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Abstract 

 

In this work, bottom gate thin film transistor (TFT) using a novel imprinting technique, nano-

rheology printing (n-RP), has been fabricated using solution process derived indium oxide 

(In2O3) as a channel and source/drain; while solution process derived hafnium oxide (HfO2) as 

a gate insulator. Platinum (Pt) has been used as gate electrode.  

  To fabricate TFT, at first the electrical properties of indium oxide (In2O3) and indium tin oxide 

(ITO) were studied, which were fabricated by solution process. The source solution of In2O3 

and ITO were synthesized by indium acetylacetonate (In(acac)3) precursor. It has also been 

found that using In(acac)3 precursor, high mobility of around 42.7 cm2/Vs can be obtained for 

In2O3 films. The obtained resistivity for 1 wt.% ITO was 2.6 x 10-3 Ωcm. In(acac)3 precursor 

has selected as this precursor has rheological properties, so, the gel films of In2O3 and ITO can 

be directly imprinted.  

The channel and source/drain of the TFT were fabricated by n-RP process. The electrical and 

patterning properties of direct imprinted (or, nano-rheological printed, n-RP) indium oxide 

(In2O3) and indium tin oxide (ITO) were also studied in this work. It has been found that the 

patterns of In2O3 were better than those of ITO. This is because higher tan δ (which indicates 

softness of the gel measured by rheometer) of In2O3 as compared to ITO. The patterning 

properties were checked by using a checker quartz mold, SNP-02. The electrical properties of 

imprinted In2O3 and ITO films were also studied and compared with that of non-imprinted 

films. It has found that the Hall mobility of In2O3 is reduced after imprinting, whereas it remains 

almost the same for ITO, as compared to their non-imprinted ones. It was found by SIMS 

measurements that the residual carbon of imprinted In2O3 is much higher than that of non-

imprinted region, whereas only slight difference was observed in carbon concentration in ITO 
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films. Carrier concentration of imprinted films was increased in In2O3 after imprinting but did 

not change much in ITO as compared to their non-imprinted films.  

In the fabricated TFT, 45-nm-thick HfO2 film fabricated by the solution process was used as 

a high-k gate dielectric insulator. HfO2 is monoclinic in phase and is paraelectric in nature. The 

leakage current density, breakdown field strength, and relative dielectric constant of HfO2, 

annealed at 700 oC for 15 min in O2 were 1.0 x 10-6 A/cm2, 5.8 MV/cm, and 17, respectively.  

The n-RP fabricated TFT using In2O3 as source/drain and channel and HfO2 as gate dielectric, 

confirmed the n-channel transistor operation with an on/off ratio in the order of ~105 and a field 

effect mobility of 0.13 cm2/Vs. 

 

Keywords: solution process, nano-rheological printing, In2O3, ITO, high-k, thin film 

transistors (TFTs) 
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1. Introduction 

 

1.1 Introduction 

Thin film transistors (TFTs) are used in almost every electronic equipments in today’s era, or, 

it can also be said that TFTs are used in flat-panel displays, smart phones, video games, camera 

recorders, etc. The requirements of the electronic industry are to have low-power consumption, 

high throughput with low-cost, and high resolution for display applications. These 

requirements can be fulfilled by having high mobility of the channel and having smaller device 

size. In addition, a new low-cost, low-energy TFT fabrication process is required. 

1.2 High channel mobility and oxide semiconductors 

In conventional flat-panel displays, amorphous silicon (a-Si) is used as a channel in TFT. The 

advantages of using a-Si as a channel is that it is cheap, but the drawback is that it provides low 

mobility of around 1 cm2/Vs. The alternate to a-Si is oxide semiconductors. The advantages of 

using oxide semiconductors is that they are cheap and they provide high mobility of around   

10 cm2/Vs.  

  There are various kinds of oxide semiconductors, which are metal oxides such as In2O3, ZnO, 

In-Ga-Zn-O (IGZO) and etc. Since some of such metal oxides have large band gap, they are 

transparent for visible light and can be categorized into different materials named as transparent 

semiconducting oxides (TSO) and transparent conducting oxides (TCO). TCOs and TSOs are 

wide band-gap semiconductors (bandgap > 3 eV) and the TCOs have a relatively high 

concentration of free electrons in its conduction band. This high carrier concentration arises 

either from defects in the materials or from extrinsic dopant which generate, the impurity levels 

located near the conduction band edge [1]. The high-electron-carrier concentration (the 
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materials will be assumed to be n-type unless otherwise specified) causes absorption of 

electromagnetic radiation in both the visible and infrared portions of the spectrum [2, 3]. These 

materials have large metal cation with an electronic configuration of (n-1)d10ns0 (n ≥ 4). The 

valance band maximum (VBM) is composed of O 2p states and the conduction band minimum 

(CBM) composed of metal s orbital leading to ionic bonding. Also, these materials have small 

oxygen anion. Zinc oxide (ZnO), indium oxide (In2O3), tin oxide (SnO2), gallium oxide 

(Ga2O3), etc. are examples of TSOs, while indium-tin-oxide (ITO), gallium-indium-zinc-oxide 

(GIZO), indium-zinc-oxide (IZO), etc. are examples of TCOs. In2O3, ZnO, SnO2, etc. are 

binary compounds in the category of transparent electronics, while ITO, IZO, etc. are ternary 

compounds, and GIZO is quaternary compounds. Amongst these, In2O3 and ITO are very 

mature material, which are used as a transparent electrode in TFT-LCDs and touchscreens [4, 

5], solar cells [6], electrochromic devices [7], or in organic light emitting diodes [8]. In2O3 

doped with tin (Sn), is known as ITO, or In2O3:Sn. As shown in Fig. 1-1, most of the post-

transition metals are included in the category of TSO and TCO.  

 

Fig. 1-1: Periodic table with associated elements as cations in transparent conductive oxides 

compounds, marked with red box [9]. 
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 The importance of TCO and TSO depends largely on the reproducibility, performance, and 

cost of transparent transistors. Thin film transistors (TFTs) are the key components in almost 

all of the modern flat-panel display. High-performance silicon transistors, which are used in 

amplifier or microprocessors; and are known by metal-oxide-semiconductor transistors 

(MOSFETs), require processing temperatures above 1000 oC. On the contrary, there are other 

types of transistors for large area electronics, which require lower process temperature and cost. 

The most commonly used are the “thin-film transistors (TFTs)”, which are immediately 

associated with liquid crystal displays (LCDs), where they allow one to switch each pixel of 

an image on or off independently.  

1.3 Fabrication process of oxide semiconductors thin films 

Conventional ways to deposit oxide thin films are categorized into two process: 

 Physical process 

 Chemical process 

  The principle of physical method relies on the evaporation or gasification of the material from 

a source, i.e. evaporation or sputtering, whereas in chemical process the substrate is exposed 

to one or more volatile precursors, which react and/or decompose on the substrate surface to 

produce the desired thin film. These techniques are shown in more details in Fig. 1-2.  
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Fig. 1-2: Thin film deposition techniques. 

  Among them, the commercial and commonly used are RF and DC sputtering, pulsed laser 

deposition (PLD), chemical vapor deposition (CVD), vacuum evaporation, etc. [10-15]. These 

techniques provide good quality thin films, but the drawbacks with these technologies is that 

they need vacuum system, which means costly equipments and time consuming processes. On 

the other hand, wet chemical methods to fabricate thin films have potentially many applications 

compared to these physical methods, like they are less expensive, relatively simple, and the 

precise control over composition, etc. Another advantage of the wet techniques (which we have 

used in this work) is that these techniques are compatible with printing technology [16, 17]. 
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Most common wet techniques (or solution process techniques) include, spin-coating, dip-

coating, and spray-coating. They all have common processing route, which is shown in Fig. 1-

3, while spin-coating, dip-coating, and spray-coating are shown schematically in Fig. 1-4. 

 

Fig. 1-3: Schematic of typical solution processing routes [18].  

 

Fig. 1-4: Illustration of commonly used coating techniques [19]. 

 

Amongst these, we have used spin-coating throughout our work due to its ease of availability 

and simplicity. Spin-coating process schematic Fig. 1-5. The process goes like: 

Step 1: The substrate is first put on chuck of the spin-coater and hold by vacuum, so that during 

spinning, the substrate cannot be thrown away.  

Step 2: Then sample solution is dispensed on the substrate. 

Step 3: The substrate is first rotated at low rpm, so that, the solution can be spread uniformly 

on the substrate. 
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Step 4: Then the spin rpm is increased as per our requirement of the thickness. By varying the 

spin rpm of this step, we can change the thickness of the film.  

Step 5: Finally, after spin-coating, we get the film on the substrate. This film is known as liquid 

or wet film.  

 

Fig. 1-5: Spin-coating schematic. 

1.4 Smaller device size 

As stated earlier, that oxide materials are used in many applications and TFT is one of them. 

For TFT application, the desired channel length should be in sub-micron range for future 

applications. The ways to get this range of channel lengths include a mechanically molded well 

[20], electron beam lithography [21], cold welding metal transfer [22], ultraviolet-nanoimprint 

lithography [23], and film profile engineering [24], and so on. These technologies are 

successful to fabricate sub-micron channel length TFTs, but they need vacuum technology, 

which means more time-consuming and costly. On the other hand, printing techniques offers 

several advantages in manufacturing electronics (known as printed electronics) such as the 

reduction of material waste, a short processing time, low-equipment cost, possibility of 

producing circuits on flexible substrates and reproducibility with high-resolution. Printed 

electronics means a group of techniques which are used to create electronic devices and circuits 

on low-cost substrates like glass, wood, paper, textile, and polymer. Commonly used printed 
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electronics techniques are screen printing, ink-jet printing, flexography, gravure printing, 

nanoimprint lithography, etc.  

Among these categories of printed electronics, inkjet printing has gained much attention due 

to its ability to make flexible/stretchable electronics via direct writing with advantages of low 

material consumption and high efficiency. But it suffers from the problems are low 

conductivity of printed circuits, instable printing due to nozzle clog and misdirection jetting, 

weak adhesion between the printed materials and the substrates, low resolution, limited choices 

of substrate materials, and relatively high cost due to the use of Ag or Au nanoparticle based 

conductive inks. Also sometimes, when the solvent evaporates, then the patterns loses its 

fidelity e.g., a parrellopiped becomes spherical from the edges. If anyhow, we can improve the  

resolution of printing techniques, then we can reduce the cost and material consumption, by 

increasing the throughput.   

A novel imprinting method, named as nano-rheology printing (n-RP) technology is a direct 

thermal-imprinting process for printing of metal-oxide [25, 26]. Using n-RP, patterns with a 

few tens of nanometres resolution are possible without the need of any sacrificing resist 

material. The process relies on viscoelastic transformation (softening) and metal-oxide 

condensation during printing, which makes n-RP different from other direct nano-imprinting 

methods. The printed features experience little shrinkage or deformation in post-annealing, 

thus it is possible to fabricate oxide patterns with a high shape fidelity to the mold, resulting in 

a well-defined shape with high precision and the possibility of scaling down the pattern size to 

a few tens of nanometres.  

Using n-RP, we can make patterns, we can also make electrodes (by dry-etching) the residual 

film or we can also make TFTs using n-RP (we have used this application of n-RP in this work).  
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1.5 Previous work  

n-RP was developed by Prof. Shimoda and his group in JAIST [27]. They studied the patterning 

properties of indium tin oxide (ITO), indium gallium zinc oxide (IGZO), and tin oxide (SnO). 

The result of patterning properties of ITO, IGZO, and SnO, imprinted via n-RP is shown in Fig. 

1-6 [26]. For this work, they used PH-350 mold from NTT-AT. Apart from this Shimoda et al. 

also studied the patterning properties of Ru-La-O oxides, which is shown in Fig. 1-7 [27], 

where they used a Si mold (NIM-80L Reso, NTT-AT). Apart from these patterning properties, 

Shimoda et al. used n-RP process to fabricated TFTs, where gate electrode, source/drain, and 

channel, all were fabricated by n-RP.  

  Our lab has also fabricated TFT by n-RP process, using In2O3 and ITO as channel layer but 

used ferroelectric gate insulator i.e. (Bi,La)4Ti3O12 (BLT) [28]. The transfer characteristics of 

the TFT fabricated previously in our lab is shown in Fig. 1-8.  

 

Fig. 1-6: Patterning properties of ITO, IGZO, and SnO, studied by Shimoda et al. [26]. 
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Fig. 1-7: Patterning properties of Ru-La-O, studied by Shimoda et al. by n-RP [27]. 

       

Fig. 1-8: Transfer characteristics of TFT fabricatd using (a) ITO and (b) In2O3, as channel 

with BLT as ferroelectric gate insulator, by Haga et al. [28].  

 

1.6 Device structure comparison by photolithography and n-RP 

Figure 1-9 shows the TFT fabricated by photolithography and by n-RP; and it is seen from Fig. 

1-9, that when TFT is fabricated by conventional photolithography, then source/drain can be 

any metal, or heavily doped Si or ITO. The channel can be a-Si or oxide semiconductor, while 

the gate dielectric can be SiO2 or Si3N4 or ferroelectric gate insulator. On the contrary, when 

we fabricate TFT by n-RP process, the source/drain and channel, all are fabricated 

simultaneously and that too by the same material. The thick regions act as source/drain while 

the thin region acts as channel. Since the channel is conductive oxide, so the gate insulator has 
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to be ferroelectric gate material or high-k gate insulator (provided that the charge density of the 

gate insulator is greater than the charge density of the channel).  

 

Fig. 1-9: Comparison of TFT fabrication by photolithography and n-RP. 

1.7 Objective of the thesis 

The aim of this thesis is to fabricate thin film transistor (TFT) by novel imprinting technique, 

known as “nano-rheology printing (n-RP)” using solution process derived indium oxide (In2O3) 

as channel layer and source/drain; and solution process derived hafnium oxide (HfO2) as gate 

dielectric material. Using n-RP, source/drain and channel are formed simultaneously. 

Therefore, in the fabricated TFT, source/drain and channel are made up of In2O3. Platinum (Pt) 

is used as gate electrode.  

  To do this, first we fabricated solution processed indium oxide (In2O3) and indium tin oxide 

(ITO) thin film using indium acetylacetonate (In(acac)3) precursor in propionic acid (PrA) for 

In2O3. For ITO, we used two different tin precursors. One was tin chloride (SnCl2) and another 

was tin acetylacetonate (Sn(acac)2). Therefore, the source solutions of ITO were prepared by 

SnCl2 and In(acac)3 in PrA; and Sn(acac)2 and In(acac)3 in PrA. After the film deposition of 

thin films of In2O3 and ITO, they were optimized by changing annealing time and annealing 
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temperature to get good electrical properties (i.e. high mobility and carrier concentration). 

Mobility and carrier concentration were measured using Hall measurement set-up.  

After getting the best condition of high mobility and carrier concentration, we again 

characterized In2O3 and ITO by n-RP technique. This characterization was done in terms of 

patterning and electrical properties. Patterning properties were studied using SNP-02 checker 

mold, the condition at which best patterns are obtained, is found. Using this condition, we again 

imprinted In2O3 and ITO thin films using flat mold by n-RP technique to study the electrical 

properties. After imprinting, annealing was done using the conditions obtained above 

(discussed in the above paragraph). A comparison of electrical properties of imprinted and no-

imprinted films was done. The complete mechanism for the change in electrical properties after 

imprinting was also studied. Until now there are numerous research done on the patterning 

properties of In2O3-based oxide semiconductors. However, few research are available for the 

study of electrical properties (i.e. Hall mobility and carrier concentration) via imprinting 

technique.  

In2O3 and ITO have high carrier concentration, so they need to be depleted, in order to get 

low off-current, when they are used as channel of TFT. This depletion is done by using 

ferroelectric gate insulator due to their large remnant polarization. Instead of ferroelectric gate 

insulator, a paraelectric gate insulator can also be used if the induced charge density is sufficient, 

in this case we can use TFT for display applications, while with ferroelectric gate, we can use 

TFTs for memory applications due to the presence of memory window. In this work, we used 

high-k hafnium oxide (HfO2) as gate insulator. HfO2 was fabricated by solution process using 

hafnium acetylacetonate (Hf(acac)4) in PrA. HfO2 thin films were also optimized by changing 

annealing conditions, to get its good electrical properties, which means low lakage current 

density and high breakdown field strength.  
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Using all the above optimized condition, TFT was fabricated using Pt as bottom gate electrode, 

In2O3 as source/drain and channel, and HfO2 as a gate dielectric. In2O3 and HfO2, both were 

fabricated via solution process. Bottom gate is used as the crystallization temperature of HfO2 

is higher than that of In2O3.  

Previous work on n-RP by Shimoda et al. was done on the patterning properties of ITO and 

Ru-La-O oxides, but they did not study the mechanism of patterning properties with addition 

of Sn in In2O3. Also, previous work was done only on the patterning properties, no work was 

done on the electrical properties. Previous work of Haga et al. from our laboratory, also did not 

study the electrical properties and they fabricated FeTFT using BLT as gate insulator, which is 

different from the gate insulator (HfO2) in this work. 
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2. Electrical Characterization of In2O3-based Thin 

Films by Solution Process 

 
2.1 Introduction 

Indium oxide (In2O3) has been a material of interest for researchers over past many years. When 

it is doped with tin, the material is then known as indium tin oxide (ITO). In2O3 is commonly 

known as transparent oxide semiconductor oxide (TSO), while ITO is known as transparent 

conducting oxide (TCO). 

  In2O3 shows n-type conduction. This n-type conduction is due to oxygen vacancy in In2O3 (or, 

In2O3-x), pronounced as non-stoichiometry intrinsic defect. Such kinds of defects get enhanced 

when we anneal TSO/TCO in reducing environment. On the other hand, ITO has low resistivity 

(or high conductivity), usually less than 10-4 Ωcm [1]. ITO is also known as degenerate wide 

band-gap material. This is because Sn donates its one e- to In2O3 crystal structure, by replacing 

In3+ and forms Sn4+. So, in ITO, high conductivity is due to two reasons:- 

a. oxygen vacancies that provide electrons by acting as doubly charged donors [𝑉𝑜
..]. 

b. donation of electron by tin substitution thereby acting as a singly charged donor on an 

indium site [𝑆𝑛𝐼𝑛
. ]. 

Another advantage of In2O3 and ITO is that they have high visibility (> 80 %) in visible light.  

Due to the advantages of high conductivity and high optical transparency in visible light, ITO 

has many applications. Some of them are transparent conductive electrodes [2, 3], heat 

reflecting filters for energy saving purposes [4, 5], flat panel displays [6], ITO coatings are 

used in optoelectronic coatings like in solar cells, electrochromic windows [7],  liquid-crystal 

displays [8], information displays [9], etc.  
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As stated above, Sn doped In2O3 is ITO. Sn substitute In in In2O3 crystal structure. So, it is 

necessary to study In2O3 crystal structure. In2O3 has three different crystal polymorphs referred 

as In2O3-c, In2O3-rh, and In2O3-o. In2O3-c, In2O3-rh, and In2O3-o stand for cubic, rhombohedral, 

and orthorhombic, respectively. Among these three crystal polymorphs, In2O3-o and In2O3-rh 

are rarely studied, hence, few papers are available on its crystal structure [10, 11] as they are 

high pressure phase. In2O3-c phase it the most studied phase. The difference in these 

polymorphs is the linkage of InO6 octahedra. This is discussed in next paragraph, starting with 

cubic bixbyite structure.  

In2O3-c (from now on, only In2O3) crystallizes into cubic bixbyite structure. Cubic bixbyite is 

a “2 x 2 x 2” fluorite derived lattice, with one-quarter of the anions missing (known as 

“structural vacancies”). Each bixbyite structure has 16 formula units of In2O3 per unit cells, i.e. 

80 atoms (2 In + 3 O = 5 and 5*16=80 atoms), out of these 80 atoms, 32 are indium atoms and 

48 are oxygen atoms. A cubic bixbyite also has 16 oxygen vacancies, along with 80 atoms of 

indium and oxygen. The 32 indium atoms are categorized as In-b (8 atoms/unit cell, also called 

as 8b, b stands for body-diagonal) and In-d (24 atoms/unit cell, also called as 24d, d stands for 

diagonal). In the crystalline structure, the oxygen atoms are octahedrally coordinated around 

indium, which means that all indium cations are surrounded by six oxygen atoms and two 

structural vacancies. The structural vacancy positions can be along the body diagonal (b-site) 

or along a face diagonal (d-site). The b-site and d-site represent 25% and 75% of the octahedra 

arrangement, respectively. In the b-site arrangement, all the oxygens are equidistant from the 

indium, while in the d-site arrangement, they are not. Due to the presence of structural 

vacancies, there are two configurations by which InO6 octahedra link together in crystalline 

In2O3. The first one is the one in which both i.e. an oxygen and a structural vacancy, are shared 

between adjacent polyhedra leading to the fact that the polyhedral are only joined at a corner, 

hence “corner sharing”. The second one is the one in which two oxygens are shared between 
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the adjacent polyhedra with the end result that the polyhedra are joined along the entire edge, 

“edge sharing” [12]. A schematic of crystalline In2O3 bixbyite is shown in Fig 2-1. 

 

 

Fig. 2-1: Schematic of crystalline In2O3 bixbyite. 

  In cubic structure, two InO6 are connected either, by corners sharing or edge sharing, while 

in other polymorphs, they are also connected along the faces.  

The electrical properties (resistivity, carrier concentration, and Hall mobility) of In2O3 and 

ITO depend on the fabrication process and annealing environment. There are many ways to 

deposit In2O3-derived films, like r.f. sputtering, d.c. sputtering, magnetron sputtering, pulsed 

laser deposition (PLD), electron beam deposition, spray pyrolysis, sol-gel techniques, etc. [13-

15]. Most widely adopted industrial process is sputtering, which produces high quality films. 

Sputtering or other techniques like PLD, need vacuum equipments; and hence the method 

becomes time consuming and costly. On the other hand, the solution processed films are 

relatively simple to deposit and less expensive. Other advantages of solution process are less 

time consuming, and precise control over doping. However, the film quality in terms of 

electrical properties of solution processed films is generally not as good as films by sputtering 

because solution processed films are sometimes porous due to the evaporation of solvent and 

gaseous decomposition products [16] and porosity results in low mobility.  



 

18 
 

Annealing environment also plays an important role in determining the electrical properties 

of ITO. Oxidizing environment (e.g. O2) reduces the oxygen vacancies (𝑉𝑜
..) by providing 

oxygen into the vacant oxygen sites and hence carrier concentration reduces. Reducing 

environment (e.g. forming gas) enhances 𝑉𝑜
.. and hence carrier concentration increases, which 

leads to more scattering and hence less mobility.  

In this present work, we studied the electrical properties of In2O3 and ITO thin films prepared 

by the solution process using indium acetylacetonate (In(acac)3) in propionic acid (PrA) for 

In2O3 thin films; and In(acac)3 with tin chloride (SnCl2) or with tin acetylacetonate (Sn(acac)2) 

in PrA for ITO thin films. In(acac)3 precursor is chosen because it has rheological properties, 

so the gel film of In2O3 or ITO prepared using In(acac)3 precursor can be used for direct 

imprinting (this is discussed in next chapter). To the best of our knowledge, no research group 

has used these precursors earlier. A few researchers have used SnCl2 as a precursor to make 

ITO but they used indium chloride (InCl3) as indium precursor [17-19]. In this work, SnCl2 and 

Sn(acac)2 were selected. In Sn(acac)2, the “acac” is an organic species which gets removed 

from the film during annealing, leaving behind Sn. While when SnCl2 is used, Sn and Cl are 

expected to remain in the film, even after annealing. A comparison of the electrical properties 

is done with two different tin precursors. 

2.2 Experimental procedure 

The source solution of In2O3 was prepared by mixing In(acac)3 in PrA while the source 

solutions of ITO were prepared by mixing Sn(acac)2 or SnCl2 and In(acac)3 in PrA. The source 

solutions were prepared by mixing the precursors for 1 h at 120 oC at 1000 rpm. After 1 h 

stirring at 120 oC, the solution was allowed to cool down and then filtered using 0.2 µm pore 

sized filter paper. It was then spin-coated on SiO2(200nm)/Si substrate at 1500 rpm for 20 s. 

This gave us liquid film. Then the sample was then dried on a hot plate at 100 oC in air for 3 
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min, to make the liquid film into a gel film (or, precursor film) by evaporating solvent. Finally, 

the gel film was annealed in rapid thermal annealing (RTA), by varying annealing conditions.  

  For In2O3 films, RTA annealing was done at 600 oC for 15 min to 90 min in steps of 15 min, 

while ITO films were annealed in RTA at 600 oC for 1 h. To study the temperature dependence, 

the films were annealed in RTA in O2 environment for 1 h by varying the annealing temperature 

from 500 to 700 oC with steps of 100 oC. Complete process is shown in Figs. 2-2 and 2-3, 

where Fig. 2-2 is for In2O3 and Fig. 2-3 is for ITO films. Sn content in ITO films was varied 

from 1 wt.% to 10 wt.%. After annealing the films in RTA, the films were photolithographed 

and etched to remove the edge-effect, then the electrical characteristics were measured using 

Hall set-up at room temperature using van-der Pauw method.  

Hall measurement system used was RESITEST 8400 by Toyo corp. The film thickness was 

measured using step profilometer (Alphastep-D500 by KLA tencor). Films crystallinity was 

checked using GI-XRD (X'Pert PRO MRD Epi from PANalytical) with accelerating voltage 

and current used were 45 V and 40 mA, respectively, while Cu-kα X-rays were used. Atomic 

force microscope (AFM; AFM5000II SPA-400 by Hitachi), was used in dynamic force 

microscope (DFM) mode to measure the films morphology. Scanning electron microscopy 

(SEM; S-4500 by Hitachi), was also used to study the surface morphology of the films. The 

oxidation temperature (temperature at which the gel films become oxide films), were measured 

via thermal analysis (from Toshiba Nanoanalysis, Japan). The work functions of the films were 

measured by photoelectron spectrometer (AC-2 by Riken Keiki).  
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Fig. 2-2: Process flow for formation of In2O3 film on SiO2 substrate. 

     

Fig. 2-3: Process flow for formation of ITO films by SnCl2 and by Sn(acac)2 precursors film 

on SiO2 substrate. 

 

2.3 Results and discussion 

2.3.1   Thermal analysis 

In2O3 and ITO films were synthesized by solution process in our work. Solution processed 

films become solid oxide films at a particular temperature, which is studied by 

thermogravimetric analysis (TG) and differential thermal analysis (DTA). TG-DTA are 

together known as thermal analysis.  
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Fig. 2-4: TG-DTA analysis of In2O3 and ITO. 



 

22 
 

  Thermal analysis behaviour of the In2O3, 10 wt.% ITO via SnCl2, and 10 wt.% ITO via 

Sn(acac)2  is shown in Fig. 2-4. TG-DTA was measured in ambient air from room temperature 

(25 oC) to 600 oC at a heating rate of 10 oC min-1. Air flow rate was 200 ml/min. Thermal 

behaviour indicates that In2O3 and ITO (herein after ITO via Sn(acac)2 and ITO via SnCl2 are 

known together known as ITO, unless otherwise stated) solutions decomposed in two steps, 

because two weight loss regions were clearly observed in TG behaviour: one starts at around 

room temperature and ends at around 120 °C. This also corresponds to an endothermic peak at 

around 120 oC in DTA. This peak indicates that the evaporation of solvent is completed at this 

temperature. The second weight loss region in TG starts at around 250 °C and ends at 

approximately 350 °C. The positive peak in DTA at around 350 oC corresponds to the 

crystallization of In2O3 and ITO by the decomposition and oxidation of organic species. Source 

solutions remain in gel state between 120 to 250 oC. N-RP imprinting is done in this gel-state 

of the films (discussed in next chapter).   

2.3.2   Electrical properties 

2.3.2.1  In2O3 films 

As In2O3 and ITO gels become oxide at around 350 oC (confirmed by thermal analysis), but it 

does not mean all the organics from the films have evaporated at this temperature. Organics 

still keep eliminating from the films with an increase of annealing temperature. At first In2O3 

films were annealed in O2 for 1 h by varying the annealing temperature from 500 to 700 oC. 

The Hall mobility and carrier concentration dependence on annealing temperature of In2O3 

films is shown in Fig. 2-5. It is seen from Fig. 2-5 that as the annealing temperature increases, 

Hall mobility increases. This is due to the reason that with the increase of annealing temperature, 

more organic species are removed from the films and crystal structure of the films improve. 

This is shown in Fig. 2-6, which shows the crystal structure of the films. Figure 2-6 shows with 
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increasing annealing temperature, FWHM decreases, which means crystal structure improves 

or grain size increases.  
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Fig. 2-5: Hall mobility and carrier concentration of In2O3 films with respect to annealing 

temperature. 
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Fig. 2-6: XRD of In2O3 films with annealing temperature variation. 

 

  As In2O3 and ITO films are used in flat panel displays with glass substrate and with glass 

substrate, the maximum annealing temperature we can use is around 600 oC. So, further 

annealing is done in O2 for 1 h at 600 oC. In2O3 films were annealed in O2 at 600 oC, by varying 

annealing time. The results of Hall mobility and carrier concentration is shown in Fig. 2-7. It 

is seen from Fig. 2-7, that as annealing time increases from 15 to 60 min, Hall mobility first 

increases and then after 60 min, it starts to decrease. However, carrier concentration is constant 

with respect to annealing time. Initial increase and then decrease of Hall mobility can 

understood by looking the SEM images of 15, 60, and 90 min annealed films. 
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Fig. 2-7: Hall mobility and carrier concentration of In2O3 films. 

  SEM images of 15, 60, and 90 min annealed In2O3 films are shown in Fig. 2-8. From SEM 

images, it is seen that at longer annealing time (90 min), there is clustering in the films. This 

may be one of the reason for decrease in mobility at longer annealing times. The XRD result 

(Fig. 2-9) also shows that as annealing time increases, FWHM first decreases and then increase 

of FWHM at longer annealing time.  
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Fig. 2-8: SEM images of In2O3 films annealed for 15, 60, and 90 min. 

Figure 2-9 shows the XRD of In2O3 films with time variation. It is also seen from the XRD 

results that as the annealing time increases from 15 min to 60 min, crystallinity increases (i.e. 

FWHM decreases), further increase of annealing time, FWHM increases. This is the reason for 

the increase of mobility, first and then decreases.  
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Fig. 2-9: XRD of In2O3 films by varying annealing time. 
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  It is also interesting to note that as the annealing time increases, the average surface roughness 

increases. This is shown in Fig. 2-10, which shows the average surface roughness (Ra) 

dependence on annealing time for In2O3. Ra was measured for an area of 2 x 2 µm2. The surface 

roughness increases with increasing annealing time because of the reason that with increasing 

annealing time, crystallinity increases, so grains grow. Figure 2-11 shows the grains for 15, 60, 

and 90 min annealed In2O3 film, while Fig. 2-12 shows the thickness dependence of annealing 

time.  
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Fig. 2-10: Surface roughness of In2O3 films by varying annealing time. 

       

Fig. 2-11: AFM images of In2O3 films annealed for 15, 60, and 90 min in O2 at 600 oC. 
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Fig. 2-12: Thickness of In2O3 films by varying annealing time. 

2.3.2.2  ITO films 

As stated above, ITO films were prepared using In(acac)3 and SnCl2 in PrA, and also by using 

In(acac)3 and Sn(acac)2 in PrA. From Fig. 2-7, it is found that high mobility is obtained at      

600 oC, 1 h annealing in RTA in O2 environment, for In2O3 case. So ITO films were annealed 

at this condition. ITO films were prepared by varying the SnO2 wt.% from 1 to 10. Hall mobility 

decreases as Sn wt.% increases. This is because Sn acts as a donor impurity in In2O3 cubic 

bixbyite crystal structure, so as the tin content increases, more impurity scattering takes place, 

hence less mobility. As Sn4+ acts as donor impurity, which donates electron to In2O3 by 

substituting In3+, so adding Sn carrier concentration increases. Hall mobility and carrier 

concentration of ITO films are shown in Fig. 2-13. 
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Fig. 2-13: Hall mobility, carrier concentration, and resistivity of ITO films. 
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From Fig. 2-13, it is seen that the Hall mobility of ITO via SnCl2 is lower than that of ITO via 

Sn(acac)2. This may be due to the reason that ITO via SnCl2 has Cl incorporated into the films. 

Therefore, this is one disadvantage of using Cl based precursor. Another disadvantage of using 

Cl precursors is that chloride compounds can leave toxic by-products behind [20].  

The resistivity of the films is calculated by the formula: 

𝜌 =
1

𝑞.𝑛.𝜇
   (1) 

where, ρ, q, n, and µ are resistivity, electronic charge (1.6 x 10-19 C), carrier concentration, and 

mobility, respectively. Since in Eq. (1), q is constant and from Fig. 2-13, carrier concentration 

is almost same for ITO via SnCl2 and ITO via Sn(acac)2. Therefore, it can be concluded that 

resistivity depends only on Hall mobility.  

  From Fig. 2-7, it is seen that mobility of In2O3 for 1 h annealing at 600 oC in O2 is as high as 

42.6 cm2/Vs, while Fig. 2-13 shows that the resistivity for 1 wt.% ITO annealed in O2 for 1 h 

at 600 oC is as low as 2.6 x 10-3 Ωcm. These values are comparable to the values of Hall 

mobility of In2O3 and resistivity of ITO obtained by other research group by vacuum processed 

(like thermal evaporation, pulsed laser deposition, and sputtering, etc.) In2O3 and ITO films. 

Some of these values are given in Table I and II.  
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Table I: Comparison of Hall mobility of our solution processed I.O films with other vacuum 

processed films. 

Technique  Hall mobility (cm2/Vs)      Deposition/   Ref.                                   

                                annealing temperature (oC)   

PLD         35           25    21 

PLD                                  42           25    22 

Thermal evaporation        12          100   23 

Thermal evaporation        61          150   24 

Thermal evaporation        70          350   25 

Sputtering                         72             400   26 

Present work        43          600    -- 

 

Table II: Comparison of resistivity of our solution processed ITO films with other vacuum 

processed films. 

Technique  Resistivity (Ωcm)                  Deposition/   Ref.                                   

                                annealing temperature (oC)   

PLD         2.8 x 10-4     25   27 

Sputtering                         1.59 x 10-4                     200   28 

Sputtering                         8.4 x 10-5    300   29 

PLD                4.4 x 10-5    300   30 

e-beam evaporation          6.0 x 10-5    370   31 

Sputtering                         1.6 x 10-4               480   32 

Present work        2.6 x 10-3               600    -- 

 

  Fig. 2-14 shows the XRD of ITO films, which shows that as Sn content increases, crystallinity 

decreases. This is also further confirmed by AFM results, which shows that average surface 

roughness decreases with an increase of Sn content, which means the grain size decreases. 

Surface roughness as a function of Sn wt.% is shown in Fig. 2-15. 
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Fig. 2-14: XRD of ITO films for varying Sn wt.%. 

  The thickness of ITO films as a function of tin weight percent is shown in Fig. 2-16. The film 

thickness is independent of tin content. 
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Fig. 2-15: Surface roughness dependence on Sn wt.% of ITO films. 
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Fig. 2-16: Thickness dependence on Sn wt.% for ITO films. 

2.3.3   Annealing temperature dependence 

Although the gel films become oxide films at around 350 oC according to TG-DTA analysis, it 

does not mean that there is complete removal of the organic species from the films at this 

temperature. As the annealing temperature increases, organic species keep getting removed. 

The effect of annealing temperature on the electrical properties of In2O3 and ITO thin films 

prepared by solution process is shown in Fig. 2-17.   
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Fig. 2-17: Electrical properties of In2O3 and ITO films by varying annealing temperature. 
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The low resistivity in this case is 1.1 x 10-3 Ωcm for 1 wt.% ITO via Sn(acac)2 at 700 oC. 

Again, the resistivity is dependent on mobility because carrier concentration is almost the same 

for all the samples.  

  XRD of In2O3 and ITO with respect to annealing temperature is shown in Fig. 2-18 which 

shows that, as annealing temperature increases, crystallinity improves (FWHM reduces). 
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Fig. 2-18: XRD of In2O3 and ITO films by varying annealing temperature. 

The film thickness dependence on the annealing temperature is shown in Fig. 2-19. As the 

annealing temperature increases, the thickness either remains constant or decrease. This is 

because of the reason that with increasing annealing temperature, organic species are removed 

from the films.  

500 600 700
0

20

40

60

80

100

T
h

ic
k

n
es

s 
(n

m
)

Annealing temperature (
o
C)

Annealed for 1 h in O
2
 

 

  

 

 In
2
O

3

 ITO 10 wt.% via SnCl
2

 ITO 10 wt.% via Sn(acac)
2

 

Fig. 2-19: Thickness of In2O3 and ITO films by varying annealing temperature. 
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2.3.4   Work function measurements 

The work functions were measured using photoelectron spectrometer for In2O3, 10 wt.% ITO 

via Sncl2, and 10 wt% ITO via Sn(acac)2. The work functions measurements for In2O3 and ITO 

are shown in Fig. 2-20, while the summary of the work functions are given in Table III.  
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Fig. 2-20: Work function measurements of In2O3 and ITO films. 

Table III. Work function of In2O3 and ITO. 

Sample Name Work function (eV) 

In2O3 5.8 

10 wt.% ITO via Sn(acac)2 5.6 

10 wt.% ITO via SnCl2 5.6 

 

  The work function of In2O3 is larger than that of ITO probably because the carrier 

concentration in In2O3 is lower than that of ITO (Fig. 2-13), which means the Fermi level is 

more towards valance band maximum in In2O3 case than in ITO case. As work function is 

defined as the energy difference between the vacuum level and Fermi level, so work function 

is more in In2O3 than in ITO case.  
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Summary 

In2O3 and ITO films were prepared by solution process using In(acac)3 precursor. High 

mobility obtained for In2O3 case using In(acac)3 precursor was 42.8 cm2/Vs with a carrier 

concentration of 9.47 x 1018 cm-3, when In2O3 film was annealed for 1 h in O2 at 600 oC. 

Mobility of as high as 57.8 cm2/Vs with a carrier concentration of 7.64 x 1018 cm-3 was obtained 

for In2O3 when annealing temperature was 700 oC. ITO was prepared using two precursors for 

tin. One source solution was prepared using In(acac)3 and SnCl2 in PrA (named as ITO via 

SnCl2), while the another was prepared using In(acac)3 and Sn(acac)2 in PrA (named as ITO 

via Sn(acac)2). ITO concentration was varied from 1 to 10 wt.%. It was found that as the Sn 

concentration increases, mobility decreases due to the reason that Sn acts as impurity in In2O3 

cubic bixbyite structure. Therefore, more the Sn content, more impurity scattering, hence less 

mobility. The resistivity as low as 2.6 x 10-3 Ωcm for our ITO films was obtained for 1 wt.% 

ITO via Sn(acac)2 with a mobility of 24 cm2/Vs and carrier concentration of 1.0 x 1020 cm-3, 

when ITO film was annealed in O2 for 1 h at 600 oC.  
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3. Characterization of In2O3 and Indium-Tin-Oxide 

(ITO) Thin Films by Nano-Rheology Printing (n-RP) 

 

3.1 Introduction 

Printed electronics have recently gained attention due to their low environmental impact, 

less number of steps, large area fabrication, ease of patterning on organic and inorganic 

substrates; and low cost [1-4]. Some of the present printed techniques include inkjet printing, 

offset printing, microcontact printing and gravure printing, etc., which are used to fabricate 

organic thin film transistors (TFTs) [5-6], printed circuits [7] sensors [6-8] and displays [9]. 

Inkjet printing is a popular method, but not appropriate for the miniaturisation of the advanced 

electronic devices, as the required resolution is sub-micrometres or below [10], which cannot 

be realised by the inkjet printing. Furthermore, it is hard to realise precise shape control and 

lack of scalability via inkjet printing [11]. 

  A novel printing method, named, nano-rheological printing (n-RP) has been introduced by 

Shimoda et al. in JAIST. N-RP is a direct thermal imprinting technique which performs 

imprinting at an elevated temperature by utilizing the rheological properties of  oxide  precursor  

gels  [4, 12-15].  

3.2 Nano-rheological printing process 

The study of rheological properties of a material in a confined geometry is known as nano-

rheology, while rheology itself means to deal with deformation and flow of matter [13]. N-

RP is based on direct imprint of precursor gel films, using which we can fabricate patterns 

as small as 100 nm with good shape control. N-RP is a resist-free, direct printing method, 

which utilises the rheological properties of a metal-oxide precursor gel to form patterns in the 
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precursor gel. Other advantages of n-RP are the simple equipment with lower complexity 

production steps and less material wastage. The complete process is described in Fig. 3-1. 

a) First, the source solution (i.e. source solution of the metal-oxide material in which the 

patterns are to be created) is spin-coated on the substrate and then dried, so that the 

source solution on the substrate can be changed from a liquid film into oxide precursor 

gel film as shown in Fig. 3-1(a).  

b) The sample (i.e. substrate with precursor gel) is then inserted into the n-RP machine, 

aligned properly with respect to the mold (Fig. 3-1(b)).  

c) The mold is then applied directly (without any resist) on the precursor gel, after which 

appropriate imprinting temperature and pressure are applied (Fig. 3-1(c)).  

d) The oxide precursor gel softens at imprinting temperature, thereby allowing the transfer 

of patterns from the mold to the gel film. The mold and gel are allowed to be in contact 

with each other for some time, after which the sample is cooled gradually. The mold is 

then detached from the patterned gel film (Fig. 3-1(d)), with some residual film on the 

gel film, corresponding to the convex regions of the mold.  

e) The residual film is removed by dry etching. During this dry etching, there is also slight 

etching of the thick patterned regions that correspond to the concave patterns of the 

mold (Fig. 3-1(e)). This kind of structures can be used for TFT application. 

f) Finally, after annealing, the etched patterned gel film oxidises into the solid oxide 

material (Fig. 3-1(f)). This kind of structure can be used for electrode application. 
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Fig. 3-1: Schematic of n-RP process. 

To date, fine pattern formation by n-RP has been reported for In2O3 [4], ITO [4], ruthenium 

lanthanum oxide (Ru-La-O) [16], and ruthenium oxide (RuO) [17]. However, there are few 

reports on the study of the electrical properties of In2O3 and ITO films prepared by n-RP (or 

sometimes also referred as direct thermal imprinting or direct imprinting in this work). In the 

present work, we report electrical properties of In2O3 and ITO films imprinted by the n-RP 

process along with the patterning properties. In2O3 and ITO are selected because they are very 

mature materials, which are used as transparent conducting electrode for solar cells, flat panel 

displays, etc., as well as channel in TFTs [18-20]. The electrical properties of imprinted In2O3 

and ITO films were also compared with non-imprinted films. In addition, in the previous work 

on the patterning properties of ITO, the ITO film was prepared using indium acetylacetonate 

and tin acetylacetonate in propionic acid. In the present work, tin chloride was also used to 

prepare ITO along with tin acetylacetonate.   
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3.3 Experimental procedure 

To carry out the imprinting, first of all the mold is cleaned with acid to make the surface of 

mold –OH terminated. This was done using ammonium peroxide mixture (APM), 

NH4OH:H2O2:DI in 1:1:2 ratio. 40 ml of this solution was heated at 80 oC for 20 min, after 

which the mold was ultra-sonicated in de-ionized (DI) water for 3 min. After making surface 

of the mold, -OH terminated, the surface of the mold (which geos in direct contact with the 

precursor-gel film) has to be treated with release and rinse agent (“release + rinse” are known 

as “coupling agent”). This is to form a self-assembled monolayer (SAM) layer on the surface 

of the mold. SAM layer is necessary, as this layer is fluorine terminated layer. Fluorine is 

hydrophobic in nature, so high fluorine content is needed to enhance the release treatment of 

the gel film from the mold. If the fluorine content is low, then hydrophobicity is reduced and 

there are more chances that the gel film gets attached with the mold (due to van der Walls 

interactions) during the detaching of the mold from the film. This may break the patterns. The 

complete process of SAM layer formation is shown in Fig. 3-2, while the conditions for release 

and rinse treatment via spin-coating are shown below: 

• Release agent: spin-coat: 1000rpm/20sec, dry: 120 oC for 20 min.  

• Rinse agent: ultra-sonicated/3 min, dry: 130 oC for 5 min. 
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Fig. 3-2: SAM layer formation mechanism on mold. 

  After preparing the SAM layer on the mold, first, the patterning properties in In2O3 by n-RP 

were investigated to determine good patterns, these conditions were then used as reference 

conditions to investigate the n-RP properties in ITO films, i.e. to study the effect of the addition 

of tin (Sn) into In2O3 patterning and electrical properties. The In2O3 and ITO source solutions 

and precursor gels were prepared using the conditions as described in Chapter 2. The Sn content 

of both prepared ITO source solutions was 10 wt.%.  

  The patterns were checked first by visual inspection and then by using an optical microscope 

(Olympus BX-51). Further characterisation was performed by secondary ion mass 

spectroscopy (SIMS; by Material Science and Technology, Promotion Foundation Analysis, 

Japan), Fourier transform infrared spectroscopy (FT-IR; Perkin Elmer Spectrum 100 FT-IR 

Spectrometer) in transmittance mode, and X-ray photoelectron spectroscopy (XPS; S-Probe 

Surface Spectrometer). The crystallinity of the films was measured by an X-ray diffractometer 

(XRD; X’Pert PRO MRD, PANalytical) using Cu Kα radiation (λ = 1.54 Å) with 40 kV and 

40 mA acceleration voltage and current, respectively. The thermal behaviour (i.e. evaporation 

of solvent, decomposition of organic species, and oxidation of the precursor gel) of the samples 
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was studied via thermogravimetry-differential thermal analysis (TG-DTA; by Toshiba 

Nanoanalysis Corporation). For mass spectroscopy and viscoelastic property studies, Fourier 

transform ion cyclotron resonance mass spectrometer (FT-ICR-MS; Solarix-JA, Bruker 

Daltonics) and Rheogel E-4000 (UBM Corporation) were used, respectively. For electrical 

properties measurement, a Hall effect measurement system (TOYO Corporation Resitest 8400) 

was utilised at room temperature using the van der Pauw method. The annealing was done 

using rapid thermal annealing (RTA; Ulvac Sinku-Riko Infrared Furnace) system.  

A “quartz SNP-02” mold (10 x 10 x 0.625 mm3) purchased from NTT-Advanced Technology 

was used to study the patterning properties. SNP-02 is a checker mold with square concave 

patterns with an area of 100 µm2 (each pattern) and depth of 500 nm. Furthermore, each square 

is separated from another square by a 10-µm-wide convex line. A schematic of the SNP-02 

quartz mold is shown in Fig. 3-3.   

 

Fig. 3-3: Schematic of SNP-02 mold. 

A “flat” mold, which was an eagle XG glass purchased from Corning, with an area of 10 x 10 

mm2 and 1.1 mm thick, was used to study the electrical properties because a large imprinted 

area is necessary for Hall measurements.  
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The n-RP machine used in this work is shown in Fig. 3-4, while Fig. 3-5 shows the n-RP 

machine during imprinting.  

 

Fig. 3-4: n-RP machine with various parts explained. 

 

Fig. 3-5: n-RP machine during imprinting. 
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3.4 Results and discussion 

3.4.1   Actual v/s indicated temperature 

The temperature of the imprinting machine stage where we put our sample for imprinting is 

known as sample stage (shown in Fig. 3-4). Machine LED shows this temperature, which we 

call as indicated temperature (also shown in Fig. 3-4). However, when we measured the actual 

temperature of the sample stage using thermocouple, we found some difference from the 

indicated one. The temperature of the sample stage measured using thermocouple, we call that 

as actual temperature. The relation between the actual v/s the indicated temperature is shown 

in Fig. 3-6, which shows that the actual temperature is higher than the indicated temperature. 

Throughout this thesis, we have used actual temperature, unless otherwise stated.  
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Fig. 3-6: Actual temperature v/s indicated temperature. 

3.4.2   Patterns formation 

3.4.2.1 With temperature dependence 

To optimize the temperature at which we get good patterns in In2O3 films, first we put In2O3 

sample on the imprinting stage and then increased the imprinting temperature. The imprinting 
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temperature was varied from 155, 165, 175, 185, 200, and 210 oC (actual temperature). These 

correspond to the indicated temperature of 110, 120, 130, 140, 150, 160, and 170 oC, 

respectively. The pressure applied was 15 MPa. The mold and gel film remain in contact for 5 

min (imprinting time) and then cooling started at the cooling rate of 5.8 oC min-1. The results 

are shown in Fig. 3-7. The result shows that 175 oC (actual temperature) gives better imprinting 

patterns. The mold used was SNP-02 checker mold. This mold will be used later for TFT 

formation, as well. The details of this mold is given in the experimental section. From the above 

results, 175 oC was selected as the best imprinting temperature for In2O3.  
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Fig. 3-7: Imprinting of In2O3 gel film using SNP-02 quartz mold by varying imprinting 

temperature. 

3.4.2.2 With pressure dependence 

The above experiments were performed using 15 MPa of imprinting pressure. We also 

performed imprinting of In2O3 using 175 oC as imprinting temperature but using 5 and 10 MPa 

of imprinting pressure as well, keeping imprinting time and cooling rate same as stated in Sec. 

3.4.2.1 The results are shown in Fig. 3-8 which shows that imprinting is independent of the 

applied pressure.  

155 oC 165 oC 

175 oC 185 oC 

200 oC 210 oC 
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Fig. 3-8: Thickness of imprinted In2O3 film using SNP-02 mold by varying imprinting 

pressure.  

 

3.4.3   Patterns of In2O3 and ITO 

The patterns of In2O3, 10 wt.% ITO via Sn(acac)2, and 10 wt.% ITO via SnCl2 (done at the 

same conditions as of In2O3, i.e. 175 oC and 15 MPa) using the SNP-02 mold (as described in 

experimental procedure) are shown in Fig. 3-9. It was evident that the patterns of In2O3 were 

better than that of ITO and that they degraded with the addition of Sn.  

               

 

Fig. 3-9: Optical microscope images of n-RPed (a) In2O3, (b) ITO via Sn(acac)2, and  

 (c) ITO via SnCl2. 

 

The thickness of In2O3, ITO via Sn(acac)2, and ITO via SnCl2 for Fig. 3-9 is shown in             

Fig. 3-10. Thickness of region labelled as “A” in Fig. 3-10 (a) is shown in Fig. 3-10 (b).  

(a) (b) (c) 
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(a): Region A for which thickness is measured and shown in Fig. 3-10 (b). 
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(b): Thickness of In2O3 and ITO measured by alphastep profilometer. 

 

Fig. 3-10: Thickness of In2O3, ITO via Sn(acac)2, and ITO via SnCl2 before and after 

annealing, with imprinting temperature, pressure, time, of 175 oC, 15 MPa, and 5 min. 

Imprinted gel film 
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  Figures 3-11 and 3-12 show the TG and DTA of the source solutions, respectively. TG-DTA 

measurements were performed in air at a constant heating rate of 10 oC min-1. It can be seen 

from the TG-DTA curves that the evaporation of the solvent in In2O3 and ITO is completed at 

around 120 oC. Around this temperature, semi-solid substances (i.e. oxide precursor gels) are 

generated, whereas an exothermic reaction starts at 250 oC, ending around 350 oC. The 

exothermic peak indicates the solidification of each oxide precursor gel due to oxidation. From 

TG-DTA analysis, it was evident that the gel state of In2O3 and ITO is in the temperature range 

between 120 oC to 290 oC, so imprinting is performed in this temperature range, as the specimen 

is in a semi-solid state in this temperature range. 
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Fig. 3-11: Thermogravimetric (TG) analysis of In2O3 and ITO source solutions. 
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Fig. 3-12: Differential thermal analysis (DTA) of In2O3 and ITO source solutions. 

3.4.4   Electrical properties 

Before going further, it is necessary to explain two terms, imprinted and non-imprinted film. 

After the gel film was prepared on SiO2/Si substrate, the sample (i.e. substrate having 

precursor-gel film) was inserted into the imprinting machine and imprinting was performed on 

a small region of the sample (i.e. pressure was applied on a small region of the gel, while the 

complete sample experienced the same imprinting temperature). After imprinting, the sample 

was taken out from the machine and cut into two parts. The pressure applied part is called the 

“imprinted film”, while the non-pressure applied part is known as the “non-imprinted film”. 

Figure 3-13 shows the imprinted and non-imprinted films, schrmatically. For the electrical 

properties, the Hall mobility and carrier concentration of “imprinted In2O3 and ITO films” were 

compared with “non-imprinted In2O3 and ITO films”. Figure 3-14 shows the Hall mobility and 

carrier concentration of imprinted and non-imprinted In2O3 and ITO annealed at 600 oC in O2 

environment for 1 hour. The Hall mobilities of the 600 oC annealed films reduced by the direct 

imprinting process which was performed at 175 oC. For In2O3, the mobility reduction by the 
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imprinting process is more serious than ITO. The carrier concentration of non-imprinted and 

imprinted In2O3 films were 4.2 x 1018 cm-3 and 2.8 x 1019 cm-3, respectively, suggesting that 

the imprinted In2O3 film contains more oxygen vacancies, whereas the carrier concentration of 

the ITO films were almost the same, regardless of the Sn precursor.  

 

Fig. 3-13: Description of imprinted and non-imprinted films. 
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Fig. 3-14: Hall mobility of imprinted and non-imprinted films after annealing at 600 oC. 

3.5  Discussion 

The organic species in the gel films were analysed by FT-IR as shown in Fig. 3-15, where most 

peaks were due to carbon related compounds. In FT-IR, the broad band at around 3440 cm-1 

and peak at around 2970 cm-1 are due to the stretching vibration of O-H and C-H bonds, 

respectively [21]. Around 1560 cm-1, the peak, labelled by (a) in Fig. 3-15, is due to the 

acetylacetonato band in the In complex [21], while some authors refer to it as COO- asymmetric 
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stretching [22]. The peaks at around 1470, 1430, and 1380 cm-1 are due to C-H bending, peaks 

at around 1250, 1140, and 1080 cm-1 are due to C-H stretching bond [23]. The peaks at around 

1015 cm-1 (labelled as (b) in the figure) are due to acetylacetonato band in the In complex [22], 

which some authors reported as C=O bond [23], and peaks at 888 and 814 cm-1 are due to C-H 

bending [21, 26]. The peaks at around 670 cm-1 are due to the In-O bond [22] and around 600 

cm-1 are due to Sn-O, also shown in Fig. 3-15 [26-28] labelled by (c) and (d), respectively. The 

FT-IR measurement of Fig. 3-15 shows that In2O3 has a relatively larger amount of organic 

species as compared to ITO. A relatively smaller amount of organic species in ITO compared 

to In2O3 may be one of the reasons for the degradation of patterning properties in ITO, as stated 

by Nagahara et al., the gel should have a high content of organic species to soften easily for 

good patterning properties [16]. The film thickness of the gel films measured by alpha-step 

profilometer are similar as; In2O3: 273 nm, ITO via SnCl2: 280 nm, and ITO via Sn(acac)2: 243 

nm. Since the film thicknesses are approximately same, it means that from the very beginning, 

organic species in In2O3 are more than in ITO. 
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Fig. 3-15: FT-IR of In2O3 and ITO gel films. 
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 The composition of the source solutions was further studied using cryospray ionisation 

Fourier transform ion cyclotron resonance mass spectroscopy (CSI-FT-ICR-MS). The mass 

spectra result from the positive mode measurements are shown in Fig. 3-16 and the inset shows 

the mass spectra for the m/z values from 0 to 500 on semi-log scale because these peaks were 

hardly visible on the linear scale. Figure 3-16 shows that most solutes have the general formula 

Inn(acac)2(PrA)x(CH3O)y, where n = 1-7, x and y are positive integers, “PrA” is the propionate 

ligand (CH3CH2COO−) and “acac” is acetylacetonate ligand (OCCH3CHOCCH3
−). CH3O (or 

-CH2OH) is the attachment of methanol to the solution because the source solutions were 

diluted with methanol for mass spectra analysis. The general formula suggests that the solute 

is mostly made up of the combination of In(acac)2 molecules and propionic acid molecules 

through van der Waals forces, which can also be stated as: In (indium) forms a basic structure 

with 1 In atom coordinated by 2 acac. The mass spectra show that In2O3 and ITO possess peaks 

at same m/z value, but the intensities are different, with a common pattern, which is shown in 

Table I.  
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Fig. 3-16: CSI-FT-ICR-MS analysis of (a) In2O3, (b) ITO via Sn(acac)2, and (c) ITO via 

SnCl2. 
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Table I. Structures corresponding to m/z value for In2O3 and ITO. 

In2O3 (A) ITO via Sn(acac)2 (B) ITO via SnCl2 (C)  

Structure Experimental 

mass 

Theoretical 

mass 

Experimental 

mass 

Theoretical 

mass 

Experimental 

mass 

Theoretical 

mass 

312.99 312.99 312.99 312.99 312.99 312.99 In(acac)2 

646.98 646.98 646.98 646.98 646.98 646.98 In2(acac)2(PrA)3 

980.98 980.97 980.98 980.97 980.98 980.97 In3(acac)2(PrA)6 

1230.94 1230.94 1230.95 1230.94 1230.95 1230.94 In4(acac)2(PrA)7(CH3O)2 

1480.91 1480.91 1480.92 1480.91 1480.92 1480.91 In5(acac)2(PrA)8(CH3O)4 

1730.89 1730.88 1730.89 1730.88 1730.85 1730.8537 

In6(acac)2(PrA)9(CH3O)6, for A and B 

In6(acac)6(PrA)5(CH3O)(CH3)HCl, for C 

604.97 604.97 604.97 604.97 604.97 604.97 In2(acac)2(PrA)2(CH3O) 

938.96 938.96 938.96 938.96 938.96 938.96 In3(acac)2(PrA)5(CH3O) 

1272.96 1272.95 1272.96 1272.95 1272.96 1272.95 In4(acac)2(PrA)8(CH3O) 

1522.93 1522.92 1522.93 1522.92 1522.93 1522.92 In5(acac)2(PrA)8(CH3O) 

1772.90 1772.89 1772.90 1772.89 1772.90 1772.90 

In6(acac)2(PrA)10(CH3O)5, for A and B 

In6(acac)6(PrA)5(CH3O)(C4H9)HCl, for C 

2022.87 2022.86 -- -- -- -- In7(acac)2(PrA)11(CH3O)7 

PrA = C2H5COO-; acac = C5H7COO- 

 

    From the mass spectra, it was evident that In2O3, ITO via Sn(acac)2, and ITO via SnCl2 have 

almost the same solute structures, except for SnCl2, where there was a peak containing Cl at 

the higher m/z value. In the similar way, more peaks containing In and organics along with Cl 

or Cl and Sn, or Sn are expected at higher m/z values. Although having similar structures of 

solute, the patterns degraded (as shown in Fig. 3-9) with the addition of Sn. This is due to the 

reason that In2O3 has viscoelastic changes similar to glass transition as in the case of polymers, 

while, with the addition of Sn, the viscoelastic properties are modified as shown in Fig. 3-17, 

which presents the viscoelastic properties of In2O3 and ITO semi-solid pallet. The viscoelastic 

properties were measured using a rheometer, in which the sample was sandwiched between 

two clips. The measurements were performed using dynamic viscoelastic measurement with 

sine wave in the temperature dependence mode (i.e. oscillatory mode). The sample was 

fabricated by drop-casting the In2O3 and ITO solution onto a glass petri dish, then heating it at     

100 oC in air, finally pulverising it from the petri dish. The obtained semi-solid powder was 

formed in a shape of a pellet (1 mm thick) at room temperature using a compression-molding 

machine.  
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Fig. 3-17: Viscoelastic properties of (a) In2O3, (b) ITO via Sn(acac)2, and (c) ITO via SnCl2. 
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  From Fig. 3-17, it is seen that the tan δ for In2O3 is higher than that for ITO, which means the 

In2O3 gel becomes softer at a certain temperature than ITO. Hence, it can be concluded that 

In2O3 shows better viscoelastic transformation under pressure and temperature compared to 

ITO, which may explain the degradation of patterns with the addition of tin for n-RP 

experiments.  

To study the effect of direct imprinting on the electrical properties of 600 oC annealed films, 

SIMS measurement was performed and the results are shown in Fig. 3-18. The carbon 

concentration in the imprinted In2O3 was more than non-imprinted In2O3 films, but in ITO, the 

carbon concentration was almost the same for imprinted and non-imprinted films. Indium 

precursor (i.e. In(acac)3) and the solvent (i.e. PrA) are themselves sources of carbon in the films.  
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Fig. 3-18: SIMS profile of imprinted and non-imprinted In2O3 and ITO films, after annealing. 

  The imprinting temperature in this experiment was 175 oC and at this temperature, the organic 

species in the precursor gel film (like PrA, acac) try to evaporate from the film. However, at 

the same time, the films are under pressure (i.e. imprinting pressure), thereby preventing 
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evaporation of the organic species to some extent. It is interesting to note that the carbon 

concentration is larger for the imprinted film than the non-imprinted film, even though the films 

were annealed at 600 oC in oxygen ambient after the imprint process. These trapped carbons 

act as scattering centres that lead to a reduction in the mobility of the films in the case for In2O3. 

Whereas the ITO gel has less effect of imprinting pressure on the residual carbon concentration 

due to a lower tan δ value, which corresponds to the experimental result that Hall mobility 

reduction is not so pronounced for ITO.    

As shown in Fig. 3-14 that the carrier concentration in In2O3 increased by the imprinting 

process, but does not change much in ITO. This corresponds to the fact that the precursor gel 

has not deformed much in ITO as much as in In2O3. This deformation may create oxygen 

vacancies, which are a source of carrier concentration in In2O3 [29-31]. To confirm this, the 

chemical bonding was studied using XPS, as shown in Fig. 3-19, where the x-axis represents 

the intensity (arb. unit) and y-axis represents binding energy (eV). The XPS peaks were 

calibrated using the binding energy of 284.6 eV for carbon. The oxygen 1s peak has been 

deconvoluted into three positions: the peak at lower binding energy due to metal-oxide bonds 

(M-O bond), the medium binding energy due to oxygen vacancies (O vacancy), and the higher 

binding energy due to oxygen of the free hydroxyl group (OH bonds), which is caused by the 

water molecules absorbed on the surface [32]. To understand the difference between samples, 

the peak area ratio was calculated, 
𝑂 𝑣𝑎𝑐𝑎𝑛𝑐𝑖𝑒𝑠

M−O bonds
  as a measure of the formation of oxygen 

vacancies. The values of 
𝑂 𝑣𝑎𝑐𝑎𝑛𝑐𝑖𝑒𝑠

M−O bonds
 shown in the top right-hand side of Fig. 3-19 are presented 

in Table II.  
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Fig. 3-19: XPS spectra of In2O3 and ITO for oxygen 1s peak. 

 

Table II. Area ratio of O-vacancy/M-O bond. 
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From Fig. 3-19, it is evident that for the imprinted In2O3 film, the peak area ratio 
𝑂 𝑣𝑎𝑐𝑎𝑛𝑐𝑖𝑒𝑠

M−O bonds
  

is as large as 2.3, while for the non-imprinted case, it is 0.8. As oxygen vacancies are 

responsible for free carriers in In2O3 [23], the structure is deformed during imprinting, leading 

to more oxygen vacancies. A similar analysis was conducted by Kim et al. [33] and Wu and 

Chiou [34], where the former reported that as the oxygen content increases, the carrier 

concentration decreases and the later showed that as the oxygen content increases, the ratio 

𝑂 𝑣𝑎𝑐𝑎𝑛𝑐𝑖𝑒𝑠

M−O bonds
 decreases. As explained above, the structure of ITO does not deform much during 

imprinting, so the ratio of 
𝑂 𝑣𝑎𝑐𝑎𝑛𝑐𝑖𝑒𝑠

M−O bonds
  is similar for imprinted and non-imprinted samples in the 

case of ITO. Hence, the carrier concentration remains almost the same for ITO films. 

Finally, the crystalline properties were characterised by XRD. Figures 3-20 (a) and 20 (b) 

show the XRD of the imprinted and non-imprinted In2O3 and ITO films, respectively, with 

almost no peaks observed for imprinted In2O3 and ITO films, suggesting the imprinted films 

are amorphous in nature. In contrast, (222) and (400) diffraction peaks were found for non-

imprinted films, indicating that the imprinting process prevents the crystallisation of In2O3, 

probably due to the large residual carbon content. This also corresponds to the experimental 

result that the mobility of imprinted film was smaller than that of non-imprinted films. 
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Fig. 3-20: XRD of (a) imprinted and (b) non-imprinted, In2O3 and ITO films. 
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Summary 

N-RP is a resist-free, direct patterning technique to achieve patterns in the metal-oxide 

precursor gel in the nanoscale range, allowing precise shape control. During n-RP, the 

precursor gel is deformed by the application of the appropriate imprinting temperature and 

pressure. The addition of tin (Sn) to In2O3 degrades (i.e. ITO) the n-RP properties because the 

tan δ value of ITO is smaller than that of In2O3. Consequently, the electrical properties of 

imprinted ITO films are not altered as much as compared to non-imprinted ITO films, but are 

greatly affected in the case of imprinted In2O3 compared to the non-imprinted In2O3 films. The 

Hall mobility of imprinted In2O3 decreases due to the trapped carbon, as confirmed by SIMS 

measurements, which showed that even after annealing at 600 oC for 1 hour, there was more 

carbon in the imprinted In2O3 than non-imprinted In2O3. An increase in the carrier 

concentration in imprinted films is due to the increase in oxygen vacancies in In2O3 after 

imprinting, as confirmed by XPS studies.  
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4. Solution Derived High k-dielectric Materials 

 

4.1 Introduction 

With a continuous scaling down of metal-oxide-semiconductor field effect transistor 

(MOSFET) technology, the equivalent oxide thickness (EOT) assuming SiO2 gate dielectric 

films approach to 1.2 nm. Such a thickness, leads to the problem of large leakage current 

density (over 1A/cm2) due to direct electron tunneling as well as poor gate reliability. To 

overcome these problems and to maintain a high capacitance, thicker dielectric layer with 

larger dielectric constant is necessary which can replace SiO2 and SiOxNy. Such materials are 

called high-k gate dielectrics, which allow physically thicker gate insulator films, which reduce 

leakage current; while still have large MOS capacitance density, as necessary for further MOS 

scaling [1-5]. The requirements of high-k materials are- 

a. Good thermodynamic stability with Si due to direct contact with Si 

b. Good interface quality with silicon 

c. Comparable with conventional SiO2 

d. Apart from their high-k constant, large band gap and band offsets are required 

A large number of high-k materials are used as gate-dielectrics. Some of them are gadolinium 

oxide Gd2O3 [6], magnesium oxide MgO [7], erbium oxide Er2O3 [8], neodymium oxide Nd2O3 

[9], praseodymium oxide Pr2O3 [10], cerium oxide CeO2 [11],  cerium zirconate CeZrO4 [12],  

aluminum oxide Al2O3, [13], lanthanum oxide La2O3 [14], yttrium oxide Y2O3 [15], tantalum 

pentoxide Ta2O5 [16], titanium dioxide TiO2 [17],  zirconium dioxide ZrO2 [18],  hafnium 

oxide HfO2 [19], etc. Among these, HfO2 has been selected due to its advantages like [20-23]:- 

 

 



 

72 
 

 Relatively high dielectric constant, (kHfO2 ≈ 22 » kSiO2 = 3.9)  

 Compatible with CMOS processing 

 High breakdown field (> 5 MV/cm)  

 Thermal stability in contact with Si 

Thin films of pure HfO2 (i.e. undoped HfO2) to replace SiO2, first came into existence into 

commercial products since its first use in Penryn chip by Intel in 2007. After this, HfO2 has 

been used in numerous applications like passivation layer in devices such as high temperature 

and high power electronics, based on silicon carbide [24], sensitive layer in ion selective field 

effect transistor [25].  

Hafnium belongs to group 4 transition element in periodic table. Hafnium in the presence of 

oxygen, forms a stable oxide, hafnium dioxide. The phase diagram of Hf and O under 1 atm. 

and room temperature is shown in Fig. 4-1. It is seen from this phase diagram, that HfO2 has 

three phases: monoclinic, below 1670 oC; tetragonal phase from 1670 to 2200 oC; and cubic 

phase, from 2200 to 2810 oC. The change in crystal structure of HfO2 as a function of 

temperature is often summarized as: monoclinic  tetragonal  cubic. Tetragonal/cubic phase 

has higher k than monoclinic phase [26]. By increasing the pressure between 4 to 11 GPa, 

orthorhombic phase can also be obtained. Table I summarizes the dielectric constant and 

bandgap for different phases of HfO2.  
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Fig. 4-1: Phase diagram of HfO2 from Massalski [27]. 

 

 

 

 

HfO2 is used in two forms, one is pure (undoped) HfO2 and another is doped HfO2. Pure HfO2 

crystallizes into monoclinic phase and shows paraelectricity. Doped HfO2 (i.e. HfO2 doped 

with dopants like Y, Zr, or Si, etc.), crystallizes into orthorhombic phase and shows 

ferroelectricity [30].  

In my work, we have investigated the electrical properties (i.e. polarization-electric field, 

capacitance-voltage, and leakage current density-electric field) of solution-processed HfO2 

Phase                            Eg                      εr 

 Cubic                            5.53 [28]          29 [29] 

Tetragonal              5.79 [28]          70 [29] 

Monoclinic              5.65 [28]         15-25 [29] 

Table I: Band gaps and averaged dielectric constant for crystalline phases of HfO2 
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films deposited on Pt/Ti/SiO2/Si substrate. To study the electrical properties, we fabricated 

metal-insulator-metal (MIM) capacitor, using ITO/HfO2/Pt type configuration (or, 

ITO/HfO2/Pt/Ti/SiO2/Si configuration). By XRD, it was found that undoped HfO2 is 

monoclinic in phase and shows paraelectric properties, as confirmed by polarization-electric 

field and capacitance-voltage studies. 

4.2 Experimental procedure 

HfO2 thin films were prepared by solution process using hafnium acetyacetonate (Hf(acac)4)) 

in propionic acid (PrA). Pure HfO2 with a molar concentration of 0.2 mol/kg was used in this 

work. The source solution of HfO2 was prepared by mixing proper amount of Hf(acac)4 and 

PrA on a magnetic stirrer for 1 h at 120 oC at 1000 rpm. After this, the solution was allowed to 

cool down and finally it was filtered with 0.2 µm pore size of filter paper. This is shown 

schematically in Fig. 4-2. 

To fabricate metal-insulator-metal (MIM) capacitor, Pt/Ti/SiO2/Si substrate (thereinafter 

called as “Pt substrate”) was used. Pt substrate was first cleaned by ultra-sonicating in acetone 

for 10 min, then in isopropanol alcohol (IPA) for 10 min, and then in de-ionized water (DI) for 

10 min. Finally, Pt substrate was purged with N2 gas. HfO2 source solution was spin coated on 

Pt substrate at 1500 rpm for 20 s. Then the HfO2 coated Pt substrate was dried at 225 oC for 3 

min on hot plate to evaporate the solvent and to make the film dense. Then, again HfO2 source 

solution was spin-coated on it at 1500 rpm for 20 s and again dried at 225 oC for 3 min. Finally, 

third-time HfO2 was spin-coated and this time it was dried at 100 oC. The complete spin-coating 

and drying conditions are: 

slope/2sec500rpm/5secslope/2sec1500rpm/20secslope/2sec (dry: 225oC/3min); 2 times 

slope/2sec500rpm/5secslope/2sec1500rpm/20secslope/2sec (dry: 100oC/3min); 1 time 
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  Above process gave us gel film. To make this gel film into solid oxide film, gel film was 

annealed in rapid thermal annealing (RTA) in O2 environment. RTA annealing was done by 

varying the annealing temperature from 500 to 700 oC with an annealing time of 15 min.  

 

Fig. 4-2: Formation of HfO2 solid thin film from source solution. 

  The crystalline phase of HfO2 films on Pt substrate was characterized by X-ray diffraction 

(XRD) analysis. X’PERT PRO with monochromatic Cu Kα (1.54 Å) was used for GI-XRD 

measurements. The surface morphology was studied via atomic force microscope (AFM) using 

HITACHI AFM5000II SPA-400 in tapping mode.  

To measure the electrical properties, an electrode on top of HfO2 (top electrode) is needed to 

make it MIM capacitor, while Pt was used as bottom electrode. To make the top electrode, 

indium-tin-oxide (ITO) was used. 1 wt.% ITO was used with a molar concentration of                
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0.3 mol/kg was used. Indium acetylacetonate (In(acac)3) and tin acetylacetonate (Sn(acac)2) in 

PrA were used to synthesise ITO source solution. The source solution to precursor-gel 

conversion of ITO was done by spin-coating ITO on HfO2/Pt sample with the conditions shown 

below: 

slope/2sec500rpm/5secslope/2sec1500rpm/20sec slope/2sec (dry: 100oC/3min) 

Finally, ITO was annealed in RTA for 1 h in O2 environment (this condition was adopted after 

optimization, as discussed in chapter 2). This gave MIM capacitor structure. However, for 

electrical characterizations, we need to pattern the ITO films. In addition, to measure the 

thickness of HfO2 thin film and to make the contact from the bottom Pt electrode, we need to 

etch the HfO2 film. This was done by photolithography as shown in Fig. 4-3. First ITO 

patterning was done by lithography and then again, lithography was done to etch the HfO2 film. 

To etch ITO and HfO2, hydrochloric acid (HCl) and hydrofluoric (HF) acid were used, 

respectively. The top electrode (i.e. ITO) after patterning is a square in shape with an area of 

100 x 100 µm2. The electrical characterization i.e. polarization-electric field (P-E), 

capacitance-voltage (C-V), and current density-electric field (J-E), of the MIM capacitor were 

measured. P-E, C-V, and J-E were studied using Toyo 6252 ferroelectric characterization 

system, Wayne Kerr 6400B precision component analyzer, and Agilent 4155C semiconductor 

parameter analyzer, respectively. The patterns were checked by optical microscope while the 

thickness of the electrodes and HfO2 film, were measured using alpha-step profilometer.  
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Fig. 4-3: Patterning of ITO, and etching of HfO2 film, to make MIM capacitor. 
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4.3 Results and discussion 

To study the crystallization temperature of HfO2, TG-DTA was performed on HfO2 source 

solution. TG-DTA was measured in air (flow rate: 200 ml min-1) with a heating rate of 10 oC 

min-1, where heating was performed from room temperature to 600 oC. Figure 4-4 shows the 

thermal behaviour of HfO2 source solution. It is seen that two weight loss regions are observed, 

first in temperature range from room temperature to around 175 oC and second in the 

temperature range from 250 to 350 oC. The first weight loss is due to the evaporation of the 

solvent, which completes around 175 oC. This is also characterized by an endothermic peak in 

DTA graph, at around 175 oC, which indicates the evaporation of the solvent. The next weight 

loss starts from around 250 oC and finishes around 350 oC. This weight loss is due to the 

crystallization of HfO2 precursor by the decomposition of organic species. DTA curve also 

shows an exothermic peak around 350 oC, corresponding to HfO2 crystallization.  
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Fig. 4-4: Thermal behaviour of HfO2 source solution. 

Figure 4-5 shows the electrical characteristics (P-E and C-V) of MIM capacitor, where the 

insulator layer i.e., HfO2 precursor gel film, was annealed in O2 for 15 min at 500, 600, and 

700 oC. Figure 4-6 shows the leakage current density (J-E) of the same films. Table II gives 

relative dielectric constant (εr), breakdown field (Ebd), leakage current density at 1 MV/cm and 

thickness of 500, 600, and 700 oC annealed film. Figures 4-7 and 4-8 show the crystallinity 

behaviour studied by XRD measurements and surface morphology of the films measured by 

AFM (for an area of 1 x 1 µm2), while Table III gives the RMS roughness. As stated earlier, 

for electrical properties measurements, ITO top electrode was annealed for 1 h, but XRD and 

AFM studies were performed before ITO deposition. It is seen from Table II, that, as the 

annealing temperature increased, thickness of HfO2 reduced. This is due to the reason that at 

higher annealing temperature, more organic species are removed from the films and 

densification of films take place. Hence, film quality improves. This densification of the films 

at higher annealing temperature is a reason for the increase of breakdown voltage with 

annealing temperature. The lower annealing temperature of the films leads to more residual, 
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polarizable hydroxo groups [31]. The leakage current density at 1 MV/cm is also large for 500 

oC annealed film compared to 600 and 700 oC. This is due to the large amount of organic 

residual and low density of the films. Also, 500 oC annealed film is poor in quality as seen from 

XRD. XRD results also show that whatever the annealing temperature is, pure HfO2 crystallizes 

into monoclinic phase.  
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Fig. 4-5: P-E and C-V of HfO2 films annealed at 500, 600, and 700 oC in O2 for 15 min. 
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Fig. 4-6: J-E of HfO2 films annealed at 500, 600, and 700 oC in O2 for 15 min. 

 

Table II: Relative dielectric constant (εr), breakdown field (Ebd), leakage current density, 

and thickness of HfO2 films annealed at 500, 600, and 700 oC in O2 for 15 min. 

Annealing 

temperature 

εr  

from P-E 

εr  

from C-V 

Ebd 

(MV/cm) 

Leakage current 

density (A/cm2) at 

1MV/cm 

Thickness 

(nm) 

500 oC 21.17 19.45 3.84 2.86 x 10-5  63 

600 oC 19.26 17.98 5.36 1.61 x 10-6 54 

700 oC 17.58 15.91 5.78 1.01 x 10-6 45 
 

As 700 oC annealed HfO2 films gives highest breakdown field strength and lowest leakage 

current density, so for TFT fabrication, we used 700 oC annealed HfO2 films.   
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Fig. 4-7: XRD of HfO2 films annealed at 500, 600, and 700 oC in O2 for 15 min. 

 

 

       

Fig. 4-8: AFM images of HfO2 films annealed at 500, 600, and 700 oC in O2 for 15 min. 

 

Table III: RMS roughness of HfO2 films annealed at 500, 600, and 700 oC in O2 for 15 min. 

 

 

 

 

As electrical properties improve with increasing annealing temperature, we could have 

annealed our films at 800 oC or above also. However, when we annealed the films at 800 oC, 

there starts peel-off of the platinum film from the substrate. This is because platinum is glued 

Annealing temperature (oC) RMS roughness (nm) 

500 oC 0.73 

600 oC 0.65 

700 oC 0.82 

500 oC 600 oC 700 oC 
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on the SiO2/Si substrate via Ti. At higher annealing temperature, Ti oxidizes to TiOx and Pt 

starts to peel-off. An 800 oC sample showing peel-off is shown in Fig. 4-9. 

 

Fig. 4-9: Peel-off of Pt film from Pt/Ti/SiO2/Si substrate at 800 oC annealing.  
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Summary 

In this present work, electrical properties (i.e. polarization-electric field (P-E), capacitance-

voltage (C-V), and leakage current density-electric field (J-E)) of HfO2 thin films by solution 

process were studied, by fabricating ITO/HfO2/Pt, MIM capacitor, more precisely, electrical 

properties dependence on annealing temperature was studied. It is found that solution process 

derived pure HfO2 film exhibit monoclinic phase, as confirmed by XRD studies, irrespective 

of annealing temperature. It has been confirmed by P-E studies that pure HfO2 shows 

paraelectricity and as the electric field is increased, a hysteresis starts to appear in P-E, which 

is due to the leakage at higher field. As annealing temperature increases from 500 to 700 oC, 

film thickness decreases and leakage current density decreases. However, breakdown field 

increases. This is due to the reason that as annealing temperature increases, organic species 

from the films are removed and films become dense. The lowest leakage current at 1 MV/cm 

is 1.01 x 10-6 A/cm2 for 700 oC annealed HfO2 for 15 min, with a breakdown field of 5.8 

MV/cm.  
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5. In2O3 Channel Thin Film Transistor (TFT) by 

Solution Process and n-RP 

 

5.1 Introduction 

Indium oxide (In2O3)-based oxide films are used in wide range of applications, like 

photovoltaics, smart windows, displays, sensors, etc. In2O3 and indium tin oxide (ITO) are also 

used as channel in TFTs. 

 To keep Moore’s law active, it is necessary to scale down the channel length into submicron 

or even nanometer-scale range to get high speed at low operating voltage [1]. The conventional 

ways to fabricate the short-channel devices are electron beam lithography [2], nano-imprint 

lithography [3, 4], etc. These techniques are successful to get submicron channel length TFTs, 

but they need vacuum process, which is time consuming and costly. So researchers have moved 

to printed electronics. There are many types of printed electronics like inkjet printing, screen 

printing, gravure printing, roll-to-roll printing, flextronics, etc. Amongst these, inkjet printing 

has gained popularity due to the advantages of low temperature deposition, so ,we can use large 

number of cheap substrates like paper, glass, polymer, wood, textile, etc. Another advantage 

of inkjet printing is that it is easy to implement, as it does not require large number of steps as 

in photolithography. Inkjet printing is an alternate to get such scale of channel length but it 

suffers from the problem of resolution.  

  As in the previous chapters, we have introduced the concept of nano-rheology printing (n-

RP); in this chapter, we describe the details of TFT formation by n-RP process, which is simple 

and does not take much time as other vacuum techniques. As described earlier, using n-RP 

process, we get source/drain and channel, simultaneously. Also, source/drain and channel, all 

are made up of same material in the TFT fabricated by n-RP process. The thick regions act as 
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source/drain while the thin regions act as channel. It is found (in chapter 3) that, after n-RP 

carrier concentration increases. TFT works because source/drain are concave regions of the 

mold and channel is convex region of the mold. In other words, channel is formed by imprinting 

and has high carrier concentration than source/drain.  

Since, In2O3 and ITO have high carrier concentration, so, when they are used as channel, then 

it is necessary to deplete the carrier concentration of the channel to get low off current. Gate 

insulator does this depletion and the possible candidates for the gate insulator are: 

 ferroelectric material like Pb(Zr,Ti)O3 (PZT), (Ba,La)4Ti3O12 (BLT), SrBi2Ta2O9 

(SBT), etc., or  

 high-k gate dielectric materials like Al2O3, HfO2, La2O3, MgO, etc., which can induce 

large charge density to control the conductive channel layer.  

  TFTs with ferroelectric gate insulator are known as ferroelectric gate TFT (FeTFT) [5, 6]. 

Ferroelectric materials induce large charge density, which helps to get large on-current and 

low-off current, due to the spontaneous/remnant polarization of ferroelectric materials. This 

gives large Ion/Ioff ratio. For depletion, the channel should be thin enough for complete depletion. 

Another advantage of using FeTFT is that the TFTs with non-volatile memory operation can 

be realized due to polarization hysteresis and transfer curve of the of the device exhibits 

hysteresis loop. 

For displays applications, TFTs, which have transfer curve without hysteresis loops, are 

required. For these TFTs, in-place of ferroelectric gate insulator, high-k gate insulator are used, 

like (Ba0.3Sr0.7)TiO3 (BST), Bi1.5Zn1.0Nb1.5O7 (BZN), hafnium dioxide (HfO2), etc. TFTs 

having paraelectric gate material are widely studied due to their strong expectancy for flat-

panel displays and system-on-panel applications [7]. For the complete depletion of the channel 
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layer, using high-k material, the charge density of the gate insulator is greater than the charge 

density of the channel. Mathematically,  

𝑞. 𝑛. 𝑑 < 𝜀0. 𝜀𝑟 . 𝐸𝐵𝐷   (1) 

where, q, n, and d are the elemental charge, carrier concentration of the oxide channel, and 

thickness of oxide channel layer, respectively. ε0, εr, and EBD are dielectric constant of vacuum, 

relative dielectric constant of gate insulator, and breakdown field of gate insulator, respectively.  

In the present work, we have fabricated bottom-gate TFT with n-RP process, with In2O3 as 

source/drain and channel, while HfO2 as gate dielectric. In2O3 and HfO2, both are fabricated 

by solution process. Platinum is used as a gate electrode. It is easy to get TFT operation with 

ferroelectric gate insulator and many reports are available on this but very few reports are 

available with In2O3 as channel and HfO2 as gate insulator.  

5.2 Fabrication process 

The complete process flow for the fabrication of thin film transistor using the In2O3 channel 

and HfO2 gate dielectric is shown in Fig. 5-1. First, pure HfO2 film (as gate dielectric film) was 

spin-coated on Pt/Ti/SiO2/Si substrate, which was first cleaned with acetone, isopropanol 

alcohol (IPA) and deionized water (DI water). The HfO2 film (concentration of 0.2 mol/kg) 

was coated 3 times to get the desired thickness (this is explained in previous chapter 4) and 

annealed at 700 °C for 15 min in O2 atmosphere for crystallization. Then it was etched using 

photolithography to measure its thickness and to make contact from the bottom gate electrode, 

i.e. platinum. In2O3 source solution was spin-coated on HfO2 film to make source/drain and 

channel of In2O3. The spin-coated In2O3 on HfO2/Pt/SiO2/Si film then dried in air at 100 oC for 

3 min to make it a precursor-gel film. Then imprinting was done on this gel In2O3 film via 

SNP-02 checker mold. The imprinting was done with an imprinting pressure of 6 MPa, 

imprinting time of 5 min, cooling rate of 5.8 oC/min, and imprinting temperature of 175 oC (as 
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discussed in chapter 3). Platinum (of Pt/Ti/SiO2/Si substrate) was used as a bottom gate 

electrode. 

After imprinting, the sample was annealed in O2 for 1 h in O2 at 600 oC (this condition was 

adopted from the optimization as discussed in chapter 2). Finally, the device isolation was done 

by photolithography via wet-etching. To carry out lithography, first thinner OAP was spin-

coated on the sample at 5000rpm/20sec and the positive photoresist (PR); OFPR, was spin-

coated on it at 5000rpm/20sec. It was then dried on hot-plate at 110 oC for 1.30 min (pre-

baking).  Then photolithography was carried out by exposing ultraviolet (UV) light through a 

Cr plated glass mask at 350 W for 12 s. The exposed PR was developed in NMD-3 solution 

and then rinsed in DI water. The developed sample was post-baked at 110 °C for 5 min on hot-

plate. Then it was etched by HCl acid and the resist was removed by dipping the sample in 

acetone, then in iso-propyl alcohol (IPA), and finally in DI water. The complete process flow 

is shown in Fig. 5-1. The complete structure of the fabricated TFT is shown in Fig. 5-2.  The 

thick regions on the precursor-gel, which correspond to the concave regions of the mold, act as 

source/drain, while the residual film acts as a channel layer. These are shown clearly in Fig. 5-

2.  
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Fig. 5-1: Process flow for TFT fabrication. 
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Fig. 5-2: Top and side view of fabricated TFT by n-RP process. 

5.3 Results and discussion 

The thin film transistor using solution processed In2O3 as source/drain and channel, while HfO2 

as gate insulator was fabricated with channel length of 10 µm and width 97 µm, respectively. 

This is because we used SNP-02 checker mold (described in chapter 3), so source/drain and 

channel were imprinted by SNP-02 mold, hence the fabricated length and width of the channel 

is 10 and 97 µm (shown in Fig. 5-2). Width was also expected to be 100 µm, but it is around 

97 µm, which may be due to side etching during wet etching or may be due to misalignment 

during channel isolation. The TFT was fabricated by n-RP process, with an imprinting pressure 

of 6 MPa, imprinting time of 5 min, cooling rate of 5.8 oC min-1, and imprinting temperature 

of 175 oC. The thickness of the In2O3 channel is 18 nm, while the thickness of the In2O3 

source/drain electrode is 76 nm. The thickness of HfO2 gate insulator is 48 nm. Figure 5-3 

shows the transfer characteristics while Fig. 5-4 shows the output characteristics of the 

fabricated transistor. Transfer characteristics with gate sweep voltage of ± 20 V, clearly shows 

n-channel operation, with large counter-clockwise hysteresis. This counter-clockwise 

hysteresis is not due to ferroelectric property, but this hysteresis may be due to the channel-

dielectric interface oxide charges. In addition, our channel and gate dielectric were fabricated 

by solution process and solution derived films have residual organics. Another reason for this 
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hysteresis is due to the oxides at the interface. These may also be the reason for large hysteresis 

in transfer curve [8-12]. IDS-VDS exhibits a clear pinch-off and current saturation, confirming 

that TFT follows standard field effect transistor (FET) theory as transistor behaviour is 

observed. However, the on/off ratio is 9.97 x 104 (~ 105) with ON current of 1.44 x 106 µA/µm 

at gate voltage of 20 V and OFF current of 14.43 µA/µm at gate voltage of -5 V. The carrier 

concentration of channel (i.e. thin region obtained on the precursor gel film after imprinting) 

is 4.1 x 1019 cm-3 while the sub-threshold swing (SS) is 2.3 V/dec when VGS is swept from -20 

to + 20 V and it is 0.54 V/dec, when VGS is swept from +20 to -20 V.  

The mobility in the saturation region can be calculated from saturation drain current (IDS) 

given by the formula: 

𝐼𝐷𝑆 =
𝐶𝑖µ𝑊

2𝐿
(𝑉𝐺𝑆 − 𝑉𝑇)2   (2) 

  In Eq. (2) W and L are channel width and length, Ci is gate oxide, VGS is gate-source voltage, 

IDS is drain-source current, VT is threshold voltage, respectively.  

The mobility at saturation region is 0.13 cm2/Vs with VT = 1.9 V. Threshold voltage 

estimation was calculated from √𝐼𝐷𝑆
2

 v/s VGS plot shown in Fig. 5-5, where the dotted line 

represents the extrapolated line drawn to estimate VT.  
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Fig. 5-3: Transfer characteristics of fabricated TFT by n-RP. 
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Fig. 5-4: Output characteristics of fabricated TFT by n-RP. 
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Fig. 5-5: Threshold voltage estimation of fabricated TFT by n-RP.  
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Summary  

In this chapter, bottom-gate thin film transistor (TFT) using solution-processed In2O3 as a 

channel and source/drain; and solution-processed HfO2 as a high-k gate dielectric film, was 

fabricated and characterized. Pt from the Pt/Ti/SiO2/Si substrate was used as bottom gate 

electrode. Bottom-gate was selected, as the crystallization temperature of HfO2 was higher than 

that of In2O3. 0.3 mol/kg was the concentration of used In2O3 while 0.2 mol/kg was the 

concentration of used HfO2. Since, In2O3 is an n-type semiconductor, so the TFT output 

characteristics shows n-channel operation with drain current saturation. As the solution-

processed films have large amount of hydroxyls into it and also due to the oxide charges at 

interface, the transfer characteristics showed large hysteresis in counter-clockwise direction. 

The calculated TFT parameters are, on/off ratio is in the order of ~105, SS: 2.3 V/dec, mobility: 

0.13 cm2/Vs, and threshold voltage: 1.9 V.  
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6. Conclusion 

 

6.1 Summary and conclusions of this research 

Unlike most of the research for In2O3-based films, which use vacuum techniques to deposit 

thin films, in this complete work solution process derived indium oxide (In2O3) and indium tin 

oxide (ITO) films were used, which were deposited directly on high-k hafnium oxide (HfO2) 

for thin film transistors (TFTs) application. To fabricate TFT, researchers use lithography, 

sputtering, or other vacuum techniques. Nano-rheological printing (n-RP) is a new technique 

which helps to fabricate source/drain and channel, simultaneously. This saves time and also 

does not need costly vacuum techniques.  

In chapter 1, as an introduction of this research, it is shown how n-RP is a novel technique to 

pattern metal-oxide gel films, which can then be used to fabricate TFTs or electrodes. Although 

there are many conventional techniques to make TFTs for displays and memories, but n-RP is 

a direct thermal imprinting technique, which does not need resist. This chapter also focuses on 

the advantages of solution process over costly techniques like sputtering, CVD, etc. The 

objective of this research is to develop chemical solution processed In2O3, ITO and HfO2 thin 

films and to use these solution-derived thin films to fabricate transistor by n-RP.  

In chapter 2, solution processed In2O3 and ITO, electrical properties were studied with respect 

to annealing time and annealing temperature, using In(acac)3 precursor. For In2O3 case, using 

In(acac)3 precursor, mobility as high as 42.8 cm2/Vs was obtained with a carrier concentration 

of 9.47 x 1018 cm-3, when In2O3 film was annealed for 1 h in O2 at 600 oC. ITO was prepared 

using two different precursors for tin (Sn). One source solution was prepared using In(acac)3 

and SnCl2 in PrA (named as ITO via SnCl2), while the other was prepared using In(acac)3 and 

Sn(acac)2 in PrA (named as ITO via Sn(acac)2). The concentration of Sn was varied from 1 to 
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10 wt.%. It was found that as the Sn concentration increases, mobility decreases due to the 

reason that Sn acts as impurity in In2O3 cubic bixbyite structure. Therefore, more the Sn content, 

more impurity scattering, hence less mobility. Resistivity as low as 2.6 x 10-3 Ωcm for our ITO 

films was obtained for 1 wt.% ITO via Sn(acac)2 with a mobility of 24 cm2/Vs and carrier 

concentration of 1.0 x 1020 cm-3. 

 In chapter 3, patterning and electrical properties of direct imprinted In2O3 and ITO films were 

studied. N-RP is a resist-free, direct patterning technique to achieve patterns in the metal-oxide 

precursor-gel in the nanoscale range, allowing precise shape control. The addition of tin (Sn) 

to In2O3 (i.e. ITO) degrades the n-RP properties because the tan δ value of ITO is smaller than 

that of In2O3. Consequently, the electrical properties of imprinted ITO films are not altered as 

much as compared to non-imprinted ITO films, but are greatly affected in the case of imprinted 

In2O3 compared to the non-imprinted In2O3 films. The Hall mobility of imprinted In2O3 

decreases due to the trapped carbon, as confirmed by SIMS measurements, which showed that 

even after annealing at 600 oC for 1 hour, there was more carbon in the imprinted In2O3 than 

non-imprinted In2O3. An increase in the carrier concentration in imprinted films is due to the 

increase in oxygen vacancies in In2O3 after imprinting, as confirmed by XPS studies.  

  In chapter 4, electrical properties (i.e. P-E, C-V, and J-E) of HfO2 by solution process were 

studied, by fabricating ITO/HfO2/Pt MIM capacitor. Solution process derived HfO2 film 

exhibit monoclinic phase, as confirmed by XRD studies, irrespective of annealing temperature. 

It has been confirmed by P-E studies that pure HfO2 shows paraelectric behaviour, as 

monoclinic HfO2 is paraelectic in nature. As annealing temperature increases, thickness and 

leakage current density decrease. However, breakdown field increases. This is due to the reason 

that as annealing temperature increases, organic species from the films are removed and films 

become dense. The lowest leakage current density at 1 MV/cm is 1.01 x 10-6 A/cm2 for 700 oC 

annealed HfO2 for 15 min, with a breakdown field of 5.78 MV/cm.  
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In chapter 5, using In2O3 as a channel, TFT was fabricated using n-RP technique with HfO2 

as a high-k gate dielectric. Chemical solution processed In2O3 film was fabricated directly on 

the solution process derived HfO2 gate insulator. It is shown that the TFT showed a typical n-

type semiconductor behaviour with an on/off ratio of order of ~ 105. The calculated mobility 

in the saturation region 0.13 cm2/Vs with Vth= 1.9 V. 

6.2 Future prospects of this study 

In this present study, the In2O3 and ITO were deposited on high-k oxide film, hafnium oxide 

(HfO2), directly by the chemical solution process. This work shows possibility that the solution 

processed In2O3 based oxide films could be applied to electronics applications. However, there 

are several points which have to be investigated.  

First, it is an interesting work to use doped HfO2 instead of pure HfO2, like Y-doped HfO2, 

Zr-doped HfO2. It is well known that doped HfO2 shows ferroelectricity which means remnant 

polarization, so the transfer curve of TFT fabricated via doped HfO2, should show memory 

window due to the hysteresis. As pure HfO2 is paraelectric in nature, so the TFT can only be 

used for display applications because of absence of memory window. Having memory window 

in the transfer characteristics of TFT, allows to use TFT for memory applications.  

Second, it is also interesting to deposit In2O3 based films on sputtered or ALD deposited gate 

insulator, keeping top In2O3 based oxide film by solution process. This is because for n-RP 

process, solution processed films are required as imprinting is done in the gel state.  So we can 

keep the In2O3 layer by solution process and change the gate dielectric from solution process 

to any other vacuum technique. Then we can also compare the output and transfer 

characteristics of TFTs with solution processed gate insulator and same gate insulator material 

by other technique.   
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Third one is changing the oxide semiconducting material from In2O3 and ITO to any other 

oxide material like zinc oxide (ZnO), aluminium doped zinc oxide (AZO), gallium indium zinc 

oxide (GIZO), tin oxide (SnO2), gallium oxide (Ga2O3), etc. But, before performing the 

imprinting of these oxides, it is very necessary to check the rheological properties of these 

oxides. If they show rheological properties, then impinging can be done by choosing a large 

variety of gate insulator and also by changing the deposition techniques of the gate insulator.  

Fourth is to keep the channel layer and insulator layer same as, they are used in this work, but 

by varying the SAM layer formation. In other words, we can study the role of SAM layer, the 

complete mechanism of SAM layer and hydrophobicity, etc. This itself is a very new topic of 

research for n-RP process, as SAM layer is helpful in the damage-free removal of the mold 

from the imprinted film. If the mold and the film get bonded then the patterns break during the 

detachment of the mold.  

Fifth, it would also be interesting to change the precursors of In2O3, ITO, and HfO2 from 

In(acac)3, SnCl2, Sn(acac)2, and Hf(acac)4 to any other precursor.  

However, there are just few future aspects. There can be numerous things that can be done.  
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