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Abstract 

 

A study of critical factors for the 

development of aqueous-route 

based aluminium oxide dielectric 

 

Jae-Eun Huh 

Program in Nano Science and Technology 

Department of Transdisciplinary Studies 

The Graduate School of 

Seoul National University 

 

 

Aqueous route method based on a metal aquo complex has attracted 

a lot of attention because it enables the solution-processed metal 

oxide thin film with high electrical properties to be prepared in low 

temperature fabrication condition. However, most studies have 
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mainly focused on the development of metal oxide semiconductor thin 

film. For expansive application of the aqueous route based metal 

oxide films to various flexible fundamental devices, the systematic 

study for the development of metal oxide insulator film based on the 

aqueous route method is urgently required. 

  Here, I propose critical factors for developing high-quality metal 

oxide insulator thin films based on the aqueous route method. I found 

that the critical factors including precursor solution temperature and 

humidity during the spin-coating process strongly affect chemical, 

physical, and electrical properties of AlOx insulator thin films. 

Through the optimization of critical factors, an AlOx insulator thin film 

with a leakage current value approximately 105 times smaller and a 

breakdown voltage value approximately 2 ~ 3 times greater than un-

optimized AlOx was realized. Finally, by introducing the optimized 

AlOx insulator thin film to solution-processed InOx TFTs, I 

successfully achieved InOx/AlOx TFTs with remarkably high average 

field-effect mobility of ~52 cm2V-1s-1 and on/off current ratio of 106 

at fabrication temperature of 250 °C. 

……………………………………… 

keywords  : aqueous route, dielectric, aluminum oxide, metal aquo 

complex, thin-film transistor 

Student Number : 2016-26028 
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Chapter 1. Introduction 

 

1.1 Current Trend in Metal Oxide Dielectrics 

 

In the past decades, metal oxides such as InOx, ZnOx, AlOx, and 

ZrOx have received a lot of attention as fundamental materials in 

future electronics like transparent smart windows, flexible 

electrochromic windows, flexible energy generating devices, and 

multifunctional sensors due to their electrical performance and 

unique properties like flexibility and transparency.1-5 Accordingly, 

many efforts have been made to develop the deposition methods to 

attain high-quality metal oxide thin films.6,7 Among them, a solution 

process received attention due to the many advantages as a large-

scale and low-cost advanced fabrication process.3,6,7 However, 

solution-processed metal oxide thin films typically have lots of 

defects and traps, which result in relatively poor electrical 

performance compared to that of vacuum-processed metal oxide thin 

films.5 In addition, when the metal oxide thin film is fabricated in low-

temperature fabrication conditions for application in flexible 

electronic devices, various impurities such as carbon-based 

substances from the precursor solution were not removed in low-

temperature annealing process.8-13 These organic impurities have 

caused serious problems by lowering film quality and deteriorating 
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electrical performance, which hinders the practical application of a 

solution process to fabricate oxide thin films. 
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1.2 Introduction to Aqueous Route 

 

Recently, an aqueous route method based on a metal aquo complex 

for solution-processed deposition of metal oxide thin films has been 

proposed.14 This method has attracted considerable attention 

because it enables the solution-processed metal oxide thin film with 

high electrical properties to be prepared in low temperature (< 

300 °C) fabrication conditions. Thus, many researchers have 

systemically studied the method and identified the critical factors for 

optimizing solution-processed oxide films based on the aqueous 

route method.15-18 Unfortunately, most studies related to the aqueous 

route method have mainly focused on the metal oxide semiconductor 

thin film fabrication.14,19,20 In various fundamental devices such as 

thin-film transistors (TFT), energy harvesting electronics and 

memory devices, insulator films are essential. For expansive 

application of the solution-processed metal oxide films to various 

flexible fundamental devices, the development of the low-

temperature solution-processed metal oxide insulator films is 

urgently required. For this reason, based on the potentiality of the 

aqueous route method, researchers have recently attempted to 

develop a metal oxide insulator thin film based on the aqueous route 

method.21-25 However, the systematic study for metal oxide insulator 

film based on the aqueous route method has not yet been studied. 



11 

 

Accordingly, the critical factors for optimizing the metal oxide 

insulator thin film based on the aqueous route method have not been 

identified. 
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1.3 Two Critical Factors for Developing High-Quality 

 Oxide Dielectrics  

 

Here, I propose critical factors for developing high-quality metal 

oxide insulator thin films based on the aqueous route method. 

Depending on the temperature of the precursor solution and the 

humidity condition during the spin-coating process, dramatic 

changes in chemical and physical properties of AlOx insulator thin 

films that strongly affect the electrical properties were found. An 

AlOx insulator thin film with a leakage current value approximately 

105 times smaller and a breakdown voltage value approximately 2~3 

times greater than unoptimized AlOx was realized by optimizing 

critical factors. Finally, by introducing the optimized AlOx insulator 

thin film to solution-processed InOx TFTs, I successfully achieved 

InOx/AlOx TFTs with remarkably high average field-effect mobility 

of ~52 cm2V-1s-1 and on/off current ratio of 106 at fabrication 

temperature of 250 °C.  
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Chapter 2. Experimental Process 

 

2.1 Preparation of Precursor Solution  

 

AlOx precursor solutions (0.2 M) were prepared by dissolving 

aluminum nitrate hydrate in deionized water, and then solutions were 

stirred at 500 rpm for 3 days in 25, 30, and 35 °C, respectively. In 

the case of the InOx precursor solution (0.2 M), indium nitrate 

hydrate was dissolved in deionized water. The thermogravimatric 

analysis (TGA (TGA/DSC 1 STARe system, Mettler Toledo)) was 

performed under dry air atmosphere with a heating rate of 10 °C min-

1. The liquid chromatography-mass spectrometry (LC-MS (LC-Q-

TOF, Agilent Technologies)) was performed by injecting 25, 30 and 

35 °C precursor solutions in positive ionization mode with each 

temperature.   
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2.2 Film Fabrication and Characterization 

 

For the AlOx films, the AlOx precursor solutions were filtered 

through a 0.22 mm syringe filter PTFE(DISMIC 13HP020AN, 

Advantec, Japan), and spin-coated at a humidity of 10 ~ 50% at 2000 

rpm for 30 seconds. Deposited films were soft-baked at 250 °C for 

1 minute, and they were annealed in a tube-furnace under <10% 

humidity at 250 °C for 4 hours. In the case of the InOx film, after the 

AlOx film was treated by UV-ozone (UVO), InOx precursor solution 

was spin-coated under humidity of ~ 10% at 5000 rpm for 30 

seconds. And then, the films are soft-baked at 250 °C for 1 minute, 

and were annealed in a tube-furnace under <10% humidity at 250 °C 

for 4 hours. Here, the humidity means the relative humidity at 25 °C. 

The morphology images of AlOx films were obtained by optical 

microscopy (OM) (BX41TF, Olympus) and field emission scanning 

electron microscope (FESEM) (S-4800, Hitachi). The roughness 

and thickness of AlOx films investigation of the AlOx films were 

performed using atomic force microscopy (AFM) (XE100, PSIA).   
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2.3 Fabrication of the MIM and TFT Devices 

 

For the MIM devices(Figure 1), p++ silicon wafer as a bottom gate 

electrode and an aluminum source/drain electrode was deposited on 

the AlOx dielectric films. First, the Si substrate was washed with 

detergent, DI water, acetone and isopropanol by using ultrasonication. 

After drying with N2 blowing, Si substrate went through UVO 

treatment for 20 min. For the TFT(Figure 2), the aluminum source 

and drain electrodes were deposited on the InOx layer by thermal 

evaporation with the shadow mask, thickness of 100 nm, width of 

1000 µm, length of 50 µm. 
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Figure 1. Schematic structure of MIM devices. 
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Figure 2. Schematic structure of TFT devices.  
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2.4 Measurement of the Capacitance and TFT 

Characterization 

 

The 20 Hz to 1 kHz capacitance of AlOx were obtained by Agilent 

4284A and the 0.5 Hz to 20 Hz capacitance of AlOx were obtained by 

BioLogic SP150. The transfer and output characteristics of InOx/AlOx 

TFT were measured by Agilent 4155B semiconductor parameter 

analyser under dark condition. The field-effect mobility of InOx/AlOx 

TFTs was evaluated by the linear formula. 

𝐼𝐷 =  
𝑊

𝐿
𝐶𝑖𝜇(𝑉𝐺 − 𝑉𝑇)𝑉𝐷  
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Chapter 3. Result and Discussion 

 

3.1 Experimental Design to Study Critical Factors for 

Developing Aqueous Route based Oxide Dielectric 

 

In various metal oxide insulators, AlOx was chosen due to its high 

electrical properties as well as high stability as an aqueous solution.22 

In addition, the thermal decomposition temperature for removing 

impurities in an aluminum aquo complex was small enough to apply it 

to the low temperature solution process (Figure 3). To study the 

critical factors for developing metal oxide insulator film based on the 

aqueous route method, I focused on the factors that strongly affect 

the film properties and easily change in solution-based fabrication 

processes. Considering the results in previous studies related with 

the aqueous-route based metal oxide semiconductor films, the 

temperature of the precursor solution, and the humidity condition 

during its spin-coating process could be considered suitable 

factors.15-18 

In order to find suitable conditions for the atmospheric solution 

process, the experiment was conducted under temperature and 

humidity conditions that are controlled in actual atmospheric 

conditions. Accordingly, the aqueous-route based AlOx films were 
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fabricated by a precursor solution with specific temperatures (25, 30, 

and 35 °C), and under specific humidity conditions during the spin-

coating process (10, 20, 30, 40, and 50%). Here, the precursor 

solution prepared by different temperatures was maintained at the 

fixed temperature throughout the period from solution synthesis 

process to coating process. 
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Figure 3. Thermal behavior of the AlOx precursor xerogel through 

TGA. 
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3.2 Analysis of Changes in Electrical Properties of 

AlOx Insulator Depending on Two Critical Factors: 

Temperature of Solution and Humidity Condition during 

Spin-coating Process 

 

Figure 4 shows J-E characteristics of AlOx films fabricated, by a 

precursor solution at different temperatures and under various 

humidity conditions during the spin-coating process. Table 1 and 

Table 2 show numerical values of breakdown voltage and the current 

density at 3 MVcm-1 in AlOx films fabricated under the 

aforementioned conditions. To measure the J-E characteristics of 

the AlOx films, a metal-insulator-metal (MIM) structure was used. 

The "breakdown voltage" is defined as the electric field strength at 

which the leakage current density reaches 100 µAcm-2. Additionally, 

to verify the thickness of the AlOx film, an atomic force microscopy 

(AFM) analysis was used (Figure 5). The height gap is obtained by 

photolithography and etching process. Film thicknesses of 10, 20, 30, 

40, and 50% AlOx by measuring the height-gap are 11.3, 13.9, 13.5, 

13.8, and 13.2 nm, respectively. The AlOx film fabricated at 10, 20, 

30, 40, and 50% relative humidity during the spin-coating process is 

denoted as 10, 20, 30, 40, and 50% AlOx, respectively. According to 

Figure 4, depending on the changes in humidity during the spin-
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coating process and temperature of precursor solution, the 

breakdown voltage and leakage current of AlOx are considerably 

changed. 

 In terms of the change of the breakdown voltage of the AlOx, the 

breakdown voltage of the AlOx becomes higher as the temperature of 

the precursor solution increases when the humidity condition during 

the spin-coating process is constant. Even, in the case of 40% AlOx, 

AlOx fabricated by the precursor solution of 35 °C has 2 times higher 

breakdown voltage than AlOx fabricated by the precursor solution of 

25 °C. Meanwhile, when AlOx is fabricated by the precursor solution 

of same temperature, the humidity condition during the spin-coating 

process is divided into two trends. Below 30% humidity, the 

breakdown voltage decreases as the humidity increases. When 

humidity is over 40%, AlOx has a very high breakdown voltage of 5.4 

MVcm-1 compared to 30% AlOx whose breakdown voltage is 0.7 

MVcm-1. And, the breakdown voltage hardly changes when humidity 

changes. Overall, both precursor solution temperature and humidity 

condition during the spin-coating process affect the breakdown 

voltage of AlOx. More specifically, the effect of the humidity condition 

during the spin-coating process is greater than that of the precursor 

solution temperature. 

Looking at the change in the leakage current of AlOx, the tendency 

of the change in leakage current due to the factors is similar to the 



24 

 

tendency of the change in the breakdown voltage due to the factors. 

When the humidity condition during the spin-coating process is 

constant, the leakage current of the AlOx becomes lower as the 

temperature of the solution increases. When AlOx is fabricated by the 

solution of same temperature, the influence of the humidity condition 

during the spin-coating process is similarly divided into two trends. 

Below 30% humidity, the leakage current of AlOx increases as the 

humidity increases and this phenomenon is prominent in AlOx 

fabricated by the solution at 35 °C. Above 40% humidity, the leakage 

current becomes very small, ~10-6 Acm-2, while at 30% humidity the 

current is ~10-1 Acm-2.  

Interestingly, the conduction mechanism of leakage current changes 

from the 40% humidity (Figure 6). When the conduction mechanism 

of leakage current in 30% AlOx films was compared to that in 40% 

AlOx, it can be seen that as the humidity increases, the conduction 

mechanism of the leakage current significantly changes from the 

Poole Frankel emission mechanism to the hopping-conduction 

mechanism.26 Typically, the change in the current mechanism occurs 

due to the considerable change in physical or chemical properties in 

the film.27 Thus, the chemical or physical properties of AlOx film 

changes when fabricated at a humidity condition of 40% or more. To 

investigate the cause of the changes in electrical characteristics, I 

analyzed chemical and physical changes according to each factor. 
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 Among various models regarding conduction mechanism in 

insulator film, it is found that the leakage current of 30% AlOx and 

40% AlOx follow a different model. The conduction mechanism of 

leakage current in 30% AlOx follows the Poole-Frankel model. The 

Poole-Frankel model is as follows: 

𝐽 =  𝑞𝜇𝑁𝑐𝐸 𝑒𝑥𝑝 [
−𝑞(∅𝑇 − √(𝑞𝐸/𝜋𝜀𝑖𝜀0

𝑘𝐵𝑇
] 

where q is the electronic charge, µ is the electronic drift mobility, Nc 

is the desity of states in the conduction band, E is the electric field, 

qϕT is the trap energy level, εi is the dielectric constant, ε0 is the 

permittivity in vacuum. kB is the Boltzmann constant.  

 In case of the 40% AlOx, interestingly, the conduction mechanism of 

leakage current follows the hopping-conduction model. The 

hopping-conduction model is as follows:  

𝐽 =  𝑞𝑎𝑛𝜈 𝑒𝑥𝑝 [
𝑞𝑎𝐸

𝑘𝑇
−

𝐸𝑎

𝑘𝑇
] 

where a is the mean hopping distance, ν is the thermal vibration 

frequency of electrons at trap sites, Ea is the activation energy. 

  



26 

 

 

 

 

 

 

 

 

Figure 4. The J-E characteristics of AlOx films which are fabricated, 

by precursor solution temperature of (a) 25 °C, (b) 30 °C, (c) 35 °C, 

and under humidity conditions of 10, 20, 30, 40, 50% during spin-

coating process. 
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10% AlOx 

[MV cm-1] 

20% AlOx 

[MV cm-1] 

30% AlOx 

[MV cm-1] 

40% AlOx 

[MV cm-1] 

50% AlOx 

[MV cm-1] 

25 ℃ 1.1 1.0 0.2 2.3 2.8 

30 ℃ 1.2 1.1 0.2 3.9 3.2 

35 ℃ 1.7 1.4 0.7 5.4 5.3 

 

Table 1. The breakdown voltage as leakage current density equals 

100 µA cm-2 of each 10 ~ 50% AlOx films in 75 samples by one-run. 
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10% AlOx 

(A cm-2) 

20% AlOx 

(A cm-2) 

30% AlOx 

(A cm-2) 

40% AlOx 

(A cm-2) 

50% AlOx 

(A cm-2) 

25℃ 1.31ⅹ10-2 2.67ⅹ10-2 5.22 2.75ⅹ10-4 1.66ⅹ10-4 

30℃ 9.26ⅹ10-3 2.66ⅹ10-2 4.60 2.79ⅹ10-5 6.93ⅹ10-5 

35℃ 2.50ⅹ10-3 8.82ⅹ10-3 1.37ⅹ10-1 1.18ⅹ10-6 2.51ⅹ10-6 

 

Table 2. The leakage current density at 3 MV cm-1 of each 10 ~ 50% 

AlOx films in 75 samples by one-run. 
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Figure 5. Thickness analyses by AFM on (a) 10%, (b) 20%, (c) 30%, 

(d) 40%, and (e) 50% AlOx films. 
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Figure 6. The Arrhenius plot of (a) 30 and (b) 40% AlOx fabricated 

by the precursor solution at 35 °C. (c) J/E-E1/2 plot of MIM device 

with 30% AlOx and (d) J-E plot of MIM device with 40% AlOx.  



31 

 

3.3 Analysis of Effects of Precursor Solution 

Temperature 

 

Typically, the shapes and behavior of coordination complexes in 

solution are affected by temperature.28 When the 25, 30 and 35 °C 

precursor solutions for AlOx film were analyzed by liquid 

chromatography-mass spectrometry (LC-MS) (Figure 7), they 

showed a similar tendency. At higher temperature solutions, the 

peaks at 119.03, 117.07, 208.99, and 331.97 m/z increased while the 

peak at 256.94 and 314.99 m/z decreased. 

The expected aluminum complexes of the increasing peak are 

Al2O(OH)3
+ (119.03 m/z), Al2(OH)5(H2O)2

+ (117.07 m/z), 

Al2O(OH)3(H2O)5
+ (208.99 m/z), and Al13O18(OH)2

+ (331.97 m/z) 

while the expected aluminum complexes of decreasing peak are 

Al2(OH)4(NO3)(H2O)4
+ (256.94 m/z), and Al3(OH)7(NO3)(H2O)4

+ 

(314.99 m/z).29,30 Overall, at higher temperature solutions, the 

complexes with nitrate ions decreased while the complexes related 

to the metal aquo complex is increased (Figure 8). 

When the metal aquo complex has higher stability, a higher quality 

oxide film with fewer defects can be formed.21 Actually, when AlOx 

is analyzed by X-ray Reflectivity (XRR) analysis, the AlOx film 

density increased from 2.4629 to 2.6560 gcm-3 by rasing the 
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precursor solution temperature (Figure 9 and Table 3). Typically, a 

high-quality metal oxide insulator film with fewer defects has less 

leakage current and higher breakdown voltage.11 This trend is 

consistent with the change in density and electrical results of AlOx 

thin film depending on the change of precursor solution temperature. 

Thus, in order to produce higher quality AlOx thin film with higher 

breakdown voltage and lower leakage current, a precursor solution 

with higher temperature leading to more metal aquo complexes is 

needed. 
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Figure 7. The LC-MS analysis of precursor solutions of which 

temperature is (a) 25 °C, (b) 30 °C, and (c) 35 °C. 
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Figure 8. Tendency comparison of LC-MS analysis of 25 °C, 30 °C 

and 35 °C precursor solutions. 
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 Figure 9. XRR characterization of AlOx films fabricated by the 

precursor solutions with 25, 30, and 35 °C. 
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 25 °C solution 30 °C solution 35 °C solution 

Film density 

(g/cm3) 
2.4629 2.5499 2.6560 

 

Table 3. The film density of 40% AlOx fabricated by the diffrent 

precurosor solution of 25℃, 30℃, and 35℃. 
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3.4 Analysis of Effects of Humidity Condition during 

Spin-coating Process 

 

Figure 10 shows the microscope images of the AlOx thin film surface 

according to changes in humidity conditions during the spin-coating 

process. To maintain constant conditions, the temperature of the 

precursor solution was fixed at 35 °C, which is the optimized 

temperature. As shown in Figure 10a-e, as-deposited 10 ~ 30% 

AlOx show crack-like surface morphology. Interestingly, the crack-

like surface morphology does not appear in the surface for 40 and 

50% AlOx. After the annealing process at 10 ~ 30% AlOx, the crack 

seems to have disappeared on the optical microscopy (OM) image. 

(Figure 10f-j) However, when the surface morphology was 

examined by the field emission scanning electron  microscopy 

(FESEM), the crack still remained after the annealing process. 

(Figure 11) 

When referring to several studies, the crack-like morphology is 

quite similar to the spherulite structure.31,32 Typically, it is known 

that the spherulite structure appears frequently in a minerals and 

polymers fabricated by the super cooling process.33,34 In special 

cases, by rapid evaporation of the solution, the spherulite structure 

occurs in oxide materials.33-35 Actually, some researchers have 
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reported that the spherulite structure can occur at low humidity 

condition due to rapid evaporation.35 From this perspective, in the 

case of aqueous route based AlOx, a crack-like morphology is the 

spherulite structure formed under low humidity conditions. Under low 

humidity conditions (10 ~ 30%), AlOx films show different spherulite 

structures depending on humidity, which is very similar to the general 

spherulite structure forming behavior.36,37 The surface morphology at 

30% AlOx is the intermediate process of forming the spherulite 

structure form which is named the hedrite structure.38 At 20% AlOx, 

the surface morphology changes to the branched spherulite structure 

which is the most common form. At 10% AlOx, the surface 

morphology with a smaller and finer-sized spherulite structure is 

formed.  

Several studies show that the spherulite structure acts as a crack in 

thin films.39-41 Typically, defects like cracks in films increase leakage 

current and decrease the breakdown voltage. In fact, 10 ~ 30% AlOx 

with spherulite structures show higher leakage currents and lower 

breakdown voltages than 40 ~ 50% AlOx. In particular, because the 

hedrite is intermediate state of spherulite, 30% AlOx with the hedrite 

structure gives the low density of internal structure leading to the 

highest leakage current and lowest breakdown voltage.42 40 ~ 50% 

AlOx without spherulite structure has a different conduction 

mechanism for leakage currents than 10 ~ 30% AlOx. In order for 
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AlOx to act as a good insulator, a specific high-humidity condition 

that does not cause spherulite structures is required. 
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Figure 10. OM images of as-deposited (a) 10%, (b) 20%, (c) 30%, 

(d) 40% (e) 50% AlOx and annealed (f) 10%, (g) 20%, (h) 30%, (i) 

40% (j) 50% AlOx.  
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Figure 11. FESEM images of as-deposited (i) 30%, (j) 40% AlOx 

and annealed (i) 30%, (j) 40% AlOx. 

  



42 

 

3.5 Electrical Performance of InOx TFT Based on 

Optimized AlOx Insulator 

 

In order to verify that AlOx fabricated at optimized conditions would 

have the same optimum conditions when applied to electrical devices, 

an evaluation of the electrical characteristics through TFT application 

has been carried out. Figure 12 and Table 4 show electrical properties 

of InOx TFTs with 10 ~ 50% AlOx. In this process, all devices are 

patterned by the photolithography process (Figure 13).  In addition, 

the temperature of the precursor solution was fixed at 35 °C for AlOx 

film fabrication, because AlOx fabricated by solutions at different 

temperatures has too high of a leakage current and does not show 

normal characteristics when applied to TFT. All the transfer 

characteristics were measured by a gate-source voltage (Vgs) from 

-1 to 4.5 V and a drain-source voltage (Vds) at 1 V. Typically, the 

leakage current in the linear region decreases the drain current, so 

that the drain current behavior of the TFTs varies depending on the 

magnitude of the leakage current (Figure 14). Looking at the InOx 

TFT with 10 ~ 30% AlOx that has detailed transfer characteristics 

(Figure 15), the off-current is high and drain current drops below a 

certain gate voltage due to the high leakage current is high. When the 

transfer characteristics are viewed on a linear scale, the decrease in 



43 

 

the drain current due to the leakage current can be seen clearly 

compared with that in  transfer  characteristics viewed on a log 

scale (Figure 16).  Otherwise, InOx TFTs with 40 and 50% AlOx 

have a low off-current and operate as normal with low leakage 

current (Figure 17, Figure 18, and Figure 15). Furthermore, InOx 

TFTs with 40 and 50% AlOx exhibit critical levels of average field-

effect mobilities of 52.33 cm2V-1s-1 and 15.27 cm2V-1s-1, 

respectively. (The field-effect mobility was calculated by the areal 

capacitance (~560 nFcm-2, κ = ~ 9) measured at low frequency 

conditions (0.5 Hz) (Figure ̀ 19 and Table 5)). Meanwhile, InOx TFTs 

with 40% AlOx show little anticlockwise-like hysteresis of 0.4 V 

(Figure 20), which are considered impure ions that hardly disappear 

completely in solution-processed dielectrics.43 Considering the 

hysteresis is very small and the change of the capacitance value 

according to the change of the frequency is not large (Figure 19 and 

Table 5), it is expected that the amount is considerably small. 

Capacitance measurements were performed to investigate the AlOx 

insulator property depending on humidity during spin-coating with 

p++Si/AlOx/Al capacitor. Capacitance was measured by two 

instruments. One measures the low-frequency range from 0.5 Hz to 

200 Hz and the other measures the range from 20 Hz to 1 MHz. 

Capacitance measurements of 30% AlOx at low frequency are not 

shown because the capacitance value cannot be measured due to 
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extremely high leakage current. The capacitances of 10, 20, 40, and 

50% AlOx are 520.58±6.12, 562.01±5.88, 561.12±6.10, and 

555.14±5.8, relatively. It can be confirmed that 10% and 20% AlOx 

have lower capacitance due to high leakage current.  

Overall, it was confirmed that AlOx fabricated during the optimum 

conditions exhibited good performance when applied to a TFT. 

Interestingly, although 40 and 50% AlOx have similar electrical 

properties, InOx TFTs with 40 and 50% AlOx exhibit different field-

effect mobility characteristics and the surface roughness is similar 

(Figure 21). When the leakage current of the TFT is checked, the 

leakage current of InOx with 50% AlOx is considerably larger than 

that of InOx 40% AlOx. Therefore, InOx with 50% AlOx has small 

mobility due to the decrease of drain current compared to InOx with 

40% AlOx. This makes it possible to deduce that the electrical 

performance of 50% AlOx as an insulator changes when InOx is 

deposited by a solution process on AlOx. This suggests that further 

investigation is needed on the critical factors when oxide films 

fabricated by the solution process are chemically interacted. 
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Figure 12. Transfer characteristics of InOx TFTs with 10, 20, 30, 40, 

and 50% AlOx.  
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 10% AlOx 20% AlOx 30% AlOx 40% AlOx 50% AlOx 

Field-effect mobility 

(cm2/Vs) 
- - - 

52.33 

±3.22 

15.27 

±2.20 

On/off current ratio 6ⅹ102 6ⅹ102 3ⅹ102 4ⅹ106 2ⅹ106 

 

Table 4. Field-effect mobility and on/off current ratio of patterned 

InOx TFTs with 10 ~ 50% AlOx in 50 samples by one-run. The “-

“ means  the region where field-effect mobility cannot be obtained. 
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Figure 13. OM image of patterned InOx TFT with AlOx. 
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Figure 14. The schematic of current flows in the InOx TFT with AlOx. 
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Figure 15. Transfer characteristics of InOx TFTs with (a) 10%, (b) 

20%, (c) 30%, and (d) 50% AlOx. 
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Figure 16. Transfer characteristics set y-axis as linear scale of InOx 

TFTs with 10 ~ 50% AlOx. 
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Figure 17. Output characteristics of InOx TFT with 40% AlOx. 
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Figure 18. Detailed transfer characteristics of InOx TFT with 40% 

AlOx. 
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Figure 19. Capacitance values of 10, 20, 30, 40, and 50% AlOx 

measured from, 0.5 Hz to 200 Hz by BioLogic SP150, and 20 Hz to 

1 kHz by Agilent 4284A. 
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 10% AlOx 20% AlOx 30% AlOx 40% AlOx 50% AlOx 

Capacitance 

(nF/cm2) 

520.58 

±6.12 

562.01 

±5.88 
- 

561.12 

±6.10 

555.14 

±5.80 

 

Table 5. Areal capacitance of 10 ~ 50% AlOx measured at 0.5 Hz 

condition in 25 samples by one-run. 
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Figure 20. Hysteresis characteristics of InOx TFT with 40% AlOx. 
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Figure 21. AFM images of the (a) 40% and (b) 50% AlOx films.  



57 

 

Chapter 4. Conclusion 

 

In summary, controlling the precursor solution temperature and the 

humidity conditions during the spin-coating process are important 

for developing high-quaility metal oxide insulators and AlOx thin 

films based on the aqueous route method. Through the electrical 

evaluation of AlOx fabricated by a precursor solution of specific 

temperature (25, 30, and 35 °C), and under specific humidity 

conditions during the spin-coating process (10, 20, 30, 40, and 50%), 

it was confirmed that breakdown voltage and leakage current of AlOx 

are considerably changed depending on critical factors. By various 

AFM, LC-MS, XRR, OM, and SEM analyses, it was confirmed that 

the changes in electrical properties are related to changes in chemical 

and physical properties in AlOx films. Furthermore, the mechanism of 

the changes in chemical and physical film properties according to 

critical factors was found. In essence, the higher the precursor 

solution temperature, more complexes related to the metal aquo 

complex were formed, which increased the film density and electrical 

performance. In terms of humidity conditions during the spin-coating 

process when AlOx is fabricated under conditions of 30% humidity or 

less, the surface morphology of the spherulite structure, which can 

act as a crack, can be formed. Accordingly, AlOx fabricated under 

conditions of 30% humidity shows higher leakage currents and lower 
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breakdown voltages. The conduction mechanism of leakage current 

changes at the 40% humidity condition. Finally, optimized AlOx film 

based on the aqueous route method is fabricated when the precursor 

solution temperature is 35 °C and the humidity during the spin-

coating process is 40%. In order to verify that AlOx fabricated at 

optimized conditions would act at the same optimum conditions in the 

electrical devices, the AlOx was applied to the InOx TFT. Finally, by 

introducing optimized conditions which is the precursor solution 

temperature of 35 °C and 40% humidity condition during the spin-

coating process, I successfully achieved InOx/AlOx TFTs showing 

high average field-effect mobility of ~ 52 cm2V-1s-1 and on/off 

current ratio of 106 at annealing temperature of 250 °C. I believe that 

this study regarding critical factors for high-quality metal oxide 

insulator thin film development based on the aqueous route method 

provides a good basis for low-temperature and solution-processed 

metal oxide insulator development for a wide range of electrical 

applications.  

.  
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요약(국문초록) 

최근에, 금속 아쿠아 착물을 이용한 물 용매를 사용한 방법은 저온 제조 

조건에서 높은 전기 특성을 갖는 용액 처리 된 금속 산화물 박막을 제조

할 수 있기 때문에 많은 주목을 받고 있다. 그러나, 대부분의 연구는 주

로 금속 산화물 반도체 박막의 개발에 집중되었다. 수성 경로 기반의 금

속 산화물 필름을 다양한 플렉서블 소자에 광범위하게 적용하기 위해서

는 수성 경로 방법을 통해 만들어진 금속 산화물 절연체 필름에 대한 체

계적인 연구가 요구된다. 

  본 연구에서는 수성 경로 방법을 기반으로 한 고 품질, 고 성능 금속 

산화물 절연체 박막을 개발하기 위한 결정적인 요소 두 가지를 제안하였

다. 실험을 통해 전구체 용액 온도와 스핀 코팅 공정 동안의 습도가 

AlOx 절연체 박막 제작 시 박막의 화학적, 물리적 및 전기적 특성에 큰 

영향을 미치는 것으로 나타났습니다. 이러한 결정적인 요인을 최적화하

여 최적화되지 않은 AlOx보다 누설 전류 값이 약 105배 작고  약 2 ~ 

3 배 큰 항복 전압 값을 갖는 AlOx 절연체 박막을 구현하였다. 최종적

으로 최적화 된 AlOx 절연체 박막을 용액공정을 통해 만들어진 InOx를 

반도체 박막으로 사용한 TFT에 도입함으로써 250 °C의 저온 공정에서

도 ~ 52 cm2V-1s-1의 높은 이동도, 106의 온/오프 전류비를 가진 

InOx/AlOx TFT를 성공적으로 구현하였다  

…………………………………… 

주요어 : 수성경로, 유전체, 산화 알루미늄, 금속 아쿠아 착이온, 박막 트

랜지스터 

학  번 : 2016-26028 
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