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Introduction

Les matériaux semiconducteurs a base d’oxydes métalliques connaissent depuis plusieurs
dizaines d’années un intérét important, et tout particulierement sous leurs formes nanostructurées, pour
des applications en nanosciences et nanotechnologies. Parmi les différents oxydes métalliques
disponibles, ’oxyde de Zinc (ZnO) connait un engouement important, notament pour des applications
dans des domaines assez variés tels que les nanogénérateurs,™! les capteurs de gaz,!”! les biocapteurs,™
les photodetecteurs,™ les composants pour la spintronique,” ou les transistors & effets de champs.® De
surcroit, ZnO est un matériau transparent dans le domaine du visible (le bandgap est de 1’ordre de 3,3
eV), ce qui en fait un excellent candidat pour des composants électronique transparents. Une autre
caractéristique déterminante est la possibilité de moduler dans une large mesure les propriétés
électriques, optiques ou magnétiques par dopage avec de petites quantités d’autres €léments : le dopage
par des éléments du groupe 111 tels que le gallium,!” I’aluminum,® I’indium,® permettent d’augmenter
significativement la conductivité. Différentes études ont prouvé par ailleurs des propriétés de
ferromagnetisme a température ambiante dans du ZnO dopé par des métaux de transition.” Les
propriétés intrinséques de ZnO, dopé ou non, sont donc extrémement intéressantes mais un des freins a
la réalisation de dispositifs intégrant un tel matériau est lié a la difficulté d’intégrer les oxydes

métalliques, micro- ou encore plus nanostructurés.

C’est dans ce contexte que des travaux récents décrivent la possibilité de préparer par des voies
liquides des oxydes métalliques tels que a-IGZO, ZnO, ZTO, ITO, ZrO, TiO,, and HfO, en les
structurant directement par des techniques d’écriture directe telles que la photolithpgraphie UV profond
(DUV), Extréme-UV (EUV), ou la lithographie par faisceau d’électrons.™ ™ La voie liquide présente
de nombreux avantages en comparaison avec les techniques de dép6ts physiques, en général sous vide,
comme un colt des équipements et de procédés bien moindres, tout en garantissant une grande variété
de compositions, différents précurseurs pouvant aisément étre mélangés en solution pour adapter les

propriétés finales du matériau.

Certains travaux concernent I’écriture directe de nanostructures de ZnO. M.S.M. Saifullah et al.
ont ainsi démontré la possibilité d’élaborer des nanostructures ZnO par lithographie e-beam.™™ Dans ce
cas, la nature du précurseur (Zinc naphthenate) a été judicieusement choisie pour générer une

solidification du précurseur induite par le faisceau d’électron. Le matériau irradié devient ainsi
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insoluble, ce qui permet de définir la nanostructure en éliminant la partie non-irradiée dans un solvant
adéquat. La résine de précurseur de ZnO a donc le comportement d’un photoresist négatif. Dans cet
exemple, le recours a la lithographie e-beam a permis aux auteurs d’obtenir une résolution de 5 nm,
démontrant ainsi que la résolution intrinseéque de ce type de résines est excellente et permet de répondre
aux exigences des prochaines générations de lithographie. Toutefois, la technique de nanolithographie
utilisée est complexe, cofiteuse et la vitesse d’écriture trop lente pour des applications industrielles.
Pour cette raison, les voies photochimiques (mettant en ceuvre des radiations lumineuses) connaissent
toujours un intérét important. V. Auzelyte et al. ont ainsi utilisé une source EUV (13,5 nm) pour
produire des nanostructures ZnO de largeur 10 nm, en utilisant le méme type de précurseur Zinc
naphthenate.*! Peu de détails sont en revanche donnés sur les mécanismes moléculaires conférant la
photosensibilité a la résine a cette longueur d’onde. La photolithographie EUV est par ailleurs
pressentie pour remplacer la lithographie DUV mais des difficultés liées a la forte absorption des
matériaux a cette longueur d’onde et la faible stabilité et puissance des sources lumineuses en limite la

portée.[*®!

Cette thése s’inscrit dans cet objectif de proposer une voie de micro et nanostructuration directe
de matériau ZnO en combinant chimie en solution et lithographie DUV. La lithographie DUV a
plusieurs avantages par rapport aux autres technologies de lithographie, notamment celui d’étre
compatible avec une structuration a 1'échelle nanométrique inférieure a 50 nm. D’autre part, elle est
largement utilisée dans l'industrie des semi-conducteurs aujourd'hui et aucun systéme de vide n'est

nécessaire.

ZnMAA a été choisi comme précurseur photosensible en raison de sa grande stabilité et parce que
le complexe s'est révélée photosensible & la lumiére dans la gamme DUV. ™! Les solutions et les films
minces de précurseur ZnMAA ont été caractérisés par diverses analyses optiques et chimiques afin de
décrire les réactions chimiques induites par l’irradiation DUV et la formation de ZnO a partir du
précurseur dans diverses conditions expérimentales. En outre, les nanostructures ZnO et les variations

structurelles causées par le traitement thermique ont été étudiées par microscopie a force atomique.

Afin de confirmer que les nanostructures ZnO sont semi-conductrices, ce qui est requis pour les
applications en électronique, des mesures électriques ont été effectuées. Les propriétés magnétiques ont
également été introduites avec succés dans des structures ZnO, ce qui pemet également d’étendre les

applications vers des dispositifs magnétiques. Dans ce cas, la solution de précurseur de zinc a été dopée



avec des ions cobalt pour obtenir des films minces Co: ZnO tout en conservant la propriété d’écriture

directe.

Plus précisément, le chapitre | fournit des informations générales sur les techniques de
photostruturation des oxydes métalliques et leurs applications principales. Le chapitre Il décrit les
méthodes expérimentales utilisées dans cette étude, en particulier la lithographie par interférence DUV,
et les méthodes de caractérisation du matériau pendant les différentes étapes de fabrication. Les chapitres
Il & V présentent les principaux résultats concernant la photostructuration de ZnO sous DUV et les
propriétés électriques, optiques et magnétiquesu du matériau structuré. Le chapitre 11l décrit plus
particulierement les photoréactions provoquées par l'irradiation DUV et démontre l'intérét des
nanostructures ZnO dans des applications électroniques et pour la détection de gaz. Dans le chapitre IV a
été menée une étude approfondie sur les effets de I’irradiation DUV et du recuit thermique sur les
propriétés physiques et la forme structurale des motifs ZnO. Enfin, le chapitre V ouvre sur des

perspectives sur les propriétés magnétiques des motifs ZnO dopés par des ions Co.






Introduction

Nanostructured metal oxide semiconductors have attracted during the last decades a great deal of
attention in nanosciences and nanotechnology due to their various applications in the elaboration of
nanoscale devices. Among all kinds of metal oxides, zinc oxide (ZnO) has known a fast growing
interest for the fabrication of many devices including nanogenerator,™ gas sensors,? biosensors,?!
photodetectors,™! spintronic devices,™ and field-effect transistors.”! Furthermore, ZnO is transparent
under visible light (the bandgap of ZnO is as wide as 3.3eV), making it a promising material for
transparent electronics. Another important feature of ZnO is its controllable electrical, optical and
magnetic performance by doping with small amount of elements: it was reported that doping ZnO with
a little amount of group 111 element such as gallium,™™ aluminum,® and indium®™ results in effective
enhancement of conductivity. Also, many studies reported the observation of above-room-temperature
ferromagnetism from transition-metal-doped ZnO.™ However, fabricating ZnO nanostructures on

desired positions as building blocks for nanoscale devices remains a difficult problem.

Recently, metal oxide materials such as a-1GZ0O, ZnO, ZTO, ITO, ZrO, TiO,, and HfO, derived
from solution process combined with direct-patterning techniques including DUV lithography, EUV
lithography, and e-beam lithography, have been demonstrated.!*"**! Solution process has the advantages
of low-cost and precise stoichiometric control. Through direct-patterning technologies, it is easy to
fabricate sophisticated ZnO nanostructures on desired locations. M.S.M. Saifullah et al. demonstrated
direct-patterned high-aspect-ratio ZnO nanostructures by using electron-beam lithography.**) Zinc
naphthenate was chosen as precursor, and the solidification of zinc naphthenate under electron-beam
irradiation was ascribed to crosslinking between —C=0 and/or —(CH,),,—, making it insoluble in toluene.
Line-width as small as 5 nm was achieved after thermal annealing. However, electron beam
lithography is very time consuming and requires expensive tool and fabrication condition (vacuum),

which limits its interest for industrial applications.

V. Auzelyte et al. have performed a direct-patterning method to produce ZnO nanostructures as
small as 10nm by extreme ultraviolet (EUV) light interference.™ Zinc naphthenate, again, was used as
precursor. In this article, however, there is no detailed explanation about the photochemical reactions
between zinc naphthenate and EUV light. Thanks to its extremely short wavelength (13.5 nm), EUV

lithography has been proposed as a potential replacement for DUV lithography to achieve higher
4



resolution needed for the next generations of photolithography for microelectronics. However, many
challenges prevent EUV lithography from being adopted in semiconductor industries, such as strong
absorption of EUV wavelength by any material and low reliability of EUV sources."® Moreover, any
gas molecules in the path of EUV light should be avoided. Thus high-cost vacuum system is needed for

EUV lithography.

This thesis aims to develop functional ZnO nanostructures with the use of photosensitive zinc
oxide precursor, zinc methacrylate (ZnMAA), and DUV lithography. DUV lithography has several
advantages over other lithography technologies, including that it is compatible with nanoscale
patterning smaller than 50 nm, it is widely used in today’s semiconductor industry and no vacuum
system is needed. In addition, DUV-direct patterning avoids multistep processes, showing excellent
controllability on dimension and position. ZnMAA was chosen as a photosensitive precursor due to its
high stability and because C=C bond in the molecular structure was proven to be photosensitive to light

in DUV range.l*®

Solutions and thin films from ZnMAA precursor were characterized by various optical and
chemical analyses in order to monitor the DUV-induced chemical reactions and the formation of ZnO
from the precursor in various experimental conditions. In addition, DUV-patterned structures and the
structural variations caused by thermal treatment were investigated by atomic force microscopy. In
order to confirm that the photo-patterned ZnO structures are semiconducting, which is necessary for
their applications in electronic devices, electrical measurements were performed. Magnetic properties
were also successfully introduced into DUV-patterned ZnO structures, which is important for extending
their applications in magnetic devices. In this case, the zinc precursor solution was doped with cobalt
ions for obtaining Co:ZnO thin-films and nanostructures. Their magnetic properties were investigated

by alternative field magnetometer and superconducting quantum interference device.

In more details, Chapter | provides background information about photo-patterning techniques,
photo-induce polymerization and application of metal oxide devices. Chapter Il describes experimental
methods used in this study including DUV interference lithography which is able to pattern nanoscale
metal oxide structures. Chapter Il to V present and discuss the results of DUV-patterned ZnO
structures and their electrical, optical and magnetic properties. Specifically, Chapter Il describes
photoreactions provoked by DUV irradiation and shows DUV-patterned ZnO nanostructures and their

electrical and gas sensing performance. In Chapter 1V, we carried out an in-depth investigation to the



effects of DUV-patterning and thermal annealing on physical properties and structural shape of ZnO
patterns. In Chapter VI, we investigated the effects of DUV-patterning on electrical, optical and

magnetic properties of Co-doped ZnO patterns. Summaries and outlooks are given in the end of each

chapter.
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Résumeé du Chapitre |

Le Chapitre I est une étude bibliographique sur les propriétés des films minces d’oxydes
métalliques micro et nanostructurés, et leurs principaux procédés d’élaboration. Cette revue est
replacée dans le contexte d’applications en microélectronique, optique, photonique magnétiques et
capteurs.

Ce chapitre débute par un rappel rapide des propriétés des oxydes métalliques et leurs principaux

intéréts.

Les méthodes de mise en ceuvre sont ensuite décrites. Elles sont principalement de deux natures :
la préparation de films minces peut étre réalisée par des méthodes physiques de dépdt sous vide ou des
méthodes chimiques pour lesquelles des solutions d’un ou plusieurs précurseurs sont préparées avant
d’étre déposées sous forme de films minces par diverses techniques, dont celle utilisée dans ce travail,

asavoir le spin-coating.

Un des challenges actuels qui est le coeur de ce travail est de pouvoir, a partir des procédés en

solution obtenir des conditions pour 1’écriture directe des structures oxydes métalliques. L’enjeu est de
pouvoir lever le verrou que constitue I’intégration de ces matériaux fonctionnels dans des dispositifs
plus ou moins complexes. Certaines de ces techniques mettent en jeu une radiation qui modifie la
solubilité des précurseurs, un dépdt localisé (jet d’encre ou par démouillage) ou un moulage. Parmi les
critéres importants, le contrdle de la structure aux différentes échelles, la facilité de mise en ceuvre et
I’élimination de traitements thermiques sont des critéres importants.
La solution retenue dans ce travail est la voie photochimique, et plus particulierement sous irradiation
UV-profond (193 nm). L’intérét de cette voie est de combiner les propriétés originales de ce type de
longueur d’onde (photons de grande énergie induisant des photolyses de complexes de métaux de
transition, forte absorption) avec les perspectives en termes de résolution a 1’échelle nanométrique. Les
principaux exemples issus de la littérature qui aborde les mécanismes de photoréticulation dans des
précurseurs d’oxydes métalliques sont décrits. Ces procédés reposent majoritairement sur un
comportement de résine négative des matériaux. Dans certains cas, un comportement positif peut
également étre obtenu.

Enfin, les principales applications de ce type de structures sont décrites. Elles concernent les
transistors a effets de champ (TFT), les électrodes transparentes et les photodétecteurs. La structuration

a I’échelle nanométrique confére des propriétés extrémement intéressantes trouvant des applications
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dans les capteurs de gaz ou les transistors basés sur des nanofils. Enfin, les propriétés magnétiques sont
également décrites. L’intérét de la voie liquide de préparation des oxydes métalliques réside dans la
possibilité d’adapter trés facilement la composition du matériau pour moduler les propriétés finales

(conductivité, mobilité, propriétés magnétiques, etc...).

1.1. Metal-oxide thin films

1.1.1 Physical and chemical properties of metal-oxide thin films

At the atomic scale, the basic structure of metal oxide (MO) is M-O-M network connected by
ionic bonds. Because of the difference of electronegativity between M and O, the bondig is ionic and
free electrons of metals are bound to oxygen. As a consequence, most of MOs are insulating. MO
thin-films have been widely used in transistors and other electronic devices as insulators. Al,Os, ZrO,
TiO,, Ta,0s, and HfO, are known as high-k MO materials because their dielectric constants are higher
than SiO,. These high-k materials can significantly improve the electrical performance of transistors
when used as gate insulator. In addition, due to their wide bandgaps (2-8 eV),! MO materials are
transparent under visible light with relatively high refractive indexes and colors, which makes these
materials also interesting for optical applications. They have been integrated into a variety of optical
devices as lens, encapsulation layers, antireflection coatings, and optical filters.”* Moreover,
electron-hole pairs can be generated in MOs under photoirradiaiton, which are able to reduce or oxidize
organic compounds absorbed on the surface of MOs and gives rise to photocatalytic reactions for air

purification, water purification and photoelectrochemical conversion.

Regarding electrical properties, in the last century, several MO semiconductors such as In,Og,
SnO, and ZnO having electrical properties were discovered, enabling MO materials to be used for
making active layers of transistors. G. F. Boesen et al. and Akira Aoki et al. integrated Li-doped ZnO
and SnO, films into thin-film transistors (TFTs) in 1968 and 1970 respectively, but poor electrical
performances were observed as shown in Figure 1.1.°""1 Until 2003, Nomura et al. suggested the use
of single crystal InGaO5(Zn0)s (1IGZO) for TFT material. High field-effect mobility of 80 cm?V's™
was achieved,” which proved that high performance TFTs can be realized by oxide-based
semiconductors. In the following year, Nomura et al. demonstrated fully transparent TFT on flexible
substrate made by amorphous 1GZO fabricated by pulsed laser deposition (PLD) as shown in Figure
1.2.°1 Although the device performance is inferior than single crystal IGZO TFT, the field-effect
mobility of amorphous IGZO TFT is still as high as 9 cm® V''s™ which was explained by the unique
conductive pathways formed by the overlap of the outer vacant s-orbitals of heavy metal cations (In**).

Because s-orbitals are isotropic and insensitive to structural disorder or bond angle variation, the
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field-effect mobility is not severely degraded in amorphous structure. In recent years, amorphous MO
materials have been widely employed in electronic products, especially in flat panel displays.™”
Amorphous MOs have several advantages over their crystalline counterparts in device fabrication such
as low-temperature deposition, lack of grain boundaries which cause difficulties in etching and
large-area uniformity.™ Besides used in TFTs, MO semiconductors have also been employed in
various p—n junction devices as n-type materials and organic solar cells as charge-extracting interfacial
layers.'2"™ |n addition, because the conductivity of MO semiconductors can be affected by
electron-hole pairs generated by photoirradiation and charge trapping/detrapping induced by
chemisorbed molecules, MO semiconductors are promising sensing materials for photodetectors, gas

sensors and biochemical sensors, 4151

! Furthermore, MO-based resistive random access memories
(RRAMSs) have caught a lot of attention in recent years because of their low power consumption and
high speed.!”! The memory effect was explained by oxygen ion migration in MOs and strongly relies

on the concentration of oxygen vacancies in MOs.

@
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Figure 1.1. (a) Ip-Vp characteristics of Li-doped ZnO TFT. (b) Ip-Vpp characteristics of SnO, TFT. (gate voltage: a:
0V, b: 2V, c: 4V, d: 6V, e: 10V) (Adapted from Ref. [6],[7])
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Figure 1.2. (a) The device structure of amorphous IGZO TFT. (b) A photograph of flexible IGZO TFT bentatR =
30mm. (c) 1p-Vp and (d) Ip-Vg characteristics of flexible IGZO TFT. (Adapted from Ref. [9])

It is fascinated that the optical, electrical properties of MOs can be modulated by mixing or
doping. For example, as shown in Figure 1.3, the field-effect mobility and turn-on voltage of 1GZO
TFT can be tuned by changing the ratio of each components in the ternary system.® Hyun-Suk Kim et
al. has shown that optical bandgap and mobility of ZnO can be modulated by N doping.™ In addition,
the conductivity of In,0; and ZnO can be significantly improved by impurity-doping.’?”,?! Highly
conductive and transparent MO materials such as Sn-doped In,03 and Al or Ga-doped ZnO can be used
as electrode for various electronic devices.” Furthermore, magnetic properties can be introduced into
MO materials by doping transition metal ions.” Figure 1.4 summarizes the material properties
potential applications of MO materials, which shows MO materials play important roles in a wide

range of science and technology.

.00
Ga

Figure 1.3. Variation of field-effect mobility and turn-on voltage of IGZO TFTs with different compositions.
(Adapted from Ref.[18])
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Figure 1.4. Summary of material properties and applications of MO materials.

1.1.2. Metal oxide thin film deposition

Various methods have been used to deposit metal oxide films. They can be categorized into two
main categories: vapor-phase techniques and solution processing techniques. Vapor-phase techniques
include thermal deposition, magnetron sputtering, pulsed-laser deposition and atomic layer deposition.
Solution processing techniques include spin-coating, dip-coating and spray pyrolysis. These techniques

generally require the preparation of a precursor solution by sol-gel reactions.

The details of the main deposition techniques are described in the following, and we discuss the

advantages and drawbacks of these techniques.

1.1.2.1 Vapor-phase deposition

Thermal evaporation:

The source material is fed onto a semi-metal evaporator in vacuum and then electric current is
induced to flow through evaporator to be heated up until the material start to evaporate to the substrate
as shown in Figure 1.5. Thermal evaporation is also used to deposit high purity MO thin film with
well-controlled deposition rate. However, because the evaporation procedure may also change the
oxygen content in MO materials due to the escape of O,, the oxygen content adjustment is required
after evaporation. In addition, to optimize the reactions between ionized species during deposition,
substrate heating is necessary, which prevents the use of plastic substrates with low heat resistance.

Moreover, the power consumption is large and costly.
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Figure 1.5. Schematic showing thermal evaporation deposition.

Magnetron sputtering:

Magnetron sputtering is the most widely used technique in industry for fabricating large scale MO
films. The system of magnetron sputtering is illustrated in Figure 1.6, which consist a cathode, strong
magnets and a MO target. As the chamber is pumped into high vacuum, argon gas is introduced into the
vacuum chamber. After applying voltage bias to the cathode, the plasma gas is generated and ionized
gases. Positively charged gas ions (Ar®) are accelerated to the cathode and make bombardments to the
target, which leads to MO vapor release from the target and coat on the substrate. The magnets under
the target are used for enhancing the ion bombardment near the surface of the target. Compared to other
deposition techniques, magnetron sputtering has the advantages such as room-temperature deposition
which is compatible for thermally sensitive substrates, controllable morphology of MO materials from

amorphous to crystalline and large area uniformity.

| Substrate |

Coated film

| Cathode |

Figure 1.6. Schematic showing the magnetron sputtering deposition.
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Pulsed Laser Deposition (PLD):

Figure 1.7 illustrates system of pulsed laser deposition. By irradiating a target with a high power
pulsed laser beam, MO material on the target can be vaporized and deposit on the substrate. The
process can be done in high vacuum or in O, environment. Although PLD is able to fabricate high

quality MO films, it has some limitations such as large-area uniformity and high cost.

MO vapor /

Pulsed laser beam

Figure 1.7. Schematic showing the PLD deposition.

Atomic Layer Deposition (ALD):

As shown in Figure 1.8, atomic layer deposition is a layer-by-layer growth technique by
introduce different reagents into the chamber in cycles. The growth mechanism of ALD are governed
by surface interactions. Reagents flow into the chamber in different deposition cycles, so they don’t
coexist at the same time, which avoids nucleation and crystallization and allows atomic-scale growth of
high quality MO films on large and complex surfaces; however, the technique suffers from long

reaction time and slow deposition rate.

[ ® ®
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Figure 1.8. Schematic showing the ALD deposition process.
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1.1.2.2 Solution Processing

Solution processing for MO thin film preparation has been proposed, with a major interest of
considerably simplifying the process and the complexity of experimental setups, keeping the versatility
of compositions of MO and equivalent properties. There are three major steps for depositing metal
oxide thin-films via solution processing, which are (i) synthesis of metal oxide solution by sol-gel

process, (ii) coating and (iii) thermal annealing. Each process step is discussed as follows.

Q) Synthesis of metal oxide precursor solution

Metal oxide precursor solutions are prepared by dissolving inorganic salts such as nitrates,
chloride and hydroxide or organic salts such as alkoxides, carboxylates in proper solvents. After
dissolution of metal salts in solvent, the precursor solution usually stirred vigorously for more than 24
hours to reach stabilization of precursor solution. During this aging period, precursor solutions undergo
a slow transformation, known as sol-gel process. In a salt-water-alcohol system, the transformation can
be described as following steps: (i) hydrolysis reactions with water molecules in the solution; (ii)
condensation and dehydration; (iii) nucleation; and (iv) growth of metal oxide particles. The speed of
the transformation is related to many factors such as the intrinsic property of precursors, solution
concentration, PH value, amount of water and aging time. Sometimes precipitation occurs in solution
due to rapid growth of oxide particles and particle-particle aggregation. To avoid precipitation,
complexing agents such as ethanolamine (MEA) are added into solutions. The -OH group in MEA can
coordinate with metal cations in alkoxides, improving the solubility and stability of precursor. Figure
1.33 illustrated chemical equilibrium reactions between zinc acetate, water and MEA proposed by
Lamia Znaidi.’! The Zn-oxo particles are formed by the hydrolysis-condensation reactions between
Zn** jons and OH ions. As mentioned before, the speed of hydrolysis-condensation reactions is
decreased due to the interaction between Zn**and organic complexes such as MEA and acetate which
also compete for Zn?* in solution. As shown in Figure 1.33, the ZnO particle is protected by the acetate
molecules, which prevent particle-particle aggregation. The particle size and concentration can be
observed by absorption spectrum. For instance, Figure 1.34a shows time-dependent absorption spectra
of ZnCl, solution composing ZnCl,, H,0, ethanol and NaOH.!*® Clear absorption bandgaps in the
spectra indicates the existence of ZnO particles in the ZnCl, solution. The absorption maximum (Amax)
increases with the increase of aging time (Figure 1.34b), implying the number of ZnO nanoparticles
increased with time. The absorption maximum became stable after aging for 50 minutes, implying the
number of ZnO particles stop increasing. The Xy, and A4 indicated in the spectrum correspond

respectively to wavelength at half of the absorption maximum and absorption edge which gradually
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increase with the aging time as shown in Figure 1.34c, suggesting ZnO particles in solution grew

bigger with time.

MEA H.0 HO A
2’32 TN , Hydrolysis , Condensation »
Zn — ——— 4 R ——— 1, 6 e —— “ >
0 =W '\
\ ZnO,AI(ACO):, Zn-oxo
Soluble D Zn oxo- acetate Acetate
acetate and acetalo species colioidal groups

MEA \ ,0,0 ol particle
complexes Zn CH Condensavon

Figure 1.33. Schematic showing the chemical equilibrium taking place in a ZnO precursor solution. (Adapted from

Ref. [41])

The distribution of particle size (N(r)) can be estimated by differentiating of absorption intensity

(A) with particle radius (r) as the following equation.®®

N(r) _4 (equation 1.1)

A()) obtained from the absorption spectrum can be changed to A(r) by equation 1.6, where Eg is the
bandgap corresponding to the absorption wavelength A, E is the bandgap of ZnO, h is plank
constant, mq is the electron rest mass, m, and m, are the effective electron and hole masses, ¢ is the

dielectric constant of ZnO and &, is the permittivity of vacuum.®

h? 1 1 1.8e
— F _ F bulk= _ _
AEg = Eq — Eq 8er? (memo + mhmo) 4meeyr (equation 1.2)

20



0 S0 100 150
time /min

]

- )
*q

Absorbance /a.u.

i

280 300 320 340 0 50 100 150
»inm time /min

Figure 1.34. (a) The time-dependent evolution of absorption spectra of a ZnCl, precursor solution. Ay and Ay
correspond to the absorption maximum and the wavelength at the half of absorption maximum respectively. (b)
The evolution of An,y versus time. (c) The evolution of Ay, and A4 (absorption edge) versus time. (Adapted from

Ref.[68])
(i) Thin film coating from solution

Spin coating:

Spin-coating is a simple method for preparing homogeneous films on flat substrate from
solutions. The schematic of a spin-coater is shown in Figure 1.9. Precursor solution was first deposited
on the surface of the substrate that is attached to the spin-coater. After fast-speed rotation, excess
solution is removed from the substrate by centrifugal force, leading to the formation of a uniform
gel-film on the substrate. The thickness of spin-coated film is related to the viscosity of precursor
solution and the spinning-speed. Acceleration and spinning duration are also parameters to control to

obtain reproducible results.
A )

BN =

Figure 1.9. Schematic showing spin-coating procedure.
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Dip-coating:

Dip-coating technique is suitable for covering both side of the substrate with flat or irregular
shape of surface. The procedure of dip-coating is shown in Figure 1.10. The substrate is firstly
immersed into a pool of precursor solution and then drawn out with controlled rate. Although it has
been known that the thickness of the coated film can be controlled by the withdrawal speed, the

mechanisms of thin-film formation is still under investigation.

Figure 1.10. Schematic showing dip-coating procedure.

Spray pyrolysis:

As shown in Figurel.11, in spray pyrolysis the MO film is deposited by spraying MO precursor
solution on the substrate. Air blasting or ultrasonic method/electronic methods are used in the sprayer
to spray the precursor solution. The technique is inexpensive and suitable for large-area and rapid
deposition, which is particularly useful and has been employed in industry for fabricating conductive
MO materials on glass. However, spray-coated films are more porous and uniform in comparison to

spin-coated films, which required further optimization of process parameters.

Controller Stage

Sprayer —¥ I

Thin

Solution Spray / Film

Substrate

Figure 1.11. Schematic showing the system of Spray pyrolysis. (Adapted from ref. [24])

(i)  Thermal annealing

Thermal annealing has several objectives: First, thermal annealing is necessary to completely

decompose organic species embedded in precursor films (from precursor, complexant agent and
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solvent). In thin film, this usually occurs at relatively low temperatures (T=150 to 250°C). Secondly,
after low temperature annealing, porous structures with high concentration of hydroxide functions
(M-OH) are generated. Such functions are usually defects for the final properties (especially electrical
properties). For some applications, crystallinity is required and thermal annealing is also required to
obtain the suitable crystalline phase. So high-temperature thermal annealing (T > 300°C) is required as
a final step. However, annealing at high temperature may cause deformation of glass substrate and
melting or burning of substrates with low heat resistance such as plastic foils, metal foils, papers and

textiles.

Deposition of metal-oxide films at low temperature (< 300 °C) via solution processing is thus a
research topic that has drawn a lot of attention in recent years and several research groups have
successfully converted metal oxide precursors to oxide films by using low-temperature annealing. In
2011, Myung-Gil Kim et al. used a self-energy generating combustion chemistry method which
effectively lowers the annealing temperature to ~200 °C for fabricating indium zinc oxide (1ZO)
films.”®! By mixing oxidizers (In(NOs);-2.85 H,0 and Zn(NOs),-6 H,0) and fuel (acetylacetone or
urea), local heating can be generated, which facilitates the conversion of 1ZO precursor to 1ZO films. In
the same year, K.K.Banger et al. proposed a ‘sol-gel on chip’ method that alkoxide precursors can be
transformed into metal oxide films by annealing in water vapor at low temperatures (< 250 °C).?® The
low-temperature conversion of metal oxide precursors was due to the enhanced hydrolysis

condensation reactions in water vapor.

1.2. Direct-patterning techniques for metal oxide precursor

For many applications, metal oxide micro- and nanopatterns are required. Conventional
photolithography, as shown in Figure 1.12a, is usually adopted to obtain oxide films to micro- or

nanoscale dimension. Recently, various solution-based direct-patterning techniques have been

[27] 28] [29]

developed such as micromolding, selective surface wetting, inject-printing, and
photopatterning.®® As shown in Figure 1.12b, in comparison to conventional photolithography,
direct-patterning techniques have fewer process steps and avoid using toxic chemical etching and
photoresists, which is more efficient and environmental friendly. Moreover, etching of metal oxide is
usually relatively difficult to control. In the following sections, we will introduce several important

direct-patterning techniques.
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Figure 1.12. Schematic showing the processes of (a) conventional photolithography and (b) direct-patterning.

1.2.1. E-beam writing

It has been known that precursors with long-chain hydrocarbons can be polymerized by e-beam
irradiation.*™ For example, zinc naphthenate (C,,H1404Zn) can be polymerized via e-beam irradiation
because of the crosslinking at -C=0 and/or -(CH,),-, which makes the zinc naphthenate insoluble in
developer just as a negative tone resist.®? M. S. M. Saifullah et al. have demonstrated ZnO
nanostructures by using zinc naphthenate as precursor and e-beam direct-writing.'**? Figure 1.13(a)
illustrates the process of e-beam direct-writing. Figure 1.13(b) shows sub-10 nm zinc naphthenate
structures written by e-beam. After thermal annealing (500 °C for one hour), organic compounds in the
zinc naphthenate structures were removed, leading to the formation of ZnO nanostructures of ~5 nm
line-width. (Figure 1.13(c)) Resolution of e-beam at the nanoscale makes this technique with no
equivalent when high resolution is the most important feature. However, this technique is limited to the
fabrication of very small objects on limited area due to very long writing times required for bigger

structures.

e e e
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Figure 1.13. (a) Schematic showing ebeam lithography processes. The SEM images of e-beam-written zinc

naphthenate structures before (b) and after (c) thermal annealing. (Adapted from Ref. [32])
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1.2.2. E-jet printing

The schematic of the e-jet printing system is illustrated in Figure 1.14a.2%! Ink (metal oxide
precursor) is delivered from a reservoir to a metal nozzle by pressure controller, forming a pendent
hemispherical shape liquid drop. By applying a DC voltage bias between the metal nozzle and substrate,
ink can be ejected on the substrate. S.-Y. Kim et al. has patterned 1n,0; films by using e-jet printing. &
Indium nitrate hydrate was used as precursor. The authors showed that thickness of the film can be
increased by increasing the number of printing passes. In the article, the smallest line-width achievable
by e-jet printing is 2 pm as shown in Figure 1.14b. After annealed on a hotplate at 250 °C for 150
minutes in air, these e-jet-printed patterns were converted to In,0O5 films which can be integrated into

TFTs and showed excellent electrical performance with high field-effect mobility ~230 cm?% Vs and

on-off ratio ~10".
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Figure 1.14. (a) Schematic showing the e-jet printing system (b) e-jet printed In,O3 lines of 2 pm line-width.

(Adapted from Ref. [33], [34])
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1.2.3. Micromolding

The schematic of the micromolding procedure is shown in Figure 1.15a. PDMS mold was first
placed on precursor solution pool with patterned side down. Due to capillary forces, solution is drawn
into the channels and formed patterned thin films after dried. Figure 1.15b shows high resolution
Pb(Zros,Tip4)Os (PZT) lines from 2 pm to 10 pm fabricated by micromolding demonstrated by C. R.
Martin.?1 However, in comparison to other techniques which can form isolated patterns easily,
micromolding usually suffers from residue layer due incomplete removal of excess liquid underneath
the protruding parts of the mold. In addition, it is time consuming for pattern transformation and mold

preparation, which prevents micromolding from being adopted for large area manufacturing process.
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Figure 1.15. (a) Schematic showing the micromolding procedure (b) PZT lines fabricated by micromolding.

(Adapted from Ref. [27])

1.2.4. Selective surface wetting

Finally, we introduce direct-patterning via selective surface wetting. The method has been
successfully used to pattern 1GZO precursor.”® The fabrication procedure was shown in Figure 1.16. A
thin hydrophobic self-assembled layer (n-Octadecyltrichlorosilane, OTS) was grown on SiO, substrates
by immersing the substrates in OTS solution for 30 minutes. Then, the OTS layer was patterned by O,
plasma etching through a shadow mask with 1.2 X 1.2 mm? opening. The regions with OTS layer are
hydrophobic and the regions without OTS are hydrophilic. After hydrophilic 1GZO solution was
spin-coated on the substrate, the solution was repulsed by hydrophobic surface and flowed into
hydrophilic regions, forming 1GZO precursor patterns which can be converted to 1GZO patterns after
thermal annealing at 350 °C for 90 min in ambient conditions. Besides patterning semiconducting
IGZO films, the method can also be applied to pattern insulating AlO, films as dielectric layer for TFTs.

The IGZO TFTs patterned by selective surface wetting exhibited good electrical properties of
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field-effect mobility ~0.94 cm?/Vs, threshold voltage 90 mV, on-off ratio 10°, and subthresshold swing

122 mV/decade. Moreover, Yuzhi Li et al. have shown that selective surface wetting can avoid

precursor spreading during the inject-printing.*”!
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Figure 1.16. Schematic showing direct-pattering of metal oxide films via selective surface wetting. (Adapted from

Ref. [28])
1.3 Photo-induced patterning

1.3.1. Interest of photopatterning

Various kinds of photosensitive organic materials which can be decomposed (positive tone
photoresist) or crosslinked (negative tone photoresist) by photoirradiation have been widely used in the
conventional photolithography process for pattern transfer. With the progress of optical system and
material properties, the feature line-width of photo-patterned organic resist can be down to a few
nanometers. If metal oxide precursors can be crosslinked or dissolved just like organic photoresist, they
are expected to form fine metal oxide structures in more easy and efficient way than other techniques
which uses molding, shaping or printing to form patterns, because the intensities of light and irradiated
regions are well-controlled by modern semiconductor technologies for pattern transfer. Furthermore,
since photolithography systems are commonly used in industry, it is expected that photo-patterned
metal oxide structures can be integrated into various semiconductor devices directly without
purchasing new tools or machines. Before adopting photolithography to pattern metal oxide precursor,
it is necessary to first understand the photo-induced chemical reactions in photosensitive metal oxide

precursors, which will be discussed in the next section.
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1.3.2. Photo-induced crosslinking and decomposition of organic species in

photosensitive metal oxide precursor

Recently, various photosensitive metal oxide precursors have been developed. It was discovered
that two reactions can take place in metal oxide precursor under photo-irradiation : i) crosslinking

reaction and ii) decomposition of embedded organic species.

In 2012, Yong-Hoon Kim et al. developed a photosensitive indium gallium zinc oxide (1GZO)
precursor.® The precursor was synthesized by mixing In(NOs); - xH,0, Ga(NOs); - xH,0, and
Zn(CH3CO,),-2H,0 together in 2-methoxyethanol. Under UV irradiation, hydrolysis-condensation
reactions occurred, leading to the formation of M-O-M networks. Furthermore, carbon species in
the-gel films can be completely removed after 30 minutes UV irradiation without additional thermal
treatment. The authors suggest that photochemical cleavage of alkoxy groups in the metal oxide
precursor is responsible for the formation of M-O-M networks and removal of embedded organic
species. However, the authors also suggest that only photoirradiation might not be sufficient to
completely remove organic compounds. Although the 1GZO precursor can be directly converted to
IGZO film after long-time photoirradiation (photo-annealing) and exhibited good electrical properties
in electronic devices, it was found that an unintentional thermal heating up to 150 °C occurred during
photoirradiation. In addition, poor electrical properties were observed if the unintentional heating was
eliminated by performing photo-annealing on a cooling stage, which implies that a lot of organic
compounds still embedded in the oxide films and hindered carrier transport. The photo-induced
decomposition of organic species was not investigated deeply in this study. An in-depth study of
photo-annealing in metal oxide precursors was carried out by Sungjun Park et al.in 2015.2% The
authors suggest that the M-O-M crosslinking and the decomposition of organic species are due to the
OH radicals created by the photodecomposition of nitrate salt in the precursor as the following

equation.

NO,—-NO, + OH™ (equation 1.3)

OH radicals can mediate the reactions of condensation and decomposition of organic species as
shown in Figure 1.17. The DUV irradiation accompanied with a moderate heating (150 °C) was found
to