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Abstract 

 

Metal oxide semiconductors are emerging class of semiconductors with tremendous potential 

to replace existing silicon-based semiconductors in a wide variety of next generation electronic 

applications. Solution processing of metal oxide semiconductor offers a low-cost fabrication of 

oxide thin film transistors for large area film coatings. Use of traditional metal oxide precursors 

such metal salts require the addition of several additives to optimize the formation of the 

desired multinary metal oxide semiconductors.  

Within this thesis, the use of well-defined, specifically tailored molecular precursor compounds 

with desired properties such air-stable complexes with solubility in desired aqueous or organic 

solvents, microwave synthesis of oxide nanoparticles, reduction of process temperature for the 

formation of metal oxides as well as direct photo-patterning of the multinary oxides are 

demonstrated. Firstly, indium zinc oxide nanoparticles were synthesized by a rapid microwave-

assisted decomposition employing solutions of molecular air stable In and Zn Schiff-base type 

oximato precursors with methoxyiminopropionato ligands which led to the stable suspensions 

of IZO nanoparticles with a consistent particle size of ~ 5nm. The removal of adherent organic 

and hydroxy moieties by annealing at 450°C thus led to an excellent semiconducting behaviour 

of the finally resulting high quality IZO TFTs with a mobility of 8.7 cm2 /V.s, an Ion/off ratio of 

2.8 × 105 and a threshold voltage Vth of +3.3 V. This strategy was also extended towards the 

synthesis of the a bio-inorganinc ZnO/TMV hybrid semiconductor, where a slightly modified 

precursor formulation with optimal amount of the base (TEAOH) provides mild basic 

conditions to ensure an efficient microwave based decomposition of the zinc complex and the 

in-situ formation of crystalline zinc oxide nanoparticles at a low temperature of 60°C . The ZnO 

nanoparticles mineralize selectively onto the TMV scaffold with and any structural damage to 

the TMV. For an optimum number (6 cycles) of ZnO mineralization, a field-effect mobility (µsat) 

of 6.7 × 10-4 cm2/V.s, Vth of +4.7 V and an Ion/off of 9.0 × 105 without the need for any post-

process thermal annealing. Similarly, employemnt of a new Sn(II) oximato precursor in 

combination with the zinc oximato precursor was employed for the formation of ZTO thin fim 

semiconductors. XRD analysis shows that the decomposition the tin(II) precursor alone, at 

temperatures as low as 350°C. The EPR investigations revealed only surface defects and not 

bulk defect sites with a higher defect concentration observed for the SnO2 compared to the 

ZnO. Hence, the precursor chemical composition with higher tin content with a Sn:Zn ratio of 
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7:3 delivered the optimum performance of the of the ZTO TFTs with a µsat of 5.18 cm2/V.s, Vth 

of 7.5 V and a high Ion/off of 6 x 108 when annealed at a moderate temperature of 350oC. The 

oximato precursors were also explored for their direct DUV-based photo-patterning of IZO and 

ZTO semiconductors. This is enabled by accessing the intrinsic ability of the precursor thin film 

to undergo selective decomposition under UV irradiation and generate site-selective patterning 

of oxide semiconductors, thereby eliminating the need for the traditional photolithography 

process. At annealing temperatures of 350°C, high performance TFTs with a µsat of 7.8 cm2/V.s, 

Vth of 0.3 and a high Ion/off of 3.5 x 108 for IZO and 3.6 cm2/V.s, Vth of 2.4 and a high Ion/off of 

5.3 x 107  for ZTO TFTs was achieved. In order to achieve low -temperature solution processing, 

tailored multimetallic zinc and indium coordination compounds, [Zn4O(dmm-NO)6] and 

In3O3(dmm-NO2)3·(toluene) with nitro- and nitroso-functionalized dimethylmalonato ligands 

were investigated for the combustion synthesis of semiconducting indium zinc oxide (IZO) thin 

films at low processing temperatures. Devices annealed only at 250°C show an active TFT 

performance and at 300°C already demonstrate a robust FET performance with a µsat of 2.1 

cm2/V.s, Vth of +11.5 V and an Ion/off of 3.3 × 107 greater than that of the conventional 

amorphous hydrogenated silicon and also displays its potential to use integrated with plastic 

compatible temperatures ≤ 300oC, towards flexible electronics. 

Another approach based on water-soluble, well‐defined urea nitrate coordination compounds 

of indium(III), gallium(III) and zinc(II) for the formation of amorphous IGZO thin films was 

succefully demonstrated.  DSC analysis confirms the exothermic decomposition of all three 

precursors arising from the urea-nitrate (fuel-oxidiser) combination. Interestingly, IGZO TFTs 

processed even at 200oC show active TFT perfortmance and TFTs annealed at 300°C and 350°C 

exhibit a good device performance with charge‐carrier mobilities μsat of 1.7 cm2/V⋅s and 3.1 

cm2/V⋅s, respectively as well as current on‐off ratios of >107 in both cases. Such precursors are 

highly suitable for use in aqueous (non-toxic) solution processing of IGZO semiconductors. 

Lastly, an ALD based In2O3/ZnO heterostructure design delivering high performance TFTs was 

successfully demonstrated using trimethyl indium and diethyl zinc as molecular precursors. 

Generation of an optimised In2O3/ZnO heterostructure based on sequential deposition of the 

individual oxides, processed at a reasonably low temperature regime (250–300°C) deliver high 

performance TFTs by the likely formation of 2D electron gas transport at the heterostructure 

interface. Devices based on such a fabrication process demonstrated an average saturation 

field-effect mobility μsat of 6.5 cm2/V.s and a high current on/off ratio of 4.6 x 107 and a low 



   

 

 

subthreshold swing (SS) of 0.7 V/dec. respectively, at a reasonable processing temperature of 

300°C with potential applications in the field of large-area oxide electronics. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

 

Kurzfassung 

 

Metalloxidhalbleiter stellen eine Klasse von Halbleitern mit einem enormen Potenzial dar 

konventionelle Halbleiter auf Siliziumbasis in einer Vielzahl von elektronischen Anwendungen 

der nächsten Generation zu ersetzen. Die Prozessierung aus Lösung von Metalloxidhalbleitern 

bietet eine kostengünstige Herstellung von Oxid-Dünnfilmtransistoren für großflächige 

Beschichtungen. Die Verwendung herkömmlicher Metalloxidvorläufer (z.B. Metallsalze) 

erfordert die Zugabe mehrerer Additive, um die Bildung der gewünschten multinären 

Metalloxidhalbleiter zu erreichen. Im Rahmen dieser Arbeit wird die Verwendung von 

definierten, maßgeschneiderten molekularen Vorläuferverbindungen demonstriert. Diese 

stellen luftstabile Komplexe dar, welche in wässrigen oder organischen Lösungsmitteln löslich 

sind. Zudem wird die Erzeugung von Oxidnanopartikeln aus solchen Vorläufern mittels 

Mikrowellensynthese berichtet. Desweiteren werden auch direkte Fotostrukturierungen der 

multinären Oxide untersucht. Es wurden Indiumzinkoxid (IZO) Nanopartikel durch eine 

mikrowellenunterstützte Zersetzung unter Verwendung von Lösungen molekularer luftstabiler 

Oximato-Vorläufer vom In- und Zn-Schiff-Base-Typ mit Methoxyiminopropionato-Liganden 

synthetisiert, die zu stabilen Suspensionen von IZO-Nanopartikeln mit einer konstanten 

Partikelgröße von ~ 5 nm führten. Die Entfernung anhaftender organischer und Hydroxy-

Einheiten durch thermische Behandlung bei 450°C führte zu einem hervorragenden 

Halbleiterverhalten der resultierenden hochqualitativen IZO-TFTs mit einer Mobilität von 8,7 

cm2/V.s, einem Strom-Ein/Aus -Verhältnis von 2,8×105 und einer Schwellspannung Vth 

von+3,3 V. Diese Strategie wurde auch auf die Synthese eines bio-anorganischen ZnO/TMV-

Hybridhalbleiters ausgedehnt, bei dem eine modifizierte Vorläuferformulierung mit optimaler 

Menge der Base (TEAOH) milde Grundbedingungen bietet, um eine effiziente Synthese, 

welche eine mikrowellenbasierte Zersetzung des Zinkkomplexes und in-situ-Bildung von 

kristallinen Zinkoxid-Nanopartikeln bei einer niedrigen Temperatur von 60°C gewährleistet, 

zu realisieren. Die ZnO-Nanopartikel mineralisieren selektiv auf dem TMV-Gerüst. Für eine 

optimale Anzahl (6 Zyklen) von ZnO-Mineralisierungen wurde eine Feldeffektmobilität (µsat) 

von 6,7 × 10-4 cm2 / V.s, eine Vth von +4,7 V und ein Ion/off von 9,0 × 105 ohne erforderliche 

thermische Nachbehandlung erzielt. In ähnlicher Weise wurde die Verwendung eines neuen 

Sn (II) -Oximato-Vorläufers in Kombination mit dem Zinkoximato-Vorläufer zur Bildung von 

ZTO-Dünnschichthalbleitern verwendet. Die XRD-Analyse zeigt, dass die Zersetzung des Zinn 



   

 

 

(II) -Vorläufers bei Temperaturen von nur 350°C erfolgt. EPR-Untersuchungen ergaben 

Oberflächendefekte und keine Bulk-Defektstellen mit einer höheren Defektkonzentration für 

SnO2 im Vergleich zu ZnO. Die chemische Zusammensetzung der Vorstufe mit höherem 

Zinngehalt und einem Sn: Zn-Verhältnis von 7: 3 lieferte bei moderaten Prozesstemperaturen 

von 350 °C Transistorkennwerte von µsat 5,18 cm2/V.s, einem Vth von 7,5 V und einem hohen 

Ion/off von 6 x 108. Die Oximato-Vorläufer wurden auch auf ihre Fähigkeit zur direkten DUV-

basierten Fotostrukturierung von IZO- und ZTO-Halbleitern untersucht. Bei 

Kalzinierungstemperaturen von 350°C wurden TFT-Bauteile mit einem µsat von 7,8 cm2/V.s, 

einem Vth von 0,3 V und einem hohen Ion/off von 3,5 x 108 für IZO als Halbleiter erreicht. Für 

ZTO-TFTs wurden Werte von 3,6 cm2/V.s, einem Vth von 2,4 V und einem hohen Ion/off von 5,3 

x 107 erzielt. Für die Realisierung einer Tieftemperatur-Lösungsprozessierung wurden 

maßgeschneiderte multimetallische Zink- und Indium-Koordinationsverbindungen der 

Zusammensetzung [Zn4O (dmm-NO)6] und In2O3(dmm-NO2)3·(Toluol) mit Nitro- und 

Nitroso-funktionalisierten Dimethylmalonato-Liganden untersucht. Bei 250°C prozessierte 

Bauelemente weisen bereits eine aktive TFT-Leistung auf, bei 300 °C prozessierte eine TFT-

Leistung µsat von 2,1 cm2/V.s, einem Vth von +11,5 V und einem Ion/off von 3,3 × 107. 

Ein weiterer Ansatz, der auf wasserlöslichen, definierten Harnstoffnitrat-

Koordinationsverbindungen von Indium (III), Gallium (III) und Zink (II) zur Bildung amorpher 

IGZO-Dünnfilme basiert, wurde ebenfalls erfolgreich demonstriert. Die DSC-Analyse bestätigt 

die exotherme Zersetzung aller drei Vorläufer. Interessanterweise zeigen IGZO-TFTs, die bei 

200 °C hergestellt wurden, bereits TFT-typisches Verhalten. Bei 300 °C und 350 °C prozessierte 

TFTs zeigen eine Leistung mit Ladungsträgermobilitäten μsat von 1,7 cm2/V⋅s bzw. 3,1 cm2/V⋅s 

sowie Strom Ein-Aus-Verhältnisse von > 107. Solche Vorläufer eignen sich somit hervorragend 

für die Herstellung von IGZO-Halbleitern in wässriger Lösung.  

Schließlich wurde ein auf dem ALD Verfahren basierende In2O3/ ZnO-Heterostrukturdesign, 

unter Verwendung von Trimethylindium und Diethylzink als molekulare Vorläufer, 

demonstriert. Die Erzeugung einer optimierten In2O3/ZnO-Heterostruktur auf der Grundlage 

der sequentiellen Abscheidung der einzelnen Oxide, die in einem niedrigen Temperaturbereich 

(250–300 °C) durchgeführt wird, liefert funktionelle TFT-Bauteile. Bauelemente, die auf einem 

solchen Herstellungsprozess basieren, zeigen, bei einer moderaten Prozesstemperatur von 

300°C, eine durchschnittliche Sättigungsfeldeffektmobilität μsat von 6,5 cm2/V.s und ein hohes 



   

 

 

Strom-Ein / Aus-Verhältnis von 4,6 × 107 und einem niedrigen Sub-threshold Swing (SS) von 

0,7 V / Dekade. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

 

List of Abbreviations 

 

AFM atomic force microscopy 

Al   aluminum 

Al2O3   aluminum oxide 

AM-LCD              active-matrix liquid crystal display 

AM-OLED           active-matrix organic light emitting diode 

Au gold 

C carbon 

Ci capacitance per unit area 

CBM conduction band minimum 

Cl chlorine 

DI de-ionized 

DLS dynamic light scattering 

DNA deoxyribonucleic acid 

DOS density-of-states 

Eg energy of the band gap 

FET field-effect transistor 

FPD flat panel display 

Ga2O3 gallium oxide 

GIXRD grazing incident X-ray diffraction 

H2O water 

HCl hydrochloric acid 

HfO2 hafnium oxide 

HNO3 nitric acid 

In   indium 

In2O3 indium oxide 

IGZO indium gallium zinc oxide 

ITO indium tin oxide 

IZO indium zinc oxide 

Ion/off                       current ratio between the on-state and off-state of the device 

IDS current across the drain and source electrodes 



   

 

 

IGS current across the gate and source electrodes 

LTPS low temperature polysilicon 

MIM metal-insulator-metal 

MIS   metal-insulator-semiconductor 

MOSFET metal oxide semiconductor field-effect transistor 

N nitrogen 

O oxygen 

PAS positron annihilation spectroscopy 

PI polyimide 

PTFE polytetrafluoroethylene 
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1 Introduction 

The introductory chapter of the present dissertation consists of the evolutionary importance, 

concepts and technological advances in usage of metal oxide thin-films as semiconductors. 

Additionally, a brief overview of the different metal oxide semiconductors, working principle of 

thin-film transistors and application of metal oxides in thin-film transistors are presented. The 

following chapters primarily present the solution processing methods of semiconducting 

multinary metal oxide thin-films comprising of zinc oxide, indium oxide, tin(IV) oxide and 

gallium oxide. The chemical, material and electrical properties of different metal oxide systems 

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

derived from various molecular precursor compounds is presented. In addition, synthesis and 

processing methods based on microwave synthesis of colloidal metal oxide nanoparticles for the 

fabrication of semiconductor metal oxide films as well as a metal oxide/virus nanoparticle-based 

hybrid material, combustion processing of metal oxide thin-films in aqueous and non-aqueous 

systems and direct photopatterning of such metal oxide thin films is presented. The next section 

discusses the atomic layer deposition (ALD) process and its optimization for the generation of 

multi-layered heterostructure semiconductor films comprised indium oxide and zinc oxide and 

their influence thin-film transistor properties. This is followed by organisation of the cumulative 

dissertation consisting of published results based on the above mentioned multinary metal oxide 

systems.  

1.1 Emerging importance of metal oxide thin film transistors 
 

For several decades, amorphous hydrogenated silicon (a-Si:H) has been employed as a well-

established semiconductor material in flat panel display backplane thin-film transistors (TFT).1,2 

However, with an ever-increasing demand for improved performance in terms of the 

semiconductor mobility and display resolution, the need in innovation of new materials to 

enable an improved performance has become a mandatory requirement to meet the demands 

of emerging display technologies.3, 4 The flat panel display (FPD) market was evaluated at $ 

100 billion in 2013 with compounded annual growth rate (CAGR) of 11%.5-8 Furthermore, 

leading back-plane display technology such as active-matrix organic light emitting diode (AM-

OLED) and active-matrix liquid crystal display (AM-LCD) are projected as significant 

beneficiaries of high performance display semiconductors, which are able to improve upon the 

mobilities of a-Si:H. Low temperature polysilicon (LTPS) semiconductors offer mobilities 100 
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times faster than a-Si:H and are used in early AM-OLED backplanes.7 However, the intrinsic 

polycrystalline nature of LTPS inhibits a uniform performance over large areas due to the 

potential barriers induced between the individual grain boundaries, preventing uniform charge 

carrier transport over large active display areas. Additionally, its polycrystalline nature hinders 

the formation of a smooth semiconductor/dielectric interface leading to a non-uniform electric 

field across the traditional dielectric silicon dioxide (SiO2).9, 10 Moreover the cost arising from 

integration of LTPS within existing a-Si:H fabrication facilities are rather high due to differences 

in its deposition techniques and activation via laser annealing across the large substrate areas, 

which inturn increases the overall production costs.11 As a result LTPS based technologies are 

largely restricted to smaller display sizes, unable to scale-up to large area display backplanes. 8 

 

 

Figure 1  a) Comparative tabulated electronic properties of metal oxides, amorphous hydrogenated silicon and 

low temperature polysilicon with respect to their material and electronic properties. b) Model representation of a 

TFT performance graph representing for the same. (* n-type and p-type is achieved via phosphorous and boron 

doping respectively.)  

 

Hence, in order to further realize the full potential of LCD and OLED based display panels, 

semiconductors that are better in terms of material conformity and performances metrics 

greater than a-Si:H such as high mobilities, lower TFT off-state drain current, faster switching 

speeds (high refresh rate) and lower power consumption, have been much sought after. 

Although, LTPS possess much higher semiconductor mobilities, amorphous oxide 

semiconductors (AOS) offer a unique trade-off in terms of TFT performance and scalability for 

advanced display technology. This is where next-gen display technologies needing ultra-high 

resolution (UHD) displays with higher TFT switching speeds cannot be met by exisiting a-Si:H 
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materials, which is readily enabled by the use of AOS materials.11 

Material transparency is one of the key considerations to be taken into account as far as display 

semiconductors are concerned. Post-transition metal oxides such as indium oxide (In2O3), zinc 

oxide (ZnO), tin(IV) oxide (SnO2) serve as wide-bandgap metal oxides (Eg~ 3- 3.5eV), suitable 

for applications as transparent oxide semiconductors. 12, 13 

A novel material design concept was proposed by Hosono and co-workers in the late 90s, which 

gained a wide acceptance within the scientific community in 2006.14 The novel material 

composition mainly comprises of post-transition metal oxides such as indium oxide, gallium 

oxide as well as zinc oxide which is often considered as a post-transition metal oxide. The 

resultant material generates an amorphous indium gallium zinc oxide (IGZO) material which 

delivers a high performance transparent semiconductor with the general material performance 

exceeding that of the conventional a-Si:H technology. Its amorphous nature, with increased TFT 

mobilities, low operation voltages and lower off-state currents is one of the crucial reasons for 

tremendous research and investment to aid their integration into flat panel displays (FPD).15 

 

1.2 Thin-film transistors 
 

A thin film transistor is a three-electrode device which operates under a electric-field and are 

categorically considered as a field-effect transistors (FET). The TFT device architecture mainly 

comprises of a conducting “gate” electrode, gate insulator/dielectric, active semiconductor 

channel and conducting “source” and “drain” electrodes. The same components can be shuffled 

around to generate different geometries where the position of the gate and the source/drain 

electrode can be either at the top or bottom depending on the need of the actual large area 

circuit. The functionality of device operation occurs when a current flow through the 

semiconductor layer between the source and drain electrodes which is controlled by the 

generated electric-field induced between the gate and drain electrodes. In order to ensure that 

the generated current does not flow between the gate and drain electrode, a highly insulating 

dielectric layer is incorporated between the semiconductor and the gate electrodes. In order to 

minimize the amount leakage current and reduce the amount of voltage required to operate the 

TFT, the gate insulator/dielectric with a high dielectric constant is applied. As the flow of 

charges upon application of voltage can be modulated by the generation of the electric -field at 

the dielectric-semiconductor interface, these devices qualify as “Field-effect” transistors. It 

should be noted that TFTs are not to be confused with MOSFETs (Metal Oxide Semiconductor 
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Field-Effect transistors) based on the established silicon semiconductors commonly used in 

integrated microchips. The major differences between a TFT and MOSFET are as follows. Firstly, 

the manufacturing of MOSFETS utilises single-crystal silicon which typically require elevated 

growth temperatures (> 1000oC). In contrast TFT materials can be easily deposited at relatively 

low fabrication temperatures, which enables the formation of all the TFT components on glass 

as well as plastic substrates. Secondly, the flow of charge carriers in TFTs is based on the 

accumulation of charges within the semiconductor layer while that of a MOSFET is regulated 

by the formation of an inversion layer at the dielectric/semiconductor interface. Hence, for TFTs 

there exists a dedicated n-type semiconductor layer whereas MOSFETs utilize p-type silicon 

substrates to generate n-type MOSFETs. Additionally, n-type and p-type dedicated silicon 

semiconductors are realized by elemental doping of phosphorous (n-type) and boron (p-type). 

The addition of pentavalent phosphorous contributes free electrons, greatly increasing the 

electron conductivity of the intrinsic Si semiconductor. The addition of trivalent impurities such 

as boron to an intrinsic semiconductor creates deficiencies of valence electrons, called "holes".16, 

17 With regards to the different functional layers required to fabricate a transistor, TFTs are 

similar to the existing MOSFET layers consisting of same basic functional layers such as the 

electrodes (source, drain and gate), the dielectric/insulating layer and the active semiconductor 

layer. Based on the requirements of the larger circuit design and feasibility of fabrication, TFTs 

exist in four different basic device geometries as shown in Figure 2. 

 

 

 

Figure 2 Common TFT device architectures: (a) staggered, top-gate bottom-contact (TGBC) (b) coplanar, top-gate 

top-contact (TGBC)  (c) staggered, bottom-gate top-contact (BGTC) and, (d) coplanar, bottom-gate bottom-contact 

(BGBC). 
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Within each of the device configurations, the source and drain electrodes are in contact with the 

semiconductor and the gate electrode is separated from the semiconductor layer by the 

dielectric layer. Depending on the position of the gate as well as the source-drain electrodes as 

well as the structured deposition of the electrodes and semiconductor layer, the different device 

geometries such as Staggered top-gate bottom-contact, coplanar top-gate bottom- contact, 

staggered bottom-gate top-contact and coplanar bottom-gate bottom-contact are achieved.The 

critical dimensions of the source and drain electrodes such as the channel length (L) and the 

channel width (W) define the active area of the semiconductor which is involved in the transport 

of charges through the semiconductor. 

The flow of charge carriers under an applied voltage can be best understood by the change in 

the alignment of the energy bands of the metal, insulator and the semiconductor also known as 

the metal-insulator-semiconductor (MIS) energy diagram representing the three individual 

layers Figure 3. 

Figure 3 Energy band diagram representing a metal-insulator-semiconductor MIS capacitor for a unipolar n-type 

semiconductor at three different gate voltage (VGS) bias conditions (a) no bias (b) negative bias and (c) positive 

bias. EC, EV and EF typically describe the energy level (E) associated the with the conduction band (C), valence 

band (V) and the fermi-level (F) of the semiconductor which change accordingly under different applied VGS 

conditions. 

 

Under ideal conditions, when a zero voltage is applied to the gate terminal (VGS = 0V), the 

transistor is in a typically off-state, since there is nominal accumulation of charges at the 

semiconductor-dielectric interface, where implies that the accumulated charge carriers are not 

sufficient to produce a measurable current. When a negative gate voltage is applied (VGS < 0V), 

the mobile charge carriers (electrons) are repelled from the semiconductor and generate a 
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depletion region near the semiconductor-dielectric interface which extends within the bulk 

region of the semiconductor. Herein, the depletion region mainly comprises localized charge 

carriers. As a result, the energy band of the semiconductor bends upwards upon the application 

of the negative gate voltage. In such a case as well, sufficient charge carriers are not formed at 

the interface, regardless of the existing electromagnetic field generated between the source-

drain electrodes. When a positive gate bias (VG > 0V) is applied at the gate, the majority carriers, 

i.e. electrons here, are accumulated at the semiconductor-dielectric interface. 

The semiconductor energy bands bend downward in response to the applied positive voltage at 

the gate which shifts the metal fermi level accordingly. The phenomenon is often referred to as 

band-bending. The extent of this bending depends on the magnitude of the applied positive gate 

voltage. The higher the positive gate voltage magnitude, the higher is the concentration of 

carriers accumulated at the interface. This accumulation layer of the free majority carriers is 

also referred to as the TFT active channel layer or the conducting channel layer. This switches 

the TFT is in an on-state when the lateral field applied between the source and drain contacts 

allows for an appreciable current IDS to flow through the TFT gate induced conducting channel. 

The flow of current though the semiconductor channel depends mainly on the concentration of 

charge carriers generated for given applied bias voltage as well as well as the insulating material 

used, which is usually assessed with regards to its dielectric constant εr.  The dielectric constant 

of a material can be extracted from the MIS structure. The typical capacitance can be determined 

by performing characteristic capacitance-voltage (CV) measurements for a device in its on-state 

or accumulation state, by employing the equation below. 

 

                                                          𝜀𝑟 =  
𝐶𝐺  𝑑𝑖𝑛𝑠

𝜀0 (𝐿 ×𝑊)
                                                  Equation 1.1 

 

Herein, ε0 is the permittivity of the dielectric in free space, CG is the obtained capacitance of the 

dielectric with the device, L and W are the channel length and channel width of the transistor 

which defines the active channel area and can otherwise serve as the area of the gate electrode 

in the MIS structure. The sensitivity of the induced charge carriers (Q) within the channel can 

be calculated from the capacitance (CG) of the MIS structure area of the transistor by the 

following equation. 

   

                                                            𝑄 = 𝐶𝐺  (𝑉𝐺𝑆 − 𝑉𝑡ℎ)                                       Equation 1.2 
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Herein, the threshold voltage (Vth) is defined as the voltage where the transistor begins to 

transition from the depletion regime (off-state) towards the accumulation regime (on-state), 

which ideally takes place at 0 V, assuming ideal material and fabrication requirements are met 

without the generation of undesirable defects during the processes. 

The increase in charge carrier concentration exhibits a clear dependency on the applied gate 

voltage as observed in Eq. 1.2, thereby increasing the current extracted out of the transistor 

device. Additionally, the field generated between the source-drain electrodes upon the 

application of VDS in conjunction with the VGS also play a crucial role in controlling the resultant 

current-voltage (IV) characteristics of the device. The role of VGS as well as the VDS in influencing 

the IV- characteristics of the transistor can be discussed based on the current characteristics with 

changing the above mentioned VGS and VDS accordingly. 

In order to gain a deeper understanding of the current-voltage characteristics with respect to 

the operation of a thin film transistor, it is important to understand the importance the of the 

key performance parameters which are obtained via the IV characteristics. The successful 

operation of a TFT is assessed by evaluating the key parameter metrics such as its field-effect 

mobility (µFE), current on-off ratio (Ion/off) and its threshold voltage (Vth) which are extracted 

from the transfer characteristics and output characteristics obtained during the electrical 

measurement of the transistor. A typical example of the transfer characteristics as well as the 

output characteristics are shown below in Figure 4. 

 

 

Figure 4 Electrical characterization of a typical TFT (a) output curves (ID against VD) in linear scales and (b) 

transfer curve (ID against VG) in a logarithmic y-scale. Adapted with permission2 Copyright 2012, WILEY-VCH 

Verlag GmbH & Co. KGaA. 

 

For a dedicated n-type semiconductor, when a given gate voltage VGS is applied, the capacitively 
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induced charge carriers are generated at the semiconductor- dielectric interface, which are 

measured across the source and drain terminals. In principle, this phenomenon governs the 

behaviour of the transistor and is essential to understand the change measured current of a TFT 

for an applied VGS. 

The field-effect mobility (µFE) of a semiconductor material is characterised by the number of 

charge carriers that can be transported through the active material. The transport of such charge 

carriers is typically governed by the number of charge carriers intrinsically available within the 

semiconductor material as well as the other mechanisms such as scattering of charge carriers 

due to lattice vibrations, point defects, ionised impurity defects and grain boundary defects. For 

thin-film transistors, the mobility of the charge carriers is calculated depending on the applied 

voltage across the Source-Drain (VDS ) electrodes as well as the voltage applied between the 

gate-source electrodes (VGS), which determines whether the field-effect mobility is extracted in 

the linear regime or the saturation regime, which are appropriately called as linear field-effect 

mobility or saturation field-effect mobility. When the mobility of the device is calculated at very 

low applied VDS, where VDS ~ 0 <<VGS. The extracted mobility in this case is defined as linear 

field-effect mobility (µlin) by equation 1.3 

At low VDS (VDS~ 0≪VGS), defined as linear field-effect mobility (µlin): 

 

                                                      I𝐷𝑆 =
𝑊

𝐿
 µ𝑙𝑖𝑛 . 𝐶𝑖  [(𝑉𝐺𝑆 −  𝑉𝑡ℎ). 𝑉𝐷𝑆 −

𝑉𝐷𝑆
2

2
]          Equation 1.3 

 

At high VDS (VDS≫VGS−Vth), defined as saturation mobility (μsat): 

 

                                                      I𝐷𝑆 =
𝑊

𝐿
 µ𝑠𝑎𝑡 . 𝐶𝑖  (𝑉𝐺𝑆 −  𝑉𝑡ℎ)2                               Equation 1.4 

  

 

where W denotes the channel width, L the channel length, Ci as the capacitance per unit area 

of the dielectric layer, VDS as the drain to source voltage, and VGS as the gate to source voltage. 

Threshold voltage (Vth) is the gate voltage, at which significant current flow initiates 

(conducting channel or accumulation layer) between source and drain via the channel formed 

at the semiconductor/insulator interface. The value is usually extracted from the IDS
1/2 vs. VGS 

characteristics, as shown in Figure 4b. The plot of IDS
1/2 vs VGS intersects the x-axis (VGS) at the 

value of Vth. 

Subthreshold swing (SS) is the inverse of the maximum slope of the transfer characteristics: 
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This represents how rapidly IDS increases by one decade under an increasing applied VGS, and 

is given by the following Equation 1.5 

                                                       𝑆𝑆 = (
𝑑 log 𝐼𝐷𝑆

𝑑 𝑉𝐺𝑆
)

−1

                                                 Equation 1.5 

 

Small values of SS (generally, 0.1~0.5 V/decade) reflect low power consumption for the 

microelectronic devices. The output characteristics represents the TFT operation, where IDS is 

plotted against VDS for various VGS, are shown in Figure 4a. As VDS increases under constant VGS, 

IDS increase linearly and then saturates to a value called “hard saturation”. Both characteristics 

are representative of TFT behaviour and reflect the relative performance of the TFT. 

 

1.3 Metal oxide semiconductors 
 

Research based on metal oxide semiconductors can be dated back to early 1960s, which 

demonstrated the potential of ZnO , In2O3 and SnO2 as functional semiconductors in TFTs.18, 19 

Although present demonstration of the capabilities of oxide semiconductor TFTs have achieved 

an enhanced degree of progress, the first reported oxide transistor was realized by Klasens and 

Koelmans in 1964, by employing tin dioxide (SnO2) as an active semiconductor layer with a 

staggered bottom-gate geometry on commercial glass as a substrate.20  

 

 

Figure 5 A visual timeline of significant achievements related to developments in field of transistor materials and 

technology. Reproduced with permission.2 Copyright 2012, WILEY -VCH Verlag GmbH & Co. KGaA. 

 

The reported SnO2 transistors demonstrated marginal electrical activity of the transistor 

performance matrices. Nevertheless, it laid the foundation and primary proof-of-concept and 
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encouraged research efforts towards the application of semiconducting metal-oxide in TFTs. 

Thereafter, the very first zinc oxide based TFT was reported by Boesen and Jacobs in 1968 but 

had similar performance issues to turn-off the TFT. The electrical switching ability is much 

needed for the primary function of the transistor to operate as a switch which can be switched 

“on” or “off” merely by application of voltage across the device.21 These potential oxides laid 

the basis of practical TFTs, which have since then, seen an incremental progress leading up to 

device performances in the recent decades. In the last decade, significant progress in the use of 

such individual oxides as active semiconductor channel materials has been achieved by 

optimization of the material deposition conditions as well as its physical dimensions. Masuda 

and co-workers demonstrated active ZnO TFT performance operating in depletion mode, using 

a pulsed laser deposition method to deposit ZnO at 450oC with effective device mobilities (µeff) 

of 1 cm2/V.s 22 Hoffman and co-workers demonstrated an active ZnO TFT deposited via ion 

beam sputtering which exhibited a fairly high µeff of 2.5 cm2/V.s and an Ion/off of  ̴ 107. 

Improvement in TFT mobility was attributed to enhanced crystallinity of the ZnO which was 

annealed at 800oC in oxygen.23 However, extremely high annealing temperatures were an 

impediment to transfer this research in practical applications. Later, Carcia and co-workers 

developed a radio-frequency (RF) sputtering process with active control of the oxygen partial 

pressure during the room temperature ZnO deposition, which had a µ > 2 cm2/V.s and an Ion/off 

> 106 which demonstrated the importance of an oxygen environment during the ZnO 

deposition.24 This process was intensively optimised and implemented by the Fortunato group 

where precise control of the oxygen partial pressure and well as optimization of a suitable device 

geometry ( staggered top-gate bottom contact) which displayed high  µ ̴  50 cm2/V.s.25 This 

research further cemented the importance of the deposition atmosphere and partial pressure to 

achieve high performance ZnO TFT with significant advantages in the field of transparent 

electronics. Similarly, the use of In2O3 and SnO2 as active semiconductor channels has also been 

pursued in parallel. 

SnO2 has been investigated as a semiconductor channel for TFTs by various research groups. 

Among the early leading research, Presley and co-workers demonstrated SnO2 TFTs , wherein 

the SnO2 channel layer (20nm) was deposited via RF sputtering.26 The deposited films annealed 

at 600oC exhibited a µfe of 2 cm2/V.s and Ion/off of 105. However, the requirement for high 

temperature annealing as well as the harsh etching SnO2 from a commercialization perspective, 

makes it a less suitable candidate to be employed in the fabrication of thin-film active 

semiconductors.27, 28 
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In2O3 is known for being a highly conducting transparent oxide with a high intrinsic charge 

carrier concentration (> 1019 cm-3) and established as electrode material in oxide electronics.29 

However, successful reduction in the charge carriers and bringing charge carrier concentration 

into the semiconducting region (< 1018 cm-3) had remained an impeding factor for use as an 

active semiconductor. Lavareda and co-workers fabricated a In2O3 TFT where the material was 

deposited using plasma enhanced CVD, where the importance of controlling the oxygen partial 

pressure was key to achieve a performance with a µfe of 0.02 cm2/V.s and a reasonable Ion/off of 

104.30 In order to further control the charge carrier concentration, Vygranenko and co-worker 

used an ion-beam evaporation technique for the In2O3 deposition in order to have a better 

control in manipulating the charge carrier concentration of the deposited thin film.31 The InOx 

TFTs based on this technique displayed a high device performance with a µfe of 3.3 cm2/V.s and 

an Ion/off  of 106. It was suggested that the precise control of the oxygen ion beam flux enabled 

the desired semiconducting performance. The influence of film thickness ranging between 5 to 

20 nm of the deposited InOx at 100oC was investigated by Dhananjay et al. and demonstrated 

that thicker films exhibited a higher device mobility of ~ 34 cm2/V.s for the measured TFTs.32 

Thicker films exhibited a grain growth via Oswald ripening, thereby reducing the particle grain 

boundaries and subsequently reducing the detrimental potential barriers arising from typically 

smaller particle grains.   

Although significant progress in the deposition and fabrication of the previously mentioned 

individual oxides has been achieved, the incapability of homogeneous deposition of these metal 

oxides over large surface areas resulted in reduced scientific interest. This is largely due to the 

polycrystalline nature and poor ability to achieve conformal, homogeneous thin film coatings 

which consequently lead to inconsistent and poor performance of the fabricated TFTs.33 This 

led to the invention of amorphous multinary metal oxide semiconductors, commercially know 

as IGZO or GIZO, which are made using a mixture of indium, gallium and zinc oxide sources. 

Details regarding the fundamentals of the such amorphous oxide semiconductors are eloborated 

in the next section. 

 

1.4 Multinary amorphous metal oxide semiconductors 
 

In early 1996, Hosono and Nomura reported the quaternary amorphous oxide semiconductor 

(AOS) and widely accepted by the scientific community in 2004, consisting a combination of 

indium oxide, zinc oxide and gallium oxide which is currently recognized as indium gallium 
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zinc oxide (IGZO).34 35 Although this concept was first demonstrated in other multinary systems 

such as hydrogen doped (H+) cadmium germanium oxide (Cd2GeO4), silver antimony oxide 

(AgSbO3) and cadmium lead oxide (Cd2PbO4) with mobilities of up to 12 cm2/V.s, concerns 

regarding their toxicity and necessity of H+ doping made IGZO a well suited option for 

producing transparent AOS.36-39 Thereafter, immense progress in implementation of AOS 

materials as transparent TFT for flexible and large area electronics have begun to widely replace 

silicon as the semiconductor of choice for advanced transparent electronics. Additionally, the 

electroactive properties of amorphous IGZO exhibit a greater extent of electrical stability in 

comparison with its amorphous silicon counterpart.41 Furthermore, with regards to material 

functionality, such multinary oxide semiconductors have paved the way for diverse applications 

such as inverters, ring-oscillators, storage memory and sensors.42-50  

 

 

Figure 6  Covalent semiconductors have carrier transport paths composed of strongly directive sp3 orbitals, so 

structural randomness greatly degrades the magnitude of bond overlap and in turn degrades its carrier mobility. 

Amorphous oxide semiconductors composed of post-transition-metal cations. Spheres denote metal s orbitals. The 

orbital contribution of oxygen 2p orbitals is small. Direct overlap between neighboring metal s orbitals is rather 

large and is not significantly affected even in an amorphous structure. Adapted with permission.40 Copyright 2006, 

Elsevier. 

 

A schematic representation of the conduction mechanism of covalent and ionic semiconductors 

are shown in Figure 6. The choice of cations for generating AOS materials consists of post-

transition metals with an electronic configuration (n-1) d10 ns0 where (n≥4). The primary reason 
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for such material choice is because the lowest unoccupied states in the conduction band 

minimum (CBM) largely consists of spatial orbital spread of the spherical metal ns0 orbitals with 

relatively small electron effective mass and a high electron mobility despite having disorder in 

its amorphous material state. 

This significant advantage of the ionic oxide semiconductors over the covalent silicon-based 

semiconductors is due to its insensitivity to the bond angle distortion in the overlap between 

the vacant orbitals of the neighbouring atoms, whereas in covalent semiconductors the bond 

angle distortions create high concentration of deep localized trap states, which extensively 

degrade the effective mobility of the charge carriers. Moreover, the dominant electron pathway 

in ionic materials is via conduction band minimum (CBM) which differs from the valence band 

maximum (VBM) which serves as a hole transport pathway in p-type semiconductors. The 

extent of overlap between the vacant s-orbitals of the neighbouring or adjacent cation is 

extremely large in comparison with the contributions arising from the VBM which is relatively 

small. This has effectively been demonstrated in individual oxides such as ZnO, In2O3 and SnO2 

which were earlier demonstrated as effective metal oxide conductors.51-54  

 

 

Figure 7 Schematic electronic structures of silicon and ionic oxide semiconductors. (a–c) Bandgap formation 

mechanisms in (a) covalent and (b,c) ionic semiconductors. (d–g) Electronic structures of defects in (d,f) silicon 

and (e,g) metal oxides. Solid and hollow circles are used to represent the occupied and unoccupied states, 

respectively. Adapted with permission.40 Copyright 2006, Elsevier. 

 

As shown in Figure 7, in Si the band gap (Eg) is defined as the gap between the VBM and CBM. 

The conduction band minimum (CBM) and valence band maximum (VBM) are made of anti-
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bonding (sp3 σ*) and bonding (sp3 σ) states of Si sp3 hybridized orbitals, and its band gap is 

formed by the energy splitting of the σ*–σ levels (Figure 7a). The former is known to be the 

bonding sp3-hybridized σ-orbitals and the latter is known to be the anti-bonding sp3-hybridized 

σ∗-orbitals. If a Si vacancy (VSi) is formed, a dangling bond (unpaired electron) state with one 

unpaired electron is generated within the bandgap (Figure 7d) which can act as a trap state for 

electrons and holes detrimental to the charge transport in n or p-type Si devices. These dangling 

bonds or trap states are often passivated by hydrogen treatment which eliminates the trap states 

within the bandgap (Figure 7f). The band diagram of an AOS is displayed in Figure 7b. 

The transfer of electrons from the metal to the oxygen leads to a reorganization of the band 

structure whereby the energetic level of the metallic cation is increased and that of the oxygen 

anion is reduced as per the Madelung potential (Figure 7c). The Madelung potential is the 

difference between the negative electrostatic potential at the metal cation site and the positive 

potential at the oxygen anion site.  The band-like transport of the charge carriers in non-

transition metal oxides occurs within the modified band structure in which the VBM is formed 

by the completely filled O 2p-orbitals while the CBM is formed by the vacant metallic s-orbitals 

with a large spatial spread (Figure 7e). If an O vacancy (VO) is now created, states in or near 

the CBM states appear which can act as shallow donors, but not as trap centres for electrons 

(Figure 7g). These states are not stable and relax to fully occupied states near the VBM that 

can no longer act as electron trap centres. For AOS materials. the Madelung potential plays a 

crucial role in the increased bandgap and a reduced concentration of electron trap states within 

the band gap. 

Some of the major advantages that such a class AOS materials over existing a-silicon as an active 

material are listed below: 

• High electron mobility:  AOS TFTs exhibit effective device mobilities > 10 cm2/V.s and 

can be further increased ≥ 50 cm2/V.s by modifying the chemical composition of the 

materials used and deposition conditions. 

• Compatibility with high-k dielectrics:  A large variety of high-k dielectrics can be used 

to fabricate AOS TFTs including Al2O3, Y2O3 and HfO2 among several other materials.55-

57 The amorphous characteristics and ionic nature such dielectrics leads to an improved 

bonding situation and fewer defects at the semiconductor/dielectric interface. 

• Low voltage operation:  The amorphous nature and the band-like charge transport of 

the AOS produce a reduced concentration of defects within the band gap in comparison 
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with traditional silicon based covalent semiconductors. This enables the operation of the 

TFTs at voltages of ≤ 5V and sub-threshold slope of 0.1 V/decade.58, 59 

•  Processing temperature: The deposition and thermal processing temperatures to 

produce stable AOS thin films can be achieved at temperatures ranging from room 

temperature up to ≤350oC, depending of the deposition technique used. This makes them 

suitable for fabrication of TFTs on plastic substrates, making them an attractive choice 

of materials in the field of flexible plastic as well as paper-based electronics.35 60, 61 

• Device fabrication and reduced off-state current: Silicon-based transistors need the 

formation of a p-n junction wherein the source-drain electrodes are used to suppress the 

TFT operation while switching between the p or n type region. Since AOS materials are 

dedicated n-type semiconductors, a simple source-drain electrode deposition enables the 

lowering of the off-current and raising the on-current which in turn generates a high 

Ion/off highly desirable of next generation display technology with high refresh rates. 

• Material deposition homogeneity:  AOS materials can be deposited over large area 

substrates with excellent uniformity with a typical surface roughness between 0.3 -0.5 

nm. This makes them less susceptible to material porosity and reduced electronic 

performance arising of grain boundaries of polycrystalline materials.62, 63 

Due to the attractive chemical, material and electronic properties mentioned above the 

commercial validation and industrial manufacturing IGZO based LCD displays has begun since 

2012.6, 64 In addition to its electronic superiority, it also helps makes portable devices thinner, 

lighter and smaller in comparison with silicon-based displays based on the choice of substrate 

and smaller required batteries.65 
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2 Solution processing of amorphous oxide semiconductor TFTs 

 

Material deposition of metal oxide are broadly classified in vacuum-based deposition techniques 

and deposition via solution-based coatings. Vacuum-based deposition techniques include RF 

sputtering, pulsed laser deposition and atomic layer deposition.66-69 These deposition techniques 

enable of generation of high quality films which are highly desired for optoelectronic 

applications. However, such techniques suffer from low throughput due to the low material 

deposition rates as well as expensive vacuum-based setups with rather small deposition 

chambers which hinder their application in large area deposition of the metal oxides. Solution 

process techniques are cost-effective alternative methods which possess the ability to generate 

metal oxide thin films via a variety of deposition techniques. In terms of its economic viability, 

solution processing of oxide semiconductors reduces the overall manufacturing cost by 64%.70 

Some of the most widely used techniques are spin coating, bar coating, spray coating, inkjet 

printing and chemical bath deposition and are schematically summarized in Figure 8.71-79  

 

 

Figure 8 Schematic representation of the different methods used for the deposition of metal oxide precursor films. 

Precursor liquids solutions in all the above deposition methods are indicated in blue.  

 

Coating of the precursor formulations is a crucial step in the fabrication of thin film metal oxides. 

Post the selection of desired precursors, it is imperative to develop the desired coating solution 
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which is compatible with the coating process as well as the substrate of choice. The typical 

strategy for the optimization of coating solutions consists of optimum solubility of the precursors 

in a specific solvent.  Addition of other cosolvents and stabilizers as additives are often pursued 

to obtain stable precursor coating solutions. Formulations of a coating solution primarily consist 

of two main approaches, namely, the sol-gel precursor formulations or direct use of precursors 

dissolved in a solvent and colloidal suspensions consisting of nanoparticles of the metal oxides. 

 

 

Figure 9 Schematic representation of the general steps involved in the solution processing of metal oxide thin 

films. Adapted with permission.80 Copyright 2011, Royal society of Chemistry 

 

 

As described in the Figure 9, solution processing allows for the use of a wide variety of 

precursors, additive formulations and thin-film coating methods for the formation of uniform 

precursor thing films which upon annealing get converted into the desired metal oxide thin-

films. An overview of the importance and influence of the precursors used in the formation of 
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the desired semiconductor film and well as the synthesis of colloidal oxide nanoparticles are 

discussed in the following sub-sections of this chapter. 

 

2.1   Precursor influence on material and electronic properties of metal oxide TFTs 
 

The solution processing of precursor-based metal oxide thin film coatings is largely based on 

sol-gel chemistry using the previously described metal salts such as metal nitrates, metal 

acetates and metal chlorides. The application of sol-gel chemistry allows the for the conversion 

of a precursor/solvent system to undergo a transformation into a sol or a colloidal suspension, 

which further gets converted into a network structure of the sol, forming a gel.81  Intensive 

investigations on the application of the sol-gel method via metal salts has been applied to metal 

oxides with a variety of electronic applications such as ZnO, In2O3, SnO2, Ga2O3,  AlOX, HfOX 

and Ta2O5.82-86 

Metal precursors such as alkoxides, acetates, nitrates and chlorides are the most popular choices 

for the fabrication of metal oxide thin film coatings due to their ease of commercial availability. 

A metal alkoxide precursor molecule M(OR)n is generally formed between a metal cation (M+) 

and an alkoxide (RO-) which is the conjugate base of an alcohol (ROH). For a given metal 

alkoxide, it is known that a lower electronegativity (χ) of the metal ion causes it to be more 

electrophilic and exhibits a reduced tolerance towards nucleophilic reactions such as hydrolysis. 

Although oxide thin-films produced from alkoxides posses the least residual contamination and 

low processing temperatures, the precursor coatings need to be carried out under inert 

atmospheres to avoid hydrolysis and eventual sedimentation of the metal hydroxide species. 

This make them less cost-efficient for thin-film fabrication. These metal alkoxides can be 

stabilized for ambient atmosphere coating, by the addition of a chelating agent such as 

acetylacetone depending on the binding strength of the chelate ligand in the presence of the 

existing alkoxide ligand and the cation involved.87, 88 However, the presence of the chelating 

agent in the precursor solution can sometimes lead to the corrosion of the underlying material 

and lead to inconsistent electronic performance, when the semiconductor film is integrated into 

the pre-exisiting functional device layers and substrates.89  

 Metal acetates belong to a class of carboxylate precursors are formed when the metal salt 

consists of a carboxylic acid group which can be represented as M-(RCOO)n where R stands for 

the organic moiety attached to the carboxylate group. The negative charge located on the 

carboxylate anion is delocalized between the two oxygen atoms in the existing structure which 

provides stability to the ion. The anion can bind to the metal cation as a monodentate or 
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polydentate ligand resulting different structures. The most traditionally used carboxylate salt 

consists of the acetate (CH3COO-) anion. The increase in length of the alkyl chain changes their 

solubility in turn, wherein shorter alkyl chains afford a greater degree of solubility in common 

polar solvents for coatings like water and 2- methoxyethanol. The gradual increase in the alkyl 

chain length of the carboxylate group of the precursor, such as the 2-ethylhexanoate group are 

better soluble in non-polar solvents. The increased solubility the zinc acetate precursor 

Zn(CH3COO)2
. 2H2O is typically associated with it being the zinc precursor of choice to 

manufacture ZnO thin films from a solution route. On the other hand, indium acetate In 

(CH3COO)3 has a poor solubility in comparison with other indium salts which largely restricts 

its use as a precursor material. Precursor solubility in sufficiently high concentrations are 

necessary to ensure that the resultant metal oxide film is dense enough. Under low precursor 

concentrations, the final metal oxide thin film generally consists of pores or cracks within the 

microstructure of the film due solvent evaporation as well as decomposition of the ligand 

moieties of the corresponding precursor.90 Repeated iterations of the coating process helps fill 

the voids or cracks generated from single coating procedures, which increases the density of the 

final ceramic thin-film.90  

For cations such as indium and gallium, metal nitrates and metal chlorides are the most 

commonly used precursors for the generation of multinary thin film semiconductors comprising 

of indium, zinc, gallium and tin oxides. Metal chlorides decompose only at higher temperatures, 

due to the strong ionic bonds between the metal and the chloride anions. Additionally, residual 

Cl- anions with the final metal oxide diminish the possibility of obtain high quality films.91 Metal 

nitrates on the other hand, serve as viable alternative to the chloride precursor system due the 

requirements of lower decomposition temperatures arising from a much weaker ionic bond 

between the metal and the nitrate anion. Additionally, thermal decomposition of metal nitrate 

precursors do not contain residual nitrogen content from the nitrate anion, when the precursor 

films are heated to higher temperatures (> 350 oC).92  

Based on this sol-gel route, in 2007 Chang et al. demonstrated spin coated IZO based TFTs with 

a high mobility of 16 cm2/V.s using metal chloride salts and commonly used 2-Methoxyethanol 

(2-ME) as a solvent. However, this was achieved at an extremely high processing temperature 

of 600 oC.93, 94  Later, in 2008 Bae et al. demonstrated high performance spin coated IZO based 

TFTs with a mobility 7.1 cm2/V.s using metal acetates dissolved in 2-ME, with the addition of 

ethanolamine and acetylacetone as stabilizers and processed at 500 oC.84 It should be noted in 

general that metal acetates have poor solubility and also do not form stable sols in alcohols 
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which leads to the precipitation in the absence of a stabilizing agent.  In 2012, Kim et al. 

compared the performance of spin coated IZO TFTs, primarily based on two precursor 

combinations to clarify the role of the precursor used and their resultant ceramic quality as well 

as electronic performance.95 The first precursor mixture contained a combination of indium 

nitrate and zinc acetate. The second precursor consisted of indium nitrate and zinc nitrate while 

maintaining identical synthesis, processing conditions and an annealing temperature of 300 oC 

in both cases. The resultant IZO films from the nitrate precursors only, showed a much high 

TFT mobility ( µFET) of 1.92cm2/V.s in comparison to the IZO films from the nitrate/acetate 

precursor mixture with a poor (µFET) of 0.55cm2/V.s . For the given annealing temperature, the 

IZO films prepared by using the zinc acetate precursors contained a larger number of organic 

residues resulting in the increased formation of trap sites, poor charge carrier concentration and 

higher film resistivity. In contrast, much lower residual precursor contamination was observed 

in the nitrate based IZO films. These results demostrate the importance of a clean decomposition 

of the precurosr within which the volatile nitrate precursors show the highest mass loss at lower 

temperatures, with increased thermal budget needed for acetate and chloride precursors as 

shown below in Figure 10. 

 

 

 

Figure 10 Thermogravimetric analysis comparing the weight loss with increasing temperature of three commonly 

used zinc precursors: zinc nitrate (red), zinc acetate (blue) and zinc chloride (purple). Adapted with permission 

under creative commons.99 Copyright 2013, Taylor & Francis. 

These findings provides a direct correlation to the choice of precursors used during the synthesis 

of metal oxide films via a solution process. The thermogravimetric analysis of the zinc precursors 

as well as copper precursors provides a good argument for the use of metal nitrate salts in 
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comparison with metal acetates and metal chlorides.96 97 Recently, further evidence of the 

choice of precursors was systematically investigated by Kim et al. where IZO based TFTs were 

fabricated the formation of thin films using the conventional nitrate, acetate and chloride salts 

which were annealed at 500 oC.98 Therein, the IZO films based on nitrate salts showed the 

highest  µFET of 15.36 cm2/V.s and an Ion/off of ~ 107 , while TFTs fabricated from the acetates 

and chlorides exhibited a µFET of 10.73cm2/V.s and 5.61cm2/V.s and an Ion/off of ~107 and 106 

respectively. This concept was later extended to IGZO based TFTs with such volatile nitrate 

based precursor salts.  

The tuning of the material composition can be easily achieved by mixing the metal precursors 

in the desired ratio to deliver optimum material performance. This is rather difficult in the 

routinely such sputter-based techniques with use a ceramic target of the AOS with a predefined 

composition which do not allow the fine tuning of the device performance based on the other 

materials used in fabricating the complete TFT architecture. To this end, solution processing 

techniques provide a unique opportunity to fabricate oxide thin-films over large area substrates. 

As observed from the overview of various precursors mentioned above, it is evident that choice 

of precursor, plays a significant role in obtaining high quality metal oxide thin-films. However, 

the nature of the precursor ligand, need for additional stabilizers and additives as well as high 

processing temperatures still pose certain limitations in terms of their practical applications on 

a large scale.98  

Molecular precursor complexes are a class of precursors, which offer a defined decomposition 

mechanism which gives an improved clarity into the formation of the desired metal oxide thin-

film. This offers the possibility of tailoring the precursor with desired properties to aid the 

solution processing on thin-film metal oxide semiconductors. Such properties would primarily 

include air-stable complexes with solubility in desired aqueous or organic solvents, clean 

precursor decomposition with volatile by-products, reduction of process temperature for the 

formation of metal oxides as well as direct photo-patterning of precursors. 

Use of such precursors play a vital role in coping with the demands to make solution processing 

a viable process for mass manufacturing These defined molecular precursor compounds used 

for the fabrication of thin-film AOS has been of critical to this work and are mentioned below. 

• Oximato complexes of Zn, In and Sn(II)  

• Functionalized malonato complexes of Zn and In 

• Urea-nitrate complexes of In, Ga and Zn 
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Figure 11 Schematic representation of the molecular structure of the zinc, indium and tin (II) oximato complexes 

derived from methoxyiminopropionic acid ligand. 

 

Each class of the above-mentioned precursors possess a distinct advantage with respect to 

traditional solution processing precursors. The “oximato” precursors are synthesized using the 

methoxyiminopropionic ligands. The schematic chemical structure of these precursors are 

shown in Figure 11. Synthesis and application of the zinc oximato complex as a suitable 

alternative for the formation of printed nanoscale ZnO transistors with at µsat of 1.02 x 10-3 

cm2/V.s achieved  under mild thermal conditions (150oC) has been previously reported by our 

group.100, 101 In order to further increase the performance of the fabricated TFTs, oximato 

complexes of In and Zn for the formation of amorphous IZO with a µsat of 7.5 cm2/V.s, optimized 

via semiconductor layer engineering have also been reported previously.90 These results 

establish the efficacy of such defined precursor complexes in generating high quality 

semiconductor films for TFT applications via the molecular precursor route.  

As a part of this thesis, the application of these oximato precursors were further extended to the 

formation of high performance, indium-free zinc-tin-oxide (ZTO) TFTs by successful synthesis 

of the Sn(II) oximato complex, microwave synthesis and TFT application of monodispersed 

colloidal IZO nanoparticles, microwave synthesis of ZnO nanoparticles for biomineralization of 

a biological virus template and well a novel approach towards direct photo-patterning of high 

performance IZO and ZTO TFTs.  
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3  Low-temperature solution processing routes towards oxide TFTs 

 

To realize flexible devices, low-temperature processing is essential because the thermal budget 

of bendable substrates is well below processing temperatures ≤ 350oC. However, due to its 

inherent oxide-formation mechanism, the solution process requires relatively high annealing 

temperature (>450oC). Specifically, the need for high temperatures comes from the necessity 

to remove organic ligands in the precursor molecules. Organic residue generated by organic 

solvents and precursors acts as an obstacle to decomposition and complete conversion to the 

desired metal oxide during fabrication. Several novel precursor formulation strategies such the 

use of alkoxides, combustion synthesis as well aqueous precursor processing are discussed in 

the following sub-sections.  

 

3.1   Alkoxide precursor processing route  
 

An approach of precursor optimization via the metal alkoxide route has been demonstrated by  

the Sirringhaus group to improve TFT performance by lowering the residual impurities. This in 

turn helps to reduce the required processing temperature and simultaneously improve the 

performance at a given temperature.102 The “sol-gel on chip” approach employs the formation 

of IGZO precursor solutions of molecular precursors of indium, gallium and zinc such as the 

indium oxo cluster [In5O(OPri)4(OPri)4(OPri)5], zinc-bis-methoxyethoxide  [Zn(OC2H4OCH3)2] 

and the gallium -tris-isopropoxide [Ga(OPri)3] which were dissolved in anhydrous alcohol as a 

solvent and spin-coated under an inert gas atmosphere . The spin coated films were then 

hydrolysed and annealed in a high -moisture environment (50% relative humidity) “wet 

annealing”, where the precursors readily undergo decomposition and improved formation of 

the desired multinary metal oxide. The IZO TFTs fabricated via this approach demonstrated 

high performance at 230oC with a µlin of ~7 cm2/V.s and an Ion/off of 108. However annealing 

the films in ambient air “dry annealing” led to poorly performing devices with a μlin of ~ 0.7 

cm2/V.s and good TFT performance could be obtained only at temperatures ≥350oC with a µlin 

of 15 cm2/V.s  at 450oC. Thin film formation using such highly reactive precursors is certainly 

beneficial in producing contamination-free metal oxide films with notable TFT performance. 

Although these precursors cannot be used for ambient atmospehere processing due to precursor 

hydrolysis amd delicate handling during the precursor thin film formation, it certainly paves the 

way for novel developments of easily decomposed precursors under mild temperature 
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conditions as well as formation of volatile organic by-products generated during the precusor 

decomposition reduced annealing temperatures. 

 

3.2   Combustion processing route 

 

The process of high quality ambient processing from a solution phase was further improved by 

by using acetylacetone and ammonia or urea as a basic agent.103 The effective use of the urea 

and acetylacetone as “fuel” and the nitrate from the salts as an “oxidizer” enables a highly 

exothermic reaction at molecular level (Treaction=700oC) of the precursor mixtures verified via 

differential thermal analysis (DTA) measurements, although the annealing temperature was 

only between 200-250oC.  A schematic representation of the difference in energy required by 

processing conventional precursors as well as combustion precursors is shown in Figure 12. By-

products of the precursor decomposition largely consists of volatile gaseous by-products such as 

H2O, CO2 and N2. On the other hand, fabrication of thicker films (70nm) lead to a greater degree 

of porosity due to the increased evolution of gases during the combustion process which escape 

during the metal oxide film formation.  

 

Figure 12 Schematic representation of the reaction energy needed for the conversion of the the metal oxide 

precursor via the use of conventional precursors in comparison with combustion precursors. 

 

However, these hurdles have been later overcome by implementing a spray coating technique 

for the oxide film deposition, wherein the precursor mixtures were directly sprayed onto a pre-

heated substrate with the same annealing temperatures as performed previously for the spin 
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coated films.103 Spray coating enables the faster decomposition of the micro- droplets produced 

by the spray nozzle, due to a faster heat transfer across the individual droplets and voids 

generated can be filled with the next droplets which come in contact with the film generated 

on the pre-heated substrate. This void filling mechanism was much effectively in comparison to 

spin-coated films or bulk decomposition of films via combustion synthesis, where multiple 

iterations of spin- coating and calcination of the precursor films were necessary to obtain a 

highly dense film.104-106 The density of the films verified by positron annihilation spectroscopy 

(PAS) to study the degree of the porosity obtained for IGZO (1:1:1, In:Ga:Zn) films.61 This 

spectroscopic technique is highly sensitive and is capable of porosity /void detection down to 

the nanoscale or even an atomic scale, with a void detection capability as small as 0.3 nm 

existing within the bulk of an inorganic or polymeric film.107, 108 Within metal oxide thin films, 

the positrons which are implanted interact with electrons, results in the formation of 

positronium (Ps) particles, which facilitate the detection of porosity across the thickness of the 

whole film. A schematic working principle of the path travelled by the positrons and its 

interaction with defects such as the voids and trap states within the film are shown in Figure 

13.  

 

Figure 13 Schematic representation of the working principle of the positron annihillation spectroscopy (PAS) 

showing the path travelled by the positrons and the annihillation upon interation with an electron at potential 

defect sites.109 
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The critical S -parameter is defined as the ratio of counts in the central part of the detected 

annihilation peak to the total number of counts in the whole peak, for a given implanted 

annihilation line (> keV). This in-turn gives the fraction of positrons annihilating with electrons 

of low momentum (valence electrons) and is therefore a measure of the positron annihilation 

in any open volume within the thin film which is under investigation.  A typical mapped graph 

of the S-parameter versus the ion implantation energy proceeds via a curve with a minimum. 

More importantly, the observed differences the S- parameter minima for different processing 

conditions gives a clear indication of the porosity within the film, wherein lower S-parameter 

minima indicates a lower pore volume concentration within the film.  For the IGZO films 

processed via spray coating, the S- parameter far lower than that of the spin coated films was 

observed, wherein the spray coated films had a mean pore size((Φ) of ~ 0.4-0.6 nm, while the 

spin coated films had a (Φ) of ~ 1-2 nm. Such an efficient route to low-temperature solution 

processing under ambient environments has led to the development of additional “fuels” such 

as sugars like glucose, sucrose and sorbitol to further increasing the localized exothermic 

environment and achieve and improved TFT performance at similar low-temperatures.110 

During the course of my work, the previously mentioned In and Zn precursors consisting of 

nitro-functionalized groups have been investigated for the potential towards low temperature 

processing of amorphous IZO semiconductor via the combustion route. The functionalized 

malonato complexes are the second type of molecular precursors investigated within the thesis. 

The Zn and In malonato complexes such as the dimethyl 2-hydroxyiminomalonato zinc, 

[Zn4O(dmm-NO)6] and the dimethyl 2-nitromalonato indium [In3O3(dmm-NO2)3]toluene were 

employed as combustible molecular precursors wherein the nitro groups facilitate the 

combustion processing. Th exothermic decomposition pathway helps to significantly reduce the 

processing temperature in order to realize active IZO semiconductor performance with 

temperatures as low as 250oC up to 350oC sufficient to deliver an active high-performance 

semiconductor when implemented into transistor devices. The IZO material exhibits high 

performance with a µsat of 6 cm2/V.s and in Ion/off ratio of  107 at a processing temperature of 

350oC. Further details of the precursor decomposition, material and electrical characterizations 

can be found in Section 6.5 
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3.3   Aqueous precursor processing route 
 

Aqueous solution processing has been a well sought after, solution processing route for metal 

oxide semiconductors. The main motivation relies on the key advantages of using water as a 

hydrocarbon-free, and environmentally benign solvent which may present a huge advantage as 

far as applications for large area electronics are concerned. 

In this realm, a class of precursors based on zinc ammine and hydroxy nitrate compounds have 

been well studied with the formation of resultant complexes such as zinc ammine hydroxide 

(Zn(OH)2(NH3)x), zinc ammine hydroxy nitrates (Zn5(OH)8(NO3)2.2NH3) and zinc hydroxy 

nitrate hydrates (Zn5(OH)8(NO3).2H2O and other similar compounds in the same class of 

precursors. 111-113 

In 2008, the Meyers group demonstrated the utility of synthesizing an aqueous ammine-hydroxo 

zinc complex [Zn(OH)x(NH3)y
(2−x)+] by careful control of the added ammonia concentration. 

The in-situ formation of the resultant complex enabled a very low decomposition of the 

precursor and crystallization of the resultant ZnO <150oC .111 Although the synthesis of such 

ammine hydroxide nitrate has been studied earlier, its application towards the fabrication of 

semiconducting ZnO thin films was demonstrated for the first time. The TFTs processed at 

150oC and 300oC exhibited a performance of µFET =0.4 cm2/V.s and 4.3 cm2/V.s, with  Ion/off 

ratio of ~ 106 and >106 in the respective cases.  The hydroxy nitrate compounds typically 

decompose via formation of ZnO with an additional intermediate species (Zn3(OH)4(NO3)2) at 

80–120oC and fully decompose to ZnO at 120–170oC. This approach was further refined by 

Anthopoulos and co-workers in 2013, by controlling the annealing atmosphere (N2/O2) and 

reducing precursor impurity and decomposition via UV irradiation (wavelength = 253.7 nm 

,97% and 184.9 nm ,3%) of the precursor films. The TFTs fabricated via this approach 

demonstrated a high TFT mobility of 10 cm2/V.s when the final films were annealed at 180oC.114 

Although these approaches have been to display high TFT performance, they suffer from 

improvement in performance due to the inherent formation of grain boundaries in such 

polycrystalline ZnO films. The important advantages of using an aqueous route was further 

studied in depth by Bae and co-workers, where a significant change in the TFT performance 

was observed of IZO films fabricated using water and 2-methoxyethanol (2-ME) as model 

solvents but using the same nitrate salts of indium and zinc in both cases, keeping all other 

synthesis and processing conditions identical. The indium nitrate/water system was studied in-

depth, where the formation of “aqua” ions coordinated to the In3+ cation was identified. The 
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reason for the formation ability of the aqua complex was attributed to the high dielectric 

constant of pure water (>80) and can also behave as a σ-donor molecule that acts as 

nucleophilic ligand.115 The in-situ formation of the hexa-aqua coordinated [In(OH2)6]3+ ion was 

identified by a unique peak arising at 485 cm-1 in the Raman spectra , which corresponds to the 

totally symmetric In-O stretching vibrations for the given expected structure. A second peak at 

720 cm-1 was assigned to the free nitrate anions which did not have any impact on the formation 

of the complex. This was also further confirmed via TGA analysis of the indium oxide precursor 

solution prepared via the aqueous route and the 2-methoxyethanol route. The formation of such 

an aqua ligand containing precursor enables the low-temperature decomposition and the 

eventual formation of the oxide. 

In2O3 TFTs based on the aqueous solutions demonstrated a mobility of 2.62 cm2/V.s which were 

further improved via annealing under vacuum conditions. A detailed investigation concerning 

the ability of various metal salts such as chlorides, acetates, nitrates and fluorides to form the 

hexa-aqua ligand, followed by the studies of the decomposition pathway of these complexes 

was performed by Yang Yang and coworkers.116 Once again, it was systematically proven that 

the complexes formed from the nitrates proved to be the best route for fabrication of the indium 

oxide semiconductor-based TFT. Residual anions from the precursor usually remain with the 

bulk of the film, when annealed at low temperatures. Although the fluoride-based precursors 

have a rather sluggish decomposition which was completed only at higher temperatures 

(>400oC), their TFT performance was much better than the films derived from the acetate 

precursor, which completely decomposes at temperatures slightly above 300oC. This was 

explained on the basis that the fluorine molecule has a similar ionic radius as that of oxygen 

and can readily occupy the oxygen deficient site within the In2O3 lattice.117 In comparison with 

the other precursors, the volatile nitrate anion readily dissociates and vaporizes as nitric acid at 

a much lower temperature in comparison with acetate, fluoride and chloride anions resulting 

in the formation of pure oxide without any anion impurities, which if present in the film can act 

as scattering centres for the charge carriers, thereby reducing the performance of the fabricated 

device. This approach was extended to the fabrication of low temperature dielectrics using 

aluminium nitrate as the starting precursor for the formation of the hexa-aqua aluminium 

complex. The TFTs constructed through this approach, using In2O3 as the semiconductor and 

AlOx as a the dielectric layer exhibited a high TFT performance of µFET of 36.31cm2/V.s and an 

Ion/off > 107. 
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Within the aqueous route, controlled manipulation of the pH of the solution has also 

demonstrated a potential to optimise the performance of the TFT based on the formation of 

defects generated within the final ceramic oxide, resulting from the change in the pH of the 

starting precursor solution. Under aqueous condition the pH of the solution determines the 

degree of hydrolysis of the metal cation. At a low pH (acidic conditions), the metal cation is 

much more strongly bound to the anion and undergoes a series of complex decomposition steps, 

leading to higher decomposition temperatures needed to ensure complete formation of the 

oxide.118, 119 In contrast, the earlier mentioned ammine complexes which have a high pH (basic 

conditions) need a far lower annealing temperature and form a much denser oxide, because the 

basic environment of the precursor solution facilitates easier dehydroxylation, followed by 

dehydration of the metal cation resulting in a more complete formation of the metal oxide. 

 Moon and co-workers performed a systematic study for zinc oxide based TFTs, where they 

employed zinc hydroxide particles in an aqueous medium which were made acidic by the 

addition of acetic acid and also made basic by the addition of aqueous ammonia to form two 

stable types of precursor solutions which were employed in the fabrication of spin coated ZnO 

TFTs. At low pH, strong electrostatic attractions exist between the metal cation and the counter 

anion [acetate, (CH3COO)] and hinders the formation of the hydroxo ligand, which is easily 

formed in the basic solution [ammonia, (NH3)]. 

As a result, the higher thermal energy is needed to for the removal of the acetate ligand. The 

material characterization of the derived ZnO also showed stark differences when annealed at 

the same temperature (350oC). XPS analysis of the ZnO derived from acetate showed a higher 

concentration of metal hydroxide (M-OH) as well oxygen vacancy defects, implying a poor 

formation of the metal-oxygen-metal (M-O-M) framework. On the other hand, the ZnO derived 

from ammonia showed a significant reduction in the concentration of the hydroxide as well as 

oxygen vacancy related species, with a high concentration of M-O-M species. 

Additionally, XRD investigations revealed that ZnO derived from acetate have an amorphous 

nature even when annealed upto 450oC , while the ZnO derived from ammonia showed a 

crystalline wurtzite structure with a high degrees of orientation along the c-axis (0 0 2) even 

when annealed at 350oC. This was clearly reflected in the TFT performance (350oC) where ZnO 

films from the addition of NH3 exhibited a µFET of 7.65cm2/V.s, Vth of 0.7 and an Ion/off of ~ 107 

while the (CH3COO) derived ZnO films showed no active TFT performance. 

These results clearly show that the basic nature of the precursor solution is highly favourable in 

the formation of high quality metal oxide TFTs. 
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Urea-nitrate complexes of Zn, In and Ga are the third type of precursors investigated within the 

duration of this thesis. A schematic representation of the mentioned precursors is shown in 

Figure 14. These novel precursors were synthesized and employed for the formation of an 

amorphous indium-gallium-zinc oxide (IGZO) semiconductor and finally evaluated for its TFT 

performance. These well-defined precursor compounds undergo an exothermic decomposition 

via “fuel- oxidizer” combustion system wherein the urea acts as the “fuel” and the nitrate anion 

serves as an oxidizing agent. Additionally, these precursors are highly soluble and stable  

 

 

 

Figure 14 Schematic representation of the urea-nitrate co-ordination compounds a) indium and gallium and c) 

zinc and corresponding molecular structure obtained by single crystal X-ray crystallography of the b) indium and 

d) zinc compounds. 

 

in water, thereby preventing the need for addition of any further stabilizing agents to obtain a 

suitable precursor solution for solution processing applications. Further details of the precursor 
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synthesis, crystal structure, decomposition as well as the material and electrical characterization 

can be found in Section 6.6   

 

3.4   Microwave synthesis of colloidal nanoparticles. 
 

The ability of inorganic nanomaterials to exhibit unique physical and chemical properties in the 

nanoscale regime is a significant factor in boosting advanced research including improved 

synthesis methods for the generation of inorganic nanoparticles.120, 121 Bulk quantities of 

nanoscale materials have been widely synthesized using gas-phase techniques which are 

economical in a general sense.122-124 However, the necessity of controlling the size, shape and 

other morphological aspects have yielded promising results from a solution/liquid phase 

synthesis route.125-130 Several liquid phase synthesis methods such as aqueous coprecipitation,81, 

115 non-aqueous sol-gel methods,131-135 hydrothermal,136, 137  solvothermal,136 sonochemical,138, 

139 template-assisted synthesis 140 as well as biomimetic approaches141-145 offer a greater degree 

of control with regards to fine tuning of the morphological properties of the inorganic 

nanomaterials. 

Since the early works of LaMer, it is well established that during the formation of colloidal 

nanoparticles, it is essential to have a separation between the nucleation stage as well as the 

growth stage to ensure a uniform size distribution of the nanoparticles.146, 147 A schematic 

representation of the nucleation and possible modes of growth regime based on the type of 

particle growth is shown in  Figure 15. Single step nucleation induces particle growth via 

Ostwald ripening leading to uniform particle size, whereas additional nucleation sites lead to 

coalescence, which are followed by subsequent growth of nanoparticle clusters.134, 148 

Inconsistencies in the formation of nanoparticles and multiple particles growth events can be 

significantly increased due to variation in the thermal gradients among the various components 

of the reaction medium. This leads to non-uniform particles size which consequently results in 

a broad size distribution of the synthesized nanoparticles. 

In comparison with conventional heating methods, microwave irradiation based dielectric 

heating provides a homogeneous heating with enhanced heating rates, which facilitate optimum 

conditions for nanoparticle synthesis with a narrow size distribution. Microwaves are 

electromagnetic radiations which have a frequency between 0.3 upto 300 GHz which translate 

to wavelengths of 1mm to 1m. All domestic microwave appliances such as commercial 

microwaves operate at a dedicated frequency of 2.45 GHz (wavelength =12.25 cm) to avoid 
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any interference with other applications such as telecommunications and radar technology 

which operate in the GHz frequency range as well. Microwave synthesis is largely dependent on 

the effective heating of the materials involved in synthesis by dielectric heating of the solvents 

or the precursors involved. The dielectric heating can be defined as the ability of the materials 

(material precursors, additives and the solvent) to absorb the microwave energy and convert it 

into heat.149, 150 

 

Figure 15 Schematic representation of the LaMer nanoparticle growth model showing the nucleation and 

subsequent Ostwald ripening or coalescence growth stages of nanoparticles resulting in single particle growth or 

growth of particle clusters in solution. 

  

The dielectric heating properties of a material primarily depends on two factors. The first factor 

is the dielectric constant (ε’) which is the ability of the material to be polarized when an electric 

field is applied to the material. The second factor is the dielectric loss (ε’’) which describes the 

effective ability of the material to convert the electromagnetic radiation into heat. The ratio of 

these two factors can be used to define a third factor knows as the dielectric loss tangent tanδ, 

where tanδ= ε’/ ε’’. This factor provides an accurate measure of the ability of a material to 

convert the applied electromagnetic energy into heat for a given temperature and applied 

frequency.151  

Liquid phase microwave synthesis possesses several advantages over conventional heating. 

Microwave heating allows for homogeneous heating of all components within the liquid 

medium based on their individual tanδ. This enables higher heating rates for the chemical 

reactions with no physical contact between the reaction mixtures/solvents and the heating 

source. Additionally, it enables a higher degree of control of the reaction with higher 
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reproducibility and product yields. Moreover, the selective dielectric heating of the reaction 

solutions enables the suppression of possible side reactions. 153, 154   

 

 

Figure 16 Schematic representation of the dipole polarization mechanism displaying the rapid oscillation of the 

dipolar molecule at different times (ns=nanosecond) under constant switching of the electric field generated 

during microwave irradiation. Adapted with permission.152 Copyright 2010, Royal Society of Chemistry. 

 

Application of nanoscaled ZnO in the production of thin-film semiconductor TFTs via solution 

processing often requires the need for polymeric stabilizing agents to obtain a homogeneous 

colloidal suspension. In such cases, the need for a high thermal budget for precursor 

decomposition towards formation of ZnO nanoparticles are eliminated and a thermal annealing 

at 150oC to evaporate the solvent appears sufficient to form ZnO thin-film .155, 156 However, the 

incomplete removal of the polymeric agent severely deteriorates the performance of the 

fabricated TFTs with optimized µFET still < 10-2 cm2/V.s. Ludwigs et al. demonstrated the use of 

metallorganic Zn precursors for the fabrication of ZnO TFTs, wherein the residual organics were 

completely removed under vacuum. Although the organic fragments were carefully removed 

from the ZnO film, the resultant TFT performance did not exceed a µFET of 10-4 cm2/V.s.157 

Commercial suspensions of core-shell ZnO nanoparticles with a 1nm organic shell dispersed in 

methyl-tert-butyl ether exhibit an impressive TFT performance with a  µFET of 0.8 x 10-2 cm2/V.s 

when annealed at only 100oC .158 However, the volatile nature of the solvent used restricts its 

applications for large area coating as inkjet printing processes. These results facilitate the need 

for in-situ generation of stable nanoparticles in a desired solvent suitable for coating as well as 

printing applications of such colloidal nanoparticle suspensions. 

Synthesis of uniform colloidal ZnO nanoparticles using the previously mentioned oximato 

precursors have been previously reported by our group.159 The facile decomposition of the 

precursor leads to the formation of stable nanoparticles clusters with a core shell structure. The 

ZnO nanoparticle core consists of an organic shell of 1nm, which consists of residual fragments 
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of the ligand species which enable is stability over several months and do not undergo any 

visible sedimentation. The size of the ZnO nanoparticles can be increased (30- 140nm) by 

increasing the precursor concentration as well the increasing carbon chain length of the alkoxy 

groups (RO) of the alkoxyethanol (RO−C2H4OH) solvents used for the microwave synthesis, 

ranging from methoxyethanol to butoxyethanol. The TFTs prepared from spin-coating the 

homogeneous nanoparticle suspensions and annealed at 325oC exhibit a TFT µsat of 

0.045cm2/V.s and Ion/off  of 4.5 x 105. These results were one of the highest reported values for 

ZnO nanoparticles generated in-situ and directly processed without the need for and 

modification or addition in the nanoparticle suspension.  

Using the same strategy, highly monodispersed colloidal IZO nanoparticles (5nm) were 

synthesized and resultant stable colloidal suspensions were investigated for their thin film 

performance.160 The colloidal suspensions synthesized in ethoxyethanol were stable over several 

months and did not undergo any flocculation or sedimentation as monitored by dynamic light 

scattering (DLS) techniques due to the presence of the adsorbed species of the dissociated 

ligands of the oximato precursor. Additionally, no separate phases of individual In2O3 or ZnO 

nanocrystallites were observed and the particles exhibit an amorphous nature as investigated 

by XRD and TEM investigations. The TFTs performance of the IZO suspensions formed via spin-

coating and subsequent thermal annealing at 450oC exhibit a high TFT performance with a µsat 

of 8.7 cm2/V.s, Vth of 3.3V and an Ion/off of 2.5 x 105. The complete details of this study can be 

found in Section 6.1 which includes the microwave synthesis parameters as well as material, 

optical and electronic characterization of the IZO nanoparticles as well as the IZO thin-films 

fabricated by employing the nanoparticle suspension. 
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4 Site-selective deposition of solution processed oxide semiconductors 

 

Solution processed metal oxides and their potential towards large-area fabrication has 

generated tremendous interests in the field of next generation display technology via roll-to-roll 

fabrication by various coating methods such as inkjet printing, screen printing, flexographic 

printing, gravure printing among other techniques.72, 74, 161-165 Additionally, solution processing 

of such materials avoids the need for sophisticated coating and processing equipment in 

comparison with gas-phase methods such chemical vapour deposition, sputter deposition, 

pulsed laser deposition etc.66, 166-169 which often require vacuum conditions and the need to be 

processed in a cleanroom environment which makes the process by far more complicated. 

Low temperature solution processing of metal oxide for the fabrication electronic devices has 

achieved significant progress in the last years. However, the scope of industrial integration of 

such functional electronic films has been limited due to the extensive photolithography needed 

to structure these oxide layer into a multilayer device architecture to enable the manufacturing 

of flexible plastic electronics.161, 170 Photolithography enables the ability to scale up to the 

process with site-selective deposition of the oxides across the large-area target substrates.171 

However, the need to use sacrificial polymer resists and their processing, accompanied by the 

usage of strong acidic chemical etchants during the development of the oxide films often leads 

to electrical and morphological deterioration of the deposited oxide layer.63, 172-174 Several 

strategies for micro-patterning of inorganic oxide exist to date which rely on chemical 

modification of the target substrates such as generating hydrophobic and hydrophilic patterns 

on the substrate for selective wetting of the oxide precursors, gravure printing, 

polydimethylsiloxane (PDMS) stamping and direct writing via selective laser ablation of 

precursor films.175-179 Such strategies  have exhibited encouraging results in terms of the TFTs 

fabricated via such patterning processes.  

 

4.1   Direct photo-patterning of metal oxide semiconductors  
 

In recent years, considerable progress has been achieved with site selective deposition of 

solution precursors via various deposition methods. However, there are still several fabrication 

hurdles in terms of consistency in film thickness and pattern resolution over large areas which 

are essential to realize high performance TFTs for large scale fabrication. An attractive 

alternative to surpass such existential drawbacks involves the use of photosensitive precursors 

which allow for the direct patterning of inorganic oxide precursor films upon exposure to 
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ultraviolet light whose wavelength matches that of the intrinsic precursor absorption 

wavelength.1, 170 In general, the available chromophores (i.e. the part of the molecule 

responsible for its colour) are restricted to the ligand-to-metal charge transfer bands and the π-

π* or n-π* transitions in double bonds within the ligand framework. 

 

  

 

Figure 17 Schematic representation of the steps employed within this work for the direct UV photo-processing of 

semiconducting IZO/ZTO thin films from the oximato precursor solutions fabricated on a TFT substrate.  

 

In order for the precursors to be suitable for photopatterning, they need to essentially function 

as a negative photoresist, wherein the sections of the film exposed to DUV irradiation via a 

shadow mask, partially decompose into a polymerised network which adheres to the target 

substrate. The unexposed regions can be easily removed via common organic solvents in which 

the parent precursor is soluble, but not the intermediate product formed after DUV irradiation. 

A schematic representation of the steps involved in s typical DUV photo-patterning approach 

using oximato precursors during this work is shown in Figure 17. 

To this end, successful approaches for direct photopatterning have been demonstrated using 

metal diacrylate, metal acetylacetonates or by addition of photosensitive acetylacetone and 

benzoylacetone to the existing precursor solutions.170, 172, 180-182 However, the use of 

photosensitive additives or the use of bulky organic photosensitive ligands often need additional 

high annealing temperatures (>400oC) to remove the residual impurities arising from the 
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incomplete decomposition of the precursor at lower temperatures. Although, deep ultra-violet 

radiation (DUV) with peak emission wavelength of 254 nm (90%)  has been utilized for 

precursor decomposition, research pertaining to the patterning of precursors is rather scarce.161, 

183, 184 This is primarily due to the fact that peak emissions at ~ 254nm irradiation corresponds 

to a emitted energy of ~471 kJ/mol  which is effective in decomposing majority of the organic 

bonds within the precursor, such as the C-C bond, C-O bond and the C-H bond with bond 

dissociation energies of 348kJ/mol, 352kJ/mol and 413kJ/mol respectively.161, 185, 186 However, 

upon partial decomposition of the precursors, the intermediate product do not adhere well to 

the substrate and is completely washed away during the rinsing step for the development of the 

pattern. In other cases, the precursor film strongly adheres to the substrate directly upon spin 

coating and development of the pattern relies on different etching rates of the DUV exposed 

and non-exposed areas, which to some degree creates limitations in the generation of the 

multifunctional layered architecture of TFTs.187   

In the case of diacrylate based precursors, it was reported that the zinc precursor undergoes an 

α-cleavage mechanism, wherein the DUV irradiation attacks C=C bonds and enables cross-

linking via C-C bond formation.188-190 The resultant DUV exposed film remained insoluble in 

iso-propanol which was used to rinse away the parent precursor film. Photo-patternable 

precursors generated by the addition of photosensitive chelate ligand such as benzoylacetone, 

the DUV irradiation enabled the π-π* transition, decomposing the chelate rings of the 

benzoylacetone and resulting in the cross-linking polymerization process. As a result, the DUV 

exposed films were insoluble in 2-methoxyethanol or ethanol, which was used to wash away 

the non-irradiated areas of the films and develop the desired pattern. However, there always 

exists a trade-off between the ability of bulky photosensitive ligands for patterning and the 

resultant TFT performance achieved from such precursors. The primary cause for this is the 

incomplete decomposition of the precursors post-patterning at moderate temperatures (350oC) 

and residual impurities from the ligand which require high temperature annealing for complete 

removal. Also, the nature of oxygen-related defects is significantly altered, resulting in the poor 

performance of the devices. For example, photopatterned ZnO TFTs from the zinc diacrylate 

precursor , annealed at 450oC exhibited an average µFET of 0.2cm2/V.s, Vth of 14.9 V and an 

Ion/off of 1.2 x 105, while ZTO TFTs fabricated via the addition of benzoylacetone exhibited a µsat 

of 0.03cm2/V.s, Vth= 3.94 V and an Ion/off of 6.85 x 105
 when annealed at 350oC.180, 181 

 In contrast to the current approaches, tailored precursors with Schiff-base 

methoxyiminopropionic acid “oximato” ligands used in this work represent an ideal alternative 
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as an additive-free approach for facile photo-patterning of the desired inorganic metal oxides. 

These metal complexes possess an intrinsic broad absorption in the DUV range between 200-

300nm with an absorption maximum at ~ 250nm, which is ideal for DUV patterning with a 

prominent irradiation at a wavelength of 254nm.  Upon patterning with DUV light, through a 

shadow, the cleavage of the N-O bond within the ligand framework occurs while the carboxy 

fragments of the precursor remain intact. The DUV irradiated portion of the precursor does not 

dissolve in the parent solvent (2-Methoxyethanol), ethanol or water which were used to easily 

rinse and wash away the non-irradiated precursor. This enables a very convenient approach for 

the facile photopatterning of amorphous semiconducting IZO and ZTO thin-films. The patterned 

thin-films show active TFT performance when annealed at 250oC. An optimized performance is 

achieved when annealed at 350oC and exhibit high TFT performance with a µsat of 7.8 cm2/V.s, 

Vth of 0.3 V and an Ion/off  of 3.5 x 108 for the IZO TFTs and a µsat of 3.6 cm2/V.s, Vth of 2.4 V and 

an Ion/off  of 6.4 x 107 for the ZTO TFTs  Such an approach can certainly be extended towards 

the photopatterning of other metal-oxide with a variety of functional mechanical, electronic and 

magnetic properties. The complete photo-patterning process, material and electrical 

characterization performed in this work can be found in Section 6.3 

 

4.2   Biomineralization on a biological template 
 

The growth of significant interest to mimic naturally occurring organic-inorganic or bio-

inorganic hybrids due to their ability for self-assembly paves the way of unique material 

synthesis strategies in contrast to conventional approaches.191 Biological templates for self-

assembly or site-selective deposition onto such biological templates proteins, viruses, 

bacteriophages as well as deoxyribonucleic acid (DNA) have demonstrated the potential to 

pattern inorganic nanoparticles and generate hybrid nanostructures with unique functional 

properties.192-204 The scope of such hybrid materials extends beyond the fundamentals which 

govern the synthesis and binding of the organic and the inorganic phases , where such functional 

hybrid materials have been used as active materials in applications such as semiconductors, 

batteries, catalysts, medical imaging materials, sensors and memory devices.204-213  Virus 

templates or scaffolds are one of the emerging materials for the fabrication of materials in the 

field of bionanoelectronics.214  Among such materials, the is one of the oldest and biologically 

well-studied material which has shown its ability to form functional and electronically active 

materials when combined with inorganic nanoparticles.215 The TMV consists of well-defined rod 

or tubular structure with a length of 300nm, with an outer an inner diameter of 18nm and 4nm 
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respectively with an internal ribonucleic acid (RNA) structure an outer coat protein shell 

containing ~ 2130 identical coat protein units. 216, 217. The most commonly studied wild-type 

(wt. ) variant, cystiene, histidine mutants and the  E50Q (RNA absent) mutant as shown in 

Figure 18a,b. 

 

 

 

Figure 18 Molecular model of the a) horizontal cross section and b) vertical section the rod-like wild-type (wt) 

TMV. Adapted with permission.218 Copyright 2013, AIP publishing. Molecular model of the genetically modified 

TMV coat protein including the c) cysteine, d) histidine e) wt-TMV and f) E50Q mutant. The cysteine and histidine 

mutants have the coat protein modification, while the E50Q mutant consists of self-assembled coat protein discs 

without the RNA. (Courtesy Dr. Sabine Eiben, University of Stuttgart) 

 

The advancing research in the area of virology and material science has shown that the TMV’s 

robust ability to remain stable under a broad pH range (pH 3-10) facilitates the binding of 

metallic as well metal oxide particles in reducing and oxidising environments. 219-227  

Additionally, genetically modification of the TMV particles with amino acids and peptides can 
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be implemented to specifically target the binding of a specific metal ion for the formation of 

various bio-inorganic nanostructures.228-236 The TMV as a biological template also has a 

remarkable thermal stability of up to 70oC, which aids in to formation and growth of different 

metals or metal oxides via sol-gel reaction.  

Given the unique role of the TMV coat proteins and the potential to manipulate the surface 

charges, the TMV particles can themselves be self-assembled and structured by a variety of 

methods ranging from 1D to 3D nanostructures. The pre-existing high aspect ratio of the TMV 

can be further enhanced by increasing their head-to-tail linkage of multiple TMV nanorods 

resulting in the formation of nanowires. Such bio-nanowires can be production under acidic 

environments (pH<4), which arises from reduced interfacial repulsion of the charges on the 

TMV and favours a head-to-tail assembly as a result of minimised repulsive surface charges.237, 

238 Such long range ordering of the TMV particles can only be maintained under the desired pH 

conditions , which otherwise leads to disassembly of the head-to-tail arrangements due the 

dominance of the repulsive negative surface charges at higher pH conditions. However, 

permanent structuring of these long TMV nanowires can be easily achieved by polymerization 

with biocompatible polymers such as polyaniline.239  Genetic modification of the TMV surface 

via the generation of the cysteine mutant TMV-1Cys facilitates the vertical assembly of the TMV 

virus onto gold surfaces via the gold-thiol groups present in the cysteine groups.240-242 The 

structured TMV scaffold with subsequent deposition of nickel (Ni) nanoparticles as well as 

vanadium oxide (V2O5) have show promising potential as electrode materials in battery 

applications due the high surface area 3D scaffold provided by the TMV in contrast with planar 

deposition of the metal/metal oxides for the fabrication of electrode materials in batteries.  The 

ability of the TMV to form various complex heirarchial nanostructures utilising their unique 

ability of surface functionalization and genetic modifications of the coat protein allows for 

improved generation of high surface area bio-templates to fabricate a variety of functional 

nanostructured coating and can be diversified to other relevant materials in the future.  

Although the versatility of the TMV to act as a high aspect ratio bio template at a nanoscale has 

been well explored, the electronic and mechanical properties arising from the synergistic 

combination of the biological TMV in combination with metals as well as metal oxides as gained 

renewed interest to understand the role of the coat proteins and the RNA in the electroactive 

response within the hybrid bio inorganic material. TMV also possess interesting electronic 

properties due to the negatively charge surface of the coat protein. For a hybrid material 

consisting of platinum nanoparticle coated TMV, the current-voltage measurements (I-V 
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characteristics) of the material showed a hysteresis in the conductivity measurements with a 

distinct difference between its forward and reverse direction voltage sweep.209 Such behaviour 

essentially corresponds to that of a memory device called as a memristor, although the observed 

characteristics were not suitable for analysis as per standard memristor physics but certainly 

laid the grounds for further investigations of the observed phenomenon. 

 

 

Figure 19 a) HR-TEM images of wt TMV nanoparticles. Adapted with permission.218 Copyright 2013 AIP 

publications. Pt(II) pretreated TMVs metallized with b) nickel and c) cobalt by electroless deposition. Adapted with 

permission. 243 Copyright 2004, WILEY-VCH Verlag GmbH & Co. KGaA. 

 

The preparation of the hybrid material within the device was performed by spin coating a 

solution of polyvinyl alcohol (PVA) consisting of platinum nanoparticle coated TMV, with 

aluminium electrodes which served as electrical contacts for the electrical characterisations. 

Along with the I-V characteristics, data retention characteristics were also measured via a 

semiconductor parameter analyser (SPA) which clearly indicated the material could be switched 

between an On-state and an Off-state based on the application of a positive voltage pulse of 

(2.5V) turn on the memristor or in other words “write” the data and on the other hand, 

application of a negative voltage pulse (-1.5V) to switch off the device or “erase” the data. The 

memory storage effect was attributed to the injected charges being trapped within the 

nanoparticles at the Pt nanoparticle interface and the insulating TMV coat protein which served 

as an insulating barrier due to which charge retention was possible. Upon application of 

sufficient voltage, the effective potential barrier could be overcome, leading to charge transport 
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through the guanine nucleobase within the TMV-RNA which acts charge-donor groups. It was 

concluded that the effective charge transport through the RNA in the On-state of the device was 

due to the Fowler-Nordheim tunnelling effect and not primarily due to thermionic charge 

injection which initially facilitates the storage of charges at the trap-sites present at the 

nanoparticle/coat-protein interface. These results proved that the a TMV-platinum nanoparticle 

hybrid material could serve as an electronically active rewritable random-access memory device 

which takes advantage of the electronic storage properties arising out of such a bio-inorganic 

hybrid material. 

Research carried out during the course of this work investigated the electronic effects of the 

TMV in combination with ZnO as a hybrid semiconductor. ZnO is an attractive material with  

semiconducting properties such as a wide band-gap, high electron mobility and its economically 

viability.244, 245 Although ZnO can be deposited via vacuum-based techniques at near room 

temperatures, the effect irradiation and gaseous environments and temperatures generated 

during the process cannot ensure that the TMV is biologically active. Hence, solution-based 

processes preformed at near room temperature (60-70oC) serve as an ideal platform to 

synthesize a TMV/ZnO hybrid material, at which the biological activity of the TMV can be 

ensured to remain intact and can be investigated.  However, as-synthesized zinc oxide by itself, 

deposited solution-based processes does not exhibit viable electronic properties due a large 

concentration of zinc and oxygen related defects present within the material. Hence, the 

material usually needs to be annealed up to very high temperatures (>RT upto 500oC) in order 

to render the material as a semiconductor.71, 246-248 

Earlier investigations reported prior to this work with our collaborative research with the 

Institute for Material Science and the Institute for Biomaterials and Biological systems at the 

University of Stuttgart, had successfully demonstrated that non-aqueous mineralization of ZnO 

on wt-TMV immobilized on the pre-structed FET device, displayed active transistor behaviour 

in its as prepared state.249 However, no activity was observed for ZnO which was mineralized 

directly onto the FET substrate. As discussed earlier, ZnO derived from a solution process 

contains a large number of atomic defects which need to be passivated via high temperature 

annealing. Another advantage of this process is that the ZnO preferentially nucleated and forms 

nanoparticles onto the TMV which serves a structure directing and site-selective bio-template 

for the deposition of ZnO, essentially forming polycrystalline ZnO nanowires. Similar results 

have previously been demonstrated for the selective mineralization of metal clusters onto wt-

TMV effective binding of the metal ions on the TMV. This synthesis was facilitated by the coat 



 

  43 

proteins which contain amino acids such as serine, threonine which contain hydroxyl (-OH) 

functional groups as well as the carboxyl (-COOH) group present on the terminus of the coat 

protein which effectively act as ligands for the metal ion binding, under controlled pH 

conditions via electroless deposition 243. Investigations by other research groups, based on 

viruses and enzymes via scanning tunnelling microscopy show that charge transport indeed 

occurs through the macromolecular structure of such biologically active materials via the 

tunnelling effect similar to that reported for the TMV/platinum nanoparticle based memory 

devices.250, 251 However, the hybrid bio-inorganic semiconductor material generated by direct 

mineralization of the ZnO onto the TMV has not yet been implemented within the field effect 

transistor. 

The use of ZnO nanoparticles derived via solution process still need an adequate thermal 

annealing post-deposition155, 158, which clearly emphasizes the active role of the TMV in the bio-

inorganic hybrid semiconductor fabricated under mild chemical conditions. In order to 

synthesize the TMV/ZnO hybrid semiconductor, TMV particles were immobilized on the FET 

substrate by first coating the substrate with aqueous zinc acetate to provide divalent Zn2+ 

cations and removed after 10 minutes via a stream of argon. This improves the adhering of the 

negatively charged TMV on the substrate. The pre-fabricated FET substrate comprised of 

interdigital gold electrodes structured on a highly n-doped Si substrate with thermally grown 

SiO2 dielectric layer (SiO2 = 90nm). The mineralization solution consisted of zinc acetate 

dihydrate Zn(OOCCH3)2·2H2O [10mM], polyvinylpyrrolidone (PVP) [10mM] and 

tetraethylammonium hydroxide (TEAOH) [25mM] and was carried out at 60oC for 1.5 hours 

per mineralization cycle. The TEAOH acts as a basic agent to facilitate the olation and oxolation 

steps in the formation of ZnO while PVP is primarily used to control the nucleation rate and 

rapid increase in particle size of the ZnO nanoparticle as a result of the Ostwald ripening 

phenomenon.119 The  repeated mineralization cycles can be performed to achieve the desired 

thickness coating of the ZnO onto the TMV template. The electrical characterization of the 

TMV/ZnO hybrid material by measuring the transfer and output characteristics of the TMV/ZnO 

hybrid after 15 mineralization cycles of the ZnO onto the TMV exhibited a effective charge 

carrier mobility of 1.15 x 10-2 cm2/V.s, Vth of 2.1V and an Ion/off ratio of 5.8 x 104. Reference 

ZnO generated from ZnO alone with identical mineralization cycles did not show any active 

transistor performance and the device was in the Off-state in the entire range of the gate- voltage 

(Vgs) sweep range (-5 V to 30 V). 
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Within the duration of this work, an alternative procedure for the generation of the TMV/ZnO 

hybrid material was developed via microwave synthesis of the ZnO nanoparticles using a 

molecular precursor route. Complete details of this research can be found in Section 6.4. The 

procedure employed the use of diaqua-bis[2-(methoxyimino)propanato]zinc(II) or zinc 

“oximato” as a molecular precursor which has been previously reported by our group.77, 101, 159  

The motivation behind this approach was to investigate the effect of a new mineralization 

approach with a well-defined precursor which under goes a clear decomposition with volatile 

by-products enabling the production of high quality of ZnO. The mineralization solution was 

prepared similar to the recipe defined earlier with the only change being the choice of precursor 

used. The zinc oximato precursor is known to produce stable nanoparticles under microwave 

irradiation.159 Adaptation of this procedure in a methanolic solution with the addition of PVP 

and TEAOH helped the generation of stable ZnO nanoparticles under mild microwave 

conditions, with an applied power of 50 Watts (dynamic mode) , with an average applied power 

of just 15 Watts for one mineralization cycle which is completed in 30 minutes. The formation 

of the ZnO nanoparticles was confirmed via UV-Vis, dynamic light scattering (DLS) technique 

as well as TEM measurements which confirm an average particle size of 5 nm. For the 

mineralization of the TMV with ZnO, the FET substrate consisting of the immobilised TMV was 

completely immersed in 10 ml of the mineralization solution and the microwave reaction was 

carried out at mild reaction temperature of 60oC. Microwave decomposition with zinc acetate 

salt usually requires higher temperature (250oC) via microwave synthesis for the formation 

stable colloidal ZnO particles.252 Such high temperatures were deemed unsuitable for the 

mineralization of the TMV and were not investigated further. The zinc oximato precursor 

decomposition in the presence of the basic agent TEAOH was investigated via 13C NMR 

spectroscopy and distinct chemical shifts were observed for the release of acetonitrile (δ = 

117.30 ppm) with other trace signals from the residual free ligand which can be expected for 

such a base catalysed reaction. The decomposition mechanism was in accordance with second-

order type Beckmann rearrangement reaction.253 Successful mineralization of the ZnO onto the 

TMV immobilized on the TFT substrate was verified via AFM as shown in the Figure 20 a,b. A 

schematic representation of the TMV/ZnO FET is shown in Figure 20c. The number of ZnO 

mineralization cycles of also had a clear influence of the TMV/ZnO hybrid, where different FET 

performance metrics were observed when the mineralization cycles were increased from 3 to 

12. The influence of the ZnO layer thickness and uniformity is known to have a critical influence 

on the FET performance and needs careful optimization.23, 254 All prepared TMV/ZnO FETs via 
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the microwave route showed active semiconductor behaviour without the need for any high 

temperature annealing, owing to the presence of the electroactive TMV template. 

 

Figure 20 AFM micrographs of a) the bare wt. TMV template immobilized on a Si/SiO2 substrate as well as b) the 

wt TMV template after 1 cycle of ZnO mineralization performed in this work. c) Schematic representation of the 

TMV/ZnO hybrid semiconductor employed in a TFT device. Adapted with permission under creative commons.218 

Copyright Beilstein Institut. 

 

Lower number of deposition cycles (3 cycles) exhibited very weak transfer characteristics with 

significantly reduced Ion/off of 10.2 × 102, accompanied by higher threshold voltages Vth= 17.7 

V and low mobility value µsat of 8.0 × 10−6 cm2/V.s. Increasing the deposition cycles (15 cycles) 

deteriorated the overall transistor performance with high ON and Off currents with poor Ion/off 

= 1.0 × 102 and displayed a conductive nature with an increased mobility µsat of 1.6 × 10−3 

cm2/V.s. Optimization of the number of mineralization cycles with respect to reasonable trade-

offs for the µsat, Vth and Ion/off was achieved with 6 mineralization cycles which exhibited a 

mobility µsat of 6.7 × 10−4 cm2/Vs, Vth of +4.7 V and an Ion/off of 9.0 × 105. A higher Ion/off ratio 

with respect to previously reported values was potentially attributed to a higher degree of 

oriented ZnO nanoparticles resulting from the use of the molecular precursor employed in the 

work. Thus, a new microwave synthesis route for the mineralization of ZnO on to the TMV 

template to create a bio-inorganic hybrid active semiconductor is developed. This new process 

enabled to obtain improved FET performance in some respects as well as reduce the time needed 

per mineralization cycle from 1.5 hrs to 30 mins. The improved synthesis route via the molecular 

precursor route can certainly be extended to a clear and controlled deposition of metal oxides 

in combination with functional biological templates with unique electrical and physical 

properties. 
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5 Atomic layer deposition (ALD) of oxide semiconductors 

 

Atomic layer deposition (ALD) is a well-known conventional material deposition technique to 

obtain well-defined thin films across a variety of target substrates.255, 256 The unique property 

of the ALD relies on its ability of self-limited surface reactions, where a defined dosage/pulse of 

the precursor in combination with an inert carrier gas is released into the reaction chamber, 

followed by subsequent release of the oxidising agent, in the case of metal oxides.  

The reaction is basically divided in to two “half-reactions” in order to complete one deposition 

cycle of the desired material. The first “half-reaction” consists of one precursor pulse which is 

released into the reaction chamber and held for a sufficient period of time (seconds), where the 

precursor is deposited on the target substrate by partially reaction with the surface groups 

present on the substrate or via chemisorption.257 This process ensures that the precursor adheres 

well to the substrate. In the case of the silicon, silicon-dioxide or polymeric substrates, the 

surface hydroxyl groups react with the precursor, wherein the precursor undergoes partial 

decomposition.258 This is followed by the release of the oxidizing agent, which in most cases is 

water. The water pulse is also held for a few seconds to ensure complete precursor 

decomposition, followed by purging the reaction chamber with a stream of inert gas which 

facilitates the beginning of the next deposition cycle. The precursor reaction steps using 

trimethyl indium and diethyl zinc are in the presence of water as a oxidising agent are given by 

the following equations. The chemical equations for such a type of deposition is formulated for 

ZnO in equation 5.1 with aterisks denoting active surface species and double vertical lines 

denotthe surface itself: 

 

Due to the different stoichiometry of In2O3 films, deposition may be denoted split into two half reactions 

5.2 and 5.3 with the overall stoichiometry as shown in equation 5.4 

 

 

 

 Equation 5.1 

 Equation 5.2 

 Equation 5.3 

 Equation 5.4 



 

  47 

Stronger oxidising agent such as ozone (O3) or hydrogen peroxide (H2O2) are occasionally used 

in order to decompose precursors which do not undergo complete reactions with H2O. 259-261. 

The reliability of the precursor deposition also depends on the deposition temperature within 

which successful deposition of the precursor is carried out. This desired temperature range  

varies for different precursors depending on the anion or ligand of the corresponding metal and 

is often known as the “ALD temperature window” which typically ranges from 100oC to 300oC 

for most of the precursors employed.262 With a large variety of precursors developed for the 

conformal coating of large scale deposition of metals, metal oxides and metal nitrides and the 

increasing need for miniaturization and complex structures in the field of microelectronics, ALD 

has presented itself as a front runner for the fabrication and conformal deposition of next 

generation nanostructures in the field of microelectronics. 

 

 

5.1   Heterostructure stacks of indium oxide/zinc oxide semiconductor TFTs 
 

In the past decades, investigations and application of ALD-based films has largely been devoted 

to the development of metal layers and dielectric layers comprising mainly of metal oxides and 

metal nitride layers.260, 263, 264 However, with the rise of flexible electronics based on plastic 

substrates, ALD technology has seen an increasing rise in the development of active 

semiconductor layers for TFT applications , apart from metal contacts and inorganic dielectric 

layers. Initial investigations of semiconducting layers were largely focussed on the deposition 

of zinc oxide using diethyl zinc (DEZ) and H2O, owing to their easy availability and facile 

deposition conditions.265-280 A comprehensive review concerning the precursors used, reaction 

kinectics , film growth rates and the quality of the result ZnO has been summarised by Tynell 

and coworkers.281  Fabrication of ZnO TFTs using ALD have shown impressive performance  and 

reliability due to the precise control over the reaction kinetics as well as film thickness, both of 

which are highly relevant to produce high performance TFTs. However, typical ZnO TFTs based 

on conventional SiO2 dielectrics for  ALD report TFT mobility values between 0.1 and 10 cm2/V.s 

based on based on the type of reactor used, deposition temperature,  flow of gases, type of 

oxidizing agent used among others. Such parameters are also know to influence the TFT 

performance, although the starting precursor in all cases remains the same.275, 277, 278 Tsai et al. 

reported ZnO TFTs with a mobility of 20 cm2/V.s which is among the highest reported values 

for ALD-based ZnO TFTs.282 Although such reported values are obtained by the use of high-k 

dielectric materials Al2O3 and HfO2 which are well known to deliver higher TFT performance, 
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due lower leakage currents in comparison with the standard SiO2 dielectric. TFTs based solely 

on ZnO often suffer from device instability in terms of voltage bias stress and degradation over 

time resulting commonly from oxygen vacancy related defects. In order to improve device 

performance, cations such as Hf and Al have been used to produce doped ZnO TFTs such as 

AlZnO (AZO) and ZnHfO with enhanced stability. 283-285 In recent times, high performance 

multinary amorphous  InGaZnO (IGZO) TFTs with mobilities of 3.5 cm2/V.s have also been 

fabricated via a sophisticated “Spatial ALD” which used co-injection of sophisticated indium and 

gallium precursors in combination with diethyl zinc which demonstrates the potential of 

fabrication amorphous oxide semiconductors via ALD.68, 285 A similar strategy without co-

injection was shown by using a single premixed precursor formulation (In:Ga:Zn, 1:1:3) using 

sophisticated precursors to fabricate IGZO TFT with impressive mobilities of 6.1 to 14.8 cm2/V.s 

for deposition temperatures between 130oC to 170oC.69 However, more recently, multilayer 

architecture for generation of heterostructure semiconductors has facilitated the fabrication of 

high performance TFTs, wherein controlled thickness of dielectric oxides help to control the 

passivation of defects as well as the growth direction of the ZnO layer.283, 286, 287 Interesting, 

fabrication of multilayer heterostructures based on individual binary 

semiconductor/semiconductor structures towards the generation of high performance TFTs are 

rather scarce while only investigations based on  pulsed laser deposition of ZnO/SnO2 

heterostructures have been reported.288  

The studies carried out during this thesis conducted the investigations on generating high 

performance heterostructure semiconductors with highly tuneable properties with precision 

deposition of the metal oxide via ALD. Complete details of the ALD parameters, influence of the 

heterostructure design as well as the material and elctronic characterization can be found in 

Section 6.7. Using trimethyl indium and diethyl zinc as starting precursors with water as an 

oxidising agent, successful fabrication of high performance TFTs using stacks in indium 

oxide/zinc oxide (In2O3/ZnO) were demonstrated. A schematic representation of the ALD 

supercycles and the corresponding generation of a In2O3/ZnO heterostructure stack is shown in 

Figure 21. The overall film consisted of alternating layers of ultrathin well-defined In2O3 and 

ZnO. The final film of the multi-layered heterostructure stacks annealed at 300oC, consisted of 

a ultrathin (9 nm) thick film consisting of four alternating layer of In2O and ZnO. The deposition 

of the heterstructure stacks results in a highly crystalline material in which the lattice planes of 

the crystalline material were visible in the HR-TEM investigations as shown in Figure 22. 
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Figure 21  a) Schematic representation of a single supercycle performed for the deposition of the In2O3/ZnO 

heterostructure stack from the precursors TMI and DEZ. Steps (1) and (2) depict the indium precursor (TMI) 

deposition and partial reaction, followed by removal of volatile by-products with an Ar purge and final conversion 

to the indium oxide with a H2O pulse. Steps (4) and (5) depict the deposition of the zinc precursor (DEZ) on the 

indium oxide layer, with analogous reaction steps as for the indium precursor TMI. Steps (3) and (6) indicate 

multiple iterations of the individual precursor cycles to achieve the desired deposition thicknesses. b) Schematic 

representation of building a heterostructure stack of In2O3/ZnO on a Si/SiO2 substrate 

 

 

Figure 22 Cross-sectional TEM micrographs obtained via FIB sample prepara-tion of a) four stacks of the 

heterostucture, b) high-resolution zoom-in image of the In2O3/ZnO heterostructure stacks which display the visible 

lattice planes of the crystalline heterostructure material. 

 

Apart from the optimization of the individual layer thickness of each of the individual metal 

oxide, it was found the number of such stacks played an important role. Higher number of stacks 



 

  50 

(6 stacks) increased the conductivity of the overall film, thereby increasing the off-current and 

reducing the Ion/off ratio as well as TFT mobility which are undesired. On the other hand very 

few number of stacks (3 stacks) resulted in much higher threshold voltages and relatively poor 

mobility values. The nature for such behaviour investigated via angle-resolved XPS wherein the 

oxygen O1s core spectra revealed that the initial layer in contact with the dielectric interface 

contained fewer hydroxyl (-OH)  groups (6.8 at.%)  and defect sites while containing a higher 

percentage (93.2 at.%) of well- coordinated oxygen arising from the lattice oxygen from the 

metal-oxygen-metal (M-O-M) bonds. This ration of defects proportionally gets inverted where 

the upper-most layers of the film consisted of higher amounts of hydroxyl species ( 15.5 at%) 

and a slightly reduced amount  (84.5 at.%) of the M-O-M species. Higher amounts of hydroxyl 

groups and oxygen vacancy defects within thicker films are known to increase the charge carrier 

concentration of the film which in turn increases its conductivity and adversely affect the TFT 

performance in terms of the TFT mobility, threshold voltage and Ion/off. Similar observations 

were by the Fortunato group, for sputter based IZO TFTs, where device degradation occurs 

beyond a certain optimal film thickness.289 Additionally, for an increasing film thickness, an 

increase in off-current and a negative shift in the Vth has been attributed to deep-donor like 

states arising from oxygen vacancy related defects, thereby increasing the overall trap 

density.290-292 Moreover, we observed that the order of the sequential deposition also play a 

crucial role in improving the TFT performance. Multiple stacks generated by first depositing the 

ZnO layer followed by the In2O3 layer (ZnO/In2O3, 4 stacks) within the heterostructure 

architecture delivered relatively inferior performance average field-effect mobility (μsat.) of 1.07 

cm2/ V.s, Vth of 10 V, Ion/off ratio of 5.2 × 106 and a sub-threshold swing (SS) of 1.85 V/dec in 

comparison with the deposition of In2O3 first (In2O3/ZnO, 4 stacks) which had a comparatively 

high device performance with an average field-effect mobility (μsat.) of 6.5 cm2 /V.s, Vth of 8.9 

V, Ion/off ratio of 5 × 107 and a substantially reduced SS of 0.7 V/dec. The reason for such 

enhancement in the TFT performance was due the highly conductive nature of the In2O3 when 

employed in a TFT device whereas ZnO TFTs yielded a semiconducting behaviour with rather 

poor performance as expected. Additionally, literature based on the metal oxide TFTs  deposited 

either via sputtering or solution processing of semiconducting layers with a higher charge carrier 

concentration at the dielectric interface, followed by subsequent deposition of layers with 

reduced charge carrier concentration has shown substantial improvement in the overall 

transistor performance.293, 294 Moreover, our finding were well supported by the AFM result, 

wherein a individual layer of In2O3 films had a slightly higher surface roughness (RRMS ∼ 0.34 
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nm) in comparison with the ZnO films (RRMS ∼ 0.22 nm). The optimised heterostructure had an 

intermediate surface roughness ((RRMS ∼ 0.28 nm), which proved that the overall chemical 

composition of the multi-layered films played a dominant role in tuning the TFT performance, 

where a smoother surface topology of the films did not contribute towards improved device 

performance.  Interestingly, recent literature also attributes the high performance and reliability 

of such TFTs on the 2D-electron gas (2DEG) at the heterointerface (Figure 23), consisting of a 

high electron concentration which becomes the dominant pathway of charge transport, with 

reduced resistance at the heterointerface.291, 295, 296. Within a fabricated heterostructure, the 

electrons reduce their energy by migrating out of the different semiconductor layers due the 

potential difference between the two semiconductors and accumulate at the heterointerface, 

where they form a 2D electron gas (2DEG) in close proximity to the heterointerface.297 

Additionally, the locally confined charge carriers at the interface do not get significantly affected 

from the trap states in the bulk stack which minimizes the ionized impurity scattering from the 

bulk material and promotes a higher charge carrier mobility higher than that  of the individual 

semiconductors when employed in a FET device.298, 299 

 

 

Figure 23 Distribution of charge carrier density (NCV) measured from the C–V data as a function of 

heterojunction depth where an increase charge carrier concentration is observed. d) Energy band 

diagram and accumulation of charge carriers (electrons) of the In2O3/ZnO heterointerface. Adapted with 

permission.296 Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA. 

 

Research based on application of transparent heterostructure metal oxide semiconductors 

posses a broad scope in terms of factors influencing the chemical and electronic properties in 

the area of next generation electronic technologies such high performance FinFETs (resembling 
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the vertical fin of a fish)  and memory devices which have evolved into 3D architectures.300, 301 

ALD presents itself as the most suitable candidate for the deposition of ultrathin function films 

with precise conformal coating for such technologies with promising capabilities of roll-to-roll 

mass manufacturing.302, 303 
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6 Organisation of the cumulative part of this dissertation 

 

The following chapters of this thesis are arranged into three categories. The first category 

consists of the publications associated with the processing and application of the different metal-

oxide semiconductors (colloidal IZO nanoparticles, ZnO/TMV hybrid, ZTO and photo-

patterning of IZO & ZTO) fabricated using the metal oximato complexes synthesized using the 

Schiff-base methoxyiminopropionato ligand. 

The second category consists of publications related to the low-temperature combustion 

processing of IZO TFTs fabricated using the nitro and nitroso functionalized malonato ligands 

of In and Zn as well the combusting processing of IGZO TFTs employing the urea-nitrate co-

ordination compounds of In, Ga and Zn. 

The third category consists of In2O3/ZnO semiconductor heterostructure TFTs fabricated using 

diethyl zinc and trimethyl indium precursors via atomic layer deposition (ALD). 
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6.1 Microwave synthesis and field effect transistor performance of stable colloidal indium 
zinc oxide nanoparticles. 

 

Indium zinc oxide nanoparticles were prepared by microwave-assisted decomposition employing 

solutions of molecular air stable In and Zn precursors of Schiff base type.The 

controlled decomposition of mixtures of stable molecular precursors by heating with microwave 

radiation is a straightforward technique for obtaining stable suspensions of IZO nanoparticles. 

The stability against flocculation or sedimentation is mainly due to the organic residues from the 

precursor molecules residing on the surface of the nanoparticles and stabilizing them to a notable 

extent. This formation mechanism is well known and  avoids the addition of other stabilizing 

agents. These ready to use dispersions with shelf-lives of several months were obtained at 

comparably low temperature of 140°C by heating mixtures of indium and zinc complexes 

with Schiff base oximato ligands in 2-ethoxyethanol. IZO particles prepared therefrom with an In

: Zn ratio of 60 : 40 display an average diameter of about 5 nm and appeared amorphous in 

nature. No phase separation of the colloidal suspensions was observed, in contrast to the 

decomposition of solid mixtures of the same precursors, which lead to an amorphous 

IZO matrix with crystalline bixbyite In2O3 nanoparticles . The ceramization process starts with the 

particle formation already during the initial microwave heating. To achieve a good 

semiconducting behaviour, though, final processing at higher temperatures was required, which 

finally removes additional surface hydroxylation as well as adherent traces of organic residues 

which comprise of ligand fragments. Even after annealing the IZO remained completely 

amorphous, which is an essential feature for its superior electronic performance. Thin films of 

the colloidal particles with a uniform surface coverage and low roughness could be obtained 

by spin-coating on silicon-dioxide substrates. X-ray photoelectron spectroscopy showed 

that oxide formation had occurred after the microwave reaction, but could be improved further 

by annealing the films at elevated temperatures. The removal of adherent organic 

and hydroxy moieties at 450 °C thus led to an excellent semiconducting behaviour of the finally 

resulting IZO films. Obtained thin film transistors exhibited a n-type enhancement mode 

performance, with a mobility of 8.7 cm2 /V.s, an Ion/off ratio of 2.8 × 105 and a threshold 

voltage Vth of +3.3 V. 
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6.2 Toward an Understanding of Thin-Film Transistor Performance in Solution-Processed 
Amorphous Zinc Tin Oxide (ZTO) Thin Films 

 

Zinc tin oxide (ZTO), among others, has emerged as a promising candidate for indium-free 

amorphous oxide semiconductors, enabling competitive device performance in comparison with 

its indium-based counterparts. Although a wide variety of zinc salts (acetates, nitrates, and 

chlorides) have been investigated as possible precursors for zinc in ZTO, analogous alternatives 

to the starting tin precursor have largely been restricted to tin(II) chlorid. Hence, the 

requirement of a higher thermal decomposition temperature as well as an increased degree of 

porosity, due to the evolution of acidic byproducts like HCl vapors during the calcinations of 

the precursor thin films as well as residual Cl– ion traces present within the final ceramic cannot 

be avoided and impede the TFT performance. In this publication, we report on the use of a new 

tin (II) precursor complex, which along with the previously established zinc precursor, both 

containing methoxyiminopropionic acid-based ligands, allows the formation of a functional ZTO 

semiconductor with good performance upon incorporation in TFT devices. Combining the zinc 

and tin (II) precursors allows a homogeneous start of the thermal decay in a narrow window 

between 125 and 150 °C due to the very similar thermal decomposition behavior as verified by 

TGA analysis. Additionally, XRD analysis shows that the decomposition the tin(II) precursor 

alone, at temperatures as low as 350oC already exhibit a crystalline while the typical tin(II) 

chloride only crystallizes at much higher temperatures ≥ 450oC establishing the potential of the 

tailored precursors. XPS analysis comfirms the absense of SnO formation in the ZTO material 

and the tin oxide in the amorphous matrix is in the SnO2 chaemical state. Additionally, no 

significant residual hydrocarbon contamination in the final ZTO ceramic. Uniform distribution 

of the Zn, Sn(IV) and O species across the surface as well as depth was confirmed via Auger 

electron spectroscopy. Further comparative defect analysis via EPR analysis of the ZnO and the 

SnO2 derived from these precursors was performed. According to the core–shell model, the EPR 

defect states with resonance at giso = 2.0040 for SnO2 and giso = 2.0032 for the ZTO, attributed 

to surface defect spin states. Such defects with with a g-factor of 2 indiucated that the majority 

of the contributions are from the surface defects and not bulk defect sites, with a higher defect 

concentration observed for the SnO2 compared to the ZnO. Hence, the precursor chemical 

composition of a Sn:Zn ratio of 7:3 delivered the optimum performance of the of the ZTO TFTs 

with a µsat of 5.18 cm2/V.s, Vth of 7.5 and a high Ion/off of 6 x 108 when annealed at 350oC 
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6.3 Direct photopatterning of solution processed amorphous indium zinc oxide and zinc 
tin oxide semiconductors- A chimie douce molecular precursor approach to thin film 
electronic oxides. 

 

Structuring of the semiconducting layers is essential, in order to combine them with other 

materials according to the requirements of the final TFT architecture which is conventionally 

realized via photolithography to obtain thin films with feasible dimensions. Photolithographic 

patterning enables flexible scalability of film dimensions, but is a complex multistep procedure, 

which must be adjusted to the environment of the fabricated device. Specifically, IZO and more 

importantly ZTO thin films are difficult to etch after post‐processing, due to their high chemical 

resistance to commonly used etchants. The additional use of a sacrificial polymer resist films 

and harsh etchants during the fabrication steps can lead to functional deterioration of the final 

oxide layer, as far as solution‐processed oxides are concerned. This, in‐turn, reduces overall 

turnaround time and costs in terms of roll‐to‐roll manufacturing large‐area electronics. Within 

this publication, we demonstrate for the first time the use of UV‐photopatternable, air, visible 

light and solution‐stable molecular precursors of indium, zinc, and tin based on the established 

methoxyiminopropionato ligands. The characteristic UV absorption of these precursors allows 

for the direct UV-based photo-patterning and generation of IZO and indium-free ZTO 

semiconductors, followed by a moderate thermal annealing (350oC). The precursors do not 

require the addition of any photo-sensitive polymeric additives or precursors which can only be 

completely removed at temperature ≥ 500oC. IR investigations reveal that once the precursor 

films have been exposed to UV irradiation, signals assignable to stretching and deformation 

modes of the C-H bond of the methoxy group are significantly diminished indicating significant 

precursor decomposition and no generation of any new functional groups (e.g., nitriles or 

amides) as by‐products from precursor decomposition could be detected. Additionally,  N-O 

cleavage of the Schiff base coordination of the oximato ligands toward the metal center occurrs 

readily under mild UV-exposure (peak λ = 254 nm, 90%,8 watts), whereas the carboxy unit 

initially bound to the metal stays still intact under UV irradiation. This enables them to adhere 

to the substrate while the unexposed precursor films can be readily washed away in the parent 

solvent (2-Methoxyethanol), leaving behing the desired patterns of the oxide semiconductor. 

The IZO thin film devices obtained at 250 °C even show charge‐carrier mobilities (µsat) and 

current on–off ratios (Ion/off) comparable to amorphous silicon. These can be boosted further, 

however still under fairly low thermal conditioning of T ≤ 350 °C, to values of 7.8 cm2/V.s, Vth 
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of 0.3 and a high Ion/off of 3.5 x 108 for IZO and 3.6 cm2/V.s, Vth of 2.4 and a high Ion/off of 5.3 x 

107  for ZTO TFTs. 
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6.4 Microwave assisted synthesis and characterization of a zinc oxide/tobacco mosaic 
virus hybrid material. An active semiconductor in a field-effect transistor device. 

 

Fabrication of necessary functional hybrid materials often require well-defined 1D and 2D 

biological molecules as structure-directing agents, enabling a "bottom-up" approach for building 

these complex nanoarchitectures. Among the several biological templates, the tobacco mosaic 

virus (TMV) has shown great potential to function as a robust biological template for the 

deposition of a variety of inorganic materials under mild fabrication conditions. It possesses a 

well-defined tube-like structure, consisting of ≈2130 identical protein units, a length of 300 nm 

and an outer and inner diameter of 18 nm and 4 nm, respectively. It is also displays a remarkable 

stability for temperatures of up to about 60 °C in a pH range between 2 and 10. 

 Within this publication, an optimed, tunable selective microwave-assisted deposition of ZnO 

nanoparticles is demonstrated using the established zinc complex with methoxyiminoprionato 

ligands. The addition of the optimal amount of the base (TEAOH) provides mild but sufficient 

basic conditions to ensure an efficient decomposition of the zinc complex at a low temperature 

as 60 °C enabling the successful formation of crystalline zinc oxide. In the presence of the base 

and carefully optimised mild microwave condition (avg. power  ̴ 15 Watts, reaction time 30 

mins.), the precursor undergoes a controlled decomposition with appearance of a NMR  

characteristic 13C chemical shift corresponding to the formation of acetonitrile (δ = 117.30 

ppm) under post decomposition conditions of the precursor complex. Additional chemical shifts 

from still coordinated as well as from residual free ligands were also present as expected due to 

the base-catalyzed decomposition of the precursor complex. These residual free ligands also 

provide stability to the ZnO nanoparticles against flocculation, which assists a uniform coating 

of the TMV template. The microwave decomposition of the precursor is in full accordance with 

a second-order type Beckmann rearrangement reaction as observed for its solution based 

thermal decomposition pathway. For an optimum number (6 cycles) of ZnO 

deposition/coatings, the best overall FET performance values were obtained with a field-effect 

mobility (µsat) of 6.7 × 10-4 cm2/V.s, Vth of +4.7 V and an Ion/off of 9.0 × 105 without the need for 

any post-process thermal annealing. A higher Ion/off in comparison to previously reported values 

could possibly be attributed to a greater degree of ZnO nanoparticle orientation on the TMV 

template resulting from the use of the molecular precursor complex employed. Such a bio-

inorganic nanocomposite semiconductor material accessible using a mild and straightforward 

microwave processing technique could open up new future avenues within the field of bio-

electronics. 
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6.5 Understanding the temperature-dependent evolution of solution processed  metal 
oxide transistor characteristics based on molecular precursor derived amorphous 
indium zinc oxide. 

 

Low-temperature solution processing of amorphous oxide semiconductors has been an area of 

significant research with a potential to fabricate them onto plastic substrates, eventually 

enabling the possibility of flexible electronics. Among the most popular routes, combustion 

processing of metal salts and alkoxide based precursors has been shown as a promising 

approach in this direction. Although these processes offer remarkable TFT performances, they 

still require careful adjustment of the precursor solutions by incorporation of additives or 

processing under inert atmosphere conditions, respectively. The employment of complex 

precursor mixtures as in the case of combustion processing can also be disadvantageous with 

respect to the choice of solvents and lead to problems with substrate wetting and void formation 

in the final ceramic from excessive gaseous by-products. Due to these drawbacks the 

employment of combustible, air-stable precursors without the use of additional additives paves 

the way for an improved low-temperature solution-processing technique. 

In this publication, we  employ specifically designed multimetallic zinc and indium coordination 

compounds, [Zn4O(dmm-NO)6] and In3O3(dmm-NO2)3·(toluene) with nitro- and nitroso-

functionalized dimethylmalonato ligands for the synthesis of semiconducting indium zinc oxide 

(IZO) thin films with very good to high performance in TFT applications even at low processing 

temperatures, starting at 250 up to 450°C. These precursors exhibit excellent stablity under 

ambient conditions in the solid state as well as in non-toxic iso-propanol solutions. The 

precursor mixture with an In : Zn = 6 : 4 ratio, exhibited a strongly exothermic decomposition 

in an oxygen atmosphere. The main significant and most obvious decomposition step occurred 

at ∼150°C, whereby the majority of the mass loss of the mixture was already observed, wherein 

the tracable by-products via TG coupled IR spectroscopy included volatile, dimethyl carbonate, 

methanol, carbon monoxide and carbon dioxide. Furthermore, positron anhillation 

spectroscopy of the investigated IZO processed between 250oC and 450oC, reveal the the film 

at 250oC have a shorter diffussion length L (2±1)nm in comparison with films annealed a 300oC 

with an L (25±3)nm, clearly indicating a significant reduction in defect concentration at higher 

temperatures with improved diffusion lengths. IZO TFTs  Devices annealed only at 300 °C 

already demonstrate a robust FET performance with (µsat) of 2.1 cm2/V.s, Vth of +11.5 V and 

an Ion/off of 3.3 × 107 greater than that of the conventional amorphous hydrogenated silicon and 
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also displays its potential to use integrated with plastic compatible temperatures ≤ 300oC, 

towards flexible electronics. 
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6.6 Aqueous solution processing of combustible precursor compounds into amorphous 
indium gallium zinc oxide (IGZO) semiconductors for thin film transistor applications. 

 

Combustion processing has been at the forefront of low-temperature solution processing of 

oxide semiconductors. Such an approach allows complete conversion of the precursor at lower 

temperatures by providing specific amounts of “oxidizer” (e.g. metal nitrates) and a “fuel” (e.g. 

urea or acetylacetone). However, the need for controlled addition of such sensitive reactive 

agents often hinder the fabrication process in terms of reproducible performance due to low 

stability and uncontrolled reactivity of of the chemical species in the solution over ageing with 

time. Additionally a systematic understanding of the precursor decomposition is rather scare 

and emphasize on the need of have well-defined precursor compounds with the fuel and 

oxidizer components available with the precursor ligand/ ion to eliminate the need of any 

additives prior to the direct solution processing of the precursor films to obtain a high quality 

oxide semiconductor as low processing temperatures.  

In this publicatiuon we demonstrate the synthesis and characterization of well‐defined urea 

nitrate coordination compounds of indium(III), gallium(III) and zinc(II) and their use as single 

source precursors to access the formation of amorphous IGZO thin films. For the trivalent In 

and Ga metal atoms were homoleptically coordinated by six urea molecules, whereas for Zn the 

coordination sphere consisted of four urea and two water molecules completing the octahedral 

coordination sphere around the zinc center . In all cases, the metal-urea complex is well 

balanced by the appropriate number of nitrate anions, providing for further stability of the 

precursors. DSC analysis confirms the exothermic decomposition of all three precursors with a 

significantly sharp exothermic peak between 100 °C and 200 °C followed by a less intense 

exothermic peak between 250 °C as a result of the combustion arising from the urea-nitrate 

(fuel-oxidiser) combination. TG-MS investigations identified the gases during the combustion 

process which could be assigned to ammonia (m/z+ 17), water (m/z+ 18), carbon monoxide or 

nitrogen (m/z+ 28), nitric oxide (m/z+ 30), isocyanic acid (m/z+ 43) and nitrogen dioxide 

(m/z+ 46). The signal corresponding to (m/z+ 44) can be correlated with the evolution of 

carbon dioxide or nitrous oxide. The clean decomposition was also verfied via XPS for films 

annealed between 300 and 350oC with no significant detection of  residual hydrocarbon or 

nitrogen species in final IGZO film. Interestingly, TFTs processed even at 200oC show active TFT 

perfortmance and TFTs annealed at 300°C and 350°C exhibit a good device performance with 

charge‐carrier mobilities μsat of 1.7 cm2/V⋅s and 3.1 cm2/(V⋅s), respectively as well as current 
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on‐off ratios of >107 in both cases. Such precursors are highly suitable for use in aqueous (non-

toxic) solution processing of IGZO semiconductors. 
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6.7 Stacked indium oxide/zinc oxide heterostructures as semiconductors in thin film 
transistor devices: a case study using atomic layer deposition.  

 

 

Atomic layer deposition (ALD) based deposition of oxide semiconductors have gained increasing 

momentum in the past decade due to the fact that the gas-phase technique ALD relies on a 

sequential, self-limiting surface reaction mechanism that enables it to offer precise thickness, 

reproducibility and compositional control of the fabricated layers. Furthermore, ALD enables 

the growth of high quality films with high uniformity and conformity which makes it a promising 

candidate for the fabrication of ultra-thin semiconductor layers (< 10nm) with a high degree 

of conformity over 2D and even 3D surfaces enhancing its potential for devices architectures 

involved in next-generation semiconductor technology. However, use of ALD has largely been 

restriced to the deposition of high-k dielectrics (AlOx and HfOx) and individual metal oxides 

such as ZnO with additional layer of a dopant high-k dielectric. Generation of multinary 

amorphous oxides is rather difficult due the sequential nature of the deposition of individual 

metal oxide layers and is possible only via sophiticated set-ups enabling co-injection of 

precursors to fabricate IGZO among other multinary oxide semiconductors. 

In this publication, we demonstrate for the very first time, the use of an ALD-based 

heterostructure design using individualy semiconductors such as ZnO and In2O3 to fabricate 

high performance oxide TFTs based on ultra-thin (<10nm), multilayered heterostructure 

comprising polycrystalline In2O3/ZnO, using conventional ALD precursors and H2O as an 

oxidant, for the generation of high performance heterostructure semiconductors. Generation of 

an optimised heterostructure based on sequential deposition of the aforementioned individual 

oxides, processed at a reasonably low temperature regime (250–300°C) deliver high 

performance TFTs. The influence of the overall stack thichness as well as the sequence of the 

deposited layers reveal a significant influence on the final TFT performance. Reversing positions 

of the interlayers, starting with deposition of the zinc oxide layer first, followed by indium oxide 

layer deposition (→ ZnO/In2O3, four stack arrangement) yielded only poor TFT performance 

with an average field-effect mobility (μsat.) of 1.07 cm2 /V..s, Vth of 10 V, Ion/off ratio of 5.2 × 

106 and a sub-threshold swing (SS) of 1.85 V dec−1. However, when the deposition of the 

indium oxide layer is first, followed by the zinc oxide layer (→ In2O3/ZnO, four stack 

arrangement) a comparatively high device performance with an average field-effect mobility 

(μsat.) of 6.5 cm2 /V.s, Vth of 8.9 V, Ion/off ratio of 5 × 107 and a substantially reduced 

subthreshold swing (SS) of 0.7 V dec−1 is observed. These effects arise from interplay of intrinsic 
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vacancy defects of the individual layers, which are based on their position with respect to the 

dielectric interface, within a heterostructure architecture.  
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7 Summary and conclusion 

 

The investigations performed within this dissertation provide several strategies for the 

development and fabrication of multinary metal oxide semiconductors via the solution 

processing of molecular precursor compounds and atomic layer deposition The work presented 

in Section 6.1 began with the direct microwave synthesis of colloidal indium zinc oxide 

nanoparticles (IZO NP) using the molecular oximato precursor compounds of indium and zinc. 

The synthesized IZO nanoparticles could be rapidly synthesized within a few minutes of 

microwave irradiation of the precursor solution with a monomodal size distribution of the 

formed nanoparticles. The size of the nanoparticles was carefully optimized by controlling the 

precursor concentration, choice of solvent and the microwave irradiation power. The 

synthesized stable colloidal suspension was directly spin-coated without any further stabilizers 

for the formation of IZO thin film semiconductors and resulted in the generation of 

homogeneous smooth IZO films upon further thermal annealing which delivered a reproducible 

high TFT performance. The investigations provided in Section 6.2 provides a novel strategy for 

the formation of indium-free, amorphous zinc tin oxide (ZTO) semiconductors via the use a 

novel air-stable Sn(II) oximato precursor compound and the previously mentioned Zn-oximato 

compound The Sn(II) oximato precursor enables a lower precursor decomposition temperature 

in comparison with the routinely used SnCl2 which need a higher decomposition temperature 

and consist of anion (Cl-) impurities which act as electronic traps which deteriorate the TFT 

performance of the semiconductor. Additionally, EPR measurements indicated that the SnO2 

consists of a higher defect concentration in comparison with the ZnO, derived from these 

precursors and clarifies the need for higher Sn precursor ration in the ZTO precursor solution 

mixture (Sn:Zn, 7:3), which is different in comparison with traditional  precursor ratio (Sn:Zn, 

3:7) employed for the generation of ZTO thin films from the routinely used metal chloride salts. 

Section 6.3 presents a novel strategy for the direct photopatterning of solution processed IZO 

and ZTO semiconductors via DUV irradiation which is enabled due to the intrinsic ability of the 

oximato precursors to absorb UV wavelengths significantly which was verified via UV-vis 

spectroscopy. Optimized and selective UV exposure to the IZO and ZTO precursor films led to 

the partial decomposition of the oximato ligand via the decomposition of the methoxy side 

groups as well as the N-O bond cleavage of the ligand backbone. This in turn leads to the partial 

decomposition and cross-linking of the exposed area of the precursor films and the unexposed 

areas could be easily washed away in the parent solvent, leaving behind the desired patterned 
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film. Further thermal annealing at moderate temperatures ensured the complete conversion into 

the amorphous oxide semiconductors which exhibited a high TFT performance for the IZO and 

ZTO semiconductors in comparison with exiting literature. Additionally, photopatterning of the 

ZTO semiconductor was successfully demonstrated for the very first time. 

In Section 6.4, We have successfully employed a molecular precursor (zinc oximato) to 

synthesize zinc oxide nanoparticles, for an in-situ deposition on to a virus template. A facile, 

microwave-assisted approach for generating a TMV/ZnO hybrid bio-inorganic material was 

demonstrated. The clean in situ microwave-based decomposition of the molecular precursor 

under mild basic conditions as well as the desired zinc oxide phase formation was confirmed by 

NMR, XRD and AFM characterization methods. Moreover, the as-synthesized hybrid material 

has been successfully employed in a FET device. The best FET performance was achieved by 

systematically controlling the thickness of the deposited zinc oxide films via desired number of 

mineralization cycles. The fabricated FET shows a reasonable performance for the as-prepared 

device, without any post processing of the bio-inorganic hybrid nanomaterial which promotes 

the use of nanoscale virus templates to obtain hybrid materials with functional properties that 

can be implemented into future device applications.  

In Section 6.5, indium and zinc complexes of 1,3-diketones (malonato complexes) which are 

functionalised in the 2-position present suitable precursor molecules for the fabrication of 

indium zinc oxide (IZO) thin films by the solution deposition route. Amorphous oxide 

semiconductor IZO were formed through a highly exothermic combustion process of the 

precursor mixture, even at a temperature slightly above 150oC enabling a low-temperature 

fabrication of IZO thin film semiconductors. Only minor amounts of organic residues were 

present thereafter and could be fully removed by further moderate annealing. Fully operating 

field-effect transistors (FETs) with these IZO films as semiconducting materials could be 

fabricated at processing temperatures between 250 and 400oC. Hereby, annealing at higher 

temperatures generally led to a better performance with respect to charge carrier mobility, 

threshold voltage as well as the Ion/off ratio. PAS methods are able to identify on a microscopic 

scale material features which underwent a clear and significant changes wherein IZO processed 

between 250oC and 450oC, reveal the the film at 250oC have a shorter diffussion length L 

(2±1)nm in comparison with films annealed a 300oC with an L (25±3)nm, clearly indicating a 

significant reduction in defect concentration at higher temperatures with improved diffusion 

lengths which clearly demonstrated the reduction in the open pore volume and defects within 

the film with increasing temperature. 
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Within Section 6.6, eco-friendly water-soluble metal urea complexes of indium, gallium and 

zinc precursors of composition In/Ga(urea)6(NO3)2 and Zn(urea)4(H2O)2(NO3)2 were 

successfully employed in the generation of active semiconductor IGZO thin films via a solution- 

processing route. The precursors undergo a desirable exothermic decomposition (combustion) 

when annealed at relatively low temperatures between 200 and 350oC, with volatile gaseous 

by-products affording the formation of clean ceramic oxides which enable the formation of 

amorphous IGZO thin films. Integration of such solution-processed thin-films enabled the 

formation of active semiconductor materials. At an optimum temperature of 350 oC, TFT 

performance with the device mobility of 3.1 cm2/V.s and a current on/off ratio of 107 was 

achieved. The formation of the thin-film oxides from the urea nitrate complexes was 

investigated with respect to their microstructure-property relationship and the change in the 

oxygen environment at different annealing temperatures by XPS. HR-TEM and AFM 

investigations. These results demonstrated a visible dependency of the film density and surface 

morphology, wherein dense and smooth films could be manufactured at reasonable annealing 

temperatures. This was further confirmed by an improved degree of ceramisation exhibiting a 

reduced presence of hydroxide species at elevated annealing temperatures which was well 

corroborated with the observed TFT performance in the IGZO films derived from the urea 

nitrate complexes. 

In the final Section 6.7 an ALD based In2O3/ZnO heterostructure design yielding high 

performance TFTs was successfully demonstrated using trimethyl indium and diethyl zinc as 

molecular precursors. Employment of a layer by layer deposition of individual semiconducting 

oxides enabled a potential alternative pathway to conventional amorphous semiconductors 

which are otherwise rather difficult to fabricate via ALD based deposition systems. TFT devices 

fabricated solely on indium and zinc oxide thin layer films were not found to be feasible towards 

generation of high performance device characteristics. However, generation of an optimised 

heterostructure based on sequential deposition of the aforementioned individual oxides, 

processed at a reasonably low temperature regime (250–300oC) deliver high performance TFTs 

by the likely formation of 2D electron gas transport at the heterostructure interface. Devices 

based on such a fabrication process demonstrated an average saturation field-effect mobility of 

6.5 cm2/V.s and a high current on/off ratio of 4.6 x 107 and a low subthreshold swing (SS) of 

0.7 V/dec. respectively, at a reasonable processing temperature of 300oC. Such ALD based 

semiconductor heterostructure architecture provides a facile strategy towards a cost-effective 
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semiconductor architecture fabrication technique with potential applications in the field of 

large-area oxide electronics. 

To summarize, several strategies to overcome existing hurdles in the formation of multinary 

metal oxide semiconductors mainly via the use of molecular precursor compounds as well as an 

ALD based approach were demonstrated within this thesis The precursor chemistry, material 

analysis as well as the electronic performance of the oxide semiconductor thin films displayed 

several unique strategies for the microwave-based synthesis and mineralization of IZO NPs, ZTO 

and ZnO/TMV hybrid semiconductors, direct photopatterning of amorphous IZO and ZTO TFTs, 

combustible IZO and IGZO precursors for the low temperature fabrication of oxide TFTs via the 

malonato complexes of indium and zinc as well as the water soluble urea-nitrate precursor 

compounds of indium, gallium and zinc respectively. Lastly, an ALD based, novel In2O3/ZnO 

heterostructure design demonstrating high performance TFTs using trimethyl indium and 

diethyl zinc as molecular precursors. All of the above mentioned works certainly pave the way 

and display great potential towards the improvement in precursor formulations, material 

deposition and processing strategies towards numerous applications based on multinary metal 

oxide semiconductors.  
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8 Appendix 

 

This section of the dissertation contains all the necessary reproductoion rights and permission 

for the figures obtained from third-party publications as well as the first author publications 

presented herein. 
 

 
 

 

 

 

Figure 4 Electrical characterization of a typical TFT (a) output curves (ID against VD) in linear scales 

and (b) transfer curve (ID against VG) in a logarithmic y-scale. Adapted with permission.2 Copyright 

2012, WILEY-VCH Verlag GmbH & Co. KGaA. 
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Figure 5 A visual timeline of significant achievements related to developments in field of transistor 

materials and technology. Adapted with permission.2 Copyright 2012, WILEY -VCH Verlag GmbH & Co. 

KGaA. 
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Figure 6  Schematic representation of covalent and ionic oxide semiconductors. 

Adapted with permission.40 Copyright 2006, Elsevier. 

Figure 7 Schematic electronic structures of silicon and ionic oxide semiconductors. (a–c) Bandgap 

formation mechanisms in (a) covalent and (b,c) ionic semiconductors. (d–g) Electronic structures of 

defects in (d,f) silicon and (e,g) metal oxides. Solid and hollow circles are used to represent the occupied 

and unoccupied states, respectively. Adapted with permission.40 Copyright 2006, Elsevier. 



 

  131 

 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9  Schematic representation of the general steps involved in the solution processing of metal 

oxide thin films. Adapted with permission.80 Copyright 2011, Royal society of Chemistry 
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Figure 18 Molecular model of the a) horizontal cross section and b) vertical section the rod-like wild-

type (wt) TMV. Adapted with permission.218 Copyright 2013, AIP publishing. 
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Figure 19  Pt(II) pretreated TMVs metallized with (b) nickel and (c) cobalt by electroless deposition. 

Adapted with permission. 243 Copyright 2004, WILEY-VCH Verlag GmbH & Co. KGaA. 
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Figure 23 Distribution of charge carrier density (NCV) measured from the C–V data as a function of 

heterojunction depth where an increase charge carrier concentration is observed. d) Energy band 

diagram and accumulation of charge carriers (electrons) of the In2O3/ZnO heterointerface. Adapted with 

permission.296 Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA 
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Section 6.1 Microwave synthesis and field effect transistor performance of stable colloidal indium zinc 

oxide nanoparticles. 
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Section 6.2 Toward an Understanding of Thin-Film Transistor Performance in Solution-Processed 

Amorphous Zinc Tin Oxide (ZTO) Thin Films 
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Setion 6.3 Toward Direct photopatterning of solution processed amorphous indium zinc oxide and zinc 

tin oxide semiconductors- A chimie douce molecular precursor approach to thin film electronic oxides. 
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Figure 20 AFM micrographs of a) the bare wt. TMV template immobilized on a Si/SiO2 substrate as well 

as b) the wt TMV template after 1 cycle of ZnO mineralization performed in this work. c) Schematic 

representation of the TMV/ZnO hybrid semiconductor employed in a TFT device. Adapted with 

permission under creative commons. Copyright Beilstein Institut. 

Section 6.4 Microwave assisted synthesis and characterization of a zinc oxide/tobacco mosaic virus 

hybrid material. An active semiconductor in a field-effect transistor device. 
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Section 6.5 Understanding the temperature-dependent evolution of solution processed  metal oxide 

transistor characteristics based on molecular precursor derived amorphous indium zinc oxide. 
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Section 6.6 Aqueous solution processing of combustible precursor compounds into amorphous indium 

gallium zinc oxide (IGZO) semiconductors for thin film transistor applications. 
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Section 6.7 Stacked indium oxide/zinc oxide heterostructures as semiconductors in thin film transistor 

devices: a case study using atomic layer deposition 
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