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Resumen

Permitir la autoreparacion de los materiales es de vital importancia para ahorrar recursos y ener:
en numerosas aplicaciones emergentes. Si bien las estrategias para la autoreparacion de polin
estan avanzando, los mecanismos para materiales$reggaoinductores son escasos debido a

la falta de agentes de cicatrizacion adecuados. En esta tesis demostramos el desarrollado de
concepto para la autoreparacion con éxidos metélicos. Este concepto consiste en el crecimiento
nanoparticulas (0xidogtalicos) dentro polimeros halogenados, mayoritariamente, y su posterior
migracion impulsada por la entropia a sitios con defectos inducidos externamente, lo que conduce
la reparacion del defecto. Aqui demostramos que el conjunto de materiefes atgduser ha

ampliado para incluir semiconductores, lo que aumenta la fiabilidad y la sostenibilidad de los
materiales funcionales mediante el uso de Oxidos metdlicos. Ademas, demostramos que |
propiedades eléctricas de los Oxidos conductores estdearse parcialmente tras la
autoreparacion. Tales propiedades son de gran interés para un posterior desarrollo de electrod

flexibles y transparentes.

La reorganizacion de nanoparticulas (NP) impulsada por la entropia, como se describe en es
trabajo sugiere una via alternativa, prometedora y segura para permitir la autoreparacion de o
oxidos metélicos. Como primer paso, se necesita un sistema con NP de 6xido metélico (MeO), bie
disperso dentro de una matriz preferiblemente polimérica. Ettambéepee por infiltracion en

fase de vapor (VPI) de un polimero con materiales inorganicos. Mediante esta estrategia se consi
un material hibrido o nanocompuesto con un recubrimiento de pelicula delgada inorganica del
mismo u otro MeO, segun la cordigon del proceso. Esta matriz polimérica con NP dispersas en
ella, puede servir como depédsito de agentes para curar defectos en la pelicula de MeO. Tras
formacion del defecto, los efectos quimicos y fisicos en el sistema impulsaran la aglomeracion

finalmente, cerraran el defecto de esta manera consiguiendo la autoreparacion del polimero.

A diferencia de la quimica humeda, el método VPI propuesto se basa en el prehas@s de arriba

abajo (procesos wgwn) modificando una fina capa de la sigddl substrato, sin afectar la
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totalidad del sustrato polimérico. Una migracion de NP sdlidas en lugar de liquidas aumenta I
seguridad del sistema. Ademas, el método permite la autoreparacion de peliculas delgad
semiconductoras en lugar de crearaatda de semiconductores y polimeros autoreparables como

se describio en otros trabajos. Este enfoque ofrece una posible solucién para mejorar la confiabilic

de los materiales en la electronica flexible y otras aplicaciones, como las barrinas de permeac

Para formar un defecto de manera controlable se ha utilizado un haz de iones enfocado (FIB) (FigL
la). Mediante el FIB se grab6 una pequefia seccion del recubrimiento InxQy, exponiendo el materi
hibrido subyacente al medio ambiente (Figura 1b)ef2ode esperar, los mapas de rayos X de
dispersiéon de energia (EDX) mostraron mayores intensidades de las sefales de carbono y cloro
ParyleneC expuesto y menores intensidades de las sefiales de indio y oxigeno en el area con p:
FIB (Figura 1c). Bpués de utilizar el FIB sobre la fina pelicula de O6xido metélico, el
nanocompuesto (Parylene@y) se expuso al aire durante cinco minutos el hibrido. Las imagenes
SEM muestran una especie de esfera que cubre completamente el area expuests (Figura 1d).
mapas EDX de esa region confirman que la neoformacion esférica consiste en indio y oxiger
(Figura 1e). Ademas, se encontré una sefial de cloro, aunque mas baja que la de la superf
circundante. Es importante destacar que el escaneo EDX deidticearactén formada no

muestra la presencia de carbono. Obviamente, al encontrarse con el aire, el defecto sané lentame

por la migracion del material inorganico atrapado.
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Figura 1 Curacion de las peliculas delgadas de 6xido metdlico. (a) Esquema del procedimiento experimental para |
investigacion de autocuracion. Imagenes SEM de la superficie grabada con FIB de la muestra hikfga ParyleneC/In
(b) antes y (d) después de laieigmoal aire. Mapas EDX codificados por colores de In, O, C, ad Cl (c) antes y (e)
después de la exposicidn al aire. Barra de escala en-exagemas (b

Se repitié el mismo procedimiento de grabado con FIB seguido de la exposicion al aire del hibric
de PVC/ZnO, el cual resultd en la reparacion de los defectos inducidos (Figura 2). La aglomeracic
de las NP en la interfaz hibrida/aire del patron grabado con FIB ya era evidente después de cin

minutos de exposicion al aire y continu6 hasta ebmipleeoade la ruptura.

«Wind combs» by — " :
Eduardo Chillida 5 min at air B aiiAtE(r

Figura 2 Aurorepracion de un patron grabado selectivamente con FIB en la superficie de PVC/ZnO a lo largo del

tiempo. La imagen de la izquierda es una foto de la escultura “Peine de viento”, creada por Eduardo Chillida.

Para vdicar si se puede restaurar la conductividad de un microdefecto reparado, fabricamos ur
hibrido a base de 6xido de indio y estafio (ITO) y grabamos con FIB una tira rectangular par:
obtener un area conductora de 190 um de largo y 35 um de anchoc@figura Bagistencia

eléctrica de 4,5 kOhm (Figura 3b). Medimos la resistencia mientras cortamos la tira en dos mitade
por FIB, lo que hizo que la resistencia subiera hacia valores de GOhm. La seccion de la tira abric
circuito y condujo a la acumuladédiferentes potenciales en las dos mitades separadas. Las cargas
opuestas en las dos sondas y las mitades de la franja dieron como resultado la atraccion o repul
del haz de electrones, lo que da como resultado las diferencias de contrasta Ebservadas
micrografia (Figura 3(2)). El grabado y las medidas se realizaron en alto vacio dentro de la caAmar:
nuestro microscopio electrénico donde no se observo autoreparacion. Al inundar la camara con ait
la resistencia inicialmente se redujo adayrdiégpués de mantenerse estable durante 8 segundos

en el aire, se produjo una caida rapida de casi 5 6rdenes de magnitud a 46 kOhm en 1 segundo (Fi
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3c). El examen posterior del area con patrén de FIB mostré la reparacion de la pelicula delgada
ITO y la formacion de algunos puentes entre las dos partes separadas de la tira conductora (Fig
3(3)). Por lo tanto, el proceso de curacion no solo cerro la brecha en el material, sino que tambie

restauro la funcionalidad electrénica.
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Figura 3 Restaucén de la conductividad eléctrica (a) Imagenes SEM del area grabada con FIB en la superficie de
ParyleneC/ITO y dos sondas colocadas en una franja conductora: (1) Antes de cortar en dos mitades; (2) después
cortar la tira en dos mitades; (3) Despleexjgosicion del corte al aire. (b) Evolucion de la resistencia de la tira
conductora de ITO durante las etafdadelcorte y exposicion al aire. ( ¢) Seccién limite ampliada de las etapas 2y 3 en
(b), que revela la evolucion de la resistenfrianjie danductora de ITO en las etapakiante la exposicion al

aire. Los recuadros muestran imagenes SEM de la franja seccionada antes y después de la autoformacion de los con
electronicos.

La capacidad de autoreparacion de los sistemased&/Ndedobtenidos puede explicarse
mediante interacciones entrOpicas. Las fuerzas de atraccién de agotamiento entre las NP y |
superficies del sustrato son de naturaleza entrépica y conducen a una segregacion superficial de
NP. Estas fuerzas sonathasspor la interaccion de volumen excluido y surgen en una mezcla
atérmica de NP y polimeros. En patrticular, el sistema gana entropia conformacional si las NP migr:

a la superficie y, en consecuencia, las cadenas de polimero no tienen quedaitieridés NP

polimero. Este concepto se puede aplicar a nuestro sistema de polimeros hibridos/MeO. La VPI

iv
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realizé a temperaturas elevadas, lo que condujo a la expansion del polimero y, en consecuencia,
aumento de su volumen libre, haciéndolo ageasibla sorcion de moléculas pequefias. Después
del proceso de infiltracion, el sistema se enfri6 a temperatura ambiente y, en consecuencia,
volumen del polimero se comprimié huevamente. Sin embargo, el polimero ya estaba infiltrado co
particulas de &0, lo que provoca un aumento en la presion osmotica. Sin embargo, la difusiéon
inmediata de las NP hacia la superficie estaba limitada debido a la capa protectora de MeO q
actuaba como una barrera de difusién. Una vez que se alter¢ la integredfidiela laesrés del

defecto inducido por la FIB, las NP de 6xido metalico se difunden hacia lasoteitazaién

formada.

El presente trabajo demuestra una metodologia para la autoreparacion de recubrimientos de 6xid
metalicos. Esto se hiao ed uso de agentes curativos liquidos y reactivos, sino mediante el
crecimiento de NP de éxido de metal bien dispersas dentro de polimeros clorados y permitiendo
difusién y agregacion. Los defectos inducidos artificialmente en los recubrimientos queda
sellados después de la exposicion del sistema al aire. Es probable que esta autoreparacior
impulsada por un efecto entropico, que surge en el sistema hibrido de 6xido de metal/polimero
impulsa la migracion de NP a los sitios dafiados y lagrasciddiemas, nuestros estudios revelan

gue la presencia de haluros metalicos, como cloruros, es de crucial importancia para mejorar
movilidad de las nanoparticulas de MeO dentro de la matriz polimérica huésped y, por lo tanto, I:
capacidad del sistgraea autorepararse en general.

Nuestra metodologia puede respaldar la longevidad de los materiales conductores transparen
actualegoxido de zinc indio, 6xido de estafio indio) ya que las grietas que ocurren al doblarse
podrian recuperarse hasta cierto punto. Por lo tanto, este descubrimiento muestra un antes y L
después en el desarrollo de mas materiales inorganicos de autoedareciannfiltracion de

oxidos metalicos alternativos en polimeros halogenados o, asi como, en el crecimiento de partict
de MeO halogenadas dentro de una variedad mas amplia de polimeros no halogenados. I
consecuencia, este desarrollo podrigibeaefiumerosas areas tecnoldgicas: electrénica flexible,
sensores portétiles, energia fotovoltaica, pantallas y energia al mejorar potencialmente la durabilic

y longevidad de los materiales.






Abstract

Enabling selfealing of materials is cilycimportant for saving resources and energy in numerous
emerging applications. plethora of recently published research works is deditia¢ed to
development of strategies which allow foeakifg of materiatsspecially of those with certain
techrological importand8iventhat most of the approaches are based on chemical grecesses

vast majority of these wddcais on the séléaling obrganic materialspecifically polymefd

the same time, there is a growing demaddgtinguchunctionality to inorganic materials due

to ther importance imostdevelopedlectronics, includifigxible electronics. The few existent
examplesf sekhealing oinorganic materialsyr@nthe incorporation diquid healing agents,

such as liquid metals or liquid precuistosthe devicddowever, the development is in its

infancy andurtherprogress remains very challenging, mainly because of a lack of feasible healing

agents arglitable ways to supply them to the damaged site.

In this thesiwve have developed a concept for theaeify of metal oxidadich is the most
challenging typef materialn this research arddis concept consistgyaiwng metal oxide
nanopartles inside the bulk of halogenated polymanrgapor phaseinfiltration and their
subsequent entregsiven migration to externally induced defeciditels,eventuallgadto

therecovery of the defethe hybridmaterial, i.ethe polymematrix with dispersed NEan

serve as a reservoir with healing agdehtsrémair of a cracked MeO filrhe glfhealing of

inorganic materials and structures was realized also without liquid agents by making use of th
mobility of inorganic NPs wiilpolymers, as the spatial distribution of NPs can be tuned by means

of harnessing both enthalpy and entropy.

Herein wepresentin expansion tife pool of selfifealing materials to semicondusiaeh as
indium, zinc, indiurtin and zinc indium oxiddkerebyllowing tancreasthe reliability and
sustainability d@iturefunctional materigalWe revealed thait only the morphology, but also the
electrical properties of ITO catabgelyestored upon healing. Suchgat@s are of immediate

interest for the further development of transparent flexible electrodes.

vii
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Emerging hybrid materials

1.1 Hybrid materials

Nature is an immense source of inspiration for scientists, either as library of mysteries which nee
to beunraveledr a blueprint for mimicking its creations. Materials in nature were adjusted
throughout millions of yearsfutfil specific tasks, resulting in enormous variations in shapes,
structures, and compositions. One of the classes of materials that ergetrgedvdiution of

living creatures is hybrid matefiigseare multicomponerbmpositethat consist of organic

and inorganic fractions, blended at the submicrometric or nanomdit]jcAscaleesult, their

properties are described not oslyma®f the properties of the constituents, but their synergy often
boosts the properties or even leads to new functionalities. The origin of these properties comes fro
the physics and chemistry at the ofigang@nic interfaces and for that reasoid$gibe divided

into two classes based omjtiadity of thenaterial interaction at the interfaces. Class | includes
trapped or encapsulated materials with weak interactions between organic and inorganic moieties
such as VaterWaals, hydrogen bondiagglectrostatic interactions. Class Il hybrid materials

show “strong” chemical interaction between counterparts, such as covalent or ionocovalent bonds.

[1]

Often, hybrid organinorganic materials outperform the conventional ones and consequently,
they may be a response to challenges of modern technologies. For example, materials used in reg
electronic devices mbdtil multiple requirements that are prerequisites for the reliable and
efficient use of modern gadgets. While inorganic matexislarered and have a broad use, the

use in flexible electronics is largely impeded by their incompatible mechanical properties. Material
are needed which are robust to mechanical stress and suppress crack evolution, while they are :
flexible and able withstand multiple bending evd@tsThereforethe development of hybrid
electronic materials is a key solution for advances in the field of flexible electronics.

1.1.1 Vapor phase approach for fabricating functional hybrid materials

There is a plethora of approaches for fabricatingiooygaiuc hybrid materials, andajority
of hybridmaterialsire synthesized using liquid chemical m¢8jef§. However, vapor phase
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methods stand out as rapidly developing processiagsaihging benefits in the processing
conditions and quality of the matd@aM/ithin such solveffitee synthesis methods, vapor phase
infiltration (VPI)[9], [10]and molecular layer deposition (MlLD)stand ouBoth of thentake

their orign from atomic layer deposiijdhD).[12]-[14] In analogy to ALD, these methods rely

on temporally separated gas phase reactions; in other words, chemical reactants, or precursors,
never present in the reactor simultaneously.s&petnagion of the processing steps allows good
control werthe reaction paths, helping to avoid undesired side reactions in the gas phase and
overgrowth.

MLD allows the synthesis thin organic films with excellent control over the thickness and
conformaty of the grown layers. To make hybrid mabsri8dLD, one has to complement

organic layers with Algpowninorganiones. The merged ALD and MLD layers constitute the
hybrid organimorganic material whose properties depend on the concanttatioreof the

organic and inorganic counterparts. Th&rdaest family of such materials is called “metalcone”,

defined as metal alkoxide polymeric¥Mietalcones already include aludd®¢ginconeg16]

zircones[17] hafnicones|18] titanicones[19] vanadicone$19] and indiconeq20] the

properties of which aim to merge the original functionalities of the metal oxide with the mechanical
flexibility of the organic part.

Vapor phase infiltration stands out from the ALD and MLDdseth it is a tdpwn and not a

bottomup approach. This technique emerged after the pioneering work of the Knez group in 2009,
where the authors reported a drastic improvement in the mechanical properties of spider silk upor
modificatiorby VPI, which was originally called multiple pulsed infiltration (KB KQver the

last decade, the number of research groups developing VPI processes constantly increased. Since
hybrid material is not a simple sum of its constituents but a novelithatenefunctionalities,

many material combinations need to be Tdstedariety aftudiedsubstrates inclusl@ological

objects such as spider, RIK] collagen22] and chitin [23] fabrics like cellulog24] or

polyethylene terephtha&afPET)[25], [26]anddifferentsynthetic polymers sucpagmethyl
methacrylatePMMA), [27], [28] polypropylene (PHR9] PET,[26] polyethylene naphtalate

(PEN), [30] Kevlar,[31] nylon 6,[29] Pellethang29] polytetrafluoroethylene (PTFE2]
polydimethylsiloxane (PDME)7] Kapton [27] SU-8,[33] polyurethanéU), [34] polyimide,

[34] and polyanili®A). [35]

Application of the gabase precursors to the soft substrates with prolpogeredines leads

to the precursors’ sorption into the polymer and their subsequent diffusion inside the substrate.

There, precursors caplvgsicallrapped othey cachemically react with the available functional
groups of the polymer host. Theugidh of the precursor into the polymeric substrate and its
chemical reaction inside the bulk are critical points, distinguishing a VPI process from ALD. VPI
results irathin film coating on the surface of the substrate, together with the formation of an
organidgnorganic hybrid lay@igurel.1). Suchalayer can obtain utterly novel functiondikees
triboelectricity[27] or superlinear conductivifp] besidest can enhance the mechanical
properties of the polynied], [29], [32], [37], [38]
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Hybrid layer I

Organic substrate

Atomic Layer Deposition Vapor Phase Infiltration

Figurel.1 Comparison of the structures obtained after ALD and VPI processing.

1.1.2 Gasphase deposited hybrids for electronic applications

One of the recent and very quickly expanding fields which can significantly benefit from hybrid
materials, is electronics. Organiganic hybrids promise a merger of the propérties
conventional silicdmased semiconductor dewwetis the ability tobe bent, stretchedr
compressed without significantly compromising the functionalities. Such synergistic properties are
vital for the development of wearable and foldable electronics, biomedical sensors for digita
medicine, organic lighmitting diodeslowpower energy sources,nomvolatiie memory
applications. The great controllability of thghgas deposition processes allows for precise tuning

of the electronic and mechanical properties of the hybrid. Many factors diliefectsidhe
constant, band gap, mobility, carrier concentratiooaretoe adapted by tuning the ratio of the
organic to inorganic pams the final compositiofiThe easy scalability of the wvalpase

deposition technigues towards industrial scabeyitiieof the formed structurasd the true

chemical interaction between the organic and inorganic constituents make gas phase methods higt
attractive for the development and integration of novel hybrid materials into devices. However, it is
a youngral growing field and for some applications only-gfroofeept have been shown.
Moreover, there are no or very few reports on hybrid materials with certain properties such as
piezoelectric, pyroelectric, ferroelastic, superconductingpoductingvhich are synthesized

by gaphase methods. Taking into consideration all the benefits which hybrid materials can bring
into the field of flexible electronics, there is a high demand for active research to fill this gap.

Gasphase methods helped to achisignificant progress in dielectric materials. One of the key
challenges in the development of novel orgaffiiotiiansistors (OTFT) is the need for & high
performance dielectric layer, as it has a direct impact on the TFT’s characteristicgesuch as
mobility (i), operation voltage, and power consumption. It is beneficial to keep the capacitance
density as high as possible in order to achieve a low power consumption in OTFTs. This can b



Chapter 1. Emerging hybrid materials

achieved by increasing the dielectric constahi€)of the dielectric layer or by reducing its
thicknesd-ybrid organiinorganic films are promising gate dielectrics {altage operating

organic thirfilm transistors. Namely, by changing the amount and ratio of the organic and
inorganic componentspecomes possible to tune the dielectric constant and dielectric strength
(leakage resistance). Besides, the mechanical properties of the hybrids make them very attractive
flexible electronics.

There are already some successful examples of hyaliscamdielectrics. Due to thekwelvn

dielectric properties of zirconium oxidéhaged hybrids have proven their suitability for
applications in OTFT. Zircones belong to the group of metalcone hybrids and form after reactions
of zirconium tetrrbutoxide with an organic diol. The group of S. George demonstrated the use of
zircone as dielectric layer in penthbeseel OTFT$17] The hybrid films had leakage currents

two orders of magnitude better that those of purgrabd ZrQ. At the samaenrte the carbon
constituents lowered the dielectric constant from ~16 for tfénZn® ~ 6.7 for the zircone

film. Another example is based on aluminum oxide. Having a dielectric constant of about ~ 9.0
alumina is also a potentially good candidatséanaDTFTs. Cheng esaldied hybrids of self
assembled MLBeposited octeryichlorosilane layers andQAl linkers, deposited from

trimethyl aluminum (TMA) and @ by ALD.[39] Changing the number of MLD and ALD

layers allowed to tune the lamland the dielectric constant @0 to 6.09 eV abd.0 to

4.5, respectively.

Conductive and flexible films are crucial for many emerging applications, including displays,
wearable devices, personal medical devices, photovolkMicseretes research groups are
investing their efforts into achieving highly conductive hybridiooggarnsc materials, which at

the same time maintain their mechanical flexibility.

Zinc oxide is among the most promising subdgbtutee conductive @rnransparent 0.

However, the intrinsic brittleness of inorganic oxides hampers their use in flexible applications. The
group of S. George investigated a zincone hybrid, which is closely related to a ZnO film and
therefore, may combine the conductiviznO with the flexibility of an organic [d@¢éThey

employed DEZ, hydroquinone (HQ) and water to perform MLD:ALD films. The reaction between
DEZ and HQ generates a molecular chain in the form of (-Zn-O-phenylen®-),, which is an

electrical condtor. Measurements of a pure ZnO ALD film showed a condutivtyoft,

while the ALD:MLD alloy showed ~170*Sdemonstrating a considerable enhancement of the
conductivity in the hybrid alloy of more than one order of ma§iuad.2). The authors

explained the conductivity enhancement with a higher electron mobility, which is caused by the
electron coupling of the delocalized 7-electrons from the conjugated phenylene rings in H@ and
neighboringnO clusters. At the same time the ZnO laypraade a high density of charge

carriers caused by oxygen vacancies in the ZnO layer. The conductivity values of the zincone:Zn
alloys outperformed that of inorganic zinc oxide and are largely comparaliiemytrdtigie
depositenO or Aldoped Z@. The origin of the enhanced conductivity of the 2:2 alloy,
compared to the 1:1 alloy, was not clearly stated, but the values reachemhd 20 & $rorn

4



1.1 Hybrid materials

respectively. Moreover, optical measurements proved high transparency of the hgliviels in the vi
range. Such zincone:ZnO alloys are promising candidates itadieplaae oxide (ITO)in
displays and photovoltaic devices.
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Figure 1.2 Measured current versus applied voltage for ZnO ALDdfirarians alloy films.
Image takenith permissiofiom the Rg#0].

Triboelectric nanogenerators (TENG) can also benefit from hybrid materials. The working
principle of TENG devices is based on converting mechanical energy inémelggtrighich

can be achieved by building an interface between two materials with different electronic affinity.
TENGs opt for a broad application range, including wearable electronics, charging batteries,
activators of chemical reactions, etc. Howegenei@telectricity TENGs require friction

between the triboelectric materials which causes wear. Therefore, modification of not only the
surface, but also the bulk of the materials promises much better functionality and durability. Yanhac
Yu et abppied VPI of ADsinto various polymers, including PDMS, polyimide, and PMMA

As a result of the infiltration, theOAImoieties penetrated these polymers by at least 3 um depth.
The electrowattaining capability of such doped polymers was significantly reduced due to the strong
repulsion of electrons byl The combination of infiltrated and pristine polymers aldowed t
create higherformance TENG devices. But unlike a pure surface modification, which is commonly
applied to tune TENG performance, the infiltration process allowed to overcome wearing of the
surfaces of the triboelectric devices, as VPI doping charggesitibe of the bulk of the polymer.

The strategy appears as promiskuptapapproach to tune the efficiency of polymeric electronic
devices.



Chapter 1. Emerging hybrid materials

1.2 Selfhealing materials

Materials are susceptible to constant mechanical or electrical stress, ruptuttegughonatcks

the operational timd=or centuriesesearchers focusieeir efforts on improving the materials'
hadness, toughness, and strength to prevent possible damage and increasditheevdetime.

this strategy can extend the operational lifetime angrteon exteni.he understanding that
resources are limitadd that the ecology suffers froghesise devicdsrces us to find solutions

for the longevity of materials even under demanding cofpdllfidisbstitution of standard
materials with sdiealing materials (SHM) that allow multiple healing events can potentially make
the lifetime of a deviodinite (Figurel.3). [42] This approach is beneficial for sustainable
technologies, even if the functional properties of the SHM do not outperform the conventional
material or materials with enhanced damage prevention.

Conventional material

Self-healing material

Perfomance

Ideal SHM

Product use region Limit of reliability

Replacement region

Time

Figure 1.3 Concept othe performance degradation of materials with different diesign:
conventional material; greethamage prevention; blusHM, red- ideal SHM. The image is
adapted from R¢42]

A selhealing material @asmateriatthat can partially or fulhgstordts initial functionality or
structureLike hybrid materials, SHM aleanspired by nature. The ibe&indis to mimic the

recover and healing capabilities of our natural shodi® only human skin or bones can
regeneratdut healing also hapg@m the molecular leMeamage to the DNA is an ordinary
incident that can lead to DNA mutatiancontrollable growtlor deathof cells but pre
inflammatory cytokines act to wéhst the decagy3] Repair of microscopic damage in plants
occurs via a cascade of chemical reactions initiated by oligopeptides and oligédhccharides
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1.2. Selfthealing materials

Interestingly, seifaling in nature is present outside “living tissueS’ as wellFor example, byssal
threads of marine mussels camesgli¥ia proteicoordination bondgl5] Even though the exact
mechanisms and chemistries in these processes are not yet fully understood, researchers impart
idea of developing SHM to recover $tamtural damage and restore materials functionality.

Selfhealing materials are typically divided into intrinsic and extrinsic inatesaisnaterials

possess healing as an inherent functionality, which can be activated by externagstieauli or trig

by damagé&uch materials can serve as healing matrixes for the other materials dispersed in then
The second group requires additional healing agents, for example, encapsulating-them in micrc
capsules or vascular netw8H# can also be grouped autonomic and ne@utonomiSHM.
Consideringracticabpplications in soft devices, ideaHyesgihg materials should possess fully
autonomic healing functionality that doesn’t require additional inspection of the device, treatment

with solutionszharge injections, anneabndight stimuli. lsuch manngsafer materials wéth
longerservicdime can be developed, offering an elegant solution toward sustainability. Non
autonomic materials requareexternal trigger to initiate the healing process. The controversy of
this classification arises from the type and accessibility of the extektahyrigigbem, such as

UV light, humidity, or heat, can be applied undasagal conditions. For gXaiheat can be

appliedas triggeif the material is exposed to sunlight during its operation. Therefore, it is also
legitimate to call materelgonomiaf theycan heal in their real operating condif#fjs.

Selthealing materials were undestigagiorsinceghe middle of the 20th centwiyh the main

focuson cemenbased materigld6] Even though it requires human inspection and an external
heat stimulus, this approach enables the prevention of crack formation and propagation in concrete
not only extending the lifetime of the constructions, but also preventing possible catastrophic
failures. Recently, the first works related to electronic materials (Rigpeetd)l In 2007

Williams et atliscoveredrganometallimetal composites that exhibittesing properties and
conductivities of the order of3@nt for electronicapplicatiorsin highrisk usage conditions

[47] Later in 2016 an intrinsically sttehable amh healable semiconducting polymer was
demonstrated48] However, during these years the main groge achieved for polymers or
polymetbased compositEf]-[53]

Extrinsic self-healing Self-healing semiconducting
systems material

] |
I@-@-@-@ﬂ
| |

Evidence of self-healing Self-healing conducting
in thermoplastic polymers material

Figurel.4 Timeline of the development offsedfing materials for electronic applications. Image
adapted from Rif6].
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Chapter 1. Emerging hybrid materials

1.2.1 Approaches for sdiealing materials

There are various approaches for creatirgpeti materials. Those can be roughly classified into
three categories: physical, chemical, and -phgsicmal approach@sgure 1.5). Physical
approaches are commonly baseatiffusion processgsl] shapenemory effectfg5] phase

separated morphologié], [56] exploitation of paramagnetic nanopartjbl&sor entropic
interactions within the nanocompofs&.Chemical approaches use the functional chain ends of
the polymer to facilitate coval@sf], [60] or freeradical rebondind6l] or introdue
supramolecular dynamic bofé], [63] through ionic interactidiéel] or metaligand
coordination[65] A combination of physical and chemical approaches usually involves entrapping
of healing agents inside capsules or vascusystiéungs, which can fill up a defect and trigger
chemical reactions of these reactive. fgfnts

a Physical approaches b Chemical approaches
,—’—Interfamalreglons _/,.\_J' 8T = W
- . Covalent rebonding
Reactive —
chain ends IS A —— SN
v L Free-radical rebonding
: wa o (22
Interdiffusion Phase-separated morphologies B ~a -~ p_,cv'"/“
H-bonding
Damage Damage - stacking
Py~ = >~
0 @ 0 © Supra- Guest-host chemistry
(o] Q lecular — ~
Q molecular .
O © _© chemistry R' * Ty
n —
0@\ \oo © o s 3
Metal-ligand coordination
Shape-memory recovery rFe,0, Melting interdiffusion ~e 0 —— 80
= lonic interactions
¢ Physico-chemical approaches
¥
m \%ﬂﬁ
van der Waals interactions Encapsulation Cardiovascular network

Figure 1.5 Selfhealing mechanisn(g) Physical processes including interdiffusion; phase
separated morphologies, shageory recovery, melting interdiffugichemical procesges;
combined physical and chemical processes. Imagthtpkemissioftom Ref50].

While sethealingpproaches for polymers are robust, the healing strategies for inorganic materials,
or more specifically, semiconducting materials, are scarce, as discussed in the following.
1.2.2 Selfhealing of inorganic materials: metals, metal oxides, ceramics

Most of the works on dedfaling materials are devoted to polymers and-pakgderomposites.
The success of that research direction comes from the mobility of the polymer chains even at loy
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1.2. Selfthealing materials

temperatures, ease of functeatn and modification oblgmersand the large volume of
mobile molecules rather than mobile af¢2jsdowever, examples and strategies for inducing
selfhealing functionality into inorgamaterialexisias well.

Concrete and ceramics have been under active research in order to improve the performanc
reliability, and longevity of these industrially important materials. In general, healing happens
through mass transport. However, ceramics are generally varelstedtied temperatures,
meaning that they have high activation energies for diffusion. Researchers have developed tw
healing mechanisms for ceramic matxidizatiorandprecipitation[67]

For the implementation of oxidafieduced healinggramics are blended with carbide or nitride
particles.These particlesn oxidize upon additional energy supply, either in the form of heat or
electricity. Various composite ceranmecs developed based on SiC particles, for example
Al,O4/SiC,[68] SiC/spinel [69] PyC/SiC[70] SiC-BN, [71] ZrO./SiC.[72] Besides, navxide

ceramics also exhibited oxidatidnced seliealing.The secalledMAX phassareceramic
materialswvith high toughness, ductjliznd metdike electrical propertidhey consist of
alternating layers of MX (where M is a transition metal and X is carbon or nitrogen) and pure metals
from the group. Farle et al. compared and discussed more than 75 MAX phases with different
compogions, such asAIC, TisAIC,, VLAIC, VLAIC, NBAIC, ZRAIC, ZRrAIN, TiSnC,

TisSNG, NkSnC, ZsSnC, TiInC, NkInC, ZrInC, ZrInN, TisSIG, which potentiallganself

heal[73] Howevertherequired temperatures and time needed &xteedd can be considered
disadvantage. For exantbé&healing o& 10 pm-wide crack on the surface @AlTi required

annealing in air at 12QGor 20 hour§74] whilethatofa4 pm-wide crack in @&IC took 5 hours

at 120€C.[75]

PrecipitatioAnduced healing #&less developed area of research. Gu et al. demonstrated that
notchesin Nb,Os pellets can be mended with AgiNgdn adding A@ into the damaged zone

with consequent annealing at@@r 12 hour$76] Another interesting mechanism for ceramics
healing iaphase transitiomereas differertrystallingphases occupy different vohand can

lead tavolume expansion, mendifthe defeatan occuPhase transitionarieutectic alloy from
ZrOzmuto ZrO,erheakd cracks itrO,/Al ,O; compositeconfirming the approaf#v]

Ceramic materiatequire high temperatures and prolonged tiomregover the defects. The
challenge of s@kalingunctionality in inorganic mater@igjinate$rom their rigidity anddk

of liquid repairing agents. However, there are few successfubexangaia&SHM where
damageecovery goes through the release of the liquid agent stored in the microcapsules of
microchannels. Few of the studies rely on the use of liquid metals (L& asuncBraslioy

[78] Galn nanoparticlel9] eutectic Gén (EGaln)[80], [81]JoranEGalncompositembedded

in anelastomef{82] These systersanrestoraheir electrical functionality after damage and the
healing happewithin a second without additional energy sq8&jeret, the systems based on
LM microcapsules or noituidics have their drawbacks: a limited numbethegetf events,

use of rare and expensive Gaoanchaterial choices it isimited to Gdn alloysBesides LM,
microchannels can store liquid precutsorst al. developed a polymeric delivery system filled
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Chapter 1. Emerging hybrid materials

with liquidTiCl., aprecursathatis reactive on B3] Upon breaking the integrity of a protective
alumina oxide diffusional barrier, JW@is released and reacted with wateto/afamia The
main drawback tise safety risk associated with a hazardous -pi©dhgt, forming upon the
reaction ofiCl,and HO.

1.2.3 Selthealing of semiconducting materials

The cevelopment of sékaling semiconducting materials istraaghtforward46], [84] The
challenge imedrom the contrast e natureof inorganiandthe otherwistgypicaly softself
healing materiaBemiconductors ar@rmallyrigid and have some level of crystallinity, while self
healing is charadstic of soft materials wdlmigh chain mobilityrhereforeconsideratioof

hybrid materialthat combine the desired propertgsdeveloping séléalingconcepts for
semiconductois highlypromisingThere are just few examples in the litevatigle describe
selfhealing afemiconductingaterialselying on organic semiconductors or on hybrid materials

Recently, a healable organic semiconducting material was @i8jé&wogadic semiconducso

are of technological importancéhorganidield-effect transistor (OFETgbricationHealing

of theorganic semiconductor was based palyinee2,6pyridine dicarboxamiadth a flexible
backbone and two amide grabhpsundergdiydrogen bondint8] This bonding is thaigin

of theselfhealing functionality, which was demonstrated for nanocracks not exceedimg 100 nm
their lateral sizBesidebgealing requirexh additional treatment with chloroform or temperature
Howevertheauthorsotedthatanannealing step of ¥6Gor 30 minutes negatively affected the
stretchability of the polymEhis drawbaatanmegativelgffect theiseof the material for its main
prevised applicaticareaas a part of OFET in stretchable electronic devices and wearable
electronics.

An alternative approach for the development of flexible semiconducting materials relies on blend:
of semiconducting narioeg or nanofibers with elastonj@s, [86] Recentlya selfhealing

system using such components was demonstrated and impleEmauitédriotional FET87]

The material was a blend of polyirethane) (PUU) and semiconducting carbon nasotub

(CNT). PUU possessreversible hydrogen and disulfide baholwing entirely autonomous

recovery of a polymer, which also resulted in the healing of dispersed CNTs in the polymer anc
recovery of semiconducting FET chaAn@mplete healing of taterial happened within 24
hourswhile the conductivitggainedvithin thefirst ten minutes after the damage. The fabricated
OFET devices couldthstand500 stretching cycles at 25% strain withhmialbledecrease in

their performanceThe OFET device was applied as a skin sensor impmphysiological
parameters.

The authors of the revigd] see the development strategy of semiconducting SHM going in two
different directionsThe frst directionrelies orblend of semiconducting and -betfling

polymers, which would allow obtaining stretchable semiconductors. Such works were demonstrate:
for PDMS[88] and styrenesthylenédutylenestyrene SEBY [89], [90] polymers mixed with
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conjugated semiconducting polyniérs.secondirectionincludes mixingf nanostructured
inorganic semiconductors with-leediling polymers, similar to the work with <2d@ PUU
blends.[87] Besides CN§, also other nanostructured materials can be considered: various
nanostructured carbon materials, Skedsi, and Ag or Au nanorods.

This thesis focuses on exploring another way of indudteadisglfunctionalityentropy.

1.2.4 Ordering through entropy

It has been extensively discussed that the properties of materials change upon transition from
macrosale tananoscalf91] The surfacareaf a sphere is proportiondhesquare of its radius

r, whila@tsvolume is proportional fo The fraction of atoms at the surface scales with the surface
area divided by volume,vii¢h the inverse ragi of the sphee). The same scaling law applie

to other properties amaterial, such as phase transition temperatures. Small clusters of materials
start behaving mamleculdike ratherthan soliestatelike. [91] When intensive properties of
materiad changeand the phases are no longedefeied, the rule of Giblbgpes also loses its
applicability[92] Thereforethe behavior o nanosized system is distinct from the micro and
macresizedsystemand is guiddalthe interfaces of nanosized obfedise nanoscale, surfaces

start to act not only as a framleviout theghow @omplex enthalpic and entropic interj@ay,

which is reflectedthe Gibbs free ene(gyg.1)

YO YO "WYY (Eq.1)

where G is free energy, H is enthalpy, S is,antiopis its temperatafethe systerA change
oftheGibbs free energy prestio¢ direction of the chemical reaction or phase transition, and the
system tends to spontaneously get into a state with a minimum of free energy.

Tailoring the interfaces of nanosized gbjectexample, nanopaltis (NPs), allowketr
organiationin aspecific way, and many research works are dévesetfassembly of the NPs.
[94], [95]It has been demonstrated that NPs organizaiorosexclusivelgriven by entropy
interactionsn someelfassmblysystem$§96]-[99]

Ordering of such systems guided by entropy may seem counterintuitive, as the concept of entrop
is in the common opinion described as a measure of disorder, chaos, and decay or progress towz
those state$100] Indeed, entropy is used to describe spontaneous irreversible changes in
physicochemical systems. The second law of thermedgrantiethe direction of the energy
exchange of bodveish different temperaturésccordingly, without external energplgitheat

always flows from the hotter object towards the Roldigf. Clausius concluded in 1854 that

there should be a quantity that describes irreversible changes in isolated systems and named t
quantity entropy, after the Greek word “transformation”, to highlight the analogy in nature of

entropy and enerd¢01] He also defined th#te entropy of the universeivestowardsa
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maximum[101] The third law of thermodynamidsrived by Max Planck, showgmscopic
interpretation of the eopyreflected by tregjuatior(2). [102]

3 17 (Eq. 2

This equatiordefines entropy asmathematical produof the logarithm of the number of
accessible states of the sy$#dmnd Boltzmann’s constant (k). Herewiththe second law of
thermodynamics can be rephrasaspbntaneous irreversible changeisolated systemimgp
towardsinincrease of the number of states of the system. In classical statistical physics the numbe
of states can be understood ascieséxte volume in phssacdt leadgo the statement that

isolated systems can spontaneously change only towards a (much) larger occupied volume in sp:
Frenkel commented on the word “much” by calculating that anincrease ehtropy by 0.1% for one
liter(equal to ondule peKelvin) of water in ambient conditions would resultsartyef the

number of states of the system by the stunningft;nm[orﬁ .[103]

Therefore, an increasentropy corresponds to the growth of the number of accessibbe states
some systertssbringsa visiblgnhanced ordg03] Lars Onsager did the verywiskon the
spontaneous orderingasf/stem induced by entrfi§4] He analyzed thetespy for a fluid of

thin, hard rods. His model predicts the transitiorafronentationally disordered to a nematic
(orientally ordered) phase of thin (Bdgurel.6a).In Onsager’s theory the number of states is
determined through translational and orientational degrees of freedom of hard rods. Indeed, he
found thata phase transition towartte nematicphasecorrelatesvith a decreasa the
orientational entropy. However, there is a contribution of the translational entropy associated with
the excluded volume. kRdrsordered system of the rods the excluded volume isitaogieefor
wordsthe acessible volume is small), which decreases the translationéh e¢nisopgy the

ordering of the rods increases the translational @hicbpgsults in the gain of the total entropy

of the system, despitesineultaneousecrease in orientational entrémpther famous example

of ordering phase transition is the freezing sphardd-{gurel.6b), whichwas first pronevia
Monte-Carlo calculations by Alder and Wainwi@it and by Wood and Jacobgtf5]

Initially, the scientific community met the theoretical evidence with great skepticism; however, it
becamwidely acceptadterl957 and latexperimentaliyroven. [106]

These theoretical works pushed the research on design of new interfacial assemloiges by employ
the knowledge of entropy forward. The entropy input can be divided by its nature: shape, rotational
vibrational, orientational, and conformational enfg8py¥he shape entropy guides the assembly

of particles solely by steric factors. Someheoréd that the entropic effect of shape is distinct

from other®@9], [107], [108}vhen the system reaches a moderate fEI8ifgotational and

vibrational entropy is linked to the number of accessible states that particles can reach by rotation:
and vibrational modes and can be observed, for exampleyartidegl 0], [111]

Conformational entropy is associated with the conformational number of a molecule and therefore
has a particularly pronounced impact orchamng molecules inclugliproteing[112] RNA,
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[113]and polymerfl14]1t becomes critically important for blends of NPs and polymers. For NP
polymer interactions, conformational entropy brings the largest input for the NP assemblies and
guides the distribution and agglomeration thereof.

(a)

(b)

Figurel.6 (a)lsotropically oriented thin hard rods and their transition tewardatic phase.
(b) Fluid of hard spheres and its freézegatropy increasérom left to right. Figure is taken
with permissioftomthe Ref[93].

1.2.5 Bulk Aggregation an8urfacesegregation oNanoparticles

Already in 1954 Sho Asakura and Fumio Oosawa showed that a mixture of suspended patrticles al
globular polymers sepavatt® two fluid phases due to attractive interaldids].Later the

colloidal denixing was explained with depletion interadqtld®] Typically, particles blended

with polymers tend to agglomerate into clusters guided by depletion attresSucHoac

depletion attraction force arises from thedexi volumes aatiractarticles teach other or

towards the wallBigurel.7). Depletion attractioforcescan be suppresssdroughening the

surfaces of NPs ompayymer graftinfl17]

Conformational entropy is not only responsible for the bulk aggregBsamtbimthe polymer

but also for the surface segregation il Surface segregation is usually observed when the
concentration of NPs is low. In this case depletion attraction forces between NPs are also low an
consequently, NPs do not agglomerate into clusters. This facilitates their easier migration within
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the poymer[119] It was reported that depletion attraction can be overcome in the presence of
interfaceq120], [121]There is a firstrder phase transition when NPs are expelled from the
polymer towards the surface. In other words, interfaces induce an “entropic push” or depletion

attraction between NP and a wall leading to a formation of a layer of NP near the walls, surfaces,
interface@Figurel.8).[122] By tuning the concentration of the NPs, the depletion attraction can

be controlled and the system can achieve surface segregation, bulk aggregation, or a mixture of th
stateqd119]

Overlapped volume

1
1 1
, MeO ,';
! particle i/
!
\ ;o
o | \ ,I
\ \
\ ,\
\ \
\\ // \\
N ,' \
AN P ~
N , >

— -

Excluded volume

Figurel.7 Schematic of the attraction between MeO particles (grey spheres) in a polymer solution
(indicated by light blue spheres) originating from the excluded volume between the particles

themselves and the osmotic pressure ibgutedsurrounding polymer chains/partiohegye
taken with permissioniindhe Re{118]
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_~Neutral wall ~ Polymer

Figurel.8 Schematiof a thin polymédayerblended with spheridééPsand a layer of NPs formed
at the interfacdsigure takewith permissioftom|[119].

1.2.6 Entropic interactions for sdfiealing materials

Damage to a materreylead to the formation of new interfacesraigglation and aggregation
of NPs at this interface can derteealing of the structuf®23] Thus, entropy can be employed
to build structurally complex systeaable of séléalingintroducing appriate enthalpic
interactions between NPs and polymeric media can enhandetiisgelfedil23] Gupta et

al. synthesizeah auteresponsive hybricbmpositebased ofPMMA, filled with coreshell
CdSe/Zn3NPs[58] TheNPs were coated wathly(ethylene oxid@EO)which is not miscible
with PMMAand thereforthie entalpic interactisbetween the NPs ahdPMMA matrixwere
fully eliminatedrhisresulted imhomogeneousstributionof the NPshrougloutthe polymer.
Upon annealing in vacuum at’C7/@dr 20 hourgheprotective thin silicon oxide layer cracked
forming new PMMA/air interfac@sgurel.9a). A strongluorescerein the crackgproved that
CdSe/ZnS NPs agglomeratethatcrack$Figurel.9b). This behaviowasfacilitatedby the
absence of interactions between the NEse&MMA matrix and the lower surface energy of
PEO compared to PMMA-dowever, thdecisive factaras tk entropic penaliyflictedonthe
PMMA moleculachaindy the NP#t least two timéarger fluorescegintensities in the cracks
were observed for 5.2-sired\Ps coated with PEQ68] This shows that particles which are
larger than the gyration radius of the polymer impose higher entropicTzeloaltigsthe
entropic and enthalpic interactions opens a refined approach teheatisgseffmaterials.
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Figurel.9 Fluorescaremicroscopy afacks on the surfacaSifOlayer on a structure consisting
of 3.8nm-sizedCdSe/ZnS particlenated with PEO addperse aPMMA matrix (a)Bright
field imagéb) Fluorescareimage of the same dfgguraakenwith permissiofiom Ref58].

1.3 Objective and structure of the thesis

This thesis aimsdevelop flexible, transparand conductive materials zitigVP1. To achieve
this goal, new hybrid organarganic materiadembinations/ere developed, expanding the list
ofknownVPI procesdematerials with Parylerle&sed hybrids. The {amperature infiltration
process extends the iappllity of the processriore temperatusensitive polymers.

Since flexible electronic devices are susceptible to tearing, stretching, and puncturing, advances
the development of dedfalingransparent conductive oxil€ Q) materials are imperativiee

controlled fabrication and investigation of the blends of polymers and metal oxides (MeO) led to
the discovery of a new-tsedfling functionality of the resulting hybrids. This works aims to
investigate and gain an undeistgrof the effect of the NPs” surface segregation which leads to
the selhealing of the metal oxide coatings.

Chapter 2overviewthe main experimental methods wstdricag and investigathe hybrid
materials.

Chapter 3describes the developmend BaryleneC/IxO, hybrid. Approaches for the H{ow
temperature gpbase deposition of indium oxide are disdusseadbrk shovikat the choice of
the oxygercontaining precursor impacts ghewth per cycle (GP@hd crystallinity of the
resulting filmdhe $ructural, optical, and electrical properties of the Parylgdgi@/bmid are
studied and the applicability of the hybrid structures as flexible electrodes is evaluated.

Chapter 4focusesn the synthesis and properties of ParyleneC/ZnGs hiyidhfiltration
characteristics, structural propedrethechemical composition of the hybrid arezaddliie
possible mechanism of the precursor reactiotiseyibhymer is discussededasnresults of
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density functional theoiyKT) calculationg hesizeandthedistributionof the NPsvithin the
polymeiarestudied asis an indicator stockmateriaheededbr theselfhealingrocess

Chapter 5evidencethe selfhealing mechanisms witthia hybridParylene@VleO structures.
Healing is observed for different types of defacs@mdolymeric substrates. The mechanism
of healing is discussed, revealing the necessity of halogbatgmawest the intaction
between the polymeric matrixestetispersed metal oxide NPs.

The prospects this work antthemain conclusions of this researchsatesseéd Summary and
outlookchapter
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Experimental techniques and methods

2.1 Vapor Phasmfiltration

2.1.1 VPI fundamentals

Vapor phase infiltration is a chemical processdivaid from the ALD method. Ah&came
widely appliedue to outstanding conformaliyow number of defecésmdprecisahickness
control of thefilms.The growth of the filstarson functional groupsailablenthe surfaces of
materialsHoweverjf applied to polymeric substratdsD leads to the subsurface growth of
inorganic material, not excluding the formation of a film on the[$@4hbethis cas¢he
interfaces become pyalefined ananight even lose the adhesion between the polymer and
inorganic thin filn{125] Infiltration, whichat firstwagerceived asside reactipappeared toe
beneficialor manystructures and applicatiomgludingmpartingdiffusional barrigaropertes

[126] enhancingnechanical toughnd&4,] improving etching resistan€dithography resists
[127] altering opticalrpperties[128] andenhancing the conductiJit29] This method was
introducedirst by the groud &nez in 200921] Since this time, it became widely applied and
known under different namesvapor phase infiltratiof,30] sequential infiltration synthesis
(SIS) [131] multiple pulsé infiltration (MPI),[35] sequential vapor infiltration (S\V26] or
atomic layer infiltratiofil26] All these methodse based on the same processeslytbat
reactiogsbetween gguhase reactarasd the substrat€hereforgt has beeproposed tanify
differentnomenclaturasnder the naméP1 [130] or even ALD[124] To promote infiltration

into the soft substrates, an exposure atkejed totgpical ALD cyclé-{gure2.1). This additional
timeensureadiffusion of precursor molectuteo the polymeéyulk ALD and VPI are both based
on the same types of sequeheanical reactigmghichmakesnostALD chemicals applicable for
VPI process Exceptions may apply forgerally unstable precursors, i.e., molecules which self
decompose within the time period needed for the diffusion (exposure time).
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Figure2.1 Schematic of typical pressurelgsdbr ALD and VPI proces$as. pink blueand
greenlinesrepresent the partial pues®f the ¥ and 29 precursorand a carrier/purge ,gas
respectivelfrhe gas flowusually keptonstant even during the exposureisiess the reactor
is hermetically sealed between the pulse and purge Jdwpueragpsis adapted from Réj.

During VPIla polymeric substregesubjected sequential pulses of two or more distinct vaporized
precursor molecules. The precusdmshately infiltrate the substrate and undergo chemical
reactions. The first precursor typically binds to the furgrbopain the surface and in the bulk

of the substrate/hile the second precursor reacts with the first bound precursorgtmitfaceth

and in the bulk.rAidealized schematic is shiomiigure2.2. As a first step, a vaporized metal

organic precursor is pulsed into the reactor. Owing to the free volume of the polymer, the precurso
molecules candiffuse and chemisorb onto reaaiivetibnal sites of the polymer. Even in the

case of an inert polymer, the subsurface growth can occur, as the precursor can be physically trap
or physisorbef.32] After purging, the same procedure is repeated with a second precursor, in our
examplevater, which reacts with the absorbed first precursor forming the corresponding metal
oxide irthe bulkandonthe surfacef the polymer. Those two expgsurge sequences for the

two precursors demark one VPI cycle and can be repeated multipkreoyesidimg an
increment of inorganic material to the substrate with each cycle. Eventuallyinangargeanic

hybrid material with a MeO coating is obtained, as shown inEtgpr&.a8f Once the coating

becomes defdote and sufficiently thigkwill act as a permeation bafoiethe precursoasid

prevent further infiltration. Continued processing will only add to tiAd_ButeatingThe fact

that VPI is a solutidree process makes it valuable for ther@aestsing of previously prepared
structures or devideés.
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Figure2.2 Schematic of the organierganic hybrithaterial fabrication by VPI. Steps 1 to 2 and

3 to 4 indicate the individual exposure and purge steps of the two precursors in one VPI cycle an
the sorption, binding, and reaction events during those steps. Step 5 is a schematic of the resultil
polymeridybrid material with a thin film coating and a blended inorganic submagtataken

with permission from the R&1.8]

Thereare severéctors that affethe infiltration processincludng but not restrictd to,
penetrant size and shéieeyolumenfthepolymerandprecursepolymer reactivith snall size

of the reactantpseferald to acceleratediffusion into th@olymerThe pocessing temperature
alsohas a direct impact on specifiz’olumeof the polymeH eating of the polymer leads to a
decrease in its mass densitgrancrease in the polymer chain volumtharicee volume. The
free volume of a polymer gmieshancement upon exceeitbigdass transition temperataumd
therefore facilitates the infiltration of a polypen cooling of the polymer atteN/Pl process,
the polymer chains “freeze”, leaving it in @ norequlibrium state withfexed free voluni&0] Such
kind of “kinetically trapped” free volume depends aheprior processimgnditions afhepolymer

and can be employed ttoring the infiltration procegsterestingly, chemical reactions of a
polymer with a precursor might prevent infiltration into the polymer depth due to quick absorption
of the precursor and subsequent steric hintinacmetrastengineeringf a precurseuolymer
system with only vkeiateractions is a route to overcome the diffsitea infiltration profiles
[133]

2.1.2 Materials and VPI conditions

We applied VPI to infiltratiee polymeBarylene@ndpolyviryl chlorideRVC) (Figure2.3a, b
with zingindiumoxidesnd nickel oxidess well aglium zinc oxidg@ZO) andindium tin oxide
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(ITO). Besidesevergbolymersveretested fothe selthealing functionality, includiR, PU,
PDMS, natural rubbexgrylonitrile butadiene styreABY, PTFEpolystyrenePS, PET, and

PA6.
(a) (b) (c)
- cl 7 0 B
H
H H
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ParyleneC Polyvinylchloride (PVC) Trimethylindium (TMIn)
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Tetrakis(dimethylamino)tin (TDMA-Sn) Diethylzinc (DEZ) Trimethylaluminum (TMA)

Figure2.3 Chemical structures(ajParyleneb) polyvinylchloride (PVQ})trimethylindium
(TMIn), (d) Tetrakis(dimethylamino){it/) (TDMA-Sn), (e) diethylzinc (DEZ) and (f)
trimethylaluminum (TMA)mage taken with permission from th¢ 1R &f|.

MaterialsFreestandingplasmalepositedParyleneC sheets with a thickne36-4 um were
purchased from Plasma Parylene SystemsR3f@lsdbstrates with a thickness of 250 um were
purchased from GoodfelldWMIn with a purityof 98% was purchased fBIREM(Figure2.3

0). Three oxygercontaining precursors were tested, namely purified water (Millipore, 18.2
MQcm), a 30% aqueous solution of hydrogen peroxide (abcra@chbifne

VP! processesifiltration was performed an ALD reactor (Savannah S100; Cambridge
Nanotech Inc.)This reactor hag@ntrollable vacuumalve placed betweenrdeetorand the
pumpwhich allowfor obtaining/P1 conditionsThe manifoldor the precursor suppigs heated

to 100C. Acontinuoudlow of nitrogen of 28tandard cubic centimetersnpieute(sccmwas
supplied throughe manifold lings thereacorduring the entire VPI processrevent backflow

of the precursor into the manifdliter VPI, the heating was switched off untédlceoreached
8(*C and was maintained at this temperatureagutestant flow of nitrogen.

InO, infiltration. Indium oxide infiltration was performedmiyf TMIn andone of the oxygen
containingprecursor80% hydrogen peroxianaqueous sdlon, ozon@r waterirst, TMIn

was pulsed for 0.4 s into the ALD reaaibthe vapor was kept inside the chamber for additional
30 seconds to allow the precursors to infiltrate the polymer. Thesteeqessifellowed by 60
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2.1. Vapor phase infiltration

seconds of purging withgds teemove any unreacted precursor gmadhyct The same steps
were repeated fdeO, H,O,, or ozonavhich demarked one infiltration cyide temperature
wagvaried from 100 to 200 The exposure timvas/aried from 1 second to 50 secbhdgotal
number oPIcycles was 150

Thermally oxidized silicon substrates were placed into the reaction chamber together with
ParyleneC. They served as reference sampiey fafl¥ctivity (XRR) andRay diffraction
(XRD) studies.

ITO infiltration. The VPI of ITO was performed using TMiQ.ldnd TDMASn as precursors
at 200C (Figure2.3 d). After every T=ycle of TMIn/HO. with the pulse/exposure/purge
sequence of 0.4/30/60 sec, one doping cycle ofIWNL®, was performed with the same
timing completing a-salled supercycle. In total, the process consisted of 25 supercycles.

2Zn0O infiltration The VPI of ZnO was performéith DEZ and 30 ¥.0.0r H.O as precursors

in the temperature rangfel00210°C (Figure2.3 €). The pulse/exposure/purge sequence was
0.4/30/60 sec for both precursbneN. gasvas kept constant at the level of 20 Huemumber

of cycles was 100, if not stated otherwise.

[Z0 infiltration.The VPI of 1IZO was performed using TMIn, DEZ.@na&i 210C. After every
9" cycle of TMIn/HO-0ne doping cycle of DEZ®:was performed, completing 20 supercycles
in total.

NiO, infiltration. The VPI ohickeloxide NiOy) was performed usirigkelocene (NiGpand
ozone (@) at 220C.was sublimed in a bubbler, with nitrogen gas assisting thidherboesser
was kept attemperature of 8D. The pulse/exposure/purge sequence was 5/3064INSEp;
and 1/1/20second®r ozone to eliminate the impact of ca@oagolymer substrate.

Cl-doped ZnO infiltratiorHalogerdoped ZnO infiltration intBDMS andPA-6 wagerformed
by adding a 0s& pulse of SOgaftereach™ cycle of DEZ/HO, completing 15 supercycles in
total.

Al-Os depositionin this work, laminawas used tweate a diffusional barrier and to produce
nanolaminates insteadhygbridsFordepositing thin A-O;laye, 100 cycles of TMA/D, were
applied to ParyleneC atZ1@ith the pulse/exposure/purge seqoenp.2/1/30 sec fdroth
precursorg-igure2.3f).

2.2 X-ray Diffraction and Reflectivity

X-ray diffraction(XRD) allowsthe identification ofhe crystalliity of amaterial, its phase
compositionquantification of tleze ofrystallitg etcAn xraybeamlluminatesaspecimeand
electronsn the materiakcatter the electromagnetic radiaMost of the waves undergo
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destructive interference, howev@&onsuctive componergppearsvhen the Xays meet the
criteria of Bragg’s law (Equation 3)

¢l ¢ AQEI (Eq. 3)

Here s the incidence angle abifs, d the lattice spacirand_is thebeanwavelengtitupon
irradiation of a crystal wiXharays a diffraction pattern consistingenferaleflexess detected.
Thosereflexes areonverted into a model tbé electron density of the crysial Fourier
transformation.

X-ray reflectiwt (XRR)is surfaesensitivéechniquehatcan be realid with a similar setap
XRD. It is a reflectométmethod which analyses theay wave reflected from a crysétal at
angle equal @nincident anglelhe aalyss of thereflected Xays allowsstimabn ofthe
thicknesgjensity and roughnesshin layers

In our work, XRD and XRR studies were performed in the PANalytical X’Pert Pro diffractometer

using Cu Kradiation with the wavelengthof.54 AXRR was performed only on the reference
samples, i.e., coated Si substrates, due to their lower roughndsfirzediintelifaces. The GPC

values were calculated from the ratio of the measured film thickness on the Si substrates to the tot
number of applied VPI cycles for each sample. XRD was measured from both hybrid organic
inorganic and reference samples obtained on Si substrates. The obtained spectra were compal
with theoretically calculated powder spectra in the database magec@iscienc

2.3 Electron Microscopy

Electron microscopy is one of the most applicable investigation and visualization techniques for
VPI-modified polymers. Infiltrated polymers have a modified layer whose depth varies depending
on thetype opolymeric substrapeecursors, and process conditions. In matiyetafigéstion

depth does not exceed 200 nm, which is the limit of the resolution of the optical microscopy as it i
directly proportional to the photon wavelengtthe visible regiofFigure2.4). Electron

microscopy probes a specimen with electrons instead of photons thttepesniotion
enhancement. Typical energies of the electrons in an electron microscope lie il4B@ range of
keV forscanning electron microgd&EM and 66800 keV fofscanningtransmission electron
microscop((S)TEM), which allows resolutsyetter than 1 nim SEM and better than 50 pm in
(S)TEM.SEM and TEM techniques possesspagjatesolutionwhich is necessarydaprecise
morphological characterization.

Another advantage of electron microscopy techniques is the interaction of electrons with atoms,
which provides additional spectroscopic information from the specimen. For example, electron
microscopy gives meangrsituchemical characterization ostiraple, such as endigpersive

X-ray spectroscopy (EDX), Auger electron spectroscopy (AES), or electron energy loss spectrosco
(EELS), aiming at the investigation of the chemical composition of the sample, chemical bonding,

24



2.3. Electronmicroscopy

10 um T

1 um

olution

100 nm +

SEM

Depth Res
)
-
3
L

1TEM

1 nm

1 AFM
100 pm T

SIMS

100 pm 1nm 10 nm 100
Lateral resolution

T

nm 1um 10um

Figure 2.4 Comparison of the typical spatial resolution of different imaging and spectroscopy
techniques: AFM, TEM, SEM, SIM$&Ray, XPS, and light microscopy.

and the valence state with agpghal resolutiomformationaboutthe chemical composition
can also be extracted ftbenbackscattered electr@msl electrons scattered at high angles
(HAADF STEM) Application ofarious (S)TEM imaging technigliesvgo study the structure
down to the atomic leveisualize nanocrystals and clusters inaced@sisibtber methods,
determine their crystal structumdorientationandpreciselyneasure thresize[134] This thesis
employsall the methods indicatedrigure2.4, exceptomic force microscopy

2.3.1 Scanning electron microscopy

SEM, like optical microscopy, is designed to examine material surfaces. In SEM, an electron bean
focused by condensaises to a spot with a diameter-6friwdthat scans a specimen surface line
by line. At each specific surface spot, electrons are emitted from the specimen, which are collect
by detectors. The interactions of a primary electron beam with thecgpebendivided into

elastic and inelastic interactions.

Inelastic scattering occurs through a variety of interactions between the incident electron beam an
electrons of the specimen. These interactions can also lead to the ionization of thétisggecimen, exc

an electron. As a result of the relaxation of excited specimen electrons, the generation of second:
electrons (SE) ocs(FFigure2.5a). SE daot carry information about the elemental composition.
Instead, SE possess high spatial resolution and, therefore, are ideal for investigating topograp
changes and are usettfaging imighmagnification.

Elastic scattering of an incidgdattron beam occurs on the atomic nucleus or by outer shell
electrons of a specific enefggrimary electron losesgligible energy during a collisitna
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specimenbut it undergesa directional change a wide anglerhese electrons are called
backscattered electrons (BSE) since the scattering angle is9Qtqfégbes2.5 b). Since the

BSE signal originates from collisions wigttdiméc nucleus, its intensity strongly depends on the
mass of the nucleus. Therefore, it is very utile to represent the mass contrast of the specimen surfe
Howeverthe BSE signal arises from the greater depth of a sample and,itthspettak,

re®lution deteriorates.

b
(@) PE SE i PE BSE (c) PE SE

PE - primary electron SE - secondary electron BSE - backscattered electron

Figure2.5 Schematic image of emission mechani@)ysecbndarglectrongb) backscattered
electrons, ar{d)characteristic-ky irradiation frorspecimeatomns.

In this thesigDualbean¥El Helios 450s microscOpleermofisher, USAlFigure2.6a) was used

as a multifunctional nano laboratory for morphmlegstigationssurface modification and
patterning, thredimensional characterization by -sexdfoning, mechanical and electrical
testingand thin sample preparation for the TEM measusérhehtelios 456is equipped with

electron and focused ion beam (FIB) columns, a micromanipidatngydispersed -xay

(EDX) detector, and a gas injection system for precursors. The electron gun is located perpendiculz
to the sample stage, whigeion gun is tilted at88the surface and® &2the electron gun. SEM
measurements were performed at different accelerating voltages from 1 up to 5 keV, depending ¢
the conductivity of a specific sartpldecrease the impact of an incident eledieam on a

specimen. Since the interaction of the incident electron beam can damage the chemical structure
a specimen and a high electron dose has the potential to recrystallize amorphous materials, tl
current of electrongpicallydidn't exceed $A during imaging.

2.3.2 Energydispersive Xay Spectroscopy

The interaction of electrons with atoms provides additional spectroscopic information from the
specimen allowingsitu chemical characterization of the sample with EDX. Each atom possesses
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" T RN

Figure2.6 FEI Helios 450s microsc@oéhoto of the microscofi®;photo of the chamber with
eletron and ion gun&;)schematic image of the electron and iopagitinsn in relation to each
other and a sample.

electrons at discrete energy levels. Redm@aynlectrons can excite and expel the electron from
an inner shell, leaving an electromloled Figure2.5 ). An electron from a higher valence shell
fills this hole at the same time generatingRay Ehoton, which is collected by an energy
dispersive spectromefidre energy of the emitteeRXys is characteristic of the difference in
energy between the twdlstand of the atomic structure of the emitting element and therefore
allows for the precise identification of the chemical composition of the specimen.

The EDAX Octane Pro detector, installed in the FEI Helios 450s, allows the quantitative
measurement tife chemical composition, element depth profiles, and element mapping of the
investigated samples. For investigating In, Zn;lzase&imybrids the SEM was operated at the
beam energy of 10 keV to reach theoffdulstween the possibility of excitiegcharacteristic

X-rays and avoiding beaduced damage or charging artifacts. In TEM, the EDX measurements
were performed in STEM using an EDAX SDD detector.

2.3.3 Focused lon Beam Sample preparation

A focused ion beam (FIB) allows surface imaging J&t liBesides imaging, the FIB also allows
/n-situthin film deposition and sputtering of a specimen. During ion sputtering, accelerated and
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focused ions bombard the surface and precisely remove the upper layers of the materia
Furthermore, the FIB carubed to section the specimen forsgossnal analyses. Examination

of a crossection of an infiltrated sample is the mefiabaice to visualize the hybrid organic
inorganic structure and measure the infiltration depth. To make a sasgiBoctbssstage

should be turned perpendicular to the ion beam, which in our case required a &{&igptié of 52

26D, 9. However, cuttingequired a specific preparation to eliminate the radiational damage:

First, we applied a conductive carbon layer to increase the contrast between the MeO film anc
subsequent layéfggure2.7 a, b)Non-conductive specimen require an additional conductive layer

to diminish the charging effect during FIB preparation. For-g2taphra®f a 50%/50%-A&u

layer was magnetgputtered onto the specimen surface.

(a)

Platinum

Platinum-Gold

Metal Oxide

Plolymer/MeO hybrid

(b)

Platinum-Gold

Carbon
 Metal OX|de

Polymer/MeO

Figure 2.7 (a) TypicalFIB crossection of polymer/MeO hybrid with a designation of the
different layergb) Magnified image of the section highlighted with a red square in (a).
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Second, a protective platinum layer was locally depositectnithaed ion beams to preserve

the specimen surface fromdg@tering. This Pt layer is deposited inside the SEM/FIB chamber
directly in the area of interest. For that, a precursor gas trimethyl(methylcyclopentadienyl)
platinum(lV) (MeCpPtMg is injected into the SEM/FIB chamber. Then, the surface is scanned
with electron or ion beams, causing the precursor to decompose, thus forming the film selectively i
the irradiated area. The ion current should be optimized to not etch the sample surfac
simultaneously with the precursor decomposition. After the formation of the protection layers, the
FIB bulks out the volume of material, forming sectiss with an ion voltage of 30 kV, and a
current of 2.5 nA. On a typical crssstion presented this thesis, there are PtAlPt
(optional), C, MeO, polymer MeO, and polymer layers, as Siquvelivia Normally, the thin

MeO film is sgated with from a polymer/MeO hybrid with a pronounced border. In contrast,
the hybrid organrinorganic part decreases gradually and does not form a sharp interface.

FIB allows precise etchingking a lamella fabrication for TEM investigations péssibfast

step, the Pt layer with dimensions of about 15um (X) x 1.5um (Y) x 200nm (Z) is deposited using
the MeCpPtMgprecursor and an electron beam. The accelerating voltage of &pateiiys

kV at currersiof 1.4 nA. This layer protects the sample surface from the following Pt deposition by
ions. In the second step, the stage is tiltédad&perpendicular to the ion beam and a thicker

Pt layer with dimensions of 15um (X) x 1.5um (Y) x 1.5 prefdsied with the ion beam
(Figure2.8 8). The ion current varies between 93028 nA at an acceleration voltage of 30 kV

to have a decent Pt defpan rate but not damage the surface. Next, higher ion cur2bts of 1

nA are used to perform staircaseohtktchingFigure2.8 b). Thetypical etch depth i86um

to facilitate the following lamella extraction. The stage is placed back ttoantétkef & dut

to free the lateral sides of the lamella. After that, the OmniProbe is inserted into the SEM chambel
and placed in a carttevith the Pt lay@figure2.8 c).After conjugation of OmniProbe and lamella

with aPt deposition, the hftut process can be performed. Then, the OmniProbe Rpgier 3
Lift-Out Grid is positioned in the eucentric position of the chamber. The OmniProbe with the
sample is inserted and placed in a contact with (Reygréd.8 d). The sample is connected to

the grid by ion deposition and cut from the OmniProbe. The stage is again tilted3®tween 50
degrees to thin down the spenifrom both lateral sides with an ion current ef0046A and

a beam energy of 30 keV until the thickness of the lamella reaches less than 10Figurthickness
2.8e) The final cleaning of the lamella is performed with smaller ion beam ebetg\ésiod 2

currents of 286 pA(Figure2.8 f). A typical indicatioof an appropriate thickness for TEM
investigations is the “shining” of the lamella in SEM, meaning that electrons can pass through it

(Figure2.8f).
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/

(@ (b)

.

(d) (e)

Figure2.8 Steps of lamella preparation a#B: (a) lon deposition @ Pt layer(b) bulk-out
sputtering of materidt) U-shape cut ardt-out procesaith OmniProbg(d) mounting of
lamellaon Omnigrid(e)thinning, andf) thinned and cleaned lamella.

2.3.4 Healing experiments

Apart from lamella fabrication and eessoning, FIB served for etching patterns on the sample
surfaces for the healing experiments. By-sfultieg the inorganic film from the surface (a few

tens ofnanometejs the hybrid organicorganic matetidoeneath was exposed to ambient
conditions. In other words, defects were produced in a controllable manner by FIB. The ion current
varied between 40 pA and 0.4 nA, and the accelerating voltage was 30 keV.

To exclude possible radiation impact on a saeptemducted additional experiments without
the involvement of the ion beam etching. For that, we used the OmniProbe micromanipulator
inside the SEM vacuum chamber to mechanically scratch the statiaableveay

2.3.5 Transmission Electron Microscopy

When the thickness of a specimen is sufficiently low (typically less than 10@mergy high
electrons can transmit through it. On their trajectory within the sample, these electrons interact
with the electron densities and nuclei of the materiahleylkieT collected by a detector behind

the specimen, i.e., by a CCD camera in TEM mode or angular/circular diodes in dark/bright field
STEM modes. The accelerating voltages for TEM are higher than for SEM and ar8@@pically 80
keV as the electrons radticient energy to pass through the specimen. The lateral resolution of
the TEM is less than 1 Angstrom and allows for examination of the material’s crystalline structure.
In this thesis, TEM measurements were performed with a-3@@rfBrmo Fish&cientific,

USA), equipped with an objective lens aberration correctoréCsr, CEOS), operated at the
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accelerating voltage of 300 kV. The images were taken in standard bright field TEM or high
resolution TEM (HRTEM) modes, while STEM was uséeaical profiling or mapping. The
TEM images were processed and quantified using the Gatan Digital micrograph software.

2.4 X-Ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is an electron spectroscopy technique that allows the
investyation of the elemental and chemical state of anldutenf a solid specimen. XPS
evolved from the photoelectric effect formulated by Hertz on the emission of electrons when
electromagnetic radiation hits a material. It causes the emissionctrbribeirelandom

directions, however typically only electrons that escape from the sample into the vacuum can b
detected. Other electrons must travel through the medium of the sample, where they undergo
inelastic collisions, recombination, excitatibe emple, or trapping, which significantly lowers

the number of escaping photoelectrons. Electron scattering within a material makes XPS a surfac
technique, with the exponential drop of the electron signal moving from the surface into the bulk
of the magdrial. Measuring the energy of the emitted electras\iEh a hemispherical electron

detector allows calculating the binding enefgy) (&f the electrons in the sample using the
followingEquatioré:

0 0 0 | (Eq. 4)

where ®gis the work function tifespectrometeand BrowoniS the energy of an incident photon

Since the chemicaivironmenbf an atonaffects the electron binding energiesS, allows
analyingthe chemical surrounding of an atom of intemebktelement produces few characteristic
peaks, that resemble the electronic configuration of the atom. The peak intensity depends on the
element concentration in the studied vohonevethe relativeessitivity factor of each element

has to be considered. Combined with a sputtering system, XPS becomes a powerful tool fo
investigating the changes in the chemical state of a specimen with depth as spectra can be recor
after each etching step.

XPShasbeen measured by B#.Sari¢ Jankovi¢ and Prof.Mladen Petravi¢ in the department of

Physics at the University of Rjj€kaatiaThe pectra shown iFigure5.19 weremeasured by

Dr. Maxim llyinand Dr. Celia Rogeabthe Materials Physics Cenf€FM) of theSpanish

national research council (CShC3an Sebastj@painThe chemical compositidrttee hybrid

samples in this thesis was studied by XPS with a SPECS instrument equipped with a source «
monochromatic Al Ko X-rays (Fowi=1486.7 €V). To study the state of chemical elements in the
bulk of the hybrid, the surface material was removed by sputteringemigingylargon ion beam

of 2 keV and a current of 10 pA. Since the conductivity of the hybrid is expectedtteealter with
etching depth, electron beam flooding was employed to neutralize possible charge accumulatiot
The pass energy was 50 eV for all survey scans and was reduced to 10 e¥stdutiba high
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scans. The analysis of the XPS spectra was performeGasehX¥RS software. Binding energy
correction was done with respect to the C 1s peak, positioned at a binding éheXgyetdt284

to the organic carbon originating from the polymeric substrates. The spectra were fitted with sets o
Gaussiahorentzan functions with Shirley background subtraction.

2.5 Secondary lon Mass Spectrometry

Secondary lon Mass Spectrometry (SIMS) is a method of determination of the chemical
composition of a solid material via the detection of the secondary ions.afbé@seiitatsfrom

the sample surface when it is irradiated with the primary ion beam. Primary ions hit a sample.
breaking the bonds between a@mmassetting them in motion. These atoms have enough kinetic
energy to bring this impulse further, caussgpdeaollision reaction. Freed atoms and molecular
fragments are generated within the f&sh@nolayers of a solid. Although most of the removed
particles and molecular fragments from the sample are neutral, a percentage of these is positively
negaitely charged. The relation of their mass to their charge M/Z is detected, and the positive or
negative maspectra of the secondary ions can be plotfgdn®y ions are used when an
increased sensitivity towards the positive ions is desinecarg$ons enhance the output of the
negative secondary ions. Using the primary source with a large mass number facilitates the detecti
of the secondary ions of larger mass, which makes it especially useful for investigating orgar
samples. SIMS allows tletermination of the chemical composition with outstanding elemental
detection limits ranging from parts per million to parts per billion.

SIMS has been measingDr. Rabert PeteandProf Mladen Petravi¢ in the department of
Physics at the UniverafyRijeka Croatialn-depth profiling of oxygen, indium, carand
chlorine in the ParyleneC/InxOy hybrid was done with a quaynped@MS instrument
(Hiden SIMS Workstation) using a beam*gfr@®sary ions of 5 kV and 20 nA and collecting O
, InO, C, and Clsecondary ions.

2.6 Resistance measurements

2.6.1 Van der Pauw resistance measurements

The sheet resistance of the sampleeasmsed using the darPauw mettoh [135] It evolved
from thefour pointprobe methagavhichis one of the mastmmonlyisednethod$o measure
resistance in semiconduotsearchnstead of placing the four contacts in onthénvgn der
Pauw methodpplieso specimensith arbitrary shapes asduitable fothearbitrary placing of
the four probes labeled A, B, C, giRigDre2.9a).[135] Thetheorybehindassumes that contacts
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are ideal point contacts of infinitely small sizes that are placed emiindesealume of an
isotropic material of a uniform temperature.

(a) (b)

A 50 O
B 2 3
D 1 <

Figure 2.9 (a) Samples of arbitrary shape with four small contacts at arbitrary fhlaces for
measurement of the specific resistance by the Van der Pauw)i@sthpdoraVan der Pauw
measurement for a sqsaepedampleAn SMUisconnected at each confHoe image taken

with permissiofiom the Ref136].

Van der Pauw’s method gives thefollowing equation for a flat sample of arbitrary shape:
Qor—— Qor—— (Eq.5)

where d is the thickness of the film”arfid | is the specific resistance of the material, which is
written in the following &s The resistancesRois defined as the potential differeneécV
between the contacts D and C per current through the contacts A and B. Thegtgsistance R
defined in analodiL.35] Newton’s iterative method for the solution of non-linear equations is
effective in solving this equatiofi for

W QOF—— Qor—— p T (Eq.6)

If we @fine” as the initial approximation for the equaierthé following approximations are
found by the iteration

i

Setting o, forexp ( AAY j”; and forexp ( AAY j”; wecan find" " I

S : (Eq?)

W. Price extended the \dan Pauw method for a flat anisotropic material watttranprincipal
axes out dfieplane of the sampldtsatthere is no current flow in the direction perpendicular to
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Chapter 2. Experimental techniques and methods

the sampl§l37]He showed that farectangular shape with four electpddesan thesample
cornesthe ratio” j” 1 can be calculated

it —aw e o g jpg ) (Eq.8)

, Where a and b are the length of the rectangle, and their ratio Hwese aisquare sample.
The schematic setup is depictEadyine2.9 b. By slvingequations7) and 8) it becomesasy to
find the individual values of the principal resisfiteesquare sledpsampte

. ST B R
LRI R (Eq.9)

However, ithecase of a thin (d<<a) isotropic sample of a squatsamgiehe equation for
thespecific resistance can be simplified to

" QY (Eq.10)

Where'Y is the sheet resisenin contrast to the specisistances doesn’t require the
knowledge of the thickness of the conducting &iltietectric substratehichmakes it a method
of choice for the measurement of hytaterialsvith a grashldensity

In our study,hie sheet resistancéhethybridmaterialsvas measured using the déafPauw
methodwith a Keithley 4288CS characterization sysiém. samples were square dhathe
dimensions of 11xcm and silver contacts (Leitsilber 200 conductivevpagapplied to the
corners of the squafegure2.10). The measurements were performadhbient air at room
temperaturd hevalusof theY werefounduponsolvinghe Equatios8and9.

Figure2.10 Photo otheVan der Pauw measurement setup.
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2.6. Resistance measurements

Measurements gfersistentphotoconductivity (PPC) were conducted in the same setup
Irradiation wagerformed with @V diode lamp with mainwavelengtbf 365 nmin ambient
conditions

2.6.2 Multiple bending tests

To study the changes in electrical properties upon metaraaga| VaerPauw measurements

were repeated after multiplechanicabending of a sampBending oParyleneC/IxD,,
ParyleneC/IZQand ParyleneC/&ls/1Z0 was performed with a heudt bending device with

a bending radius of 5.5 (Rgure2.11). The samples were square shaped with sizes of 1x1 cm and
had contacts at the corners applied with silver paste. They were gluésordtagyrstage with

adhesive tape. The stage had an optical sensor used as a counter which recorded the numbel
rotations. This number and, therefore, the number of bending events was controlled by a script vi
Bluetooth. After a defined number ofingrelents, Van der Pauw measurements were conducted
without detaching the sample from the rotary stage to not induce additional mechanical damage
All bending experiments and measurements were performed in air.

Optical sensor, *

Rotating counter

Rubber rotating stage

Figure2.11 Homebuilt continuous bending tool.

2.6.3 Two-probe resistance measurements of a raizeal stripe

Resistance measurements of a-stmerbstripe were performed inside the FEI 600 microscope
chamberKigure2.12). A FIB at an accelerating voltage of 30 kV and a current of 6.5 nA was used
to sputtetetch a 70 nithick ITO thin film from the surface of the hybrid, leavimgllzeh90x35

pm sized conductive stripe, isolated with dielectric ParyleneC. Two Kleindiek Nanotechnik
microprobes were placed at the two ends of the ITO stripe. A Keithley 2612A was used to apply :
current of 10 pA and measure the resulting voltagebEkenare placed directly on the surface
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Chapter 2. Experimental techniques and methods

of the ITO without the deposition of additional contacts. While measuring the resistance, the ITO
stripe was cut into two halves by the FIB. The change in resistance was measured during venting
the chamber, i.exposure of the sample to ambient air.

Figure2.12 Photo of the experimental setup for the electrical resistance measurements inside the
microscope chamber of a FEI 600 electron microsagpdaken with permission from the Ref.
[118]

2.7 UltravioletVisible Spectroscopy

In this thesis, Ultraviol¥isible Spectroscopy (WS) refers to absorption spectroscopy. UV
VIS spectroscopy is an important technique to determine the band gap of semiconductors. The

absorption coefficient o and the photon energy hv are related through:
I T 86 O (Eg. 11)

wherehisthePlarck constant; is the photon frequendyis the bandgap, aAd a proportional
coefficientThe fctor y reflects the nature of the eledtarsition angsequato %2 or 2 for direct
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2.7. UltravioletVisible Spectroscopy

and indirect transition band g#®8] The fictory was takett ador directallowed transitions

when applietb indium oxidédased samplgs39]

Theoptical absorbance of the ParyléileOhybrids from 200 to 700 nm was measured with a
NanoDrop 2000spectrometérom Thermo Scientific. The binding energy values were extracted
from thecorrespondingauc plots

2.8 Attenuated total reflectioRouriertransform infrared
spectroscopy

Infrared (IR) spectroscopy is adestructive method to probe molecular vibrations. For the
analysis of the fundamental vibrations and associated +otatitinabl structures, rimdrared
spectroscopy inghrange from 4000 to 400 srapplied. Functional groups have characteristic
absorption bands, thus measured absorption bands can be assigned to those. Typically, vibratio
are infrared active if there is a change in the dipole moment, meanmetiihavgations are

not detectable with infrared spectroscopy. Detection of all asymmetric vibrations allows the
investigation of almost all chemical groups in a sample and makes IR spectroscopy a powerful to
especially for investigating organic samlese include vibrations along chemical bonds or
stretching vibrations (v) and vibrations associated with changes in bond angles — bending vibrations

(3 - in plane, antlz out of plane).

The development of the IR technique led to the Fourier tratsfornirared spectroscopy

(FTIR), the main advantage of which is the enhanced measurement rates. It is achieved b
simultaneous measurements of all IR frequencies. In FTIR spectroscopy, the IR beam is split int
two using a Michelson interferometer.dDtiee beams is conducted towards a fixed mirror, and
another propagates towards a moving mirror. The beams undergo a different path so that they, whe
recombined, interfere. The recorded interferogram represents the light output as a function of the
actuamirror position. Fourier transformation of the obtained interferogram provides a spectrum
of light absorption plotted versus the infrared frequency.

To study only the nesurface area of material of interest, the attenuated total reflectance (ATR)
technique can be applied. ATR relies on the total internal reflection of light inside an ATR crystal,
resulting in an evanescent wave atop the crystal. The evanescent wave penetrates the media to
depth in the order of magnitude of the wavelengtimoidéet beam, which is typically between

0.5 and 2 um. The evanescent wave is attenuated in the characteristic regions of molecular vibrati
of the sample it experiences and then exits the crystal towards the IR detector. The crystals for tt
evanescemavave propagation are made from materials with a higher reflective index than that of
the sample, such as germanium, silicon, or diamond.

Attenuated total reflection Foutiemsform infrared spectroscopy (ATHRR) was measured
with a PerkinElmer Froatispectrometer. Every speutonsists of 30 averaged fmmn<00
to 530 cmiwith the resolution of 4 et least three times for each sample
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2.9 Density functionatheory calculations

DFT calculations were performed by our collaborators Arbresha Murigi and Michael Nolan from
the Tyndal National Institute, Cork, Ireland. The reaction thermodynamics of the VPI reactions
were computed with DRIBing the Vienna Ab initio Simulation Package (VASP) Yersion

[140] The model for the polymer is a supercell composed of two Parylene C chains, each with a tot:
of six rings. As precursors for the VPI process vap@rizsdl HMIn for the TMIrbased VPI

system andB.and DEZ for the DEHBased VPI system were used.

The exchangeorrelation functional is approximated by the R&ude-Ernzerhofgeneral
gradient approximatidanctional[141] The valence electrons are describedhaegingjector
augmented wave potentiadd thevalence electronic configurations of the atoms used in these
calculations are Irip's Zn: d%? O: §* Cl. §°, C:$p? and Hs[142] The geometry was
optimized by relaxing the ionic positions usemgayy ceaff of 550 eV, with convergence in the
energy of 1 x 1@V and 2 x 10eV/A in the forced Gammaentered-point sampling grid

of (3 x 3 x 1) is usdthe computed equilibrium lattice parameters are a = 41.40 A, b=20A, c =
15 Aand o =B =y =90

The energies were calculatggrecursor incorporation and for further reactions of the precursors
within the ParyleneC model using the following equation:
O BO BO (Eq.12

where k= energy of produ@sdEz= energy of reactants. dtgnifies an exothermic interaction
and thereforgtays for thiavorablenteractios Within a class of similar reacttbnsgare more
exothermic have more negative endigiesmpue Ei, van der Waals interactiovsre also
employedsing the DFFD3 parameterizatiofi43]
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Indium oxidebased hybrid materials

Hybrid materials have the potential to outperform conventional material classes and therefore
various routes for their synthesis are being explored. However, despite the enormous recer
synthetic progress, the poolafessfully hybridized materials is still very limited, thereby lowering
their practical applicability as the functionality of the materials relies on the choice of the organic
and inorganic constituents and their interplagg withdeepening the undarsting of the

physics and chemistry behind MPB] a variety diybridmateriabystembave beeteveloped.

The infiltrated inorganic compound of the fabricated hybrid systems is typically a[ b4l oxide

such as ADs, [145] TiO,, [128] ZnO, [35], [146]SnQ, [147] WOy, [148] VO,, [149] GaOs,

[133]or In:0s.[133]

Thelatter mentioned @ is of paramount importance for the electronics industry, as it is the key
component in materials used for transparent electrodes, especially in ITGhOf Ihd@im

oxide (InOs) is a weknown ntype semiconductor with higitical transparency and excellent
chemical stability. It has, therefore, been applied in a number of optoelectronics applications, fol
example as TCOs in flat panel and touch screen[dBplaysl inthin-film transistorg152]

solar pane]$53] smart window§l54] or biosensorfl55] Indium oxide films can be fabricated

in numerous wagyswwever, ALD brings about benefits in terms of conformality and precision of
the coating156] A keylimitation for TCOs is their brittleness. This drawback can potentially be
tackled by formation of a hybrid structure, composed of indium oxidexde pofymer.

Merging the conductivity of indium oxide with the flexibility of a polymer may result in an attractive
solution for reliable electrodes in flexible electronics.

The first published works onQginfiltration used a PMMA host mat{8], [133], [157]

PMMA, having a low melting temperature, doesn’t allow annealing of the system for enhancing the

conductivity of KOs without being destroyed. Therefore, the resulting electrode after annealing
will be inorganic indium oxide with poor nmecalaflexibility. A hybrid material should reflect a
synergy of both the organic and inorganic counterparts and therefore the choice of a polymeric
substrate with higher thermal stability for infiltration wi@ may be a valid route towards

flexible onductive hybrid fabrication.
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Chapter 3. Indium oxidéased hybrid materials

ParyleneC is a polymer of the family poliylene), however, with one hydrogen atom on each
phenyl ring being substituted by chlod®8], [159]It is an exceptionally thermally stable
polymer that can resist tempeest of up to 280D in air and up to 5@ in vacuun{l160] Its

physical characteristics made ParyleneC a suitable substrate for flexib[& &8¢ durertiwsts

flexibility and pronounced moisture barrier propgréigpyhile its low dielectric constant made

it applicable as a gate dielectric in orgargfféetdransistqfd 62] organic thidilm transistors,

[163] nonvolatile memori¢$64] and biomedical sensfi65] Still, ParyleneC acts as a passive
substrate in all those cases and widening its application range by introducing new properties |
desired. The most promising approach is hybridization with inorganics, asfotglined b

3.1 Low-temperature deposition of.fDy

For an ALD deposition of indium oxalselection of metabanic precursors can be &eed.

VPI restrictions for the processing temperatures occur as most polymeric substrates have a Ilo
thermatolerancelhis limits the applicability of the precursor candidate indium chloride due to its
high thermal budg§t66], [167]Another limiting factor is the size of the precursor molecules. The
diffusion constant was shown to decrease exponettiigie wicrease of the diameter of
spherical molecul§¢s68] therefore, a further crucial condition for VPI is to use the smallest
possible precursor molecules. This condition ebmiostt®f théiteraturereported precursors,

such as cyclopentagileimdium [169] diethyl[1,1,&rimethytN-(trimethylsilyl)silanaminato]

indium (INCA), [170], [171](dimethylamindN)propytkCldimethylindium (DADI), [170]

and tris(ddimethylamin€-methyi2-propoxy)indiunfl72] from the precursor selection.

Trimethylindium (TMIn) is a metaitganic precursor which was successfully used in indium oxide
ALD processg439], [156], [173], [174The proposed reaction schem@&MIn and HO was
following[174]:

00 080 O 0g U 0O ° 60 %k o
0@ 000 0G0 %D T

The ALD processing window is aroune280C for the TMIn/H,O ALD proced4.73]and for
processing temperatures belo¥C20689one waspplied[139] Surprisingly, under SIS (aka VPI)
processg conditions instead of ALD, meaning application to polymeric substrates with a
significantly extended precursor residence time in fba okachber, the indium oxide grew
inside the PMMA with wat@8] or H.O-[157]as counter precursors already at temperatures as
low as &C. A possible explanation for thetémperature growth is the overcoming of the slow
reaction kinetics of-(CH3)* groups with an oxidant for prolonged exposure times during the VPI
proces$133] Anotherpossiblexplanation mighie based @nslow autocatalytic decomposition

of the precurs{it75]and a resulting slow parasitemical vapor depositi@VD) process. The

small size of the TMIn molecule and its reactivity bet@vp2@idise good performance for
infiltrating ParyleneC.
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3.1. Lowtemperature deposition of.Dy

First, we evaluated the process performance whtlee¢peetursor combinations TMIn with

H-0, H-0,, or ozoneGPOwagletermined with indium oxide films grown at process temperatures
below 21 on oxidized Si wafers as reference substrates under the same process conditions as t
polymeric substratéfe key difference between ALD and VPI is the extended expo30re time,
secondor the applied VPI progeshkich is required for the dissolution into and diffusion of the
precursors inside the soft material, or for promoting a kinetically hindered chemical reaction.
Interestingly, during each of the processes (TAIATMIN/H 20, or TMIn/Os) indium oxide

was grown on the silicon substrate even in the temperature 1&2d€0Cf(Eigure3.1 a).A

high GPC of 0-2.5 A/cycle was observed upon the use of hydrogen peroxide, but a thin film
growth was also obtained with the less reactive water vapor, albeit of somewhat4edv@r GPC (0.
Alcycle). Note that an ALD window was not obsermeiihier casas sedny the absence of a

flat region in the curveigure3.1a.An inaease of the exposure time from 1 to 50 seconds in the
TMIn/H 0 process led to an increase of the GPC from 0.25 to 0.75 A/cycle at the deposition
temperature of 170 (Figure3.1 b) and didn’t significantly change upon further increase to 70

seconds. A few performed deposition processes with ozone as-dbetairyygprecursor

resulted in the highest GPC amdpyadessé€Bigure3.1 a).
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Figure3.1 (a) GPCof indium oxide thin films on silicon substétapplying the TMIn/HO
or TMIn/H ;O, processes over the indicated temperaturgbpGreC of indium oxide dhe
TMIn/H -0 VPI procegzerformed at 170 with vakdexposure time.

Themeasured GPCs were higher than those reported in the [i&@&f{t&3],[176] Applying

the TMIn/H,O precursor combination, Salatnal found that the binding of TMIn to the

substrate is not saturative and that applying a double pulse of TMIn increased the GPC from 0.464
to 0.554cycle[139] Also, an extremely high Langmuir exposus® ¢DB Torr s) was needed

for a saturative corsien of surfagesorbed HCH 3)* to InOH* groups[173] Such exposure
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Chapter 3. Indium oxidéased hybrid materials

is about 30 times higher than required for otheigid metal oxides such as ZnO from

DEZ/H 0, HfO, from tetrakis(ethylmethylamido)hafnium (TEMAHBIH or TiG from

titanium tetarisopropoxide (TTIP)/ED in the very same readiof3] The group of S. George
conducted ksitu FTIR studies of the@ (TMIn/H ,0) and AlOsgrowth (TMA/H:0).[174],

[177] They found that the conversion ef@His)* groups to KOH)* groups redesmuch

longerwater exposures than that ofCM3)* to AHOH)*. This indicates that the reaction

kinetics of TMIn with kD is very slowhefactor limiting GPC and conformality of indium oxide

films waattributed to low hydroxyl coverage at the surfacé€ 4t.Z8PPromotion of the low
temperature growth of indium oxide may also result from the trapping of reactive oxygen species i
the subsurface of the film. A recent study demonstrates that subsurface reservoirs with reactivi
oxygen species lower the nucleation temperature of the ALD [dyi&]¢%i&9]Although the

authors described the effect for the-gtblyth of metal oxides solid substrates, the same
mechanism may be valid for the present VPI process, too.

Besides increasing the GPCs, the prolonged exposure times also reduced the onset temperature
crystal formation. We observed the first diffraction peaks of thecdndiom oxide phase on

the reference silicon substrates at temperature¥Cofol Water Kigure3.2 a), 150C for

hydrogen peroxi@eigure3.2b),and 128C forozongFigure3.2 c), while earlier studies reported

the formation of polycrystalline indium oxide abo%€ 88y and the ALD processes was
performed with the highly reactive ozd58&] The peaks ab 2alues of 38.5 and 56 degrees are
artifacts stemming from silver contacts on the surface of the samples. In contrast to the ALD
deposited film, where only the strongest (222) peak was, fisgrvedium oxide films

obtained at VPI conditions with 86omds of exposure time had also reflexes from other crystalline
orientations Kigure3.2). Our findings also show that the use of the more reactive hydrogen
peroxideand ozonenhances the crystallinity of the films.

By analyzing different oxygentaining precursors we concluded that the use of the highly reactive
ozone or hydrogen peroxide promotes higher GPC and lower onset temperatures for crystallizatior
These findings are in line withotiner metal oxide ALD processes mentioned above. For example,
the growth of tin oxide from TDM2n and hydrogen peroxide doubled compared to that after
using TDMASnhand watef180] Besides, use of(H leads to the synthesis of ZnO mibhe

intersttial oxygen and fewer oxygen vacancies,@am®. [181] It is known that hydrogen

peroxide decomposes to form water and gi@ger? ¢'O0 0 , or even to HQadicals in

the presence of cataly$82] Known catalysts include transition metals, for example Fe, which is
the main constituent of the wallthefusedtainlessteel reaction chamber. These radicals can
enhance the nucleation and lowetallization onset temperature
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Figure3.2 X-ray diffractograms of indium oxide films deposited on silicon oxide substrates at the
indicated processing temperat(@esMIn/ H-0, (b) TMIn/H >0, and(c) TMIn/ozone.

3.2 Indium oxide infiltration into ParyleneC

3.2.1 Chemical composition

When the conditisdescribed in the previous seea®rapplied to a polymeric substrate, the
dissolution of the precursor intopblymer and its diffusion therein take place. The diffusivity of

the precursor below the surface of a polymer depends on many factors, such as the size and shaj
the precursor, free volume of the polymer, tortuosity of theircahegsolymerandthe
precursepolymer reactivitjl0] The most direct way to sttiglyinfiltration is an investigation
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Chapter 3. Indium oxidéased hybrid materials

of the crossection of an infiltrated polymarour case the creggtionalEM micrographs
confirmed the formation of inorganic NPs isuhsurface of ParyleneC after both TM®/H

and TMIn/H>O. processeBigure3.3a, b)The darker areas in the micrographs correspond to the
heaviechemical elements, i.e., indium. The infiltration depth upon applying the.OMIn/H
process was around 300wirichis twice the infiltration depth after the TMIgZHorocess. The

density of the inorganic NPs decreased gradually with the infiltrétibhodeper, a drastic
change in the concentration of infiltrated indium oxide occurred at about half of the infiltration
depth, namely at 60 nm and 150 nm for the TMInathd TMIn/H.O, samples, respectively,
causing suddeantrasthanges in the micrographs.

a) TMIn / water c) TMin/ H,0at 210 °C

Intel
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Figure3.3 Brightfield TEM micrographs of cresstione¢a) TMIn/H O and(b) TMIn/H -0,
samplewith different magnificatiofhe respectigampleurfaces are on the-hefbdsides of
the micrographs. SIMS depth profiles @f)thelin/H O andd) TMIn/H ,O.samplesbtained
after 150 cycles of VPI at’€10

The hybrid nature of the samples masrpby compositional depth profiles measured by SIMS.
With progressing sputtering time, the initially intense signals- @n¢h@ ions were
continuously substituted by chlorine and carbon ion signals stemming from {lréguotgBer

¢, d).The comparison of the SIMS data with the TEM micrographs indicates that the sharp and
intense peaks of In@nd O for the TMIn/H,O sampleHigure3.3 c) correspond to the thin
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3.2. Indium oxide infiltration into ParyleneC

indium oxide film at the sample surface, visible as a dark line-banthesiledt dfigure3.3 a.

The hybrid material started underneath the inorganic film whef@ | &D, and Cion signals

were simultaneously detected. For the TM&4ample, theveas no pronounced indium oxide

layer, but chlorine was present already at the verfFgufe8lf). As expected, the sputtering

time needed for reaching the border of the hybrid layer of the,DbHarfple was about twice

that of the TMIn/HO sample, as the infiltration upon thefu$ga precursor was considerably

deeper. An increase in the chlorine signal at the hybrid/polymer interface was observed for bott
samples. Similar behavior of chlorine at a metal oxide/polymer interface was reported previously fc
aluminum oxide ALD coagis orParylene€183] and was explained by the formation of metal
chlorides at the polymer/metaide interface. Indeed, an investigation of the chlorine signal by
XPS revealed a significant presence dboueizichlorine alongside organic chlorigeating

from ParyleneC, for both TMIn{B.and TMIn/H,O processese@-igure3.4 a,b, Figure3.5a,

b).
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Figure3.4 (a)XPS survey tifeTMIn/H 0. sample after 130 minutes of Ar+ sputtébpgPS

spectrum around Cl 2p core levels (full circles), deconvoluted into several contributions (shadec
peaks).

TheXPS survey spectraftheTMIn/H 0, samplén Figure3.4awas obtained after 130 minutes

of sputtering with an Aions. The spectrum is dominated by signals of carbon, chlorine, indium,
and oxygewhich indicateshé presence atybrid materialA deconvolution of the ClI 2p
photoemission peak reveals chlorine in two different chemiceigsta®d I0). The Cl 2p,

peak athebinding eneggof 198.8 eV arttle Cl 2p, peakat 202.2 eV correspdondndium

bound chlorinfl84] Despite being originally bound to ParyleneC, more than 90% of the detected
chlorine was bound to indium, even after 130 nohatesputteringThe organic chlorine is

found at higher binding energies: £62200.0 eV and Ch2pat 201.6 e\A similar observation

was made from th&lin/H ;O sampleAfter 85 minutes of sputtering, XPS showed presence of
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Chapter 3. Indium oxidéased hybrid materials

indium oxidetogether with carbon andaehie (Figure3.5 a. Again,indiumbound chlorine
dominated th€l 2p signdFigure3.5b).
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Figure3.5 (a)XPS survegpectrunof the TMIn/H.O sample after 85 minutes ofsputtering;
(b) XPS spectrum around CI 2p core levels (full circles) deconvoluted into several contributions
(shaded peak$he samplevas processed with150 VPI cycles at €10

Processing temperatures affect the infiltration in different waystdftgeridres during VPI

can potentially augment the infiltration depth by increasing the mobility of the precursor and the
free volume of a polymer. At the same time, higher temperatusescielaaned mobility of

the polymer chains which hampermfifteation. [10] By reducing the infiltration temperature

from 210C to 150C, the thickness of the indtoomtaining layer was halved, implying a
significant decrease in the thickness of the hybrigidaye3.§ 8. Importantly, it also lowered

the admixture of chlorine in the inorganic indium oxidé-iijure@.6 b). Consequently, the
thicknesses of the hybrid and indium chloride layers can be tailored by adjusting the proces:
temperature.

Despite the modification of the polymer, the thermal stability of ParyleneC remained largely
unchanged. The derivative therenogretric analysis performed in a nitrogen flow showed just a
slight change of the mass loss curve of the pristine substrate compared to a®drybeiteC/In
obtained at an infiltration temperature ofCL8tgured.7 a).The hybrid sample starts to degrade

at 500C, while the main decomposition peak of ParyleneC itself is higher by only four degrees
CelsiugFigure3.7 b, c)jndicating only a minor impact of the VPI process on the thermal stability

of the substrate.
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Figure3.6 SIMS depth profiles of ParyleneC infiltrated with TM®ldt 1506C and 21%C
obtained by C#on-bombardmerand colleadin of(a)C- and InO ions;(b) Cl- and InO ions.
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Figure 3.7 Comparison of(a) thermogravimetric analysis (TGA) &l derivative
thermogravimetric analysis (DTA) of pristine ParyleneC and ParyleneC infilti&i@dydka
of TMIn/H 20, at 180C. (c) Magnification of the temperature region aroun@ &@dn graph
shown in (b)mage taken with permission from thd1R&f.
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Chapter 3. Indium oxidéased hybrid materials

The wsage a@izonethat ighe thirdtypeof oxygewontaining precursjied to the degradation of

the polymer and/or hybrid mate(Rgure3.8 @. In some polymeozonecandegradehe
polymeric chainsvhich is even more pronounced at elevated tengpE@ElEo verify any
possible effect of ozone on the polymer, an extensive number of 700 VPI cycles witsTMIN/O
run, whereafter a thick indium oxide film formed which cracked and delaminated, as seen in the FIE
crosssectionFigure3.8a). Besides, voids were observed at the intaHfagednfm oxide film

andthe polymer. According the SIMS datahis part is corresponding to indium oxychloride
(Figure3.8 b),without the admixture of carbon, unlike the TMi@/ldnd TMIn/H,O, samples.

Most prolablythe TMIn/ozone VPI proce$#sdto anetching of the polymeric chains, hele
chlorine remained incorporated into the deposited indium oxide film in the form of indium
oxychlorideGiventhe polymer degradation angpsessed orgasinmorganic hybrid formation,

ozone is not a favorable choia¥REprecursor for igspecifipdymer and will not herther
discussed in thi®rk

a TMin / ozone VPI process at 210 °C b . TMin/ozone at 210 °C

: ] i :
Protective layer sl i nOCI ParyleneC

4x10° - Indium oxide

3x10°

Intensity, counts

Parylene C

2x10°

1x10° 4

T T T
0 500 1000 1500 2000
Cs* sputtering time, s

Figure3.8 ParyleneC/IxD, obtainedafter700 VPI cycles of TMIn/@at 2106C (a) SEM image
of acrosssection(b) SIMS depth profile

3.2.2 Structure and crystallinity

One of the main differences betweefMh@H >0 and TMIn/H.O. samples was the formation

of the profound3 nm thick polycrystalline inorganic indium oxide film on the surface of the
TMIn/H >0 sampleRigure3.9 a), while the TMIn/HO, sample showeanorphougorganic

In,Oy NPs FEigure3.9 b) with chlorine admixturalready at the surfd€egure3.3 d). TEM

micrographs and the reflexes in the reciprocal space obtained by Fast Fourier Transformation (FFT
showed that the D, NPs were polycrystalline in both sanktpsd3.9 a, b). The interplanar

distances matched those of cubic indium oxide and each lattice spacing was visualized as a virt
darkfield imageHgure3.9 c, d. Overlaying them over the corresponding-fieighimages

highlights the distribution of the indium oxide nanocrystals within the bulk of theHuplyener (

39e, f).
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-(255)' I @11) -(420)

Figure 3.9 TEM brightfield micrographs and corresponding FFT images of indium oxide
nanocrystals dispersed in ParyleneC aftercrg®sections ofa) TMIn/H ;O and (b)

TMIn/H ,0,samplesbtainedafter150 VPI cycles at 2C0 Specific lattice spacings, calculated

from the FFT images, are shown as virtudietthrimages fdic) TMIn/H ;O and (d)

TMIn/H >0, and correspond to cubic indium oxide. The colors are associated with various
azimuthal positions of the reflections erritly of the FFT image)and(f) arefalsecolored

virtual dark field images of TMIn®and TMIn/H,O, respectively, overlayed over the bright

field TEM images in (a) and (b). The different lattice spacings are marked with different colors as
indicatel below the images.

X-ray diffraction of the samples obtained upon VPIGsRBa@ed broad peakth low intensity

of cubic indium oxides3&t2, 35.4, 50.9, 60.8(Figure3.10). The TMIn/H 0 spectra showed

more profound peaks than those of TMI@/HThis is consistent with the observation of the
formation of an 8m thick indium oxide film at the surface of tHea/lHMO sample, where the

sizes of the crystallites reached 8 nm as well. The dispersed crystallites within the polymer he
smaller diameters as their growth was restricted by the free accessible volume of the polyme
Therefore, despite theddloweringlie onset temperatures for crystallization on silicon substrates
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Chapter 3. Indium oxidéased hybrid materials

from 170 to 15C (Figure3.2 a, b)the XRD patterns of the hybrid sanggpsared to be more
distinguished when water was applied as precursor. Peaks marked with “X” stem from residues
originating from the silver paste contacts applied for electrical measurements.

ParyleneC infiltrated with indium oxide at 210°C

750
—— TMIn/H,0
—— TMIn/H,0,
X
500 (222)
3 || (400)
2 : (440)
2 T | (622)
2 20 X : .
b M x :
. ! |
! 1 1
B WMWMWWWWWWM
0 : ! ! !
20 30 40 50 60

Figure 3.10 X-ray diffractograms of indium oxide infiltrated into ParyleneC at a processing
temperature of 24D after 150 cycles of TMH4O and TMIn/H;O..

The average crystal size can be directly measuredviimoml therk field images of the hybrids
(Figure39c, f) It reached 2.9 nm time TMIn/H O, and 2.7 nm ithe TMIn/H ;O samples
(Figure3.11). This distribution was obtairadtermeasuringhe crystal size through thibole
thickness of the hylsiaot all the corresponding images are SleogvriThe average diameter
tends to decrease with the infiltrat@pth most likely due to tlggadual decrease in
concentration dhe precursorsiside the substrataring the VPI proce3$ie largest crystals
didn’t exceed 8.0 nm in diameter, Whichis equal to the film thickness on the surface of the
TMIn/H >0 sampleStill, most othe crystals are less than frsizeThe highnumber of the

NPs withdiametesless than 2 nm for the TMInfBL samplecan be explained witlgher
infiltration depth an@ more profoung@radientof the indium oxide within the polynidrs
profound hybrid layevith a lower NPsdensityfavors a high@umberof NPswith a small
diameter The small size of the crystallites is the cause for #setdsamgbw-intensity broad
peaksin the corresponding XRD patterrfsigure3.10). These polycrystalline NPs densely
agglomerate thenearsurfacéulk, and many of them are intimately interconnected, potentially
forming electronic conduction paths.

50



3.2. Indium oxide infiltration into ParyleneC
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Figure3.11 Distribution of the average diameters of infiltrated particles in the subsurface of the
TMIn/H ,0; (blue) and TMIn/HO (red) samps.

3.3 Reaction kinetics of TMIn/KO: infiltration into ParyleneC

3.3.1 Density functional theory calculatiooSTMIn and H.O: infiltration

We employed DFT calculations to investigatessible chemical reactions during the infiltration
process of ParyleneC with TMIn ag@.Hn the first step of our calculations, the TMIn molecule
was placed between two ParyleneC chains and the structure was alldvigual ¢8.1@ashows

the model of the atomic structure of the ParyleneC chains infiltrated with TMIn. The calculated
incorporation energy-0.52 e\indicates infiltration of the precursor rather than formation of a
bond between TMIn and the polymer, which is also clear from the atomic structUfegah®wn in
3.12a.Next, we investigated the interactions between infiltrated TMb®abg &kamining the

possible reactions whe®kmolecules are added to the system. We found two possible reactions
after the introduction of B.:

The first reamn involves the transfer of two H atoms from the polymer chain tglitiend
of TMIn to release two Ghholecules as-psoducts, while #6H ;binds to the aliphatic C atom
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Chapter 3Indium oxidebased hybrid materials

of the polymer chain from which the H atoms were transfer@ih thigance is 2.18. The
remaining Chlligand of TMIn can interact with anothgdhinolecule to release a newdtH
by-product and this reaction produces an OH group thahtingsforming &n-OH species,

with an IRO distance of 2.8dand an WC distance of 2.12 Rhe calculated 4@ bond in In

OH is shorter when compared to the calcula@8dnd in 1803 in a previous study, which was
found to be 2.14.[186]InOH is the usual product that femhen TMIn is exposed to a co
reactant sucts &O or HO,, where the intercalated precursor is irreversibly converted to the
oxide/hydroxide forrfil57] The calculated energy for this reactib8%eV, giving a total energy
gain of-2.41eV relative to the free precursors and ParyleneCindiredoptructure of the
reaction product is presentdeigire3.12b.

E=-4.20eV
o

ﬂ E=-0.52 eV ﬂ E=-1.89 eV ﬂ

Figure3.12 Optimized structures and energy gains of ParyleneC infiltratapTimth, (b)
TMIn and HO,with C-In-OH formation{c) TMIn and HO, with In-OH formation{d) TMIn
and two HO, with In(OH); formation,(e) TMIn and two HO, with In(Cl); and phenol
formation.

In the second reaction we consider the formation of ethane frorg ligan@Hof TMIn and
CH3OH upon interaction with ¥D,. This reaction produces a free OH group that binds to In to
form InOH, similar to the first reaction. In contrast to the first reaction, hex@Hhadauct
remains infiltrated between the two ParyleneC chdipire842c. The calculated energy for
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3.3. Reaction kinetics of TMIn/ED: infiltration into ParyleneC

this reaction igl.1eV, giving a totahcdon energy ef.62eV. The calculations show that the
second reaction is more favorable and therefore was used for modelling the second reaction.

We also analyzed the possible reactions when the concents@ltias iotkeased. This is done

by exparidg the model system presentejure3.12cto include a second® molecule. We

found that when a seconfDkmolecule is added to this system, two more reactions can occur. The
first reaction favorably causes the formation of (@K calculated energy3ddleV, see
Figure3.12d. The second reaction causes the formation gdrid@henol species, as a result of
the exchange of Cl atoms of ParyleneC with OH groups from.Iif@Hplculated energy for

this reaction i$.6eV, seeigure3.12 e. Therefore, the DFT results show it increased
concentration of ¥,, the fomation of InG species and phenol groups is the most favorable
reactionconsistent with the experimental findings whe@lgfigure3.4 b, Figure3.5 b) species

were observed by XPS. Furthermore, indium chloride itself can react with teaitetivapor
oxideas demonstrated by eaflldd works[167], [187]

3.3.2 Infrared absorption of infiltrated ParyleneC

Additional information on the chemical bonding was obtained By IRTRhe factor limiting

the usability of ATIRTIR for studying such hybrid systems is the relativalydlgge depth of

the technique compared to the thickness of the hybrid layer. The signal of the unmodified bulk
ParyleneC typically dominates the spectra, which is why untreated and infiltrated polymers show
only minor differences. The notable bandstreften ParyleneC are listedablel and

compared to tHmnds of ParyleneCyhybrids

Table 1. Assignment of thETIR spectral bands of untreated and indiuntiniidated
ParyleneC.

Assignment Measured Referenced | Referencg
wavenumber, ¢dm wavenumber,
cm?*
C=0 stretch 17151650 173061690 [188]
1695 [189]
1705 [190]
17181696,
1608
Skeletahromatic & vibrations 1607, 1557, 1607, 1557 [191]
1608, 1555 [190]
1514 1513 [192]
C-C ring stretching vibrations 1493 1496 [191]
CH.rocking vibrations 1451 1452 [191]
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Chapter 3Indium oxidebased hybrid materials

Assignment Measured Referenced Reference
wavenumber, ¢m| wavenumber,
cm?
C-C deformation vibrations 1401 1403 [191]
In-plane deformation vibrations eH( 1207, 1156, 110| 12061000 [191]
bonds in aromatic rings 1076
Cl bound to aromatic ring vibrations | 1048, 875 1051, 877 [191]
1045, 875 [190]
Two neighboring H atoms bonded 823 827 [191]
aromatic ring
Cl - bound to an aromatic ring 792, 630, 604 601 [194]
<530 505 [195]

One of the featurelsservedpon indium oxide infiltration was a broadening ofld&i®tching

peak at 3558370 cm that may originate from entrapped water molecules in the bulk of the
polymer, likely sealed with the indium oxide film caatifayfrom the In(OH) formed irthe
subsurface of the polynfegiire3.13).[196]

T T T T T

| Parylene C

Parylene C/In,O,

Transmittance (a.u)

4000 3750 3500 3250 3000 2750 2500

Wavelength, cm™!

Figure3.13 Comparison of FTIR spectra of pristine ParyleneC and ParyleneC infiltrated with
In,Oy in the wavenumbeangef40002500cm™.

In Figure3.14an average28spectra of pristine substrates is compared with an average of spectra
of 86 different TMIn/HO, VPI-processed samples. The standard deviation of each data set is also
indicated in the graph, thereby allowing to visualize the dispersion between diffefast spectra.
increased deviation of the peak shoulder at 4f80ncrithe averagégure3.14 aindicatsa

change related to €kbcking vibrationafter infiltration[191] A slight change at 1378'cm
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3.3. Reaction kinetics of TMIn/ED: infiltration into ParyleneC

indicates an enhancemenhefGC deformation vibration barfeiqure3.14a). Thechange in

thepeak shoulder at 1094'¢elates to €1 deformations in aromatic ring vibrations which can

be linked to the transfer of H atoms frorhablkbonéo the TMIn molecule with a consequent
binding of indium atoms to the polymer backbaned3.12b, Figure3.14b). The evolution of

the peak at 1076 toan be attributed to@ stretching vibrations, as previously shown by DFT
calculations. The peaks at 1047 and 87driginate fronvibrations of chloringound toan

aromatic ringvhich shifted to lower wavenumbers after infiltration. An additional peak evolved at
792 cnt indicatingnCls formation. This supports our earlier statement of the phenol formation
afterthesubstitutiorof Cl atoms of Parylenefth OH groupgromIn(OH )s. Overall, the FTIR
measurements corroborated the-&dtdulated results, proving the formation eDip6Gnds

which were not present in the ParyleneC, and ii) indium chloride. Despite the partial deterioration
of the ParyleneC, its thermal stabilitjmaireed largely unaffectedThe derivative
thermogravimetric analysis showed a downshift of the of the main decomposition peak by only foul
degrees Cels{isgures.7 c).
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a) b)
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Figure3.14 AggregatedTR-FTIR spectra, including indicated deviations, of ParyleneC (gray)
and ParyleneCH@, (light blue) of following spectral regi@)4 7501350 cm; (b) 1156700
cm?,

3.4 Electronic properties of the Parylene@nhybrids

3.4.1 Absorptionspectroscopy and band gap evolution

The evaluation of the electronic functionality of the indiunbasetehybrids is of importance
for judging their application perspectives. The measurement of the conductivity of such hybrid
systems is complicated rsjuires kndedge athe thickness of the conducting layer as precisely
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Chapter 3Indium oxidebased hybrid materials

as possible. However, the studied systems have hybrid layers with degssitycraldrewtt

allow to precisely define which part of the layer still contributes to theityamtliethich not

Deeper sections of the infiltrated polymer with a@panticle density are unlikely to provide

the necessary continuous pathways for the electrons to conduct. We appldeat Rlagiwan

method for assessing the sheet resistandehéRowest values of the sheet resistance were
obtained for the highest infiltration temperatures é€ 240 TMIn/H ;O (Figure3.15).

However, the difference in the Rs between ThMreHd TMIn/H.O, samples was one order of
magnitude in favor of the latter, despite the 8 nm thick inorganiapping layer on the

TMIn/ H>O sample. This difference even rose at low infiltration temperatures and reached more
than five orders of magnitude for samples grown°Gt Th€® sheet resistance value for
TMIn/H 0 at 156C is not shown Figure3.15as it was higher thard @31 andconsequently

out of the measurement range. Importantly, the Rs values fos@Ntofelased only by a factor

of about 3 from KT to 33 K)/1 after lowering the VPI processing temperature fr@rt@10

133C, respectively, and remain two orders of magnitude higher than those of the conventionally
deposited bDs films (Rs390Q/1 ) uponannealingt DCC. [197]
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Figure3.15 Comparison of the sheet resistance valePardfyleneC/IxD, hybrids formed at
different VPI process temperatures 18ihgyckof TMIn/H ,0; (red)or TMIn/H ;0 (blue)

The optical absorbance was measured to affirm the differences in the sheet resistance of the sam,
grown with the two different oxygmurcesFHgure3.16). The main contribution to the
absorbance in the UV range comes from ParyleneC. The absorbance of i{Desam{rigs

changed dynmarginally at low VPI process temperagingsfrom 0.4 to 1.0% at 550 Rigure

3.16 @), but at temperatures above 170°C the changes benaomeqw. In contrast, the
absorbance of the TMIn/B, samples showed an obvious increase below 150°C and remained
rather stable at process temperatures2f@GPwith the absorbance rising from 0.4 to 1.5% at
550nm (Figure8.16b). The corresponding Tauc’s plots (Figure3.16c, d) allowextraction of the

optical band gap valy&38] which ag plotted in the insets of the graphs. For both processes we
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3.4. Electronic properties of ParyleneG@nhybrids

observe a narrowing of the band gap with increasing process temperatures, which most likel
originates from a higher concentration of charge. fE98€Tfe overall decrease in the band gap
occurred from 4.2 to 3.6 eV for both samples, in agreement with the reported direct band gap o
indium oxide of 3.7 el\t99] While at 21%C the optical band gaps are similar for both systems,
hydrogen peroxide ledatnarrower band gap at lower infiltration temperahicbsgonsistent

with the lower sheet resistance values. As the inorganic metal oxide film at the surface of th:
TMIn/H ,0, samplevas not dense and contained chi@edeigure3.9 b, §, we conclude that

the hybrid ParyleneC/{Dy alsaakes part in the electronic transport.
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Figure3.16 Optical absorbance speat(a) TMIn/H O and(b) TMIn/H -0, samples obtained
after150 VPI cycle different infiltration temperatures as indicated in the l&getidslots

of (c) TMIn/H ;O and(d) TMIn/H -0O.. The evolution of the band gap values with the VPI process
temperatures was obtained from Tauc’s plots and are shown in the insets of the corresponding
figures.

The use of both water and hydrogen peroxide in the indium oxide VPI process led to a film growth
and infiltration of ParyleneC. Hydrogen peroxide lowered the process temperatures required for
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Chapter 3Indium oxidebased hybrid materials

obtaining polycrystalline indiaxide. At the same time the size of the indium oxide crystallites,
dispersed in the polymer, remained comparable. Despite the band gaps being similar for bot
systems, resistances of the samples had a difference of one order of magitlithes at 210
difference further increased with lowering the infiltration depth. These observations may be
explained with the different reactivities of water and hydrogen peroxide. Indeed, hydrogen peroxide
is more reactive by adding oxygen andati€als to the systdfrom the observed enhanced

GPC values from the reference TMI@HALD process silicon substrates it may be speculated

that upon application to a polymer more infiltrated material and deeper infiltration depths will
result. This will generate more hybriduction paths which enhance the conductivity. The effect
becomes even more prominent at lower processing temperatures, as seen from the GPC values o
substrated-{gure3.1). As a result, the hydrogen peroxide precursor is beneficial for the indium
oxide formation with higher conductivity.

3.4.2 Stoichiometry and oxygen vacancies

A further factor that affects the resistivity of a material is theldgpmeoln the case of indium

oxide, the common dopahts affect the resistivetye oxygen vacangie39], [200]They act as

shallow donors having a strong influence on the carrier concentrations, thereby contributing to an
n-type conductivity199], [201]The stoichiometry of the indium oxide grown in the ParyleneC

can be determined from the XPS data since this specific polymer does not cdihfed)xygen
Similar to ALBgrown indium oxide films, which typically are oxygen dftdnf202]VPI

also led to the formation of nonstoichiomet(@, already at the very surface of the samples
(Figure3.17a).After 10 minutes of Asputtering the In/O ratio reached the value of 1.2, twice as
high as expected for stoichiometric indium oxide. The In/O ratio increased considerably with the
Ar* ion sputtering time feéme TMIn/H O samplevhich can be attributed to the appearance of
indium chloridesHigure3.5b). A quick rise of the oxygen deficiency after 300 minutésnof Ar
sputtering for the TMIn/ED sample was due to a sbegpease of the oxygen content in the
hybrid, while the drop in the indium concentration was not sigifibée#) ( Similar behavior

was observeat the TMIn/H,O, sample, where traces of indium were detected much deeper in the
bulk than oxygen, which went beyond the detection limit after 780 minutes of$pbte3)ing

Table 2. Chemicalcomposition of the TMIn/BD sample determined from the XPS survey
spectra. The last column is the relative share of chlorine bound to inditutimeatiokahgsount
of chlorine.

Time Ar C,at. % O,at.% In, at. % Cl, at. % 0 a
) ) — pTT
sputtering, min 0«
0 32,4 33,8 33,8 0,0 0
10 7,7 42,8 495 0,0 0
25 7,2 42,0 50,9 0,0 0
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55 8,7 41,2 50,1 0,0 0

85 27,2 28,8 37,7 6,3 86,7
100 44,4 17,9 28,9 8,8 92,5
130 50,9 15,6 25,6 8,0 87,6
300 64,1 5,3 19,8 10,8 75,1

Table3. Chemical composition of the TMInBtL sample determined from XPS. The last column
is the relative share of chlorine bound to metal amongst the total amount of chlorine. Missing value
indicate missing highsolution measurements.

Time Ar+ C,at. % O,at.% In, at. % Cl, at% 0
sputtering, min 0 & pmm
0 13,9 38,4 45,7 2.1 -
10 21,9 33,4 41,2 3,5 100
130 50,8 7,1 15,4 6,7 92,0
250 86,6 2,1 52 6,1 82,0
370 71,9 7,4 7,4 14,3 -
430 89,8 1,3 3,6 5,3 -
490 91,0 0,8 2,7 5,3 57,4
600 90,2 1,2 2,2 6,4 54,3
660 90,9 0,8 2,0 6,2 -
780 91,8 0 1,6 6,6 441
900 92,8 0 1,4 5,8 41,9

The photoemission peaks around the O 1s core levels of both samples attest the presence of oxy:
vacanciesigure3.17 b, c) The data points were collected from three different positions of the
samples, namely near the surface, at the onset of the hybrid, and in a bulk section of the hybrid. T
deconvolute® 1s peaks show contributions of at least three components. The main component at
the BE of 530.2 eV is attributed to the smathd bond (h®).[203] The contribution of oxygen
vacancies is related to the peak at 531.2¢\ar{@that of hydroxide at 532.2 e¥)(}200]

An additional lovintensity contribution at 533.5 eV after 10 minutes*-etcAmgof the

TMIn/H ;O sample is assigned toahedrbonates {@-In) or chemisorbed.8. [204] As

discussed before, the TMIgHprocess grew an 8 nm thick indium oxide film. Apparently, 10
minutes of Arsputtering did not completely remove the film since no chlorine signal was detectable
yet [Table2), whichwould beexpectedf the hybrid or bulk polymead been reachethe
appearance of@ bonds indicates that chemical reactions of théHTXalIprocess at 200

were not complete and thatat.% of carbon impurities remained in the film. These impurities
could cause a higher sheet resistance thatnétai@f samplegst wasobserved iRigure3.15.

In general, the indium oxide moieties were highly-aefygent regardless of the choittes of
oxygercontaining precursor. It carobly partially explained by the formation of-hadtajen

bonds. The unusually high oxygen deficiency may be related to the convergence of oxygen vacant
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(Figure3.17b, c), metallic indium inclusions, or indium chloride forntaganeg4 b, Figure
35b).
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Figure3.17 (a)Evolution of the In/O rati@zsAr* sputtering time, measured by XPS; evolution of
the O 1s peak upon*Aputteretching at three different depth positiofts) @MIn/H ;O and

(c) TMIn/H ;0,. Stars of the same cimda), (b) and (c) mark the data points obtained after the
same sputtering time.
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3.4. Electronic properties of ParyleneG@nhybrids

3.4.3 Resistance evolutiavith bending

Finally, the deterioration of the electronic functionality of the samples upon bending was tested
with a homemade bending dd¥igpire3.18a). The ™In/H ,O, sample was glued to a rubber

band which rotated over the radius of 5.5 mm for a defined numbe(Fofune®$8 b).

Surprisingly, the tidl sheet resistance values dropped from 5.2 to 3.D &ffémtiie first 100

bending eventBiQure3.18a). Further bending by up to 7000 times caused no significant changes
in the sheet resistance. Such behavior of the hybrid Parglgsg&8m can be explained by the
redistribution of thleO NPs due to the coexistence of compression and tension stresses during
bendinggee inset igure3.18a). Tension can lead to the rupturdgrohanorganic film and to

the stretching of the hybrid and polymeric parts of the substrate. That leads to an increase of thi
free volume accessible for the migration of NPs and their subsequent agglomeration at the interfac
and ruptures. Such NP agglation can be explained by depletion attraction[1di®@eEhus,

the bending can condense inorganic NPs near the surface layer of the hybrid, thereby forming ne
conductive pathways which will result in the observed decrease of the sheEigwsziidhce (

a).The advantage of the developed ofgarganiconductive hybrig the absence of a-well

defined inorganic film on the surface in case of low numbers of VPI cycles or, otherwise, the presen
of a chemically surfdboeind thin film, which makes the system less susceptible to cracking upon
bending. In contrast, convemal ITO films show drastic changes upon bending over radii below

10 mm[205], [206]

(a) (b)
7 . TM|n/H2I02
Ze.
[0}
O
n
Sa
©
23_ 3
wn 43
24 T T T
0 2000 4000 6000
Number of bendings Bending machine

Figure 3.18 (a) Evolution of the sheet resistand@aofleneC/IxD, sample upon repetitive
bendingTheVPI was conducted with 150 cyclEsIbf/H :0:at 210C. Inset:Schematic of the
mechanical stress that appears upon folding of the hybridbgatguiebuilt continuous
bending tool

We didn’t observe any cracks othe surface of the beamples with the optical microscope. T
observe cragkneration and propagatiwe decided to apphprebending streby minimizing
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Chapter 3Indium oxidebased hybrid materials

the bending radil§e examined the surfaces of the hybridsafigle time bending over a small
radius of 1mm and compared it to a Parylepg®&iO, nanolaminatevhichservd as a
reference sampi®r theformationof the nanolaminateg 10 nm thin alumina oxideda was
deposited by ALD &erve as protective layagainsadiffusion of precursors into the polymer.
After that the ADs-coatedParylene@nd the pristine polymer were exposed to 150 alternating
pulses of TMIn and-B; at 210C. Upon bending tiie samples, we observed the formation of
cracks on the surface of the nanolaminate and the effect of charging in the SEM, which proved the
the conducting paths were disdiftigure3.19a). Bending of the hybrid structure led to swelling
of the film, albeit without the complete detachment of the indium oxide from th@~plyener
3.19b). Possiblythe Parylene®,O, hybridprevents sudnack édrmation However, we cannot
judge the contribution of the@d sublayer to the total brittleness of the structure.

(a)

Figure3.19 SEM image of the sample surfa@theParyleneC/AD4/In Oy nanolaminate and
(b)the ParyleneC/l@,hybrid after bending over théius of 1mm.

3.4.4 Persistent potoconductivity

Photoconductivity is amcrease in the conductivity upon irradiation withWleh thisshange
persists with timthat is, theonductity has a slow decagrhoursor even days without optical
excitation that phenomenon igalled persistent photonductivity (PPC) [207] Many
semiconductorshow PPC including ZnO[208] and InOs. [209] One of the common
explanationfor this phenomem linksPPCto defects that traghargearriers. A prolonged stay
ofthe chargearriers in such activation cergarsegersistenénhancement of the conductivity.
[210] The PPCof indium oxidés associated witie oxygen vacancies, their photoredastithn
oxidation[211]

We investigated the effect of UV light by irradiating samples with a UV lamp with a central
wavelength of 365 nm. The resistance measurements were conducted at ambient conditions using
two-probe setup with simultaneous irrai&Eigure3.20). As discussed earlier in this chapter,

the thickness of the layer that takes part Iadtrergc transport cannot be determined precisely
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3.4. Electronic properties of ParyleneG@nhybrids

for the hybrids due to the variation of the density of the NPs along the sample deptheTherefore
measured the change in the resistance and not resistivity. The resistance of the hybrids obtained
different temperatures decreased upon UV irradiation. The most significant changes were observe
within the first few minutes of photoexcitation. iehthe initial values of the resistance were,

the larger was the relative decrease in resistsedin Figure3.20). For the sample infilteal

at 210C the resistance decreased by a factor of 1.8 from 203 Ohm to 115 Ohm, while for the sample
infiltrated at 13% the resistance decreased by a factor of 3.6 from 1411 Ghohto. 38

Without irradiation theeduced resistancethehybrics remimed.For example, for the sample
infiltrated at 13%, the resistance increased fr&OB& to 32 OhmalfterShourgFigure3.20).
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Figure3.20 Evolution of resistanggonUV irradiationof ParyleneC infiltrated with 150 cycles
of TMIn/H ;0, at different infiltration temperatur€be ratio othe values of the resistances
before and after 15 minutes of UV irradiation is shown in the inset.

The sheet conductance after UV irradiation wasedeasa-4robe setup applying the Van der

Pauw methodhe measurements were repeated oncedaeirgplyefirst 5 dayafter UVdight

irradiation and in longer time intervals thereafter as showiigure 3.21 Between the
measuremeritse samples were stored in a dark place at room temperawinddrdainng the
measuremetmtieywerestill exposed to ¢laboratoryight. For coparing samples obtained at
different infiltration temperatures, the sheet conductance values were normalized to the
conductance value just after the finalization of UV irradiation G({F0yuwé3.21), wheretis

time, andGis the conductivity. The striking feature of thendxted conductivity of indium

oxide is that the recombination of additional charge carriers is extremely slowindteegohoto
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conductivity can stay stable for days, and the rate of the coneteyiatyte samples produced
at 210C and 13% remains comparable.

1.0 4 -

] —a—210°C ]

0.9 140°C i

] |\ 150°C ]

0.8 - ‘ —0—135°C -
=)
JL

G 0.7 1 .
0}

0.6 4

0.5 -

0.4 - -

0 5 10 15
Time, days

Figure3.21 Time decay of the conductance of the Paryle@g@4brid obtainedfter150
cycles of TMIn/HO- infiltration atdifferent temperatures: 435140C, 150C, and210C.

The PPC of polycrystalline indium oxide was investigated earlier by [208 Htvehs shown

that the photoinduced conductivity afindium oxiddilm decreasito 0,4G(t=0) within the

first 10 hourg209] The recombination rateas reducdsy placingheindium oxidesample into
vacuumand the conductivity dqogdto only 0.7G(t=0)The athors furher decreased the
recombination rate by cooling the samptaur work sucha conductivity drop for the UV
irradiated hybrids topkace ovenore than 10 dayfowever, in the study of Dixit the resistance

after irradiation decreased by two orders of magnitude, while it decreased by one order of magnituc
in our work.The seof vacuum conditions the study of Dixicould facilitate oxygen
photoreduction reactisand lead talarger PP(G209] The proposed mechanism ig#raal

redudion of the indium oxide under UV irradiation in vacuum or inert gas comtisamsy

lead to the creation of oxygen vacancies which act ssndiopaimhntkeeconductivityA range

of various amorphous metal oxides with inherent persistent photoconductivity has been
investigated, such as indgatiumzinc oxide, inditstrontiumzinc oxide, indiuratrontium

oxide, indiunzincoxide[212] Such materials can aetsmmilar way as the skHertm and long

term memarof the brain, in this way mimicking the functionality of ndartres mentioned

systems, indium is the componespansible for the PPC enhancenidwmefore the
development of the polyrdased indium oxide hybrids with persistent photoconductivity can
open new horizons for the construction of the devices with a neuromorphic architecture.
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3.5 Conclusios

We developed and studied a novel semicordastar flexible conductive hybrid, comprised of
indium oxide NPs distributed inside the polymer ParyleneC. We showed that the use of hydrogen
peroxide as the second precursor in abEddad VPI process is beakficer the use of water.

The reactivity of ¥D, is responsible for the higld#?C of the TMIn/H.O. VPI, deeper

infiltration depths, and lower onset temperatures for the crystallite formation of indium oxide than
the TMIn/H.O process. The formbghbridshad sheet resistance values down to 3 lkOhm/
without an additional annealing stiggpite the forman of indium chloride alongside with

InOy. The TMIn/H,O, samples showed deeper infiltration and a narrower band gap, which led to
values of sheet resistance being one order of magnitude lower than those of@hsaidlat
processed at 2C0 This diference increased to more than five orders of magnitude upon
infiltration below 15C. Interestingly, in contrast to TMInM® the sheet resistance of

TMIn/H >0, was not considerably affected by the processing temperature with changes remaining
within oneorder of magnitude. The bending tests provéutibatbasedhybrid structuresan

withstand multiple bending events. Even the formation of additional conduction pathways is
possible through rearrangement of inorganic NPs within the polymer maing tlodow
previously reported dedfaling properties. Since ParyleneC is a dielectric and indium oxide a wide
band gap semiconductor, the metgetturetiave application potential as flexible electrodes in,

for example, wearable electronics, dispéaye |y or medical sensors. In addition, being derived
from ALD, the VPI process can be performed in an ALD reactor (minor adaptations may be
required) and the sample fabrication can be upscaled to industrial sizes or quantities. Besides, sL
processean be integrated into production lines, opening many perspectives for future applications
of the describedganieénorganic hybrids
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Zinc oxidebased hybrid materials

Zinc oxide is a wide bayapll-VI semiconductor that is prospective for numerous applications

due to its high transparency to visible light, piezoelectric properties, tunable electronic conductivity,
absorbance of ultraviolet light and the thus related antibacterial propertss.diswissed
applications of ZnO include sensors for gases and chemicals, catalysts, solarersitingV light
diodes, and thifiim transistor$213]-[216]Many doping strategies to enhance specific properties

of ZnO are known and only ALD enabled the synthesis of ZnO films with 22 different dopants.
[217] The most prominent examplesjdped ZnO or Adoped ZnO, are being considered as
substitutes for IT@Que to their low cost and considerable conductivity.

Among the variety of known ALD precursors for ZnO deposition, DEZ is by far the most common
as it exothermically reacts with water even at room tempepaaticei(5):

GEd0 ¢ 00 QO OB’ ¢80 Q (Eq. B)

Due to the wide applicable temperature range and great performance, DEZ is the precursor of choic
for the majority of ALD and VPI ZnO processes. Infiltration of DEZ has been applied to many
polymer systems to manipulate their propEdiesxampl®EZ infiltrationalloweduning of

mechanical propert@fscellulos¢24] greatlyenhanedthe conductivity gfolyaniline RANI),

[218] alteedthe porosity gdolymes,[132] prevateddissolution ofispolyisoprenim toluene

[219] and induced high photoluminescence PMMA. [220] Other studiesdeepeed the
fundamental understanding/®, such abke effect of the solvent nesidnside the S8 resist

on infiltration, [33] or the mechanism of infiltration rainreactive polymers such as poly(3
hexylthiophene221]
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Chapter 4. Zinc oxidbased hybrid materials

4.1 Zinc oxide infiltration into ParyleneC

4.1.1 Structure of ParyleneC/ZnO hybridom DEZ/H,0 VPI

We performed VPI of ParyleneC with DEZ andataeange of temperatures from 80 %6.200

DEZ has a wide reactivity window and a high vapor pressure at ambient pressures, which makes
attractive for applications to polymeric substrates. However, the best optically and electrically
performing filmare obtained at elevated processing temperatur28QE, s known from

ALD studies[213] Heating of the whole system can further facilitate the VPI process since the
available free volume of a polymer increases with the temperature-inystigptien of the

FIB crossections of ParyleneC/ZnO samples, we observed hybrid layers with different thicknesses
(Figured.1).

(@) 80 °C

Protective layer

ZnO infiltrated area

Parylene C

(b) 100 °C (c) 120 °C

Figure4.1 FIB crossections of the ParyleneC/ZnO hybrids infiltrated withVAIOfycles of
DEZ/H ;0 at differentprocessintggmperature (a) 8C°C; (b) 100°C; (c) 12CC; (d) 150C; (e)
200C. The scalears in all images represent 500 nm.
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4.1. Zinc oxide infiltration into ParyleneC

Unexpectedly, the ParyleneC/hybrid interfaces partially degraded under the electron beam with ar
accelerating voltage of 5kV and a current of 50pA, as seen esethi®esossgured.1b, d, e.

The formed hybrid layers delaminated from the polymer, inducing a crack which propagated on the
ParyleneC/hybrid interface. The reason for this delamination might be ion etching which may
occur during thergparation of the FIB crggstions.

The high reactivity of DEZ resulted in higher infiltration depths than the indium oxide infiltration.
The thickness of the hybrid reached 880 nnt@t @®e it was only 300 nm for the comparable
ParyleneC/IfOy hybrid processedPC (Figured.2). The thickness of the hybrid didn’t exceed

200 nm for infiltration temperatures lower thafC]26llowed by markable increase of the
infiltration depth with temperature. It is not likely that this increase i® lave¥doming the

glass transition temperature (Tg) of the polymer, since the Tg of Parylene@igl&dly 90
Neither sit caused by an enhanced GPC, as the GPC of the@EFIHprocess is known to

reach the maximum at 450and then decreases by 35% &€C.2@22] Presumably, an
incremented kinetic energy of DEZ ai@ &t high temperatures is the reason fenlthaced
precursor diffusion and, consequently, higher infiltration depths.

1000 T T T T T T T
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200 4 / -

Q/Q\“‘O
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80 100 120 140 160 180 200
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Figured.2 Evolution of the infiltration depth of ZnO into ParyleneC as a function of the processing
temperature

The SEM images of the surfaces of the ParyleneC/ZnO hydiradgnar®igure4.3 a, b, c, d.

They are smooth, but polycrystalline as proven liFig&rB1.4). Thecrystalline patterns show
wurtzitetype zinc oxid€l81], [223]The signals from the most pronounced crystalline planes
(100), (002), and (101) are seen for all infiltration temperatures, which is characteristic for the
formation of disoriented nanocrystallites. In contrast, the formation of columnar structures with a
preferential <002> ZnO orientation was observed upgetbhEhydrogen peroxide as oxygen
containing precursor instead of wa3]
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(a) 80°C ® 120°C

Figure4.3 SEM topviewmicrographsfthe ParyleneC/ZnO hybrids after 100 DED/dycles
at various VPI processing temperatay86rC, (b) 120C, (c) 150C and(d) 200C. The scale
bars in all images represemt 1

The hybrids infiltrated at 2@0showed more intense diffraction peaks if compared to the those
obtained at 100 and150CC (Figured.4). The Scherrer equation allows estimating the size of the
crystallites from the XRD dgEquation16). It describes the relation between the size of
nanocrystallites and the broadeningezkain a diffraction patte

0 — (Eq.16)

In this equation d is the average size of the crystallites, K is a dimensionless shiqgeXactor,

Ray wavelengfhis the line broadeniffgll width)at half of the maximum intensity (FWHM) in

radians, arfthis the Bragg angle. The coefficient K can have different values and is 0.9 for spherical
particlesThe size of the ZnO crystallites in the ParyleneC/ZnO samples reached 10.0, 11.5, and
11.1 nm for the samples infiltrated @C1A®OC, and 20, respectively.

Zinc oxide is a wide bagagpsemiconductor transparent to visible light. It has a direct optical band
gap of 3:3.4 eV[214], [224], [225}which makes ZnO applicable in several photoelectronic
applicationdJnmodified ParyleneC is transparent in the visible region and starts to absorb near
UV light with an abrupt increase in absorption when the wavelength becomes less than 300 nn
(Figured5a).Upon ZnO infiltration, the absorbance of the hybrid in the near UV region drastically
increases, and this behavior is more prominent at higher infiltration temperatures. At the
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Figure4.4 XRD patterns of the ParyleneC/ZnO hybrids after VPI of DBZ&t different
infiltration temperature$00C, 150C, and 20C.

Figure4.5 (a)Optical absorbance speatRarylene@fterinfiltration withLOODEZ/H ;O cycles
at differentprocessemperatures as indicated in the leg@ndSauc’s plots derived from
absorbance specir&iguret.5a

same time, the transparency in the visible region remains. For example, at the wavelength of 550 n
the absorption doesn’t exceed 1.5 % (Figure4.5 a). The direct band gaps of the hybrids were
estimated from the Tauc’s plot by extrapolating the fit of the linear region to «=0 or the baseline
(Figured5b).[138] The direct band gap energy was 3.27 and 3.28 eV for the hybrids infiltrated
with DEZ/H,0 at 156C and 20%C, respectively. These values match the band gaps reported for
the undoped ZnO while doping with chlorine can alter the band ¢ émbrgig224]
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