3-
diazadienyl) nickel (Ni(DAD),) * (Figure 3, ¢) with tert-butylamine or formic acid.
This process was not only performed at temperatures as low as 160 °C and in absence
of strong reducing agents, but it was also found to be area-selective to metallic surfaces.
Recently, Ni(DAD), has also been used in conjunction with ozone to produce high
quality p-type semiconducting nickel oxide thin films, [47] highlighting its great

potential for various applications.

* Also referred to as Ni(""DAD),

10



Motivated by the recent advances in Ni-precursors chemistry and AS-ALD processing,
this thesis aims at providing a multidisciplinary study of nickel-based deposition
processes and material systems that range from device and process engineering to
chemistry and physics. In this work, Ni(Cp), and Ni(DAD), precursors have been used
in conjunction with different co-precursors to investigate mechanisms and methods for

advanced ASD and nanopatterning.

1.3.2 Technological applications

Nickel is a good conductor for both heat and electricity and is, together with cobalt,
iron, and gadolinium, one of only four elements that are ferromagnetic at room
temperature. Being a transition metal, nickel has valence electrons in two shells instead
of one, allowing it to exist in different oxidation states. It is most commonly found in
the oxidation state 42 in nickel oxide (NiO), which is a transparent p-type
semiconductor with a wide band-gap (3.4-4 eV). Despite its simple composition and
cubic rock salt structure, highly crystalline nickel oxide shows antiferromagnetic

behavior and tunable optical and electrical properties. [48]

[49,50]

.
.
.
.
.

[63,55,56]

/"'3no-systeﬂ“5 o

el
W
Magneto—p\a'sm0

R
.
o
.
o

[57,58]

Figure 4: Graphical summary of technological applications of nickel-based materials with the
related relevant literature.

In modern times, nickel is excessively used in the aerospace and metallurgical industry
as essential component of (super)alloys. [49,50] The application of Ni/NiO
nanoparticles is also under study in numerous biomedical applications such as MRI,

cell segregation, and drug delivery. [51]
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On a large scale, nickel is expected to play an important role as a catalyst for the
hydrogen evolution reaction (HER) [52] and in further applications in the energy sector
where it has been employed as oxide in next-generation solar cells and OLEDs. [53]
Nickel is also a core element in rechargeable nickel-cadmium and nickel-metal hydride
(NiMH) batteries. Nickel-containing compounds are also proposed as alternative or
supplement to traditional carbon-based cathodes in next generation batteries. [54]

Recent publications show sophisticated ALD processes where the stoichiometry and
composition of nickel oxides are finely tuned, enabling its application in photocatalysis
as photoelectrode [55] and in photovoltaics as hole transport layer. [56]

Both nickel and nickel oxide are characterized by unique magnetic properties. As a
metal, nickel finds application as a ferromagnet in magnetic data storage and various
sensing applications (field modulated grating, optical switches, magneto plasmonic
nanoarrays). As it will be shown in this thesis, one interesting characteristic that can
be exploited is the evolution of plasmonic modes that can be coupled with magneto-
optical modes when metallic nickel is shrunk to the nanoscale. This allows to create
sensors capable of precisely detecting changes in the medium surrounding the nickel
nanostructure. [57,58]

As an oxide, NiO is an antiferromagnet with a Néel temperature of 523 K for single
crystalline bulk material, [59] which is lower for the corresponding nano-systems. [60]
Its unique properties prompted investigations of applications in antiferromagnetic
spintronics, [61] but ultra-high demands on stoichiometry, crystallinity, and dopant
concentration pose challenges to its large scale production and commercialization. [62]

The examples of ALD-processed nickel-based materials in the field of magnetism are
very limited and most of the publications are related to metallic nickel, typically
obtained after a two-step synthesis involving ALD of NiO and its subsequent reduction
to the metal by reductive annealing. [63,64]

The antiferromagnetic behavior of thin NiO ALD films has been observed only at
temperatures as low as 2 K. [65] The main problem regarding the use of chemical
deposition methods of NiO is that the material, without post synthesis treatments, [66]
tends to show polycrystalline structure which destroys the antiferromagnetism.

Among the many further compounds that nickel forms, the silicides stand out and find
use in silicon transistors, [67] especially if 1:1 stoichiometric. Their interest has risen
thanks to the discovery of novel phenomena which arise when these materials are
synthetized in specific stoichiometries [68] or in reduced dimensionalities, [69]
underlying the lack of understanding of many mechanisms behind their formation and
their high potential in future MtM technologies.
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1.3.3 Recent trends and challenges

Many future technological applications of nickel-based materials rely on the precise
modulation of the material properties through advanced control of composition and
shape, while minimizing the processing steps required for its deposition. In the recent
years, ALD processes capable of providing spatial control through ASD of both nickel

[29] and nickel oxide [31] have been demonstrated, showcasing the enormous
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