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Abstract 

 

Functional metal oxide semiconductors (MOS) and high-k dielectrics possess a tremendous 

potential to replace the conventional silicon/silicon dioxide material combination for next-

generation electronics, due to the realization of low-voltage operations and enhanced TFT 

performance characteristics. Thereby, solution-processing enables a low-cost and large-area 

fabrication of metal oxide based thin-film transistors as well as a simple approach to fine-tune 

the electrical properties by the modification of the materials composition and improvement of 

the processing conditions. Since the employment of frequently used precursors such as metal 

salts usually require high decomposition temperatures as well as the addition of stabilizers or 

other additives, we synthesized well-defined single-source molecular precursors in the course 

of this thesis, in order to achieve high quality functional metal oxide thin films. These precursors 

display various desirable chemical properties including air-stability, high solubility in aqueous 

or organic solvents, the requirement of reduced decomposition temperatures and the ability to 

process via photoactivation and thus certainly could help to cope with the industrial demand 

for future flexible electronics. 

During this thesis, the low-temperature solution-processing of dielectric AlxOy and YxOy thin 

films was achieved by the employment of the precursor compounds tris[(diethyl-2-

nitromalonato)]aluminum (Al-DEM-NO2) and bis[(diethyl-2-nitromalonato)]nitrato yttrium 

(Y-DEM-NO2), possessing nitro-functionalized diethylmalonato ligands, which are enhancing 

the exothermic decomposition behavior. Capacitors processed at 250 °C already display decent 

dielectric performance characteristics and slightly elevated temperatures of 350 °C result in 

capacitors possessing excellent dielectric properties with dielectric constants (k) of 11.9 and 

14.9, respectively as well as very low leakage current densities of J ˂ 10-9 A cm-2 at 1 MV cm-1 

and satisfying electrical breakdown fields EB > 2 MV cm-1. Consequently, the formation of the 

respective metal oxide thin film allows the fabrication of TFT devices, exhibiting decent 

electrical performance characteristics, when combined with a solution-processed IZO 

semiconductor and processed at 350 °C. TFTs based on the amorphous AlxOy dielectric are 

exhibiting a field-effect mobility µsat of 7.1 cm2 V-1 s-1, threshold voltage Vth of 8.7 V and a current 

on/off ratio Ion/off of 1.4 × 105, while TFTs based on YxOy thin films exhibit a µsat of  

2.1 cm2 V-1 s-1, Vth of 6.9 V and Ion/off of 7.6 × 105. 
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Furthermore, the utilization of the malonato precursors of aluminum and yttrium enabled the 

successful synthesis of various compositions of the amorphous ternary yttrium aluminium oxide 

dielectric YAlxOy. Thereby, the inclusion into the AlxOy host lattice reaches its limit at an 

incorporation of 30 mol-% yttrium (30-YAlxOy). As a result, the 30-YAlxOy composition exhibits 

the best overall dielectric performance, among the investigated compositions, with k=12.5, 

J=1.1 x 10-9 A cm-2 at 1 MV cm-1, EB > 3.7 MV cm-1 and displaying almost no capacitive 

frequency dispersion. Consequently, the implementation of the 30-YAlxOy dielectric results in 

TFT devices, exhibiting good electrical performance characteristics with a µsat of  

2.6 cm2 V-1 s-1, Vth of 12.4 V and Ion/off of 1.8 x 107.  

Besides, the malonato precursors were also investigated towards their potential for the 

photoactivation of metal oxide dielectrics. As a result, the Al-DEM-NO2 precursor undergoes the 

desired photolytic decomposition by employing irradiation in the deep-UV range (λ=160 nm). 

The resulting AlxOy dielectric thin films, processed at 150 °C, possess excellent dielectric 

properties (k=9.0, d=52 nm, J=1.7 x 10-9 A cm-2 and EB=4.1 MV cm-1) and thus are feasible 

for the deposition on plastic substrates compatible with flexible electronics.  

We could also successfully demonstrate the aqueous combustion synthesis of dielectric metal 

oxide thin films by employing well‐defined urea nitrate coordination compounds of aluminium 

and yttrium with the compositions [Al(CH4N2O)6](NO3)3 and [Y(CH4N2O)4(NO3)2](NO3)2. 

Thereby, capacitors based on the amorphous AlxOy, exhibit a very high areal capacity value of  

184 nF cm-2 and very low leakage current density of J ˂ 10-9 A cm-2 at 1 MV cm-1, processed at 

a moderate PDA temperature of 250 °C, while YxOy thin films only start to perform at processing 

temperatures T ≥ 300 °C, in accord with the respective DSC analysis confirming the exothermic 

decomposition of the precursors, due to the urea-nitrate “fuel-oxidizer” reaction of the metal 

nitrates and urea molecules. 

Additionally, this approach was transferred to the generation of multinary amorphous 

semiconducting IGZO, by employing urea-nitrate compounds of indium, gallium and zinc. As a 

result, IGZO-based TFTs show an active TFT performance at processing temperatures as low as 

200 °C. TFTs annealed at 300 °C display good device performance characteristics with a μsat of  

1.7 cm2 V-1 s-1 and Ion/off >107.  

Furthermore, we investigated indium-free, semiconducting ZTO thin films, by introducing the 

novel Sn(II)-oximato precursor in combination with the established Zn-oximato precursor. As a 

result, EPR spectroscopy reveals a higher defect concentration for SnO2 in comparison to ZnO 



    

 xi 

 

and thus a precursor ratio with higher Sn content of Sn:Zn = 7:3 is necessary to obtain the 

optimum overall TFT performance with µsat of 5.18 cm2 V-1 s-1, Vth of 7.5 V and Ion/off of 6 x 108, 

processed at 350 °C. 
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Kurzfassung 

 

Funktionale Metalloxid-Halbleiter (MOS) und high-k-Dielektrika besitzen, aufgrund der 

Realisierung von niedrigen Betriebsspannungen sowie verbesserter TFT Leistungseigenschaften, 

ein enormes Potenzial in Zukunft die herkömmliche Silizium/Siliziumdioxid 

Materialkombination in elektronischen Geräten zu ersetzen. 

Dabei ermöglicht die lösungsbasierte Prozessierung von Metalloxiden eine kostengünstige und 

großflächige Herstellung von Dünnschichttransistoren und bietet eine einfache Methode zur 

Feinabstimmung der elektrischen Eigenschaften durch Modifikation der Material-

zusammensetzung und Optimierung der Prozessbedingungen. Da für den Einsatz häufig 

verwendeter Vorläufer, wie z.B. Metallsalze, hohe Zersetzungstemperaturen sowie die Zugabe 

von Stabilisatoren oder anderen Additiven erforderlich ist, haben wir im Verlauf dieser Arbeit 

definierte molekulare Vorläufer synthetisiert, um eine hohe Qualität der funktionalen 

Metalloxid-Dünnschichten zu erreichen. Diese Vorläufer weisen verschiedene äußerst attraktive 

chemische Eigenschaften auf, wie z.B. Luftstabilität, hohe Löslichkeit in wässrigen oder 

organischen Lösungsmitteln, reduzierte Zersetzungstemperaturen sowie die Fähigkeit zur 

Prozessierung durch Photoaktivierung und könnten daher zur Herstellung von flexibler 

Eklektronik beitragen. 

Im Verlauf dieser Arbeit gelang es die lösungsbasierte Synthese von dielektrischen AlxOy- und 

YxOy-Dünnschichten bei moderaten Temperaturen zu realisieren, wobei die molekularen 

Vorläuferverbindungen Tris(diethyl-2-nitromalonato)aluminium(III) (Al-DEM-NO2) und 

Bis(diethyl-2-nitromalonato)-nitrato-yttrium(III) (Y-DEM-NO2) eingesetzt wurden. Diese 

Komplexe besitzen nitro-funktionalisierte Diethylmalonato-Liganden, wodurch das exotherme 

Zersetzungsverhalten gesteigert wird. Infolgedessen weisen bei 250 °C prozessierte 

Kondensatoren bereits gute dielektrische Eigenschaften auf. Prozesstemperaturen von  

350 °C ermöglichen die Herstellung von Kondensatoren mit ausgezeichneten dielektrischen 

Eigenschaften mit Dielektrizitätskonstanten k(AlxOy) = 11,9 und k(YxOy) = 14,9 sowie sehr 

geringe Leckstromdichten von J ≤ 10-9 A cm-2 bei 1 MV cm-1 und zufriedenstellende elektrische 

Durchbruchspannungen von EB > 2 MV cm-1. Des Weiteren ermöglichte die Synthese der 

jeweiligen Metalloxide bei 350 °C die Herstellung von Dünnschichttransistoren, wobei ein 

ebenfalls aus Lösung prozessierter IZO-Halbleiter verwendet wurde. TFTs basierend auf dem 

amorphen AlxOy Dielektrikum weisen eine Mobilität µsat von 7,1 cm2 V-1 s-1, eine 
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Unterschwellenspannung Vth von 8,7 V und ein Strom-Ein/Aus-Verhältnis Ion/off von 1,4 × 105 

auf, während auf YxOy basierende TFTs eine Mobilität µsat von 2,1 cm² V-1 s-1, Vth von 6,9 V und 

Ion/off von 7,6 · 105 aufweisen. 

Darüber hinaus ermöglichten die Malonato-Komplexe die erfolgreiche Synthese verschiedener 

Kompositionen des amorphen ternären Metalloxids YAlxOy. Hier konnte eine Sättigung bei 

einem Einschluss von 30 Mol-% Yttrium (30-YAlxOy) in das AlxOy-Gitter festgestellt werden. 

Zudem zeigte die Komposition 30-YAlxOy, unter den untersuchten Zusammensetzungen, die 

beste dielektrische Gesamtleistung, mit k = 12,5, J = 1,1 · 10-9 A cm-2 bei 1 MV cm-1 und  

EB > 3,7 MV cm-1. Darüberhinaus weisen Kapazitätsmessungen  eine nur sehr geringe Frequenz-

dispersion auf. Die Integrierung des 30-YAlxOy-Dielektrikums in Dünnschichttransistoren führte 

zu TFTs mit guten elektrischen Eigenschaften mit µsat = 2,6 cm2 V-1 s-1, Vth = 12,4 V und  

Ion/off = 1,8 x 107. 

Zusätzlich wurden die Malonato-Vorläufer auf ihr Potenzial hinsichtlich der Photoaktivierung 

von dielektrischen Metalloxiden untersucht. Hier gelang die gewünschte photolytische 

Zersetzung des Al-DEM-NO2-Vorläufers durch Bestrahlung im tiefen UV-Bereich (λ = 160 nm). 

Dielektrische AlxOy-Filme, prozessiert bei 150 ° C, besitzen hervorragende dielektrische 

Eigenschaften (k = 9,0, d = 52 nm, J = 1,7 × 10–9 A cm–2 und EB = 4,1 MV cm–1) und eignen 

sich somit für die Abscheidung auf Kunststoffsubstraten für die Anwendung in flexibler 

Elektronik. 

Zudem konnte die Synthese von dielektrischen Metalloxid-Filmen aus wässriger Lösung, unter 

Verwendung thermisch höchst labiler Vorläufer, erfolgreich demonstriert werden. Dazu wurden 

definierte Harnstoffnitrat-Koordinationsverbindungen von Aluminium und Yttrium mit den 

Zusammensetzungen [Al(CH4N2O)6](NO3)3 and [Y(CH4N2O)4(NO3)2](NO3)2 hergestellt. 

Kondensatoren basierend auf dem amorphen AlxOy Dielektrikum wurden bei einer moderaten 

Temperatur von 250 ºC prozessiert und weisen einen sehr hohen spezifischen Kapazitätswert 

von 184 nF cm-2 und eine sehr geringe Leckstromdichte von J ≤ 10-9 A cm-2 bei 1 MV cm-1 auf, 

während YxOy-Filme erst bei Prozesstemperaturen T ≥ 300 ºC dielektrisches Verhalten zeigen. 

DSC Analysen bestätigen die starke exotherme Zersetzung der Vorläufer durch die Harnstoff-

Nitrat-Reaktion bei unterschiedlichen initial Temperaturen.  

Zusätzlich wurde dieser Prozessierungsansatz, auf die Herstellung von multinären amorphen 

IGZO-Halbleitern übertragen, indem Harnstoffnitratverbindungen von Indium, Gallium und 

Zink hergestellt wurden. Dabei zeigen IGZO-basierte TFTs eine aktive TFT-Leistung bei 
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Prozesstemperaturen von lediglich 200 ° C. TFTs die bei 300 ° C kalziniert wurden weisen gute 

elektronische Eigenschaften mit  μsat = 1,7 cm2 V-1 s-1 und Ion/off > 107 auf. 

Darüber hinaus wurden in dieser Arbeit indiumfreie, halbleitende ZTO-Filme untersucht. Dazu 

wurde der neuartige Sn(II)-Oximato Vorläufer synthetisiert und zusammen mit dem etablierten 

Zn-Oximato Vorläufer aus Lösung prozessiert. Mit Hilfe der EPR-Spektroskopie konnte eine 

höhere Defektkonzentration für SnO2 im Vergleich zu ZnO nachgewiesen werden, wodurch ein 

erhöhter Sn-Gehalt von Sn:Zn = 7:3 für die optimale TFT Gesamtleistung notwendig ist. Dabei 

resultieren Prozesstemperaturen von 350 °C in TFTs mit µsat = 5,18 cm² V-1 s-1, Vth = 7,5 V und 

Ion/off = 6 x 108  
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1 Introduction 

 

Metal oxide based high-k dielectrics and semiconductors (MOS) have gained tremendous 

attention due to their electronic properties and applicability for various electronic and 

optoelectronic applications.1 Over the last decades, transparent metal oxide based thin-film 

transistors (TFTs) have been extensively studied, especially due to their potential employment 

in large-area flat-panel display (FPD) applications.2 In order to achieve high performance TFTs, 

which are suitable for next-generation flat-panel displays, the optimization of both main 

components in such TFT devices, the semiconductor as well as dielectric material, is of highest 

importance. Although significant progress has already been achieved with regard to metal oxide 

semiconductors, research concerning the application of novel metal oxide dielectrics is still 

highly beneficial in order to improve the current situation. 

Thereby, various binary metal oxide high-k dielectrics such as Ta2O5,3 HfO2,4 ZrO2,5-7 Y2O3 8-12 

and Al2O3 2, 12-15 have shown promising results regarding their dielectric properties in such 

electronic devices and thus could potentially replace the established SiO2 gate dielectric in thin-

film transistors. However, these high-k materials are mainly deposited by expensive vacuum-

based techniques, which create challenges regarding large-area fabrications.16 Consequently, 

extensive research has been dedicated to the solution-processing of functional metal oxide thin 

films, in order to realize a cost-efficient, large-area deposition of these fundamental building 

blocks for electronic applications.16, 17 Thereby, the solution-processing technique is frequently 

performed by employing metal salt precursors, e.g. alkoxides, acetates, chlorides or nitrates, 

which exhibit an easy commercial accessibility and low-cost. However, intrinsic precursor 

properties and the requirement for high processing temperatures as well as stabilizers and other 

additives are still limiting the industrial application regarding large-area fabrications.18, 19 The 

use of stabilizers and other additives can cause an inconsistency in the precursor conversion as 

well as in the resultant metal oxide thin film formation.  

Hence, the employment of single-source molecular precursors, wherein all the necessary 

chemical components are integrated into one defined molecule, could certainly help to increase 

the degree of reproducibility, in order to enable the desired decomposition into a high quality 

metal oxide. Such single-source molecular precursors can be purposely tailored, via 

coordination chemistry, to possess superior chemical and physical properties, which enable 

consistent processing of high performance functional metal oxide thin films on a large scale.  
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The objective of this dissertation consists of the development of various solution-processing 

techniques for the formation of metal oxide high-k dielectric thin films of aluminum oxide 

(AlxOy), yttrium oxide (YxOy) and the compositional ternary hybrid yttrium aluminum oxide 

(YAlxOy).  Thereby, the synthesis of the high-k dielectric thin films as well as their integration 

in capacitor and thin-film transistor devices is achieved for the first time by a single-source 

molecular precursor (SSP) route.  

Additionally, the synthesis and complete structural characterization of novel single-source 

molecular precursors of tin, indium, gallium and zinc is accomplished in the course of this thesis, 

which are suitable for the formation of electronically active, high performing multinary metal 

oxide semiconductors, such as zinc tin oxide (ZTO) and indium gallium zinc oxide (IGZO). 

The first chapters of the present cumulative dissertation emphasizes on the importance of metal 

oxide high-k dielectrics and semiconductors for TFT applications as well as the technological 

advances by employing single-source molecular precursors for the formation of functional metal 

oxide thin films. The following chapters present a brief overview regarding the fundamentals of 

binary and multinary metal oxide semiconductors (chapter 2) and high-k dielectrics (chapter 3). 

Subsequently, the theoretical background and functionality of capacitors and thin-film 

transistors is discussed. The chapters 4 and 5 present advanced solution-processing techniques, 

including combustion synthesis of metal oxide high-k dielectric thin-films in organic and 

aqueous solvents as well as photo-processing of such metal oxide thin films. In addition, the 

material and electrical properties of the functional metal oxides derived from the novel single-

source molecular precursors are characterized and physical as well as chemical structure-

property relations are established. Thereafter, the arrangement of the cumulative dissertation, 

based on the published results, is provided in chapter 6. 

 

1.1 The importance of metal oxide high-k dielectrics and semiconductors for thin-film 

transistor applications 

Thin-film transistors represent the most important component in integrated electronic circuits 

(ICs)20, 21, which can be employed for a wide range of applications, such as X-ray detectors22, 23, 

chemical and biochemical sensors24, 25, photovoltaics or portable electronics.26 In fact, ICs are 

fundamental building blocks in practically every modern-day electronic device, e.g. TVs, 

computers, notebooks, smart phones and especially flat-panel displays (FPD).27-30 Regarding the 

FPD industry, TFTs are primarily used as backplane electronics for active-matrix liquid-crystal 
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displays (AMLCDs) and active-matrix organic light-emitting diode displays (AMOLEDs), 

functioning as switch and allowing to drive each pixel of an image independently.31 Thereby, 

each pixel consists of three sub-pixels and each sub-pixel is individually connected to a TFT as 

well as a charge storage capacitor.21, 32 In its most simplest form, TFT devices consist of three 

electrodes called “gate”, “source” and “drain” and moreover the dielectric and semiconductor 

layers, which represent the two main components in such TFT devices (Figure 1).  

 

Figure 1 Schematic illustration of a thin-film transistor device. 

Thin-film transistors are operating under an electric-field and thus are categorized as field-effect 

transistor (FET). The functionality of the device is based on the ability to control the current 

flow through the semiconductor layer between the source and the drain electrodes, induced by 

the generated electric-field between the gate and drain electrodes. The dielectric layer is 

incorporated between the semiconductor layer and gate electrode, in order to ensure that no 

current flows between the gate and the drain electrode and thus preventing the occurrence of 

electrical short circuits. The intrinsic properties of the active semiconductor layer directly 

determine the amount of available charge carriers, whereby the flow of charge carriers in TFTs 

is determined by the accumulation of charges at the semiconductor/dielectric interface. Besides, 

the semiconductor/dielectric interface properties have a crucial impact on the overall TFT 

performance characteristics and thus the optimization of the semiconductor as well as dielectric 

material is of highest importance, in order to ensure further TFT performance enhancements in 

an efficient manner. In the last decades, the microelectronic industry was primarily based on 

silicon/silicon dioxide (Si/SiO2) regarding the semiconductor/dielectric material combination 

in thin-film transistor devices, which have almost reached their fundamental material limits 

nowadays.33, 34 
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SiO2 exists as an excellent amorphous dielectric material with very few electronic defects, 

forming an excellent interface with Si and typically exhibiting electrical breakdown fields above 

10 MV cm-1.32, 35, 36 Furthermore, silicon dioxide can be etched and is patternable to a nanoscopic 

scale.36 Unfortunately, SiO2 exhibits one significant drawback that cannot be ignored - SiO2 

possess a relatively small dielectric constant of k = 3.9. Therefore, downscaling to very thin 

layers is required (d ˂ 2 nm) in order to further enhance the capacitance, resulting in quantum 

tunnel phenomena across the dielectric and thus deteriorating the final device performance.37 

In fact, a SiO2 film thickness of d ˂ 2 nm is reaching an unacceptable power dissipation, 

exhibiting a leakage current density of J > 1 A cm-2 at 1 V, (Figure 2).38  

 

Figure 2 Leakage current density vs. voltage for various layer thicknesses of SiO2. Measurements from38. Adapted with 

permission34. Copyright 2014, Elsevier B.V. 

As a consequence, for future TFT performance improvements, it is of immense importance to 

focus on materials with enhanced dielectric constants, so called “high-k” dielectrics, e.g. Ta2O5, 

HfO2, ZrO2, Y2O3 and Al2O3. These materials enable low-voltage operations as well as the 

employment of thicker dielectric layers, resulting in lower leakage current densities while still 

exhibiting sufficiently high capacities.17   As a result, thin-film transistors utilizing high-k 

dielectrics exhibit higher mobilities and lower threshold voltages in comparison to TFTs using 

the established SiO2 dielectric.39, 40 Thus the synthesis of high-k materials as a replacement for 

the conventional SiO2 as gate dielectric is inevitable, due to the industrial requirements of future 

device miniaturization combined with the demand for high performance TFTs.  
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Besides, elemental silicon (Si) itself exhibits merely average semiconductor performance 

characteristics compared to various metal oxide semiconductors, which had been extensively 

investigated over the last decades.27, 41 Thus, the industrial use of Si as active channel material 

might be plainly due to the fact that SiO2 can simply be grown by the thermal oxidation of Si, 

resulting in excellent semiconductor/dielectric interface properties. The moment the SiO2 

dielectric is replaced, Si loses its main advantage as active semiconductor and thus the MOS can 

be considered as choice for the use as active channel material.42 However, in order to achieve 

high performance TFTs compatible with ever increasing electronic demands, it is inevitable to 

focus on both the critical components of such TFT devices - the semiconductor and the equally 

essential dielectric material.  

 

1.2 Single-source molecular precursors in solution-processing of metal oxide semiconductor 

and high-k dielectric thin films 

Until now, most high-performance metal oxide based TFTs are manufactured by utilizing costly 

vacuum-based deposition techniques, such as atomic layer deposition (ALD)43-48, chemical 

vapor deposition (CVD)49-52 as well as various sputter deposition techniques.53-59 As a 

consequence, intense research has been dedicated towards the fabrication of TFTs fabricated by 

an alternative deposition technique, which is based on the solution-processing of functional 

metal oxide thin films.15 Thereby, the most commonly approached deposition techniques are 

chemical bath deposition (CBD)60-62, spin-coating (SC)9, 11, 13, 18, 63-65 and inkjet printing.66-71 

Regarding the synthesis of such functional metal oxide thin films, via the solution-processing 

method, the major part of publications report the employment of metal salt precursors, such as 

nitrates, chlorides, carboxylates and alkoxides, mainly due to their commercial availability and 

low-cost. However, most of them possess significant drawbacks, such as the requirement of high 

processing temperatures in order to achieve a clean final product as well as the need for 

stabilizers and other additives, which is still restricting the industrial application of large-area 

fabrications.18, 19 The employment of such additives can have an uncertain impact on the thin 

film formation and thus the resulting electrical properties72.  

In order to overcome such existing processing obstacles for the solution-processing of functional 

metal oxide thin films, single-source molecular precursors, with superior chemical and physical 

properties, are employed in the course of this thesis. Single-source molecular precursors 

represent coordination compounds which feature predefined metal-oxygen (M-O) bonds and 

thus allow for the design of a molecular template, resembling the arrangement and connectivity 
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of the atoms which are present in the final metal oxide on a molecular level. Furthermore, this 

approach enables the possibility of customizing the precursor ligand structure in order to obtain 

the desired chemical and physical properties, which is essential for the achievement of high 

quality metal oxide thin films. The desirable properties of the molecular precursors include air-

stability, high solubility in aqueous and organic solvents, decreased post-deposition annealing 

(PDA) temperatures, a clean decomposition and the applicability of direct photo-patterning. As 

a result, such well-defined single-source molecular precursors are highly promising materials 

for an efficient large-area solution-processing of functional metal oxides. In the year 2008, our 

group first reported on the low-temperature solution-processing of transparent, semiconducting 

ZnO thin films and their electronic performance in TFT devices, by employing the molecular 

precursor compound bis[2-(methoxyimino)propanoato]zinc, referred to as “oximato” complex  

(Figure 3a).73 

 

Figure 3 a) Structure of bis[2-(methoxyimino)propanoato]zinc, b) general structure of the zinc precursor with substitutable 

residues R1 and R2.  

This study clearly demonstrated the ability to control the physical properties of the molecular 

precursors by undergoing defined changes in the molecular structure, whereby different 

residues R1 and R2 were synthesized by a Schiff Base condensation (Figure 3b). As a result, the 

processing properties are significantly more influenced by residue R1 in comparison to residue 

R2. When R1=H, the molecular precursors require higher decomposition temperatures and 

possess a low solubility in various common solvents, while solutions of compounds with 

R1=C2H5 show a poor wettability on various substrates. The employment of precursors with  

R1 = CH3 (Figure 3a) enables the formation of zinc oxide thin films with excellent adhesion on 

various substrates. Subsequently, it was possible to fabricate TFTs clearly demonstrating the 

feasibility of the solution-processed ZnO semiconductor, derived from a single-source molecular 

precursor route. In fact, the executed solution-processing technique represents a highly 

promising deposition method towards low-cost and large-area fabrication of functional metal 

oxide thin films.20, 74, 75 The solution-processing approach is based on precursor chemistry, 
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whereby various precursor compounds can be employed, which are dissolved in aqueous or 

organic solvents prior to the thin film deposition, e.g. via the spin-coating technique. 

Subsequently, the deposited precursor thin film gets converted into the desired metal oxide, by 

means of thermal annealing (see Figure 4) or e.g. by means of photoactivation.  Thereby, the 

employment of single-source molecular precursor compounds enable solution-processing of 

functional metal oxide thin films without the requirement of additives or stabilizing agents, 

even under an inert atmosphere. Figure 4 illustrates the individual processing steps involved in 

the solution-processing of functional metal oxides by employing single-source molecular 

precursors. Moreover, these molecular precursor compounds undergo a defined decomposition 

mechanism under thermal treatment, resulting in a clean final product by releasing volatile by-

products, and thus allowing a more accurate control of the respective metal oxide thin-film 

formation. Figure 4, right side demonstrates the thermal decomposition pathways of the single-

source molecular precursor compounds bis[(methoxyimino)-propanoato]zinc(II) and 

bis[(ethoxyimino)-propanoato]zinc(II).76 

 

Figure 4 Schematic illustration of individual process steps involved in the solution-processing of metal oxide thin films employing 

single-source molecular precursors; (right side) decomposition mechanism of zinc oximato complexes, determined by TG-MS and 

TG-IR. Adapted with permission76. Copyright 2009, Royal Society of Chemistry. 
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Additionally, solution-processing enables a simple approach to generate multinary metal oxide 

thin films, by dissolving the respective metal oxide precursors in the desired ratio prior to the 

thin film deposition, which allows the fine-tuning of the electrical properties of the 

compositional hybrid metal oxides. Hence, in later works performed by our group, the 

fabrication of high performance TFTs was accomplished by the synthesis of multinary 

semiconducting indium zinc oxide (IZO) thin films, introducing an indium coordination 

compound, possessing 2-methoxyimino-propionic ligands, analogues to the previously 

established zinc “oximato” precursor.77 Furthermore, our group successfully transferred the SSP 

approach to the generation of metal oxide high-k dielectric thin films of zirconium oxide (ZrxOy), 

hafnium oxide (HfxOy) and tantalum oxide (TaxOy).78-80   

In the course of this thesis, such a highly promising single-source molecular precursor approach 

is further extended to the generation of semiconducting indium-free zinc tin oxide (ZTO) and 

quaternary indium gallium zinc oxide (IGZO) as well as amorphous metal oxide high-k 

dielectrics of aluminum oxide (AlxOy), yttrium oxide (YxOy) and yttrium aluminum oxide 

(YAlxOy). In the process, several molecular precursor compounds are synthesized, structurally 

elucidated and advanced processing techniques are developed, in order to accomplish the 

solution-processing of metal oxide based high performance capacitor and TFT devices.  

 

 

2 Metal oxide semiconductors 

 

Semiconductors and dielectrics represent the main components in TFT devices, whereby the 

semiconductor is functioning as active channel material, which is in direct contact with the 

dielectric and thus forming an interface with it. In fact, extensive research were executed in the 

last decades, in order to determine suitable semiconductor materials, which can surpass the 

performance characteristics of the established amorphous Si semiconductor, suitable for high 

performance TFTs.20  

Thereby, amorphous metal oxides appear to be a promising class of materials for 

next-generation semiconductor-technology, due to their relative large band gaps (Eg) and 

optical transparency, which makes them suitable for transparent electronics and optical 

displays.1, 81-86 The progress of such amorphous oxide semiconductors (AOS) as active 

component in TFT devices will be discussed shortly in the following. 
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2.1 Binary metal oxide semiconductors 

Binary metal oxide semiconductors such as tin dioxide (SnO2), indium oxide (In2O3) and zinc 

oxide (ZnO) are studied extensively over the last decades and are well established components 

as active channel layer material in TFT devices. Unfortunately, all of them possess significant 

drawbacks, which renders the technological suitability of these binary AOS complicated.  

Tin (IV) oxide (SnO2) was the first metal oxide which was employed as active channel material 

in TFTs in the 1960s and was therefore intensively investigated by many research groups. 

Nevertheless, the requirement of higher annealing temperatures in combination with the need 

of harsh etching conditions renders SnO2 less suitable as semiconductor material from a 

technological point of view.87, 88 

Indium oxide (In2O3) is a transparent, highly conducting oxide possessing a high intrinsic charge 

carrier concentration (> 1019 cm-3) and thus is frequently used as electrode material.89 

Therefore, it is necessary to reduce the overall charge carrier concentration, in order to reach 

the semiconducting magnitude of < 1018 cm-3, allowing the use of In2O3 as an efficient active 

channel material in TFT devices. 

Zinc oxide (ZnO) possess a drastically decreased intrinsic charge carrier concentration (1015 -

1017) in comparison to In2O3.1 Additionally, the deposition process of high-performing ZnO 

based TFTs requires a controlled atmosphere with certain oxygen partial pressure90, which was 

optimized by the Fortunato group reaching mobilities of up to  µ ≈ 50 cm2 V-1 s-1.91   

Similar optimization progresses regarding the fabrication of In2O3 and SnO2 based TFTs could 

also be achieved over time, but due to the inhomogeneous deposition of these binary metal 

oxides on large-area substrates, they currently not accomplish technological demands. The 

inhomogeneous thin-film formation can be attributed to the polycrystalline nature of these 

binary oxides, rendering the reproducibility complicated and resulting in poor TFT 

performances.92 As a consequence, investigations of amorphous multinary metal oxide 

semiconductors became attractive, due to the ability of tuning the electrical properties by 

combining these metal oxides.  

  

2.2 Multinary metal oxide semiconductors 

Among the multinary metal oxide semiconductors hybrids of ZnO, In2O3, SnO2 and Ga2O3 are 

the most prominent choices, namely the ternary semiconducting oxides indium zinc oxide (IZO) 

and zinc tin oxide (ZTO) as well as the quaternary semiconducting metal oxide indium gallium 
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zinc oxide (IGZO). Due to the feasibility of these multinary metal oxides for obtaining high 

performance TFTs, they were particularly investigated in detail. The following chart 

demonstrates the research distribution in the field of metal oxide semiconductors in recent years 

(Figure 5). 

  

Figure 5 Percentage of publication amount in dependency of the investigated semiconductor material in the years 2008-2013. 

Adapted with permission93. Copyright (2014) The Japan Society of Applied Physics. 

The following list summarizes the superior properties of multinary amorphous metal oxides in 

comparison to silicon as active channel material: 

1) Applicable with high-k dielectrics:  Various metal oxide high-k dielectrics like Al2O3, 

Y2O3, ZrO2 and HfO2 as well as their multinary hybrids can be utilized for the fabrication 

of AOS based TFTs due to the high conduction band (CB) offsets with numerous 

established metal oxide semiconductors. Thereby, the ionic nature as well as the 

amorphous state at low temperatures of the metal oxide dielectrics result in improved 

interactions with the semiconductor and thus exhibit fewer electronically defects at the 

dielectric/semiconductor interface. As a consequence, low electron trap densities and 

thus low leakage current densities can be realized. 

2) High electron mobility:  Silicon based TFTs exhibit field effect mobilities of  

µFE ≈ 1 cm2 V-1 s-1, while AOS based TFTs exhibit much higher mobilities of  

µsFE > 10 cm2 V-1 s-1, which can be further increased by the modification of the materials 

composition and improvement of the processing conditions.1 
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3) High current on/off ratio: The use of AOS results in high on/off current ratios (Ion/off) 

which is in accord with the demand for higher refresh rates for next-generation displays. 

This is due to the fact that AOS are n-type semiconductors, thus a simple source-drain 

electrode deposition enables the lowering of the off-current and simultaneously raising 

the on-current. On the other hand, TFTs based on silicon as semiconductor require the 

generation of a p-n junction, whereby the source-drain electrodes suppress the TFT 

operation during the switching between the p- and n-type region.  

4) Low operation voltage:  The use of AOS enables the operation of the TFTs at voltages 

of ≤ 5 V, exhibiting a sub-threshold slope of ~ 0.1 V dec-1.94, 95 This is due to the 

amorphous state and the band-like charge transport of the AOS, leading to a reduction 

of the defect concentration within the band gap in comparison to silicon based 

semiconductors. 

5) Surface morphology:  AOS typically exhibit a very smooth surface roughness of  

RRMS ˂ 0.5 nm and low porosity which is very beneficial for the overall device 

performance. The amorphous state contributes to low leakage current densities due to 

the absence of grain boundaries. Furthermore, AOS can be homogenously deposited over 

large-area substrates.96, 97 

6) Low processing temperature: The formation of functional AOS thin films is accessible 

at post-deposition annealing temperatures of T ≤ 350 oC, depending on the chosen 

deposition technique. Thus, AOS are potential candidates as active channel material in 

TFTs for the fabrication of flexible electronics.27, 98, 99 

 

 

3 High-k dielectrics 

 

3.1 Fundamentals of high-k dielectrics 

Dielectric materials are electrical insulators integrated in electronic circuits, e.g. as component 

in TFT devices. In contrast to conductors and semiconductors, electrical charges cannot move 

through a dielectric material, when it is located in an electric field, due to the large band gap 

energy (Figure 6), which is typically above 4 eV. 

https://en.wikipedia.org/wiki/Insulator_(electricity)


   

  12 

 
Figure 6 Schematic representation of the band gap energy of insulators, semiconductors and conductors. 

The response of a dielectric material towards an applied electric field can be illustrated by the 

simple model of a parallel-plate or metal-insulator-metal (MIM) capacitor, with a dielectric 

material functioning as electrically insulating material between two metallic plates (Figure 7). 

As displayed in Figure 7c (top), without an external bias the corresponding charges are 

randomly distributed, showing no directional effect. Once a bias is applied, e.g. a positive 

potential to the top electrode, the dielectric material gets polarized. Thereby, the electric 

charges slightly shift from their equilibrium position, whereby positive charges shift in direction 

of the electric field and negative charges shift in the opposite direction. As a result, a net dipole 

moment throughout the whole material is generated, increasing the surface charge density at 

both sides of the dielectric material (Figure 7c, bottom) and decreasing the strength of the 

external electric field.17  

 
Figure 7 Schematic illustration of parallel-plate capacitors (a) without and (b) with dielectric layer. (c) Illustrated dipole 

polarization with (top) and without (bottom) an external electrical bias. Adapted with permission17. Copyright 2017, Elsevier 

B.V. 
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This phenomenon is generally known as dielectric polarization and is based on various 

mechanisms, including the electronic polarization, ionic polarization and orientation 

polarization (Figure 8).17  

 

Figure 8 Schematic illustration of the dielectric polarization mechanisms: (a) electronic polarization, (b) ionic polarization, (c) 

orientation polarization. (d) Contribution of electronic, ionic, and orientation polarization regarding the dielectric constant at 

various frequencies. Adapted with permission17. Copyright 2017, Elsevier B.V. 

The various polarization mechanisms are depending on the nature of the involved polar 

components within the dielectric material, which are rearranged under an external electric field, 

in dependency of the electric field strength. 17, 100  

Regarding the electronic polarization mechanism, the materials are composed of positively 

charged nuclei and negatively charged electron-clouds (Figure 8a). Thereby, the application of 

an external electric field results in a distortion of the symmetrical orbital paths, leading to a 

separation of positive and negative charges, which induces the dipole formation.  

In case of the ionic polarization the mechanism is characterized by an induced net dipole 

moment, due to the displacement of cations and anions under an applied electric field 

(Figure 8b). In contrast, the orientation polarization occurs by the alignment of permanent 

dipoles along the direction of the external electric field (Figure 8c).  

The contribution of the various polarization mechanisms are additive, but the individual 

mechanisms respond differently with respect to the applied frequency of the varying electric 

field (Figure 8d).17 Regarding conventional TFT operations, the relevant frequency range is 

typically between 1-106 Hz, in which the orientation polarization and electronic polarization 

are the dominant mechanisms. If the frequency exceeds 1010 Hz, the orientation polarization 
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process does not contribute to the overall dielectric polarization anymore, while the electronic 

polarization even responds to very high frequencies up to 1016 Hz (Figure 8d). The dipoles of 

the gate dielectric in TFT devices must be able to reorient rapidly while employing frequently 

alternating electric fields. Thus, the required frequency region should be considered carefully 

for the choice of a suitable dielectric material regarding the respective electronic application.17 

Typically, dielectric materials possess a high polarizability, whereby the amount of this property 

is expressed by the relative permittivity (Ɛr) also called dielectric constant (k).  

The term “high-k dielectrics” basically refers to materials with a dielectric constant above 3.9, 

which is the dielectric constant of SiO2. Another key performance parameter of a dielectric 

material is the leakage current density (J), which is mainly governed by two conduction 

mechanisms, described by the Poole-Frenkel effect and the Schottky emission.63, 101-103  

The Poole-Frenkel effect is a bulk-limited theoretical model describing the electron transport in 

electrically insulating materials under a large electrical field, which is relying on the 

contribution of a certain amount of electrical traps within the bulk of the material (Figure 9).  

 

Figure 9 Schematic illustration of the Poole-Frenkel effect, a) change of the trap geometry at the transition from equilibrium to 

the interaction with an external electric field, b) reduction of the potential barrier caused by the external electric field, which 

increases the probability of the electron to promote from the trapped state to the conduction band. Adapted with 

permission104. Copyright 2013, AIP Publishing. 

Generally, electrons are trapped in localized states e.g. in a single atom, unless randomly 

occurring thermal fluctuations supply sufficient energy to promote the electron from its 

localized state to the conduction band, followed by relaxation into a different localized state. 

Thereby, the electrons require less thermal energy to be promoted into the conduction band, 

when a large electric field is applied, due to a reduction of the Coulomb potential barrier within 

the bulk. As a consequence, electrons will move more frequently to the conduction band at 

higher electric fields, exhibiting an exponentially increase of the leakage current with the square 

root of the applied voltage.101  

https://en.wikipedia.org/wiki/Electric_field
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The Schottky emission, also known as thermionic emission, is the governing mechanism at low 

electric fields and can be described by a similar theoretical model as the Poole-Frenkel effect, 

but refers to lowering the energy barrier between the metal electrodes and the dielectric 

material, which is caused by the electrostatic interactions with the electric field at the 

metal-insulator interface 63, 103 (Figure 10). Thus the leakage current, generated due to the 

Schottky emission is an electrode-limited process, which is highly dependent on the barrier 

height between the dielectric and the electrode.103 Therefore, the Schottky emission represents 

a conduction mechanism in dielectric materials due to the reduction of the work function by an 

increasing electric field or temperature and thus contributing to the leakage current.  

 

Figure 10 Schematic illustration of the mechanism of a) the Schottky emission in comparison to b) the Poole-Frenkel emission 

for an Al2O3 dielectric, using ITO as gate-electrode and Al as top-electrode. Adapted with permission104. Copyright 2013, AIP 

Publishing. 

 

3.2 Capacitors 

In order to evaluate the quality of such dielectric materials, capacitor devices were fabricated, 

allowing to determine the dielectric properties with respect to the capacitance per unit area 

(Ci), leakage current density (J) and breakdown voltage (EB), which represent the most 

meaningful characteristic parameters regarding dielectric materials. 

A capacitor is described as an incremental passive electronic device with two terminals  

(Figure 11). In principle, capacitor devices possess the ability to store electrical energy when an 

electric field is applied in a direct current (DC) circuit, but it is not possible to gain power or 

amplify signals, by the employment of capacitors. 
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Figure 11 Schematic illustration of a parallel-plate capacitor. 

The amount of stored electrical charge (Q), in dependency of the applied voltage (V) is defined 

as capacitance (C) and can be described as:  𝐶 = 𝑄𝑉   [F = 𝐴𝑠𝑉 ]          Equation 3.1 

In contrast, when the capacitor is applied in an alternating current (AC) circuit, the device 

functions as an AC resistor with a frequency (ω) dependent impedance value (Z). It directs 

alternating voltages and alternating currents (AC) with a shift in the phase relationship between 

voltage and current, whereby the current leads the voltage by 90°, due to the charge storage 

capacity. The capacitance can be formulated according to the following equation.105 

𝐶 = √ 1|𝑍|2𝜔2∙ 1𝑡𝑎𝑛2(𝜃)            Equation 3.2 

The capacitance can also be described by equation 3.3, using the model of a parallel plate 

capacitor, containing the bottom and top electrodes (A), which are separated by the dielectric 

layer (D). The capacitance is usually expressed as per unit area (Ci), which can simply be 

obtained by division of the capacitance (C) with the employed electrode area (A), in order to 

ensure comparability of the capacitance values (Equation 3.4).  Ci is typically expressed in the 

unit [nF/cm2] for metal oxide thin film based capacitors. 

 𝐶 = Ɛ0∙Ɛ𝑟∙𝐴𝐷             Equation 3.3 

𝐶𝑖 = Ɛ0∙𝑘∙𝐷             Equation 3.4 



   

  17 

C = capacitance [F] 

A = electrode area [m2] 

D = thickness of dielectric [m] Ɛ0 = vacuum permittivity [/] Ɛr = relative permittivity [/] or dielectric constant (k)  

The dielectric constant (k) is a material property, describing the permittivity of the dielectric in 

comparison to the vacuum permittivity (Ɛ0) and is therefore also called relative permittivity (Ɛr). 

The dielectric constant is a complex function, depending on parameters such as temperature, 

strength of the electric field as well as the frequency and is directly related to the amount of 

capacitance (see Equation 3.4). It is evident that thinner dielectric films (D), for a given 

dielectric constant (k), result in increasing capacities per unit area (Ci). Ideal dielectrics are 

characterized by a constant capacitive behavior, regardless of the applied frequency, but in 

practice, dielectrics rather tend to possess higher capacities at low frequencies, due to the 

capacitive reactance 𝑋𝐶. The capacitive reactance describes the imaginary part of the complex 

impedance of the capacitor which is in dependency of the frequency and provided by the 

following equations. 

𝑍 = 𝑅 + 𝑋𝐶           Equation 3.5 𝑋𝐶 = 1/(2𝜋 ∙ 𝑓 ∙ 𝐶)          Equation 3.6 

Figure 12a illustrates the comparison of dielectrics with a strong and weak frequency dispersion. 

Besides, dielectric properties such as the leakage current density (J) and breakdown voltage 

(EB) are the key parameters, both can be extracted from I-V measurements. The leakage current 

density describes the amount of current which diffuses through the bottom gate electrode 

instead of contributing to the generated electric field. As a result, a higher power consumption 

is required deteriorating the overall device performance. Thus it is of highest importance to 

minimize the leakage current in order to achieve high performance and economically efficient 

electrical devices.  

The breakdown voltage (EB) describes the amount of voltage, dependent on the dielectric layer 

thickness, at which the material becomes conductive and loses its insulating properties. Thus, 

the breakdown voltage should be reasonable high, in order to ensure a certain stability of the 

final device. Figure 12b depicts the I-V characteristics of various dielectrics exhibiting the 

leakage current behavior as well as the electrical breakdown fields. 
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Figure 12 a) Representative capacity vs. frequency curves of solution-processed dielectrics implemented in capacitor devices, 

b) I-V characteristics with representative current leakage density vs. frequency curves and indicated breakdown fields.  

In fact, the atmosphere in which the measurements are performed is crucial for the evaluation 

of the obtained dielectric properties. This is due to water molecules from the ambient 

atmosphere which adsorb on the thin films and contribute to a parasitic resistance, resulting in 

a remarkably increased areal capacitance. This effect becomes stronger at lower annealing 

temperatures, because more detrimental residual water and hydroxyl groups are residing on the 

surface of the metal oxide thin film. This enhances the adsorption of additional water molecules. 

On the other hand, the leakage current and electrical breakdown properties will be degraded, 

due to water adsorption. As a consequence, it is difficult to compare the dielectric properties 

measured in an ambient atmosphere with those measured under an inert atmosphere. Thus, in 

order to evaluate the properties of the pristine metal oxide dielectric, all samples within this 

thesis were measured under an inert atmosphere in a glove-box (O2, H2O ˂ 0.5 ppm) to ensure 

comparable surface conditions. 

 

3.3 Thin-film transistors (TFTs) 

A thin-film transistor is a three-terminal device, which is operating under an electric-field and 

thus is categorized as field-effect transistor (FET). TFTs are usually employed as switch in digital 

logic circuits and basically consist of a gate electrode, the source and the drain electrodes (the 

three terminals) as well as a dielectric layer and active semiconductor channel material. These 

components can be arranged in different geometries, with the gate and the source/drain 

electrode either at the top or bottom of the stack (Figure 13), whereby each of these geometries 

possess particular advantages and disadvantages, depending on the utilized materials.106 
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Figure 13 TFT device geometries: (a) staggered, bottom-gate top-contact (BGTC), (b) staggered, top-gate bottom-contact 

(TGBC), (c) coplanar, bottom-gate bottom-contact (BGBC) and, (d) coplanar, top-gate top-contact (TGTC). Adapted with 

permission106 Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

The functionality of the device is based on the ability to control the current flow through the 

semiconductor layer between the source and the drain electrodes, induced by the generated 

electric-field between the gate and drain electrodes. 

It is of crucial importance to ensure that no current flows between the gate and the drain 

electrode, thus the incorporation of a dielectric layer between these electrodes is required. The 

dielectric layer should provide excellent insulating properties such as a low gate leakage current 

density, while possessing a high dielectric constant. High dielectric constants contribute to a 

high capacitance per unit area as well as to a reduced amount of voltage in order to operate the 

TFT. The choice of the high-k dielectric plays a key role since the flow of charge carriers in TFTs 

is based on the accumulation of charges within the semiconductor layer, generated by the 

electric field at the dielectric/semiconductor interface.  

In order to evaluate the quality of the thin-film transistors, TFT performance characteristics 

extracted from the transfer and output curves (I-V characteristics) are determined. 

Representative examples of the transfer and output characteristics are shown in Figure 14.  
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Figure 14 Electrical characterization of a thin-film transistor (a) output curves (ID against VD) and (b) transfer curve (ID against 

VG). Adapted with permission106. Copyright 2012, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

The TFT key performance parameters are represented by the on-off current ratio (Ion/off),  

field-effect mobility (µFE), threshold voltage (Vth) as well as on-voltage (Von) and subthreshold 

swing (SS). The on-off current ratio (Ion/off) is simply defined by the ratio of the current in the 

on- and off-state of the transistor device. The field-effect mobility (µFE) of a thin-film transistor 

is directly related to the amount of charge carriers available within the active semiconductor 

material.106 Besides charge carriers intrinsically present within the semiconductor material, the 

transport mechanism is also determined by scattering of charge carriers due to e.g. grain 

boundaries, point defects and ionic impurities.107 Regarding thin-film transistors, the charge 

carrier mobility is calculated depending on the voltage applied across the source-drain (VDS) 

electrodes as well as the gate-source electrodes (VGS). The field-effect mobility can be extracted 

either at low voltages, in the linear regime or at higher voltages in the saturation regime, which 

are therefore called as linear field-effect mobility (µlin) and saturation field-effect mobility (µsat), 

respectively. The calculations for both cases are given by the following equations.108, 109 

 

 linear field-effect mobility (µlin): at low VDS (VDS ~ 0 ≪ VGS) 

 

           I𝐷𝑆 = 𝑊𝐿  µ𝑙𝑖𝑛. 𝐶𝑖  [(𝑉𝐺𝑆 − 𝑉𝑡ℎ). 𝑉𝐷𝑆 − 𝑉𝐷𝑆22 ]               Equation 3.7 

 
 

 saturation field-effect mobility (μsat): at high VDS (VDS ≫ VGS − Vth) 

 

           I𝐷𝑆 = 𝑊𝐿  µ𝑠𝑎𝑡 . 𝐶𝑖 (𝑉𝐺𝑆 −  𝑉𝑡ℎ)2                                  Equation 3.8 
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W = channel width 

L = channel length 

Ci = capacitance per unit area (dielectric layer) 

VDS = drain-source voltage 

VGS = gate-source voltage 

Vth = threshold voltage 

 

The threshold voltage (Vth) is defined as gate voltage at which a significant current, formed at 

the dielectric/semiconductor interface, flows between the source and the drain electrodes 

through the active semiconductor channel material. The Vth value can be extracted from the 

IDS1/2 vs. VGS plot, at the intersection with the x-axis (VGS). In contrast, the on-voltage (Von) is 

described as the gate voltage at which the current starts to flow through the active channel 

material and turn-on the device. The subthreshold swing (SS) is defined as the inverse of the 

maximum slope of the transfer curve. The amount of SS describes the rate at which IDS increases 

by one decade while the applied voltage VGS constantly increases. Thereby, small values of SS 

(usually > 0.5 V dec-1) are feasible for low power consumption microelectronic devices.106 The 

subthreshold swing is given by Equation 3.9.110-112  

 𝑆𝑆 = (𝑑 log 𝐼𝐷𝑆𝑑 𝑉𝐺𝑆 )−1
                             Equation 3.9 

 

 

3.4 The choice of metal oxide high-k dielectrics 

As discussed in section 1.2 high-k dielectrics based on metal oxides are potential candidates as 

the gate dielectric in oxide based thin-film transistor (TFT) devices and are close to replace the 

conventional SiO2 dielectric.42, 113  

In order to determine the most suitable high-k dielectric, we can choose in principle from a 

plethora of possible materials across the periodic table. The following chart (Figure 15) 

illustrates the selectable binary oxide materials, which possess higher dielectric constants than 

SiO2.114 
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Figure 15 Periodic table of the elements. The binary oxides with higher k values than SiO2 are highlighted; the color scale 

indicates the amount of the dielectric constant.. Adapted with permission114. Copyright 2018, Wiley-VCH Verlag GmbH & Co. 

KGaA, Weinheim. 

Thereby, the dielectric must possess specific material properties in order to provide excellent 

dielectric characteristics and ensure feasibility regarding the integration within existing 

industrial process circumstances. The following list summarizes the necessary requirements 

regarding the choice of a suitable metal oxide gate dielectric for replacing SiO2, which is 

thoroughly helpful to restrict the potential candidates. 34, 36, 42  Details regarding these 

requirements will be discussed subsequently. 

 

1) The material is deposited onto the Si substrate, so it must be thermodynamically stable 

with it.  

2) The material must possess a dielectric constant (k ≥ 10) which is high enough to ensure 

high capacities and further down-scaling, in accord with economical demands. 

3) The material must possess a band gap that is high enough (> 5 eV) to ensure low current 

leakage densities (J ˂ 1 x 10-8 A cm-2), large breakdown fields (EB > ~4 MV cm-1) and 

high CB offsets with the active semiconductor material (> 1 eV). 

4) The material must maintain the amorphous phase over a broad temperature range. 

5) The material must provide a low surface roughness. 

6) The material must exhibit a low concentration of electronically active defects. 

 

Once SiO2 is replaced as gate dielectric in TFT devices, Si loses its main advantage as active 

semiconductor material, but still remains the substrate, also functioning as gate material for 

technologically relevant fabrication processes, due to its superior mechanical properties and 

abundance. Anyways, the industry is already committed to large-area silicon wafers keeping it 
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a relevant material for integrated circuits. Thus the interface properties between the high-k 

oxide and Si still must be considered, in order to achieve high performance TFTs.42 

Since the high-k oxide is deposited onto the Si substrate, it must be thermodynamically stable 

with it, preventing the generation of SiO2 or silicides, described by the following reactions: 

 𝑀𝑂2 + 𝑆𝑖 → 𝑀 + 𝑆𝑖𝑂2 𝑀𝑂2 + 2 𝑆𝑖 → 𝑀𝑆𝑖 +  𝑆𝑖𝑂2 

 

The generated SiO2 layer would increase the equivalent oxide thickness (EOT) and thus 

counteracts the desired effect of the high-k oxide, accompanied with an uncertain 

reproducibility. The generation of silicides would have even more severe consequences, since 

they could short circuit the device, due to their often metallic nature. As a result, the respective 

high-k oxide must exhibit a greater heat of formation than SiO2.42 Thus, regarding the 

deposition on Si substrates, potential candidates such as Ta2O5, TiO2 as well as the ternary 

oxides BaTiO3 and SrTiO3 are ruled out right from the start, due to their thermodynamic 

instability with silicon.  

According to Schlom and Haeni115, this criterion alone limits the reasonable choices to the metal 

oxides CaO, SrO, BaO, Al2O3, ZrO2, HfO2, Y2O3, La2O3 and the lanthanides such as Pr2O3116, 

Gd2O3117 and Lu2O3118 which are chemically very similar to La2O3, without possessing particular 

advantages. Unfortunately, the group (II) elements SrO, CaO, BaO are extremely reactive with 

water, which renders them less suitable as gate oxide material in such devices, leaving us with 

the binary oxides Al2O3, ZrO2, HfO2, Y2O3 and La2O3 as potential gate dielectrics in order to 

replace SiO2. Ultimately, the dielectric material must provide excellent dielectric characteristics 

such as a high capacitance per unit area (Ci) and thus the fundamental requirement for the 

dielectric oxide material is a sufficiently high dielectric constant which should be at least  

k ≥ 10. As a result, thicker dielectric layers in comparison to SiO2 can be employed, while 

maintaining an equal or even higher areal capacitance119 and additionally ensuring the 

possibility of down-scaling, inevitable for future performance enhancements.  

Another essential requirement represents the band gap energy (Eg) of the metal oxide, which 

should be as high as possible, because it directly determines the leakage current density as well 

as the CB offset with the semiconductors. Furthermore, the magnitude of the band gap energy 

is also related to the electrical breakdown field.119 Typically, there is an inverse trend between 

the value of the dielectric constant and the amount of the band gap energy. Materials with 
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high k values tend to possess smaller band gaps and vice versa (Figure 16), which is the reason 

why we have to accept a rather low k value for a binary metal oxide in order to ensure 

sufficiently high band gaps and thus a low leakage current density, large breakdown field and 

high CB offset with the semiconductor.120  

 

Figure 16 Dielectric constant (k) and band gap energy (EG) of various binary oxide dielectrics. Adapted with permission114. 

Copyright 2018, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

According to Wager et al. an ideal dielectric material should possess a current leakage density 

of J ˂ 1 x 10-8 and a breakdown field of EB >~ 4 MV cm-1, even when down-scaling to very thin 

dielectric layers.119 

The high CB offset with the semiconductor ensures that the dielectric material acts as an 

insulator, since the potential barrier at each band must be over 1 eV in order to minimise carrier 

injection by the Schottky emission of electrons or holes into the oxide bands.120 As a result, only 

high-k oxides with band gaps over 5 eV fulfil this requirement, regarding the CB offset with 

commonly used AOS. Taking these criteria into account the potential binary metal oxides still 

include ZrO2, HfO2, Al2O3, Y2O3 and La2O3. 

The dielectric material should be able to maintain the amorphous phase over a wide 

temperature range (T ≤ 500 °C), because crystalline grain boundaries can act as preferential 

pathways for impurity diffusion, thus contributing to the leakage current density. In general, 

the use of amorphous metal oxides (AMOs) is advantageous in many ways. The amorphous 

phase promotes a smooth surface of the metal oxide thin films, which can prevent surface 

scattering.36 Furthermore, amorphous thin films which possess smooth surfaces are highly 

desirable regarding TFT applications due to an improved dielectric/semiconductor interface, 



   

  25 

which results in lower leakage current densities as well as a higher degree of reproducibility.67, 

121 Additionally, AMOs are able to configure the interface bonding to minimize the number of 

interface defects. Furthermore, the dielectric constant of an AMO is isotropic, which is 

preventing the carriers to scatter due to fluctuations in polarization from differently oriented 

oxide grains. Besides, AMOs allow to vary the composition by maintaining the phase, e.g. in 

alloys, interfacial layers, or concerning dopants and require lower processing temperatures, 

which is contributing to low manufacturing costs.36  

Regarding the potential candidates, the binary metal oxides Y2O3, HfO2 and ZrO2 tend to 

crystallise at lower temperatures (~400 °C) often resulting in a nano-crystalline phase 

formation. Additionally, HfO2, ZrO2 and especially La2O3 are very hygroscopic and thus 

adsorbing higher amounts of water, which contributes in a negative manner to the overall device 

performance, due to an enhanced metal hydroxide formation.122  

As a result, Al2O3 remains in the list and might be the most promising binary metal oxide as 

gate dielectric for thin-film transistor applications, although it possesses the lowest dielectric 

constant (k ≈ 10) among the remaining candidates. 

In 2014, Wang et al. performed a systematic investigation of In2O3 and InZnO based TFTs, with 

varying solution-processed gate dielectrics, employing Al2O3, ZrO2, Y2O3 and TiO2, which have 

been deposited via spin-coating and processed at 300 °C. Thereby, the utilization of the Al2O3 

dielectric could achieve the best overall TFT performance. According to Wang et al. the superior 

electrical performance can be attributed to a minor accumulation of charge carriers within the 

bulk of the dielectric as well as a small trap density at the dielectric/semiconductor interface.63  

Consequently Liu et al. demonstrated in the year 2015, the synthesis of high performing AlxOy 

thin films, derived from an aluminum nitrate nonahydrate precursor. The employment of a  

15 nm thick AlxOy film, processed at a post-deposition annealing (PDA) temperature of 350 °C, 

is exhibiting a very low leakage current density of J ˂ 1 x 10-9 A cm-2 and a satisfying electrical 

breakdown field of EB = 5.5 MV cm-1. Furthermore, the solution-processsed AlxOy dielectric 

possess a very high areal capacitance of 413 nF cm2, by exhibiting a dielectric constant of  

k = 7.0.14  

Nevertheless, also the other potential candidates regarding the gate dielectric such as ZrO2, 

HfO2 and Y2O3 showed good results with respect to the dielectric properties. Song et al. 

fabricated solution-processed YxOy dielectrics by using yttrium nitrate hydrate as precursor. In 

this work, reasonable dielectric characteristics could be achieved at an annealing temperature 

of 300 °C. The capacitance per unit area amounts 71.7 nF cm-2 (d= 188 nm), while exhibiting 
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a leakage current density of J = 5.2 x 10-8 A cm-2. Interestingly, the employment of higher 

processing temperatures results in higher leakage current densities, due to an increasing degree 

of crystallinity of the YxOy dielectric and thus deteriorating the I-V characteristics.9  

Table 1 shows an overview of the electrical properties of some selected binary oxides for the 

application as gate dielectric in TFT devices. 

 

Table 1: Overview of electrical properties of selected binary metal oxide dielectrics.32, 36, 123, 124 

Material Dielectric  

constant (k) 

Band gap 

energy [eV] 

CB offset 

Si [eV] 

CB offset 

ZnO [eV] 

CB offset 

In2O3 [eV] 

CB offset 

SnO2 [eV] 

SiO2 3.9 9.0 3.2 4.3 4.6 4.8 

Al2O3 9 8.8 2.8 3.6 2.9 3.1 

Sc2O3 13 6.0 2.3 3.1 3.7 3.9 

Y2O3 15 6.0 2.3 3.1 3.7 3.9 

La2O3 30 6.0 2.3 3.1 3.7 3.9 

HfO2 25 5.8 1.5 2.1 2.4 2.6 

ZrO2 24 5.8 1.4 2.0 2.3 2.5 

. 

 

3.5 Multinary metal oxide high-k dielectrics 

The binary metal oxides HfO24, 78, 125-127, ZrO25-7, 63, 78, 128, Y2O38-12, 63, 129  and Al2O32, 12-15, 18, 63, 

130-138 are promising materials for the future application as gate dielectrics in TFT devices and 

have already demonstrated very good results with respect to their dielectric properties in 

capacitor and TFT devices, respectively. As discussed in the previous section, all binary oxide 

dielectrics suffer from a significant drawback. Binary oxide dielectrics with higher dielectric 

constants usually possess narrow band gaps and thus display higher leakage currents, 

deteriorating the overall device performance, due to an inverse trend between the dielectric 

constant and the band gap energy. A possible strategy to solve this problem is the formation of 

hybrid multinary metal oxide dielectrics, e.g. ternary metal oxide dielectrics. The idea is to 

combine one dielectric material which possess a high dielectric constant with another material 

providing a wide band gap, resulting in a decreased leakage current density and consequently 

exhibiting superior electrical properties compared to the individual binary metal oxides. 

Furthermore, the generation of such hybrid metal oxide dielectrics allows to fine-tune the 
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electrical properties by a compositional variation of the respective metal oxide components. 

Regarding the wide band gap material SiO2 (Eg = 9.0 eV) and Al2O3 (Eg = 8.8 eV) are very 

promising. Regarding the material possessing a high dielectric constant, metal oxides like HfO2 

(k ≈ 25), ZrO2 (k ≈ 25), La2O3 (k ≈ 30) and Y2O3 (k ≈ 15) are favorable. Thus, various material 

combinations for a high performance ternary metal oxide dielectric such as HfxSiyO139, 

HfxAlyO140-143, ZrxAlyO144-147, LaxAlyO148 and YxAlyO149-151 are currently subject of intensive 

research. When comparing the wide band gap oxides SiO2 and Al2O3, aluminum oxide might be 

the better choice due to its higher dielectric constant, comparable band gap energy and 

sufficiently high CB offsets with common semiconductors (see Table 1), while SiO2 might 

decrease the overall dielectric constant of the hybrid material too drastically. Among the high-k 

components HfO2, ZrO2 and especially La2O3 are very hygroscopic, resulting in an increased 

transformation of the respective oxide into the hydroxide, deteriorating the final device 

performance. Yttrium oxide, Y2O3 on the other hand represents an interesting counterpart for 

the Al2O3 based hybrid material due to a combination of desirable electrical properties like a 

high dielectric constant (14–18), high breakdown voltage (>3 MVcm-1), high refractive index 

(1.9–2.0) and low dissipation factor (<0.005), while possessing a reasonable high band gap 

energy (5.8 eV).152 Furthermore, Y2O3 can form an intimate chemical surface bond with oxide 

semiconductors, resulting in an improved dielectric/semiconductor interface formation and 

thus enabling the realization of low electron trap densities and leakage currents.153 Therefore, 

yttrium aluminium oxide (YxAlyO) represents a very promising ternary hybrid material for high 

performance gate dielectrics in the realm of TFT devices. Therein, Y2O3 represents the high-k 

material (k ≈ 15)152 and Al2O3 the component with the wide band gap (Eg = 8.8 eV).154 Note, 

although Y2O3 tends to crystallize at T ˂ 400 °C, the YAlxOy hybrid material will be amorphous 

in practice, up to a certain aluminum oxide amount within the composition. 

Consequently, in the last couple of years research in the field of hybrid multinary metal oxide 

dielectrics gained attention, due to the tunable electrical properties of such materials. 

Jeong et al. reported in the year 2018 on solution-processed yttrium aluminium oxide thin films 

processed at an annealing temperature of 400 °C, exhibiting excellent dielectric properties.149 

Thereby, three different compositions of YAlxOy dielectrics were studied systematically and 

compared to the respective binary oxides of aluminum and yttrium. As a result and as expected, 

all YAlxOy compositions possessed higher dielectric constants compared to the pristine binary 

AlxOy dielectric. Additionally, all YAlxOy compositions exhibited higher electrical breakdown 

fields and interestingly lower leakage current densities, compared to both the pristine YxOy and 
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AlxOy dielectric. The authors attribute the decrease of the leakage current density in such hybrid 

materials to the reduction of hydroxyl species within the YAlxOy layers, which corresponds to 

the amount of yttrium incorporation into the AlxOy lattice.149 

These findings further consolidate the potential of hybrid multinary metal oxides for the future 

optimization of gate dielectrics in e.g. TFT devices.   

 

 

4 Solution-processing of high-k dielectric thin films 

 

The deposition procedure of functional metal oxide thin films such as dielectrics or 

semiconductors is generally classified in vacuum-based and solution-based deposition 

techniques.  

The vacuum-based deposition techniques include atomic layer deposition (ALD)43-48, pulsed 

laser deposition (PLD)155-159, chemical vapor deposition (CVD)49-52 as well as various sputter 

deposition techniques such as DC reactive magnetron sputtering53-56 and radio frequency (RF) 

magnetron sputtering57-59. These vacuum-based deposition techniques enable the formation of 

high quality metal oxide thin films as well as a high degree of reproducibility, which is extremely 

desirable for electronic applications. Unfortunately, these vacuum-based processes often require 

expensive setups and feature low material deposition rates, resulting in low throughputs and 

thus render large-area depositions rather difficult and demanding.16  

In contrast, solution-processing represents an interesting, alternative deposition technique, 

which is cost-efficient and allows large-area depositions of the respective metal oxide thin films 

via various different approaches.20, 74, 75 Furthermore, solution-processing enables a simple 

approach to tune the material composition of the final functional metal oxide by dissolving the 

different metal oxide precursors in the desired ratio, resulting in multinary metal oxide thin 

films with optimized electrical performance characteristics. This strategy is not easily applicable 

for vacuum-based deposition techniques, since metal oxide targets with a predefined 

composition are used, complicating the optimization by tuning the material composition.  

The solution-based process for obtaining metal oxide thin films can generally be divided into 

different processing stages, as illustrated in Figure 17, whereby each step has to be considered 

carefully in order to achieve high quality thin films.  

Thereby, the first obstacle is the choice of a suitable precursor, which is of crucial importance 

since the physical and chemical properties of the precursor-solvent system have a huge impact 
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on the quality of the generated metal oxide thin films and thus the final device performance. 

The importance and influence of the utilized precursors for the formation of the desired high-k 

dielectric or semiconductor thin films will be discussed in detail in the following sub-section of 

this chapter (section 4.1). 

 

Figure 17 Schematic illustration of individual process steps involved in the solution-processing of metal oxide thin films.160 

Subsequently, the generation of a stable precursor solution is required, which is compatible with 

the chosen deposition process and substrate material. For the generation of suitable precursor 

solutions, it is extremely beneficial to utilize precursor structures which ensure a high solubility 

in the desired solvent. Additionally, a certain long-time stability of the solution is of great 

importance and therefore the addition of another solvent and stabilizers as additives is often 

performed.18, 63, 103, 130-133 Thereby, solution-processing enables the employment of a wide 

variety of precursors, additives and stabilizers. In case of alkoxide precursors, the sol-gel 
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chemistry enables the transformation of the precursor/solvent system into a sol which gets 

further converted into a gel by forming a structural network of the sol.161 

Alternatively, the precursor solution can be transformed into colloidal suspensions consisting of 

metal oxide nanoparticles, generated by e.g. microwave assisted synthesis, prior to the thin-film 

deposition.16, 17, 160 

The deposition step itself plays another key role, in order to obtain homogenous, dense and 

crack-free metal oxide thin films, whereby the most commonly used approaches are spin-

coating9, 11, 13, 18, 63-65, spray-coating12, 162, chemical bath deposition (CBD)60-62 and inkjet 

printing67-71, 73.  A schematically illustration of several different solution-based deposition 

techniques is shown in Figure 18. Finally, after the successful deposition, the homogenous 

precursor thin films get converted into the desired metal oxide thin films by thermal annealing.  

 

Figure 18 Schematic illustration of various solution-based deposition techniques. Adapted with permission160. Copyright 2011, 

Royal Society of Chemistry. 

 

4.1 The role of the precursors for solution-processing of metal oxide thin films  

The solution-processing of functional metal oxide thin films is primarily based on the deposition 

of stable precursor solutions, by employing various precursor systems. Thereby, the use of metal 

salts as precursors has been extensively investigated and was successfully applied to generate 

metal oxides with a variety of electronic applications such as ZnO, In2O3, SnO2, Ga2O3 and their 

multinary hybrid compositions as active channel semiconductors in TFT devices.163-184 Recently, 

also binary metal oxide gate dielectrics like Al2O32, 13-15, 18, 103, 122, 129-138, Y2O38-11, 129, ZrO25-7, 128 

and HfO24, 125-127 as well as their multinary hybrids e.g. YAlxOy149-151, ZrAlxOy144-147 and 

HfAlxOy140-143 have been successfully processed via the solution-based route.  
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For the formation of such metal oxide thin films, mostly metal salts are employed as precursors. 

Among the metal salts, nitrates, chlorides, carboxylates and alkoxides are the most prominent 

choices, mainly due to their commercial availability and low-cost.  

Metal alkoxides are formally described as Mn+(-OR)n and can be synthesized for a variety of 

metal cations (Mn+) by substitution reactions with the desired alkoxide (RO-), which is the 

conjugate base of the respective alcohol (ROH). In comparison to the before-mentioned metal 

salts, the utilization of metal alkoxides results in metal oxide thin films exhibiting the lowest 

amount of residual contaminations, at low processing temperatures. On the other hand, metal 

alkoxides possess a high tendency of hydrolysis reactions due to the nucleophilic nature, which 

results in the necessary requirement of an inert atmosphere for the deposition process, in order 

to avoid the enhanced formation of metal hydroxides, rendering the whole fabrication process 

of these thin films less cost-efficient. A possible strategy which allows an ambient atmosphere 

coating is the addition of a chelating agent such as acetylacetone which functions as a 

stabilizer.160  Thereby, the chemical modification of the metal alkoxide precursor solution with 

chelating agents is leading to a decrease of the hydrolysis and condensation reaction rates, 

resulting in an enhanced densification of the metal oxide thin films. 

Acetylacetone, formally described as 2, 4-pentanedione, belongs to the class of ß-diketones, 

which are organic molecules possessing two keto groups separated by a methylene group. These 

ß-diketones commit the so called keto-enol tautomerizaton, whereby a hydrogen atom 

internally migrate to the oxygen atoms of the carboxylate functionality, forming a C-C double 

bond within the structure. The conjugated anion, acetylacetonate (acac), is able to coordinate 

bidental to the metal cations and thus forming chelate complexes. Thereby, the stability of the 

precursor solution is depending on the binding strength between the metal cation and the 

chelate ligand, in comparison to the utilized alkoxide ligand.185, 186 In fact, such in situ formed 

complexes, derived from the added stabilizers are found to be present within the final metal 

oxide thin film and thus leading to uncertain electrical device performances72, accompanied 

with the possible corrosion of the substrate material.187 

Another precursor type is represented by metal carboxylates, which are the corresponding metal 

salts of the respective carboxylic acid and thus are formally described as Mn+(RCOO-)n. Thereby, 

the organic substituent “R” can be purposely designed with respect to the desired chemical 

properties. The carboxylate anion provides an additional resonance stability, due to the 

delocalized negative charge between the two oxygen atoms of the carboxylate functionality and 

thus is able to bind to the cation as monodentate or polydentate ligand, leading to different 
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chemical structures of the coordination compound. The simplest carboxylate is the formate ion 

(HCOO-), with “R” representing a hydrogen atom. The most commonly used carboxylate among 

the versatile class of carboxylate precursors are acetates (CH3COO-).160 Consequently, such 

carboxylates with short alkyl chains are highly soluble in polar solvents like water or 

2-methoxyethanol (2-ME), which are established solvents for the spin-coating technique. 

Besides, it is possible to tune the solubility of the precursor by increasing the length of the alkyl 

chain, also suitable for non-polar solvents.8, 188 The solubility of the precursor in established 

solvents is a significant issue, since a sufficiently high concentration is necessary to ensure a 

high density of the final metal oxide thin film. If the precursor concentration is too low, the 

metal oxide thin film usually consists of an enhanced degree of porosity and cracks within the 

microstructure of the films caused by  solvent evaporation and the decomposition of ligand 

components from the precursor.189 Therefore, it is useful to fill the voids and cracks by 

performing repeated iterations of the coating process and thus increasing the density of the 

resulting thin film.189  

A frequently used precursor type are metal chlorides (Mn+Cl-n), which are extensively 

investigated for the formation of functional metal oxide dielectrics such as AlxOy and showing 

good results with respect to the dielectric properties.2, 13, 135, 145 In 2015 Tan et al. demonstrated 

AlxOy-based capacitors derived from the aluminum chloride precursor, exhibiting good electrical 

performance characteristics, displaying a very low leakage current density of 2.6 x 10-9 A cm-2 

at 3 V.135 However, a major drawback of this study is the extreme high annealing temperature 

of 550 °C, unsuitable for low-temperature solution processing of flexible electronics. Typically, 

the use of metal chlorides for the formation of metal oxide dielectrics at low processing 

temperatures results in relative high leakage currents as reported from Avis and Jang by 

fabricating AlxOy-based capacitors at 300 °C, exhibiting J = 6.3 x 10-5 A cm-2 at 1 MV cm-1.13  

In fact, regarding the above mentioned metal salts, especially the use of chlorides can cause 

complications regarding the synthesis process. Metal chlorides typically require elevated 

temperatures in order to decompose completely, due to the strong ionic nature of the bonds 

between the metal cation and the chloride anions. Furthermore, the calcination of the precursor 

solution leads to the formation of acidic by-products like hydrochloric acid (HCl) vapours, which 

cause an increased degree of porosity for the metal oxide thin films, resulting in deteriorated 

interface properties. Additionally, residual Cl_ ion traces are detectable within the final ceramic, 

which are able to trap charges at the interface and thus might deteriorate the overall device 

performance.190-192 
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In 2013, Lee et al. investigated the influence of the employed precursors in solution-processing 

of IZO based TFTs, by varying the zinc oxide precursor using zinc chloride, zinc acetate as well 

as a 1:1 precursor mixture. In this study the amorphous IZO films were obtained at post-

deposition annealing temperatures of 450 °C. Thereby, the utilization of only zinc chloride 

resulted in TFTs with an increased field effect mobility, but a drastically deteriorated overall 

device performance as well as a high electrical loss. The IZO-based TFT employing the 1:1 

mixture of the zinc precursors exhibited slightly degraded characteristics to those of the  

zinc acetate based devices, but exhibited a much higher positive-stress stability than the other 

devices. Therefore, this study verified that providing a suitable amount of chlorine during 

annealing may improve the device stability, but an excess of chlorine leads to unfavorable 

results, deteriorating the overall device performance drastically.193  

In comparison to chlorides, metal nitrates (Mn+(NO3-)n) require much lower decomposition 

temperatures due to the weaker strength of the ionic bonds between the metal cation and the 

nitrate anions. Consequently, at processing temperatures T > 350 °C, the resulting thin films 

contain no residual nitrogen content, deriving from the nitrate ligand and thus representing an 

attractive alternative to metal chloride precursors.15, 194 Additionally, Keszler et al. could 

demonstrate in a systematic study that the solution-based route utilizing the aluminum nitrate 

precursor processed at 500 °C, results in AlxOy films with comparable dielectric properties to 

those obtained from atomic layer deposition.195 Consequently, the utilization of metal nitrates 

is widely used for the synthesis of various functional metal oxides demonstrating good electrical 

characteristics.9, 10, 14, 15, 18, 63, 134, 196 These findings clearly proof the importance of the precursor 

choice for the synthesis of high quality metal oxide thin films via solution processing. However, 

intrinsic precursor properties, the requirement for stabilizers and other additives as well as high 

processing temperatures still restrict the industrial application regarding large-area 

fabrication.18, 19 

A promising class of precursors are represented by single-source molecular precursor 

compounds, which undergo a clean decomposition under thermal treatment, by releasing 

volatile decomposition by-products. Furthermore, these co-ordination compounds are 

undergoing a defined decomposition mechanism and thus allowing a more accurate study of 

the respective metal oxide thin-film formation. Besides, the precursor solutions are processable 

without the requirement of additives or stabilizing agents, even under an inert atmosphere. 

Figure 19 illustrates the individual processing steps involved in the solution-processing of 

functional metal oxides by employing single-source molecular precursors.  
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Figure 19 Schematic illustration of individual process steps involved in the solution-processing of metal oxide thin films employing 

single-source molecular precursors. 

Furthermore, this approach enables the possibility of customizing the precursor ligand structure 

in order to obtain the desired chemical and physical properties, in order to achieve high quality 

metal oxide thin films. The desirable properties of the molecular precursors include air-stability, 

high solubility in aqueous and organic solvents, decreased PDA temperatures, a clean 

decomposition and the applicability of direct photo-patterning. Consequently, such well-defined 

single-source molecular precursors are highly promising materials for an efficient large-area 

solution-processing of functional metal oxides. The precursor compounds used within this thesis 

were purposely synthesized for the formation of dielectric and semiconducting metal oxide thin 

films and are depicted below. Details regarding the synthesis routes of these precursors are 

provided in section 6.   

 Oximato complexes of Sn, In and Zn 

 Nitro-functionalized malonato complexes of Al and Y 

 Urea-nitrate complexes of Al, Y, Zn, In and Ga 
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Each of the utilized precursor types herein, possess particular advantages in comparison to the 

conventionally employed precursors for solution-based metal oxide thin films. The “oximato” 

complexes are composed of the methoxyiminopropionic ligands, coordinated to the respective 

metal cation. The schematic representation of the chemical structures of the utilized oximato 

complexes of tin, indium and zinc are shown in Figure 20.  

 

Figure 20 Schematic representation of the molecular structures of the oximato complexes of a) tin(II), b) indium and c) zinc. 

The successful synthesis as well as various applications of the zinc and indium oximato 

precursors for the generation of well performing ZnO and IZO semiconductor thin films was 

previously reported by our group, demonstrating the potential of such defined precursor 

complexes for the formation of high quality metal oxide thin films towards the application in 

TFT devices.73, 76, 77, 197-200 Although IZO and IGZO might be the preferred compositional choices 

for multinary metal oxide semiconductors, the expected scarcity of natural indium resources 

justify the need for alternative AOS such as ZTO.201 However, the solution-processing of ZTO 

thin films enabled comparable TFT device performances to the indium based multinary AOS so 

far.202-204  

During the course of this thesis the oximato precursor approach could be extended to the 

formation of high performing and indium-free, zinc-tin-oxide (ZTO), by the successful synthesis 

and structural characterization of bis[(methoxyimino)-propanoato]tin(II) (Sn-oximato). The 

synthesis of such a single-source molecular precursor for tin (II) is highly beneficial since the 

choice of the tin precursor has been mainly restricted to SnCl2205, which can create certain 

complications regarding the fabrication process, as discussed in section 4.1.  Additionally, the 

zinc and tin (II) oximato precursor exhibit a very similar thermal decomposition behavior 

(TGA), which enables a homogenous start of the thermal decay in a narrow temperature 

window (125 - 150 °C), which results in a uniform distribution of the Zn, Sn(IV) and O species 

across the surface and in the depth of the films, confirmed by Auger electron spectroscopy.  
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As a result, an oximato precursor ratio of 7:3 of Sn:Zn represents the optimal composition and 

a processing temperature of 350 °C enables high performing ZTO-based TFTs exhibiting a µsat 

of 5.18 cm2 V-1s-1, Vth of 7.5 and Ion/off of 6 x 108. The need for the higher Sn ratio can be 

attributed to the higher defect concentration of SnO2 in comparison to ZnO, by using the 

oximato precursors, which was investigated by means of electron paramagnetic resonance 

(EPR) spectroscopy.  

Further details regarding the precursor synthesis, the structural characterization and thermal 

decomposition behavior of the Sn-oximato precursor, as well as the material and electrical 

characterization of the generated SnO and ZTO thin films can be found in section 6.4.206 

Recently, our group could successfully demonstrate the feasibility of the oximato precursors 

towards the novel approach of direct photo-patterning of high performance IZO and ZTO TFTs, 

employing the respective oximato precursors.207 As a result, at a PDA temperature of 350 °C, 

the IZO and ZTO based TFT devices exhibit a μsat of 7.8 and 3.6 cm2 V-1 s-1, a threshold voltage 

VTh of 0.3 and 2.4 V as well as an on/off current ratio Ion/off of 3.5 x 108 and 5.3 x 107, 

respectively. 

 

4.2 Combustion synthesis of metal oxide dielectrics 

Promising single-source molecular precursors typically start to decompose at moderate 

temperatures of about 200 °C, but unfortunately, organic residues from the ligand framework 

often remain in the metal oxide thin films at such low annealing temperatures, corrupting the 

overall electronic performance.208 The complete decomposition of the ligand framework usually 

requires temperatures up to 450 °C.209, 210 Thus a useful approach is the systematic introduction 

of reactive functional groups, like nitro or nitroso groups, into the ligand framework, which are 

enhancing the exothermic decomposition behavior of the precursor. As a result, lower 

processing temperatures can be realized for the complete decomposition of such combustible 

precursors. Figure 21 displays a schematic illustration of the reaction energy difference for the 

synthesis of metal oxides by employing conventional precursors as well as combustion 

precursors.211, 212  
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Figure 21 Schematic illustration of the required reaction energy for the conversion of the metal oxide precursor by using 

conventional precursors in comparison to combustion precursors. 

In order to demonstrate the feasibility of this approach we have synthesized nitro-functionalized 

diethyl malonato complexes of aluminum and yttrium and investigated their potential towards 

low-temperature processing of dielectric AlxOy, YxOy and compositional hybrid YAlxOy thin films. 

The chemical structures of the malonato complexes of aluminum and yttrium are presented in 

Figure 22.  

 

Figure 22 Schematic representation of the molecular structures of the synthesized malonato complexes of (a) aluminum and 

(b) yttrium, derived from the diethyl-2-nitromalonato ligand. 

Tris[(diethyl-2-nitromalonato)]aluminum(III) (Al-DEM-NO2) (Figure 22a) forms a homoleptic 

complex, with the aluminum central cation octahedrally coordinated by two oxygen atoms of 



   

  38 

the keto group from the dietyl-2-nitromalonate ligand. In contrast, bis[(diethyl-2-

nitromalonato)]nitrato yttrium(III) (Y-DEM-NO2) (Figure 22b) forms a heteroleptic complex, 

whereby one nitrate anion functions as ligand and coordinates bidentate to the yttrium cation. 

In accord with various chemical analysis the Y-DEM-NO2 precursor  might exhibit an 

octahedrally coordination of the yttrium, coordinated by two oxygen atoms of the keto group 

from each of the two diethyl-2-nitromalonate ligands as well as two oxygen atoms from the 

nitrate ligand. 

The Al-DEM-NO2 complex crystallizes as centimeter-long yellow needle-shaped crystals  

(Figure 23a) in the monoclinic space group C2/c. Despite numerous crystallization attempts the 

long needle like crystal structure obtained from the precursor is preventing a satisfactory crystal 

structure refinement, but nevertheless a preliminary refinement which substantiates the 

connectivity of the atoms is clearly demonstrating the octahedral coordination environment of 

the precursor compound (Figure 23b). 

 

Figure 23 a) Photograph of needle-shaped crystals of Al-DEM-NO2, b) ORTEP plot of the molecular structure of Al-DEM-NO2. 

Vibrational ellipsoids are drawn with a probability of 30 %; O-Al-bond length (185-188 pm); O-Al-O-bond angle (90± 3°). Two 

NO2 groups of the ligand show disorder in the oxygen positions. 

Consequently, the application of tris[(diethyl-2-nitromalonato)]aluminum(III) (Al-DEM-NO2) 

as combustible precursor for solution-processing of AlxOy thin films was investigated and results 

in reduced processing temperatures in order to obtain good dielectric performances.  

The integration of amorphous AlxOy thin films, derived from the Al-DEM-NO2 precursor, within 

capacitor devices exhibit dielectric behavior at a processing temperature as low as 200 °C, 
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displaying a capacitance per unit area (Ci) of 41 nF cm-2, a leakage current density (J) of  

1.7 x 10-7 A cm-2 (at 1 MV cm-1) and breakdown voltage (EB) of 1.8 MV cm-1. A slightly elevated 

PDA temperature of 350 °C enables the processing of capacitors exhibiting very good dielectric 

properties such as Ci = 86 nF cm-2, J =9 x 10-10 A cm-2 (at 1 MV cm-1) and EB = 2.8 MV cm-1. 

The enhancement of the dielectric properties with increasing temperature can be attributed to 

the steady transformation of the intermediate aluminum oxo–hydroxy species into aluminum 

oxide, which was confirmed via X-ray photoelectron spectroscopy (XPS).  

Furthermore, the fabrication of an IZO based solution-processed TFT, utilizing the AlxOy 

dielectric, processed at 350 °C, demonstrates good TFT performance characteristics with a µsat 

of 7.1 cm2 V-1 s-1, a Vth of 8.7 V and a Ion/off of 1.4 x 105. Further details regarding the precursor 

synthesis, the structural characterization and thermal decomposition behavior of the  

Al-DEM-NO2 precursor, as well as the material and electrical characterization of the generated 

AlxOy dielectric can be found in section 6.1.213 

During the course of this thesis, we also investigated the potential of Y2O3 as gate dielectric by 

utilizing the previously introduced bis[(diethyl-2-nitromalonato)]nitrato yttrium(III) complex  

(Y-DEM-NO2). The manufactured capacitor devices based on YxOy depict dielectric behavior at 

PDA temperatures of 200-350 °C, with areal capacity values ranging from 21 up to 84 nF cm-2 

at 10 kHz. The leakage current density for T = 300 and 350 °C amounts J ˂ 1.0 x 10-9 A cm-2 at  

1 MV cm-1 and the electrical breakdown field is EBD > 2 MV cm-1.  

Additionally, a solution-processed TFT was fabricated, based on the YxOy dielectric and derived 

from the Y-DEM-NO2 precursor. The TFT device exhibits decent performance characteristics 

with a saturation mobility (µsat) of 2.1 cm2 V-1 s-1, a threshold voltage (Vth) of 6.9 V and an 

on/off current ratio (Ion/off) of 7.6 x 105. Further details regarding the precursor synthesis, the 

characterization and thermal decomposition behavior of Y-DEM-NO2 as well as the material and 

electrical characterization of YxOy can be found in section 6.2.214 

Another work within this thesis was focusing on the optimization of the metal oxide gate 

dielectric by the generation of hybrid ternary oxides, due to the tunable electrical properties of 

such materials. Therefore, we decided to synthesis yttrium aluminium oxide (YAlxOy), due to its 

complementary properties, employing the previously established and advantageous single-

source molecular precursors Al-DEM-NO2 and Y-DEM-NO2. The solution-processing of various 

Al:Y ratios, deposited via the spin-coating technique and annealed at 350 °C, resulted in YAlxOy 

dielectrics with excellent dielectric properties. All investigated compositions  

(10-50 mol-% Y) turned out to be amorphous throughout, even on the nanoscopic scale, 
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representing a huge advantage in comparison to the pristine YxOy dielectric, which starts to 

crystallize at 350 °C. Additionally, all YAlxOy samples exhibit a smoother surface roughness of 

RRMS ˂ 0.2 nm in comparison to the individual binary oxides. Interestingly, the inclusion of 

yttrium into the AlxOy host lattice reaches a saturation at an yttrium incorporation of 30 mol-%. 

Up to the saturation point, the compositions display lower amounts of carbonate (CO32-) species 

(XPS) within the material and thus lower leakage currents of the final devices, in comparison 

to the AlxOy based capacitors. All YAlxOy-350 based capacitors possess a very low leakage current 

density of J ˂ 2 x 10-9 A cm-2 at 1 MV cm-1, showing no electrical breakdown up to electric fields 

of EB > 3.3 MV cm-1. In addition, all YAlxOy-350 compositions exhibit increased dielectric 

constants in comparison to the pure AlxOy-350 dielectric, whereby from an yttrium 

incorporation of ≥ 30 mol-%, the dielectrics display almost no frequency dispersion in the range 

of 10 Hz - 100 kHz. Regarding the investigated compositions, the 30-YAlxOy dielectric is 

exhibiting the best overall dielectric properties and consequently its feasibility as functional 

dielectric was demonstrated by the integration within TFT devices by using an active IZO 

semiconductor. The crucial TFT performance characteristics were evaluated, exhibiting 

reasonable values with a µsat of 2.6 cm2 V-1 s-1, Von of -1.1 V, Vth of 12.4 V and Ion/off of 1.8 x 107. 

Further details regarding the material and electrical characterization of the various YAlxOy 

compositions are provided in section 6.3.215 

 

4.3 Aqueous combustion synthesis of metal oxide dielectrics 

Another commonly practiced approach is the combustion synthesis of metal oxides based on a 

“fuel/oxidizer” reaction, which enhances the exothermic behavior, resulting in localized heating 

of the solution and consequently enabling a complete conversion of the precursor at reduced 

post-deposition annealing temperatures. Typically, metal nitrates are employed as “oxidizer” 

and urea or acetylacetone serve as “fuel” in such combustion synthesis processes.216, 217 Thereby, 

the thermal decomposition initiates redox reactions between the nitrate anion and the urea or 

acetylacetone molecules, which enhances the conversion into the metal oxide while various 

nitrogen containing compounds are released as by-products.218 Figure 24 illustrates the aqueous 

combustion synthesis approach, employing metal nitrates as “oxidizers” and urea as “fuel”. In 

addition, the decomposition pathway of in-situ generated urea nitrate is demonstrated  

(Figure 24, right side).219 
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Figure 24 Schematic illustration of individual process steps involved in the aqueous solution-processing of metal oxide thin films 

employing metal nitrate precursors as oxidizers and urea as “fuel”; (right side) decomposition mechanism of urea-nitrate from 

25 °C to 360 °C, determined by TG-FTIR-MS. Adapted with permission 219. Copyright 2011, Elsevier B.V. 

Consequently, research employing this strategy for the synthesis of functional metal oxides 

delivered very promising results.220-225 From a technologically relevant point of view, the metal 

oxide thin-film formation from aqueous solutions represents a highly attractive solution-

processing route for large-area applications. The motivation for using water as solvent are 

obviously relying on its advantageous properties such as representing an environmentally 

friendly and hydrocarbon-free solvent which is cost efficient and easy accessible. The aqueous 

combustion synthesis of aluminum oxide dielectrics was demonstrated for the first time by the 

Fortunato group.18 As a result, DSC analysis revealed an initiating temperature below 200 °C 

for an optimized aqueous precursor solution and adjusted reaction parameters, suitable for the 

development of low-temperature solution-processed dielectrics.  Furthermore, AlxOy thin films 

(10 nm) were prepared from an aqueous solution, deposited via the spin-coating technique and 

processed at 350 °C. Subsequently, the AlxOy dielectric was integrated in TFT devices, using a 

solution-processed GZTO semiconductor, exhibiting very good electrical performance 

characteristics. The TFTs exhibited a saturation mobility (µsat) of 1.3 cm2 V-1 s-1, on-voltage (Von) 

of 0.5 V and a subthreshold swing (SS) of 0.3 V dec-1. Thereby, the low operating voltages are 

attributed to the high areal capacitance of the employed high-k dielectric. Unfortunately, the 
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leakage current and off current (Ioff) were relatively high, which might be due to the low AlxOy 

film thickness of 10 nm. Within this study, also a comparison between water and  

2-methoxyethanol was performed, investigating the influence of the employed solvent on the 

quality of the film formation. As a result, scanning electron microscopy (SEM) analysis revealed 

a difference in the AlxOy thin film morphology, whereby films generated from water-based 

precursors are smoother and more uniform in comparison to the use of the 2-ME based 

precursors. Complementary, AFM analysis display a surface roughness RRMS of 0.3 nm and  

0.9 nm for the water-based and 2-ME based precursor solution, respectively. Furthermore, the 

utilization of water-based precursor solutions result in comparatively thinner and more compact 

films, investigated by spectroscopic ellipsometry. Thus, this work surely proved the potential of 

aqueous combustion synthesis for low-temperature, low-cost and environmentally friendly 

metal oxide thin film fabrication. 

As a fact, this approach already demonstrated its feasibility for solution-processed dielectrics as 

well as semiconductors so far, although a detailed decomposition mechanism of the combustion 

synthesis still needs to be clarified. Furthermore, aqueous solutions of metal nitrates, urea and 

other additives usually require ageing over a longer period of time, in order to evolve the full 

combustion effect and are susceptible to various processing issues, which renders the 

reproducibility of the combustion process complicated.18 

Thus, we have chosen to combine the “oxidizer” (nitrate ions) and the “fuel” (urea ligands) 

directly in one discrete molecule and therefore purposely designed coordination compounds of 

aluminum, yttrium, indium, gallium and zinc. This should lead to the generation of binary and 

multinary metal oxide dielectric and semiconductor thin films, which would allow more control 

and reproducibility, enabling a systematic study of the respective metal oxide formation in an 

accurate manner. The exothermic decomposition of all investigated metal urea nitrate 

complexes could be confirmed by DSC, exhibiting sharp exothermic peaks in the temperature 

range of 100-225°C. In addition, all urea nitrate compounds undergo a clean decomposition 

during the combustion synthesis, releasing gaseous by-products, which were detected via  

TG-MS and could be assigned to ammonia (m/z + 17), water (m/z + 18), carbon monoxide 

(m/z + 28), nitric oxide (m/z + 30), isocyanic acid (m/z + 43), carbon dioxide (m/z + 44) 

and nitrogen dioxide (m/z + 46).The corresponding IR signals detected at the maximum of the 

Gram–Schmidt signal clearly confirm for all precursors the evolution of ammonia  

(NH3: 965 cm-1), isocyanic acid (HNCO: 2239 cm-1), carbon dioxide (CO2: 2310 and  

2359 cm-1) and nitric acid (HNO3: 1629 and 1305 cm-1), recorded at various decomposition 
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stages between 200 °C and 350 °C. Furthermore, the employment of the respective urea-nitrate 

compounds allows an aqueous precursor route, by forming stable solutions without the 

requirement of any further stabilizing agent or additive. The proposed chemical structures of 

the urea-nitrate coordination compounds of aluminum and yttrium are shown in Figure 25.  

 

Figure 25 Schematic representation of the molecular structures of the urea nitrate coordination compounds of (a) aluminum 

and (b) yttrium. 

The hexakis(urea)aluminum(III)-nitrate coordination compound [Al(CH4N2O)6][NO3]3 

(Figure 25a) forms a homoleptic complex, whereby the aluminum central cation is octahedrally 

coordinated by the single oxygen atom of the urea ligands, in accord with Pearson's hard/soft  

acid base concept. Thereby, Al-UN crystalizes in the space group P21/n, exhibiting white needle-

shaped crystals. The long needle like crystal structure obtained from the precursor by 

crystallization enables a preliminary structural refinement. It clearly demonstrates the atom 

connectivity, displaying an octahedral coordination environment around the central yttrium 

atom. Comparable hexakis(urea) complexes of trivalent metal ions are also known e.g. for 

manganese226 or chromium227, 228.  

Dinitrato tetra(urea) yttrium(III)-nitrate [Y(CH4N2O)4(NO3)2][NO3] (Figure 25b) forms a 

heteroleptic complex, crystallizing in the space group 𝑃1̅. Thereby, the nitrate anion functions 

as ligand and coordinates in a bidentate manner to the yttrium cation, while the neutrally 

charged urea molecules act as monodentate ligands and coordinate to the central metal atom 

by its oxygen atom. Here, the central metal is coordinated by four urea and two nitrate 

molecules, resulting in a double capped trigonal prism with coordination number eight for 

yttrium, shown in Figure 26.  



   

  44 

 

Figure 26 ORTEP plot of the molecular structure of Y-UN. Vibrational ellipsoids are drawn at the 50% probability. For the urea 

ligand the O–Y bond length are in the range 222–226 pm and for the nitrate ligand 243–249 pm; O–Y–O-bond angles are 90 ± 

5° for the urea ligand. 

The employment of the aluminum urea-nitrate precursor (hexakis(urea) aluminum(III) 

nitrate218, 229 at an annealing temperature of 300 °C, results in amorphous AlxOy dielectrics with 

excellent dielectric properties, exhibiting a remarkable high areal capacitance of 216 nF cm-2 at 

10 kHz, a leakage current density less than 1.0 x 10-9 A cm-2 at 1 MV cm-1 and an electrical 

breakdown field at EBD = 3.0 MV cm-1. Further details regarding the precursor synthesis, the 

characterization and thermal decomposition behavior of Al-UN as well as the material and 

electrical characterization of AlxOy can be found in section 6.2.214 

Besides, it was possible to extent the combustion synthesis strategy to yttrium urea-nitrate for 

the formation of dielectric yttrium oxide (YxOy). Thereby, the YxOy thin films are showing decent 

dielectric properties at PDA temperatures T ≥ 300 °C, but suffer from a high degree of 

crystallinity, attributable to the strong exothermic decomposition of the precursor, leading to 

local hot-spots during the calcination, which enhance the crystallization. As a result, very thin 

films of the YxOy dielectric, derived from the Y-UN precursor, show a high tendency of short 

circuits, rendering the whole process of oxide formation inefficient. Further information 

regarding the yttrium urea-nitrate coordination compound as well as the dielectric YxOy thin 

films are also depicted in section 6.2.214  

During the course of this thesis it was also possible to apply this approach to the generation of 

metal oxide semiconductor thin films, by the synthesis, characterization and employment of 

urea nitrate coordination compounds of indium, gallium and zinc. Figure 27 illustrates the 

molecular structures of the urea-nitrate precursors.  
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Figure 27 Schematic representation of the molecular structures of the urea nitrate coordination compounds of (a) indium, (b) 

gallium and (c) zinc and ORTEP plot of the urea-nitrate complexes of d) indium and e) zinc, obtained via single-crystal structure 

analysis and drawn at a 50 % probability. The structure of the indium complex displays two nitrate counter anions showing 

disorder in the oxygen positions. 

The coordination compounds of indium and gallium are isotypic and crystallize in the space 

group C2/C, whereas crystals of the zinc complex exhibit the space group P21/n (Figure 27 d-e). 

Thereby, the indium and gallium precursor possess the general composition 

[M(CH4N2O)6][NO3]3, as observed for the coordination compound of aluminum. In contrast, 

the zinc complex exhibits the general composition [Zn(CH4N2O)4(H2O)2][NO3]2, as already 

reported.230 Furthermore, complexes with the composition [M(CH4N2O)4(H2O)2][NO3]2 were 

also found for copper, cobalt and nickel.230, 231 It is possible to obtain water-free coordination 

compounds by simply using non aqueous reaction conditions as performed for copper and zinc 

complexes, resulting in tetrakis(urea) copper(II) nitrate [Cu(CH4N2O)4][NO3]2 as well as 

hexakis(urea) zinc nitrate [Zn(CH4N2O)6][NO3]3 complexes.232, 233  

Details regarding the precursor synthesis, the structural characterization and thermal 

decomposition behavior of the precursor compounds used herein, as well as the material and 

electrical characterization of the generated IGZO semiconductor thin films are shown in section 

6.5.234  
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5 Photo-processing of metal oxide thin films - An alternative solution-processing route 

 

The photo-processing technique for solution-processed metal oxides comprises of desired 

processing methods such as photo-annealing, photo-patterning or a combination of the two 

methods, whereby the photo-conversion to the desired final metal oxide can be achieved 

selectively as well as without the generation of significant heat. These methods enable the 

generation of high performance functional metal oxides, while simultaneously reducing the post 

deposition annealing (PDA) temperature to an amount which is compatible with the deposition 

on flexible substrates, such as plastic or paper, enabling the fabrication of flexible electronics. 

Thereby, it is highly advantageous to employ such techniques to reduce the processing 

temperatures below the glass transition temperature (Tg) of the flexible substrate, whereby the 

flexible substrates are thermally significantly less stable compared to e.g. glass or silicon 

substrates. Regarding the deposition on plastic substrates, potential candidates are polymers 

such as polyethelene terephthalate (PET), polyethylene naphthalate (PEN) (thermoplastics; 

semi-crystalline), polycarbonate (PC), polyethersulphone (PES) (thermoplastics; non-

crystalline) as well as polyarylates (PAR), polycyclic olefin (PCO) and polyimide (PI) (high-Tg 

materials).235 Among these polymers, polyimide exhibits a relatively high glass transition 

temperature of Tg ~350 °C and high resistance towards process chemicals, but most commercial 

PI exhibits low optical transparency, possessing a yellowish tint, which limits its application in 

transparent optical electronics. In contrast, PC, PES, PAR and PCO possess a relative high optical 

transparency, but they exhibit a poor resistance towards chemicals used during the 

conventional wet and dry etching processes used in photo-lithographic patterning. PET and PEN 

are transparent with a transmittance of ~85 % in the visible, exhibiting a reasonable resistance 

towards process chemicals and low water adsorption (~0.14 %), but allowing only processing 

temperatures of ~150 °C and ~200 °C, respectively.235 Thus, the deposition of the functional 

metal oxide thin films on promising polymer substrates such as PEN and PET, for the fabrication 

of flexible electronics, allow processing temperatures of maximum 200 °C.   

In recent years, photochemistry has emerged as a powerful method towards the formation of 

such solution-processed functional metal oxide thin films at low-temperatures.68, 70, 151, 236-244 

Photochemistry represents a field of chemistry, focusing on the effects caused by the interaction 

of light at different wavelengths (UV, visible and IR radiation) with chemical compounds. The 

first law of photochemistry known as the Grotthuss–Draper law states that photochemical 

processes only occur due to the absorption of electromagnetic radiation.245 Due to the fact that 
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light is a form of radiant energy, the absorption of light enables the electrons in a compound to 

promote from the ground state to an energetically excited state, initiating various chemical and 

physical processes. In other words, the excited-state energy is able to induce a variety of 

photochemical reactions leading to the dissociation of chemical bonds and simultaneously 

facilitating the formation of new bonds. If the employed irradiation wavelength (λ) corresponds 

to the respective bond dissociation energy, the chemical bond of the precursor cleaves and the 

transformation into the respective oxide can possibly occur without the need of thermal 

annealing. The required wavelength can be calculated according to the following equation:  𝐸 = ℎ∙𝑐𝜆                       Equation 5.1 

E = energy [J], h = 6.626 x 10-34 J s-1, c = 3 x 108 m s-1, λ = wavelength [m] 

Thereby, radiation with appropriate wavelengths can be employed, depending on the 

absorption ability of the precursor system and its chemical components to the irradiation 

wavelength. In fact, the employment of various light sources, emitting radiation in the deep-UV 

range (λ ˂ 260 nm), provide sufficient energy to initiate the photolytic dissociation of the 

chemical bonds typically present within the molecular structures of common organic precursor 

ligands as demonstrated in Table 2. 

Table 2: Overview of chemical bonds typically present within as-deposited precursor solution thin films.241 

Chemical bond Dissociation energy Wavelength 

[kJ mol-1] [eV] λ [nm] 

N=N 941 9.75 127 

C=O 805 8.34 149 

N=N 631 6.54 190 

C=C 607 6.29 197 

O=O 498 5.16 240 

O-H 464 4.81 258 

H-H 436 4.52 274 

C-H 413 4.28 290 

N-H 393 4.07 304 

C-O 358 3.71 334 

C-C 347 3.60 345 

C-N 305 3.16 392 

O-O 204 2.11 586 

N-O 201 2.08 595 

N-N 160 1.65 748 

 



   

  48 

Figure 28a summarizes the required steps for the UV-mediated low-temperature processing of 

such metal oxide thin films which includes the solution-processing of the precursor thin films, 

the photochemical activation of the functional metal oxide upon irradiation by UV light and 

finally the densification of the M-O-M network. Note, if the cleavage leads to the generation of 

smaller molecules or atoms, such as reactive oxygen species (e.g., radicals), they could further 

promote the elimination of organic residuals from the precursor as well as the condensation and 

densification of the amorphous metal-oxygen network (Figure 28b). Therefore, such a method 

represents a highly promising alternative processing technique to the thermal decomposition of 

precursor solutions into functional metal oxides. Moreover, photo-processing can be performed 

soley or in combination with thermal annealing depending on the degree of photolytic 

conversion of the precursor compounds upon irradiation. 

 

 

Figure 28 a) Schematic illustration of the general steps involved in the low-temperature photoactivation of various sol–gel metal 

oxide films; b) Mechanisms of the photoactivated solution process, proposed by Park et al.240. Copyright 2015, Wiley-VCH Verlag 

GmbH & Co. KGaA, Weinheim. 
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5.1 Advantages of the photo-induced decomposition over thermal decomposition in 

solution-processed metal oxide thin films 

Recent investigations have demonstrated the benefits of employing UV irradiation for the 

solution-processing of functional metal oxide thin films in comparison with thermal annealing. 

Photo-processing results in an increased degree of M-O-M network formation, with enhanced 

density and an improved removal of impurities such as detrimental carbon species due to a 

highly selective bond cleavage. In-depth studies on aluminum oxide (AlxOy) thin films revealed 

the effect of UV irradiation on the solution-processing of such metal oxide thin films as shown 

in Figure 29, in the case of such a routinely used Al(NO3)3 precursor processed at (i) 150 °C 

without DUV irradiation, (ii) 150 °C with DUV irradiation and (iii) thermally annealed at  

350 °C.240 FTIR measurements, plotted as a function of the UV exposure time revealed the 

gradual removal of hydroxide species (3500 cm-1) and ligand fragments (1400 and 1430 cm-1) 

in the AlxOy thin films, by the employment of DUV irradiation (Figure 29a). It is remarkable that 

after only five minutes of UV exposure the FTIR spectrum is comparable to those of AlxOy thin 

films thermally annealed at 350°C, showing no remains of residual ligand species. Furthermore, 

time-of-flight secondary ion mass spectrometry (TOF-SIMS), confirmed a drastically reduced 

amount of carbon ions throughout the whole sample for the UV-treated thin films240, which 

enhance the overall device performance, since trapped carbon species can cause an increased 

leakage current density or even short circuits when integrated into a device.  

 

Figure 29 a) FTIR spectra of AlxOy thin films processed at 150 °C; without (blue line) and with (red line) DUV treatment, recorded 

at various UV exposure times and b) O 1s XPS core spectra of AlxOy thin films processed at different conditions: (A) treated at 

150 °C for 5 min (B) without, (C) with DUV irradiation, and (D) thermally annealed at 350 °C for one hour. Adapted with 

permission240. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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X-ray photoelectron spectroscopy (XPS) reveal an increased transformation from the precursor 

state into the amorphous metal oxide network for thin films irradiated with UV (Figure 29b). 

The O 1s core spectra were deconvoluted into two peaks at 531.0 and 532.3 eV and are 

attributed to metal oxygen bonds (Al-O) and metal hydroxide species (Al-OH), which is in good 

agreement with other related studies.246-248 The samples without UV treatment possess a 

significant amount of Al-OH species (532.3 eV), while the utilization of UV radiation results in 

comparatively higher amounts of Al-O (531.0 eV). In addition, thickness measurements display 

a decreased film thickness for the UV-treated AlxOy thin films, which can be attributed to a 

higher degree of densification of the amorphous metal oxygen (M-O-M) network as well as the 

enhanced removal of organic residues, induced by the UV irradiation.240 Thereby, the low-

temperature, UV-mediated solution process allows a more uniform and smooth film formation 

due to the slow drying of the solvent, resulting in decreased pore volumes within the final thin 

films. As a result, further densification can also be promoted by condensation reactions of the 

precursors due to a solvent-free film. Subsequently, dielectrics processed with DUV radiation 

possess enhanced dielectric performance characteristics, exhibiting lower leakage current 

densities and higher capacities per unit area, with a lower frequency dispersion in the range of 

102 - 106 Hz, in comparison to samples thermally processed at 350 °C (Figure 30). 

 

Figure 30 a) Leakage current density vs. e-field curves and b) areal capacitance vs. frequency curves of AlxOy dielectrics processed 

without DUV irradiation (blue), with DUV irradiation (red) and at a high annealing temperature (black). Adapted with 

permission240. Copyright 2015, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Therefore, with all of the above mentioned benefits, the employment of UV radiation represents 

an attractive alternative processing technique towards low-temperature fabrication of thin-film 

devices. The reduction in PDA temperature enables the integration of these functional metal 

oxides into flexible electronic devices with a significantly reduced thermal budget. Thereby 
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photochemistry could play a key role for future low-temperature solution-processing of metal 

oxides thin films. 

 

5.2 Solution-based photo-processing of functional metal oxide thin films 

Research in the last decade demonstrated highly promising results regarding the photo-

processing of functional metal oxide thin films. In the year 2012, Kim et al. reported in a 

systematic study on various photo-processed semiconductor thin films such as IGZO and IZO, 

by utilizing metal salt precursors and employing a low-pressure mercury lamp in an inert  

N2-atmosphere.237 The employed mercury lamp emits radiation with a spectral distribution of  

λ = 253.7 nm/184.9 nm (90 %/10 %), accompanied by unintentional heating during the 

operation, which was measured to be T ~ 150 °C. The effectiveness of the UV irradiation at 

such low temperatures was verified by reference samples processed soley at 150 °C, showing no 

or inferior electrical performance. The photo-processed TFT devices were fabricated by using a 

35 nm thick Al2O3 gate dielectric, which was deposited via ALD. The Al2O3/IGZO and Al2O3/IZO 

based TFTs exhibit field-effect mobilities of 8.76 ± 0.98 and 4.43 ± 0.59 cm2 V-1 s-1, which are 

comparable or even higher than the devices thermally annealed at 350 °C. Finally, the process 

was transferred to commercially available flexible PAR substrates, by using the photo-processed 

IGZO semiconductor. TFT devices show excellent performance characteristics exhibiting a field 

effect mobility of 3.77 cm2 V-1 s-1, threshold voltage of 2.70 ± 0.47 V, subthreshold swing of 

95.8 ± 20.8 mV dec-1 and current on/off ratio of 108. 

In another similar work, In2O3 and IZO semiconductor thin films (15 nm) were generated by 

using the respective nitrate precursors and employing an UV-source with a broad emission 

spectra (200−300 nm), with the main emission peak at 250 nm. This study demonstrated the 

enhancement of the saturation mobility with increasing UV irradiation time, reaching a 

maximum after 15 minutes, displaying outstanding saturation mobilities of 34.44 and  

33.14 cm2 V-1 s-1 for In2O3 and IZO, respectively.243  

In the year 2016, the Fortunato group transferred the photo-processing of functional metal 

oxide thin films to the generation of aluminum oxide dielectrics. The authors reported on the 

solution-based combustion synthesis of AlxOy thin films, employing an aluminum nitrate 

precursor, processed at 180 °C for 30 minutes and assisted by far-ultraviolet (FUV) radiation 

with a maximum emission at λ = 160 nm. TFTs based on the photo-processed AlxOy dielectric 

as well as a sputter-deposited IGZO semiconductor displayed excellent performance 



   

  52 

characteristics such as a low operation voltage, low turn-on voltage of Von = - 0.12 ± 0.05 V 

and low subthreshold slope of SS = 0.11 ± 0.01 V dec-1, exhibiting a very good reproducibility 

and stability over time.242   

Recently, Subramanian et al. reported on the photo-processing of printed aluminum oxide thin 

film dielectrics.68 Herein, precursor inks were prepared from aluminum nitrate and processed 

using UV radiation with a main emission peak at λ > 350 nm for 20 minutes and subsequent 

post-deposition annealing at 250 °C for two hours. As a result, a leakage current density of  

J = 5 x 10-6 A cm2 and breakdown voltage of 5.1 MV cm-1 was achieved, representing an 

improvement in comparison to samples processed only at 250 °C and without UV exposure. 

Furthermore, AlxOy-based TFTs combined with an InxOy semiconductor exhibited an average 

linear mobility of 12 ± 1.6 cm2 V-1 s-1, a minimal hysteresis and low subthreshold swing. 

Moreover, the TFT operational stability was improved by the use of UV irradiation. 

The studies carried out during this thesis conducted several investigations on solution-

processed, low-temperature, DUV-mediated amorphous metal oxide dielectrics. The utilized 

light-source emits DUV radiation with a peak intensity at λ = 160 nm and was operated under 

an inert argon atmosphere for the processing of the respective films. In addition, an integrated 

air cooling system ensured temperatures of T ˂ 50 °C, allowing to investigate the pristine effect 

of the DUV treatment. Thereby, the previously introduced single-source molecular precursors 

tris(diethyl-2-nitromalonate)aluminum(III) (Al-DEM-NO2 and bis[(diethyl-2-nitromalonato)] 

nitrato yttrium(III) (Y-DEM-NO2) were investigated towards their potential to be photo-

processed, due to their strong absorption at λ ˂ 250 nm (Figure 31). Besides, the UV-Vis spectra 

of both precursors display a local absorbance maximum at ~ 310 nm, which is in accord with 

the yellow color of the precursor compounds. 

 

Figure 31 UV-Vis spectra of the single-source molecular precursors Al-DEM-NO2 and Y-DEM-NO2. 
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Surprisingly, the Y-DEM-NO2 precursor does not undergo photolytic decomposition in an 

efficient manner, by employing UV radiation with a main emission peak at λ = 160 nm, resulting 

exclusively in electrical short circuits when depositing a single layer of the yttrium precursor 

solution. The employment of three layers results in very thick (329 nm) YxOy dielectrics, 

exhibiting degraded electrical properties in comparison to thermally annealed samples 

(T ≥ 250 °C), possessing a dielectric constant of k = 2.9 and leakage current density of  

5.8 x 10-8 A cm-2 (at 1 MV cm-1). The very high film thickness and degraded electrical 

characteristics are attributable to an incomplete metal oxide formation as well as enhanced void 

formation during the decay of the precursor compound. Interestingly, further investigations 

revealed that irradiation with main emission peaks at 254 and 185 nm leads to an improved 

bond cleavage of the precursor which is subject to future investigations. Hence, the ability of 

unique ligand fragments for a given metal oxide precursor to undergo complete decomposition 

upon irradiation with specific wavelengths and the quality of the resultant metal oxide makes 

it an interesting subject for future research. 

In contrast, the use of the Al-DEM-NO2 precursor enables the fabrication of DUV-mediated high 

performance dielectric AlxOy based capacitor devices at processing temperatures as low as  

T = 150 °C (solvent evaporation prior to UV exposure). The photo-processing results in 

capacitor devices with excellent dielectric properties, exhibiting a dielectric constant of  

k = 9.0, which corresponds to a capacitance per unit area of 153 nF cm-2. The leakage current 

density and breakdown voltage amount 1.7 x 10-9 A cm-2 (at 1 MV cm-1 ) and 4.1 MV cm-1, 

respectively, which is especially remarkable considering a single layer deposition of the 

precursor solution, possessing a final oxide thickness of 52 nm. The XPS O1s core spectra reveal 

that the DUV-mediated, low-temperature solution-processed AlxOy thin films contain no remains 

of any organic constituents, arising from an incomplete precursor decomposition, comparable 

to thin films thermally annealed at T ≥ 300 °C. Additionally, an remarkably high degree of film 

smoothness of RRMS = 0.14 nm was observed for the DUV-processed AlxOy thin films, which is 

much smoother than for samples thermally annealed at 350 °C. This is highly desirable since it 

enables a smooth dielectric/semiconductor interface formation in a TFT device. Subsequently, 

low leakage current densities of the final devices could be realized, due to small interface trap 

densities. Hence, the employment of the Al-DEM-NO2 precursor irradiated at λ = 160 nm, 

enables the fabrication of low-temperature, solution-processed high performing AlxOy thin films, 

promoting their application in flexible electronics. Complete details of the processing 

parameters as well as the material and electronic characterization can be found in section 6.3.215  
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6 Organisation of the cumulative part of the dissertation 

 

The cumulative part of this thesis is divided into two main sections. The first section consists of 

the publications associated with the synthesis and full structural elucidation of single-source 

molecular precursors of aluminum and yttrium for low-temperature, solution-processing of the 

respective binary and ternary metal-oxide dielectrics (AlxOy, YxOy and YAlxOy) as well as their 

integration in capacitor and TFT devices. Thereby, the novel and advantages malonato 

complexes of aluminum and yttrium, exhibiting the nitro functionalized diethyl molanate ligand 

as well as the respective urea-nitrate coordination compounds were employed, enabling the 

combustion synthesis of aluminum and yttrium oxide thin films.  

The second section consists of publications associated with the synthesis and characterization 

of single-source molecular precursors for the formation of multinary n-type semiconductors, 

namely ZTO and IGZO, employing oximato complexes of Sn and Zn and urea-nitrate 

coordination compounds of In, Ga and Zn, respectively.   
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6.1 Synthesis, dielectric properties and application in a thin film transistor device of 
amorphous aluminum oxide AlxOy using a molecular based precursor route 

 

Aluminum oxide (Al2O3) is a promising candidate for the future use as gate dielectric in TFT devices, 

due to its relative high dielectric constant (k ≈ 10), wide band gap (Eg ≈ 8.8 eV) and the ability to 

retain the amorphous phase at post-deposition annealing (PDA) temperatures T ˂ 500 °C.  

In this publication we demonstrate the formation of amorphous aluminum oxide thin films by a 

single-source molecular precursor approach, utilizing the coordination compound tris[(diethyl-2-

nitromalonato)]aluminum(III) (Al-DEM-NO2). The Al-DEM-NO2 precursor compound was 

systematically characterized by spectroscopic techniques (NMR/IR) as well as by single-crystal 

structure analysis. Furthermore, the precursor was investigated towards its thermal decomposition 

behavior, by means of differential scanning calorimetry (DSC) and thermogravimetry coupled with 

mass spectrometry and infrared spectroscopy (TG-MS/IR). The precursor decomposes under oxygen 

and without the need of additional additives and stabilizers, by a thermal combustion into 

amorphous aluminum oxide thin films with a very low surface roughness of RRMS ~0.3 nm. The 

amorphous phase was confirmed by means of transmission electron microscopy (TEM), showing no 

crystalline domains even on the nanoscopic scale throughout the entire sample. Furthermore, the 

material retains the amorphous phase over a broad temperature range, starting to crystallize at  

T ≥ 800 °C and forming α-Al2O3. Thus, solution-processing of the Al-DEM-NO2 precursor results in 

the formation of smooth, dense and crack-free films, which are converted into amorphous AlxOy thin 

films after further calcination. The integration of amorphous AlxOy thin films within capacitor 

devices exhibit dielectric behavior at post-deposition annealing (PDA) temperatures between 200 

and 350 °C.  As a result, higher processing temperatures result in enhanced electrical performances, 

whereby capacitors processed at 350 °C display a capacity per unit area of 86 nF cm-2 , leakage 

current density of 8.9 x 10-10 A cm-2 (at 1 MV cm-1) and electrical breakdown field of 2.8 MV cm-1. 

The improvement of the electrical performance at higher temperatures can be attributed to the 

stepwise conversion of the intermediate aluminum oxo–hydroxy species into aluminum oxide, 

which was confirmed by X-ray photoelectron spectroscopy (XPS).  

Finally, the feasibility of the solution-processed AlxOy thin films as gate dielectric in TFT devices was 

demonstrated. The fabrication of the TFT was carried out by employing the AlxOy dielectric and a 

solution-processed indium zinc oxide (IZO) semiconductor, which was subsequently annealed at 

350°C. The manufactured AlxOy based TFTs demonstrate good TFT performance characteristics with 

a µsat of 7.1 cm2 V-1 s-1, a Vth of 8.7 V and an Ion/off of 1.4 x 105. 
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6.2 Synthesis, oxide formation, properties and thin film transistor properties of yttrium and 
aluminium oxide thin films employing a molecular-based precursor route 

 

Yttrium oxide (Y2O3) is another promising dielectric material for the use as gate dielectric in TFT 

devices. Yttrium oxide possess a combination of favorable electrical properties like a high dielectric 

constant (14-18), wide band gap (5.8 eV), high breakdown voltage (> 3 MV cm-1), high refractive 

index (1.9-2.0) and low dissipation factor (˂ 0.005). 

This work is focusing on the combustion synthesis of yttrium oxide and aluminum oxide dielectric 

thin films, by introducing a single-source molecular precursor route. Therefore, a novel nitro 

functionalized malonato complex of yttrium (Y-DEM-NO2 1) and well-defined urea nitrate 

complexes of yttrium (Y-UN 2) and aluminum (Al-UN 3) were utilized. All precursor compounds 

were studied by spectroscopic techniques (NMR/IR) as well as by single-crystal structure analysis 

for both urea nitrate coordination compounds. Differential scanning calorimetry (DSC) and 

thermogravimetry coupled with mass spectrometry and infrared spectroscopy (TG-MS/IR) was used 

to study the thermal decomposition of the precursors 1–3, enabling a controlled thermal conversion 

of the precursors into dielectric thin films. The thermal transformation of the aluminum precursor 

3 at temperatures between 200 and 350 °C, reveal amorphous products throughout, which is 

confirmed even on the nanometer scale by TEM investigations. Regarding the yttrium precursors, 

Y-DEM-NO2 1 exhibits first crystalline reflexes at 350 °C and forms cubic Y2O3 in the space group 𝐼𝑎3̅ at 500 °C. The thermal transformation of the yttrium precursor 2 already exhibits crystalline 

reflexes at 250 °C, finally forming cubic Y2O3 in the space group 𝐼𝑎3̅ at 600 °C. The YxOy and AlxOy 

thin films, generated by precursors 1-3, were integrated within capacitor devices, in order to 

investigate the dielectric properties. Capacitor devices based on YxOy-(1) display dielectric behavior 

at PDA temperatures of 200-350 °C, with areal capacity values ranging from 21 up to 84 nF cm-2 at 

10 kHz. The YxOy-(2) thin films start to perform at temperatures T ≥ 300 °C, exhibiting capacity 

values of 111 and 131 nF cm-2 at 10 kHz for YxOy-(2)-300 and YxOy-(2)-350, respectively. Finally, 

the thermal processing of AlxOy dielectric thin films, derived from precursor 3, exhibit remarkable 

high capacities per unit area of 184, 216 and 259 nF cm-2 at 10 kHz for AlxOy-250, AlxOy-300 and 

AlxOy-350 respectively. The current leakage density amounts in all cases (for T ≥ 300 °C) less than 

1.0 x 10-9 A cm-2 at 1 MV cm-1 and the electrical breakdown occurs at electric fields EBD > 2 MV cm-

1. The increased performance at elevated temperatures corresponds to the enhanced conversion of 

the intermediate hydroxy species into the respective metal oxide, determined by XPS. Finally, a 

solution-processed YxOy based TFT was manufactured employing the precursor Y-DEM-NO2. The 

device exhibits decent TFT characteristics with a saturation mobility (µsat) of 2.1 cm2 V-1 s-1, a 

threshold voltage (Vth) of 6.9 V and an on/off current ratio (Ion/off) of 7.6 x 105. 
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6.3 Solution-processed amorphous yttrium aluminium oxide YAlxOy and aluminum oxide 
AlxOy and their functional dielectric properties and performance in thin-film transistors 

 

This publication is focusing on the formation of the ternary oxide dielectric YAlxOy, consisting of 

aluminum oxide and yttrium oxide. We decided to study ternary oxides due to the fact that the 

majority of binary oxide dielectrics suffer from an inverse trend between the amount of the dielectric 

constant (k) and the band gap energy (EG), resulting in compromised overall device performances.   

Our strategy to overcome this issue is the generation of hybrid multinary oxide dielectrics, e.g. 

ternary oxide dielectrics, wherein one material possess a high dielectric constant and the other one 

provides a wide band gap, resulting in a dielectric material with a sufficiently high dielectric 

constant as well as a decreased leakage current density and thus exhibiting superior electrical 

properties in comparison to the individual binary oxides.  

We utilized the previously established single-source molecular precursors tris[(diethyl-

2-nitromalonato)]aluminum(III), Al-DEM-NO2 and bis(diethyl-2-nitromalonato) nitrato 

yttrium(III), Y-DEM-NO2 for the formation of the ternary metal oxide dielectric yttrium aluminium 

oxide YAlxOy. Thereby, thermal (350 °C) as well as DUV-mediated low-temperature (150 °C) 

solution-processing of various YAlxOy compositions was performed due to the strong absorption of 

these precursors at wavelengths of λ ˂ 250 nm. The YAlxOy-350 samples of all investigated 

compositions are amorphous throughout, even on the nanometer scale, exhibiting a very smooth 

surface roughness of RRMS ˂ 0.2 nm. The incorporation of yttrium leads to a non-linear behavior of 

the dielectric film thickness, which is attributable to the inclusion of yttrium into the AlxOy host 

lattice, reaching the saturation at an yttrium incorporation of 30 mol-%. The XPS surface analysis 

reveals that the incorporation of yttrium into the amorphous AlxOy lattice results in a decrease of 

the carbonate species within the material (10-YAlxOy, 30-YAlxOy), corresponding to a decreased 

leakage current density of the final capacitor device. Thereby, all YAlxOy-350 based capacitors 

possess a very low leakage current density of J ˂ 2 x 10-9 A cm-2 at 1 MV cm-1. Additionally, for all 

YAlxOy compositions no electrical breakdown occurs up to EB > 3.3 MV cm-1. Besides, all YAlxOy-350 

based capacitors exhibit increased dielectric constants of k = 12.0, 12.5 and 13.3 at 10 kHz for 10-

YAlxOy, 30-YAlxOy and 50-YAlxOy, respectively. In addition, almost no frequency dispersion (10 Hz–

100 kHz) is observable from an yttrium incorporation ≥ 30 mol-%. Finally, TFT devices based on 

the solution-processed 30-YAlxOy-350 dielectric and combined with an active IZO semiconductor 

exhibit reasonable performance characteristics with a µsat value of 2.6 cm2 V-1 s-1, Von of -1.1 V, Vth 

of 12.4 V and Ion/off of 1.8 x 107. 

Regarding the DUV-processed dielectrics, the yttrium precursor Y-DEM-NO2 does not undergo the 

desirable photolytic decomposition at a wavelength of λ = 160 nm, resulting in poor YAlxOy based 

dielectrics. Nevertheless, the DUV-mediated AlxOy dielectric itself displays excellent dielectric 

properties (k = 9.0, Ci = 153 nF cm-2, J = 1.7 x 10-9 A cm-2 at 1 MV cm-1 and EB = 4.1 MV cm-1). 
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6.4 Toward an Understanding of Thin-Film Transistor Performance in Solution-Processed 
Amorphous Zinc Tin Oxide (ZTO) Thin Films 

 

Zinc tin oxide (ZTO) represents a promising candidate for indium-free, amorphous oxide 

semiconductors still possessing comparable performance characteristics to the indium-based 

semiconductors. Up to date, various zinc salts (nitrates, chlorides, acetates) have been extensively 

investigated as potential zinc precursor in ZTO, while the choice of the tin precursor has been mainly 

restricted to tin (II) chloride so far. As a consequence, higher thermal decomposition temperatures 

are required. Furthermore, the use of chlorides can deteriorate the electrical performance of the 

final device due to the incorporation of Cl- ion trace impurities as well as an increased porosity of 

the thin films due to the evolution of acidic byproducts like HCl.  

Herein, we demonstrate the synthesis and full structural characterization of the new tin (II) 

precursor coordination compound bis[(methoxyimino)-propanoato]tin(II) (tin-oximato), 

containing methoxyiminopropionic acid ligands, analogues to the previously established zinc 

precursor. The employment of both precursors allows the formation of functional ZTO 

semiconductor thin films with good electrical performance characteristics, when it is implemented 

in a TFT device. Furthermore, the combination of the zinc and tin (II) precursors results in a 

homogeneous start of the thermal decomposition in a narrow temperature range between 125 and 

150 °C, due to a similar thermal decomposition behavior, verified by thermogravimetric analysis 

(TGA). X-ray diffraction (XRD) analysis reveals that the decomposition of the tin (II) precursor 

already exhibits crystalline reflexes at temperatures as low as 350°C, while the ZTO sample retains 

the amorphous state. XPS analysis confirms the SnO2 chemical state in the amorphous phase, as 

well as the absence of the SnO species in the ZTO material. Additionally, no significant 

contamination of residual hydrocarbon in the final ZTO ceramic can be detected. Auger electron 

spectroscopy was performed to confirm a uniform distribution of the Zn, Sn(IV) and O species across 

the surface as well as in the depth of the films.  

Furthermore, it was possible to determine and compare the defect states of SnO2 and ZTO derived 

from the respective oximato precursors via electron paramagnetic resonance (EPR) spectroscopy. 

According to the core–shell model, SnO2 exhibits a higher defect concentration in comparison to 

ZTO, exhibiting EPR defect states with a resonance at giso = 2.0040 for SnO2 and giso = 2.0032 for 

the ZTO, which can be mainly attributed to surface defect spin states. As a result, a precursor ratio 

of 7:3 of Sn:Zn delivers optimum TFT performance characteristics of the ZTO-based TFT devices 

with a µsat of 5.18 cm2 V-1s-1, Vth of 7.5 and Ion/off of 6 x 108, employing a PDA temperature of  

350 °C. 
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6.5 Aqueous Solution Processing of Combustible Precursor Compounds into Amorphous 
Indium Gallium Zinc Oxide (IGZO) Semiconductors for Thin Film Transistor Applications 

 

Aqueous combustion synthesis has gained much attention as an environmentally friendly and 

effective strategy for low-temperature solution-processing of oxide semiconductors. The 

combination of specific amounts of “oxidizer” (e.g. metal nitrates) and “fuel” (e.g. urea or 

acetylacetone) results in exothermic combustion reactions, enabling the complete conversion of the 

precursor at lower processing temperatures. Unfortunately, the ageing of the chemical species in 

solution over time render the reproducibility complicated and leading to a deficient understanding 

of the decomposition process. A possible strategy to overcome this issue is to design well-defined 

precursor compounds with the fuel and oxidizer components available within one precursor 

compound. This eliminates the need of any additives or stabilizers prior to the direct solution 

processing of the precursor thin films for the formation of oxide semiconductors at low processing 

temperatures. 

In this publication we report on the synthesis and full structural characterization of well-defined 

urea nitrate coordination compounds of indium (III), gallium (III) and zinc (II) for the formation of 

semiconducting IGZO thin films and its application in transistor devices. The single-source 

molecular precursors were extensively characterized by spectroscopic techniques as well as by 

single-crystal structure analysis. The thermal decomposition behavior of the respective precursors 

was investigated by a TG-MS/IR. In all cases the precursors thermally decompose in multiple steps 

involving complex redox-reactions, whereby the in situ formation of nitrogen containing molecular 

species can be detected. The exothermic decomposition of all three precursor compounds was 

confirmed by DSC analysis displaying multiple sharp exothermic peaks between 200 and 400 °C as 

a result of the combustion synthesis emerging from the urea-nitrate (fuel-oxidizer) reaction. As a 

result, a controlled thermal transformation of a defined mixture of the indium, gallium and zinc 

urea nitrate coordination compounds into quaternary amorphous IGZO thin films could be 

accomplished. In addition, XPS investigations reveal a clean decomposition for IGZO films processed 

between 300 and 350 °C with no significant amounts of residual hydrocarbon or nitrogen species in 

the final films.  

Thin-film transistors (TFTs) were fabricated from a defined compositional mixture of the single-

source molecular precursors (In:Ga:Zn, 7:1:1.5). The fabricated TFTs showed an active transistor 

performance even at processing temperatures as low as 200 °C. TFT devices processed at 300 °C and 

350 °C exhibit good electrical performances with saturation mobilities μsat of 1.7 and 3.1 cm2 V-1 s-1 

and a threshold voltage Vth of 8.6 and 4.3 V, respectively as well as current on‐off ratios Ion/off > 107 

in both cases.  
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7 Summary and conclusion 

 

The investigations performed within this dissertation demonstrate the synthesis and full 

structural elucidation of novel single-source molecular precursors for the formation of 

solution-processed binary and multinary metal oxide dielectrics and semiconductors as well as 

their integration in capacitor and thin-film transistor devices. 

In the course of this thesis, combustible malonato complexes of aluminum and yttrium were 

synthesized by performing the systematic introduction of reactive nitro groups into the diethyl 

malonate ligand framework, which enhances the exothermic decomposition behavior of the 

precursors, due to these functional nitro groups. Consequently, the employment of the 

molecular precursors tris[(diethyl-2-nitromalonato)] aluminum(III) (Al-DEM-NO2) and 

bis(diethyl-2-nitromalonato) nitrato yttrium(III) (Y-DEM-NO2) enable the synthesis of 

electrically well-performing dielectric AlxOy and YxOy thin films at PDA temperatures as low as 

250 °C, without the requirement of any additive. Processing temperatures of 350 °C result in 

capacitor devices exhibiting excellent dielectric properties. The enhancement of the dielectric 

properties at elevated temperatures, corresponds to the progressed conversion of the respective 

functional metal oxide, which was confirmed by XPS. Finally, solution-processed (350 °C) metal 

oxide AlxOy and YxOy thin films could demonstrate their potential as gate dielectric in thin-film 

transistor devices, using indium zinc oxide (IZO) as active semiconductor and exhibiting 

reasonable TFT characteristics.  

Furthermore, the employment of the malonato complexes enables the solution-based synthesis 

of the amorphous ternary metal oxide dielectric yttrium aluminium oxide (YAlxOy). Such hybrid 

composites represent an effective approach to optimize the dielectric properties by combining a 

material possessing a high dielectric constant (YxOy) with another one providing a wide band 

gap (AlxOy) and thus allowing the electrical fine-tuning of the gate dielectric. The yttrium 

inclusion into the AlxOy host lattice reaches a saturation at an incorporation of 30 mol-% 

(30-YAlxOy), which is corresponding to a reduced amount of carbonate species and thus 

resulting in a decreased leakage current density of the capacitor devices. As a result, the 

30-YAlxOy composition displays optimum overall dielectric properties, exhibiting a high capacity 

with almost no frequency dispersion, high electrical breakdown fields and low leakage current 

densities. Consequently, the integration of the 30-YAlxOy dielectric leads to TFT devices, 

exhibiting decent electrical performance characteristics.  
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Besides, the malonato complexes depict strong absorptions at wavelength λ ˂ 250 nm and thus 

we investigated their potential towards low-temperature (150 °C) DUV-mediated 

solution-processing of YAlxOy dielectrics. Unfortunately, the decomposition of the Y-DEM-NO2 

precursor could not be initiated even under irradiation of λ = 160 nm, resulting in degraded 

YAlxOy dielectrics. In contrast, the photolytic decomposition of Al-DEM-NO2 (λ = 160 nm) leads 

to well-performing AlxOy dielectric thin films, compatible for the fabrication of flexible 

electronics. Furthermore, the utilization of such malonato complexes could be transferred to 

various metal cations, enabling a possible photoactivation of the respective metal oxide layers 

for the application in e.g solar cells249-253 or gas sensors.254-256 

Another focus of this work, was the optimization of the combustion synthesis of metal oxides 

based on a “fuel/oxidizer” reaction by directly combining the “oxidizer” (metal nitrates) and the 

“fuel” (urea ligands) in one defined molecule. This strategy allows an eco-friendly and direct 

solution-processing of the respective metal oxides. Furthermore, the urea-nitrate precursors are 

highly soluble in water and undergo a clean thermal decomposition, releasing various volatile 

gaseous by-products. As a result, a higher degree of reproducibility can be achieved, which 

enables a more systematic study of the respective metal oxide formation. Thus, we performed 

the aqueous combustion synthesis of dielectric aluminum oxide and yttrium oxide thin films, by 

introducing the defined urea nitrate coordination compounds with the compositions 

[Al(CH4N2O)6](NO3)3 and [Y(CH4N2O)4(NO3)2](NO3)2. The fabrication of AlxOy based 

capacitors, exhibit remarkably high areal capacities and very low current leakage densities from 

250 °C onwards, while YxOy thin films only start to perform at processing temperatures  

T ≥ 300 °C and display an increased tendency of short circuits, due to an enhanced degree of 

crystallinity. Additionally, we extended this approach to the formation of quaternary amorphous 

semiconducting IGZO thin films, by reporting on the synthesis and full structural 

characterization of well-defined urea nitrate coordination compounds of indium, gallium and 

zinc. TFTs were fabricated from a defined precursor ratio of (In:Ga:Zn, 7:1:1.5) and processed 

at 300 °C, exhibiting good electrical performance characteristics with respect to the field effect 

mobility, on/off current ratio and threshold voltage. Furthermore, an active transistor 

performance can be achieved at processing temperatures as low as 200 °C, by employing this 

aqueous solution-processed combustion route. 

Besides, a novel strategy for the formation of zinc tin oxide (ZTO) was investigated, due to the 

future need of indium-free, amorphous oxide semiconductor materials. In fact, the choice of the 

tin precursor had been mainly restricted to tin (II) chloride, which requires high decomposition 
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temperatures and suffers from Cl- ion impurities found to be present within the final metal oxide 

thin films, increasing the electron trap density and thus deteriorating the TFT performance. 

Consequently, we developed a molecular precursor approach by employing the novel precursor 

compound bis[(methoxyimino)-propanoato]tin(II) (Sn-oximato) as well as the established zinc 

oximato precursor, enabling the realization of lower processing temperatures in comparison to 

the frequently used SnCl2 precursor. Furthermore, the utilization of the oximato precursors 

ensures a similar thermal decomposition behavior of the precursors, resulting in a uniform 

distribution of the Zn, Sn(IV) and O species across the surface and in the depth of the thin films, 

confirmed by auger electron spectroscopy. Finally, the employment of the oximato precursors, 

allows the fabrication of ZTO based TFT devices, whereby a precursor ratio of Sn:Zn = 7:3 

yields the optimum TFT performance characteristics. The requirement for a higher Sn ratio is 

due to a higher defect concentration of SnO2 in comparison to ZnO, derived from the oximato 

precursors, which is in contrast to the conventional precursor ratio of Sn:Zn = 3:7, employing 

metal chlorides. 

In conclusion, novel single-source molecular precursors were synthesized and characterized in 

detail in the course of this thesis, in order to overcome existing obstacles regarding the 

formation of solution-processed high-k dielectrics as well as multinary metal oxide 

semiconductors. The precursor chemistry, material analysis as well as the electronic 

performance of low-temperature solution-processed functional metal oxides was performed, by 

introducing combustible malonato and urea-nitrate complexes as well as molecular oximato 

precursors. Finally, the presented work within this dissertation certainly possess great potential 

towards the improvement of precursor-based solution routes and material deposition for the 

formation of binary and multinary gate dielectrics as well as metal oxide semiconductors 

towards the application in e.g. TFT devices, for future flexible electronics. 

 

 

 

 

 

 

 

 



   

  112 

8 Appendix 

  

This section of the dissertation contains all the necessary reproduction rights and permissions 

for the first- and co-author publications as well as figures obtained from third-party publications, 

which are presented herein. 
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Section 6.1 Synthesis, dielectric properties and application in a thin film transistor device of amorphous aluminum 

oxide AlxOy using a molecular based precursor route. 
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Section 6.2 Synthesis, oxide formation, properties and thin film transistor properties of yttrium and aluminium 

oxide thin films employing a molecular-based precursor route. 
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Section 6.3 Solution-processed amorphous yttrium aluminium oxide YAlxOy and aluminum oxide AlxOy and their 

functional dielectric properties and performance in thin-film transistors. 
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Section 6.4 Toward an understanding of thin-film transistor performance in solution-processed amorphous zinc tin 

oxide (ZTO) thin films. 
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Section 6.5 Aqueous solution processing of combustible precursor compounds into amorphous indium gallium zinc 

oxide (IGZO) semiconductors for thin film transistor applications. 
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Figure 2 Leakage current density vs. voltage for various layer thicknesses of SiO2. Measurements from38. 
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Figure 4 (right side) decomposition mechanism of zinc oximato complexes, determined by TG-MS and TG-IR. 
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Figure 5 Percentage of publication amount in dependency of the investigated semiconductor material in the years 2008-2013. 
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Figure 7 Schematic illustration of parallel-plate capacitors (a) without and (b) with dielectric layer. (c) Illustrated dipole 

polarization with (top) and without (bottom) an external electrical bias.  

 

Figure 8 Schematic illustration of the dielectric polarization mechanisms: (a) electronic polarization, (b) ionic polarization, (c) 

orientation polarization. (d) Contribution of electronic, ionic, and orientation polarization regarding the dielectric constant at 

various frequencies.  
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Figure 9 Schematic illustration of the Poole-Frenkel effect, a) change of the trap geometry at the transition from equilibrium to 

the interaction with an external electric field, b) reduction of the potential barrier caused by the external electric field, which 

increases the probability of the electron to promote from the trapped state to the conduction band. 

 

Figure 10 Schematic illustration of the mechanism of a) the Schottky emission in comparison to b) the Poole-Frenkel emission 

for an Al2O3 dielectric, using ITO as gate-electrode and Al as top-electrode. 



   

  123 

 

 

 

Figure 13 TFT device geometries: (a) staggered, bottom-gate top-contact (BGTC), (b) staggered, top-gate bottom-contact 

(TGBC), (c) coplanar, bottom-gate bottom-contact (BGBC) and, (d) coplanar, top-gate top-contact (TGTC). 

 

Figure 14 Electrical characterization of a thin-film transistor (a) output curves (ID against VD) and (b) transfer curve (ID against 

VG). 
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Figure 15 Periodic table of the elements. The binary oxides with higher k values than SiO2 are highlighted; the color scale 

indicates the amount of the dielectric constant. 

 

Figure 16 Dielectric constant (k) and band gap energy (EG) of various binary oxide dielectrics. 
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Figure 18 Schematic illustration of various solution-based deposition techniques. 
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Figure 24 (right side): Decomposition mechanism of urea-nitrate from 25 °C to 360 °C, determined by TG-FTIR-MS. 
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Figure 28 a) Schematic illustration of the general steps involved in the low-temperature photoactivation of various sol–gel metal 

oxide films; b) Mechanisms of the photoactivated solution process, proposed by Park et al. 

 

Figure 29 a) FTIR spectra of AlxOy thin films processed at 150 °C; without (blue line) and with (red line) DUV treatment, recorded 

at various UV exposure times. b) O 1s XPS spectra of AlxOy thin films processed at different conditions: (A) treated at 100 °C for 

5 min (B) without, (C) with DUV irradiation, and (D) thermally annealed at 350 °C for one hour; b) Film thicknesses of AlxOy thin 

films processed at various temperatures; without (blue) and with (red) DUV-irradiation. 

 

Figure 30 a) Leakage current density vs. e-field curves and b) areal capacitance vs. frequency curves of AlxOy dielectrics processed 

without DUV irradiation, with DUV irradiation and at a high annealing temperature. 
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