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The various solution-based processes, spin coating, inkjet printing, microreactor 

assisted nanoparticle deposition (MAND
TM

) and spin-successive ionic layer 

absorption and reaction (Spin-SILAR) were used to demonstrate thin film electronics 

and anti-reflective coatings. Several aspects of thin film transistors (TFTs) were tested 

including a range of temperatures, annealing atmosphere, and deposition methods. At 

high processing temperature, TFTs with spin coated-InO, -IWO, -IZO and -IGO 

achieved high mobilites of 55.26, 37.86, 6.06 and 5.50 cm
2
/V·s, some of the highest 

reported mobilities for the spin coating process. Inkjet printed-ZTO, -IGZO and -

IGTO from metal halide chemistry were fabricated and achieved mobilities of 3.09, 

25.62 and 14.96 cm
2
/V·s, the highest reported values in inkjet printed TFTs. At low 

processing temperature, an ozone annealing process was adopted. TFTs with spin 

coated InO, IWO and IZO were processed with ozone. High mobilities of 0.85 ~ 16.76 

cm
2
/V·s and Ion/off of 10

5 
~ 10

6
 were achieved with the ozone annealing process at 

temperatures as low as 200 °C. A newly developed MAND
TM

 system was used to 



 

  

fabricate ZnO TFTs which were shown to have strong potential for high performance 

devices made with low processing temperature. In addition, solution processing was 

used to produce anti-reflective coating of biomimic moth-eye structure on polished 

aluminum substrates, a textured silicon surface, glass slides and eyeglass lenses. Two 

films materials were explored - ZnO nanostructures, by MAND
TM

, and silica 

nanoparticles, by batch process - in which experimental conditions were tested and 

characterized. On aluminum two ZnO nanostructures were created by controlling 

temperature, flower-like shapes which dramatically reduced reflectance from ~65% to 

~4% and chrysanthemum shapes which reduced reflectance down to ~0.7%. On 

silicon, pyramid shaped texture reduced reflectance and was used with and without a 

Ag nanoparticle seed layer as a substrate for ZnO nanostructures; the presence of a 

seed layer initiated a unique orzo nanostructured shape, which minimized anti-

reflectance for silicon from 30.8% of polished silicon, 10.6% of textured silicon to 

3.4% with the orzo structure. SiO2 nanoparticles were deposited on glass and CR-39 

substrates with and without hardcoat material and it was found that the smallest 

produced SiO2 nanoparticles gave the highest performance and that a very dilute layer 

of hard coat material followed by nanoparticle deposition, and again followed by a 

very dilute layer of hard coat material was successful in preserving the biomimic 

nanostructure of the film and producing a minimized reflectance of as low as 1%, 

while maintaining a higher durability than commercially available products. Overall, 

these films achieved a minimization in reflectance and high durability.  
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1.1 Introduction to Chemical Solution Deposition 

Research has explored the requirements of low processing temperature, lower 

cost, higher performance, and compatibility with a variety of substrates for a wide 

range of area. New materials and manufacturing processes must be developed and 

combined into an integrated application for more cost effectiveness and higher 

performance. One of the most promising approaches for the next generation deposition 

technology is solution-based deposition using inorganic materials.  

Chemical solution deposition (CSD) technique is conceptually a very simple 

process and one of the historical deposition technologies. Liebig reported the first 

chemical solution deposition using silver in 1835 [1]. Several reports of a compound 

semiconductor thin film, PbS, CuS, or Sb-S have been demonstrated by CSD 

technology [2]. Both amorphous and crystalline thin films have been deposited on a 

variety of substrates by CSD. Chemical solution deposition refers to the deposition of 

films on a solid substrate from a reaction occurring in a solution. This deposition is 

also interesting for the synthesis of nanoparticles due to the fact that the crystals in 

most as-deposited films by CSD are very small, so CSD is an excellent approach to 

deposit nanocrystalline films. For instance, CdS is a well studied material using 

chemical solution process. A Cd salt in solution can be converted to CdS by adding 

sulphide ions (e.g., as H2S or Na2S). Another pathway is decomposition of a Cd-

thiocomplex. The simple mechanism of chemical solution process is to gradually
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Figure 1.1 Schematic diagram of the CSD CdS growth mechanism. 
 

control the rate of formation on the substrate or to diffuse there and adhere either to 

the substrate itself or to the growing film, rather than aggregate into large particles in 

solution and precipitate out. A schematic diagram of the CSD CdS growth mechanism 

based on the understanding of several studies [3-6] is given in figure 1.1. A 

comprehensive mechanism including particle nucleation, growth and deposition in 

addition to molecule-by-molecule thin film growth in figure 1.1 is well described for 

CSD CdS growth. The reaction rate in CSD can be easily controlled through a number 

of variables, in particular the concentration of precursors, solution temperature, pH, 

and mixing rate, etc. The fundamentals of CDS growth mechanism are similar to that 

of chemical vapor deposition (CVD), involving the mass transport of reactants, 

adsorption, surface diffusion, reaction, nucleation and growth. A soft solution process, 

chemical solution deposition, is capable of producing high quality nanoparticles and 

thin films at relatively low temperature compared to CVD; therefore, it provides a 
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Figure 1.2 Typical shape of the curve representing time dependence of film thickness 

during growth. 
 

simple and low cost process to produce uniform, adherent and reproducible films for 

large area application. In kinetic studies on the growth of CSD films, there are three 

definite regimes, induction, growth, and termination.  An induction regime at the 

beginning of the process indicates that no clearly observable growth occurs due to 

initial nuclei in solution and then an approximately linear growth region occurs along 

with nucleation and sticking formation. In the termination step no further growth 

occurs; as the limiting reactant is used up, growth will start to slow down and 

eventually stop due to depletion of the reactants. Film thickness can be determined by 

reaction time as described in figure 1.2. The control of film thickness can be made as 

small as desired simply by removing the substrate from solution when the desired 

thickness has been reached.   

In conclusion, the comparative advantages of solution processed deposition 

versus universal vapor based deposition approaches, including atmospheric pressure 
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processing, include: enhanced applicability to large area and flexible substrates, 

potentially environmentally greener processing with a combination of more efficient 

materials usage and lower temperature processing. These advantages, therefore, lead 

to an important approach with an increasing diversity of materials and a deposition 

process with significantly reduced processing cost and large area systems for displays, 

photovoltaics, and next generation buildings, such as flexible electronics, etc.   

Furthermore, the methodology is scalable, for numerous inorganic materials can 

be solution deposited to facilitate high-throughput, low-cost processing and 

multifunctional systems. This can be accomplished at near-ambient temperature so 

that many substrate types can be potentially used. Finally, inorganic materials 

produced by CSD tend to be stable to light, oxygen, and water, all of which are 

generally problems for optical and macrolectronic applications currently used in 

manufacturing. 

1.2. Solution-processed Thin Film Deposition Methods 

There are several methods for solution-based thin film deposition that have been 

developed and applied such as chemical bath deposition (CBD), dip coating, layer by 

layer (LBL), successive ionic layer adsorption and reaction (SILAR), spray coating, 

spin coating, stamping, doctor blading, screen printing, inkjet printing, etc.  

The above methods represent the most commonly employed methods for 

organic/inorganic film preparation. In solution based processing, various techniques 

can be used to coat the substrate depending on the stock solution viscosity and 

volatility, required film thickness and coverage. Among the various methods, the most 
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common methods are CBD, spin coating, inkjet printing, and SILAR in inorganic film 

deposition. Their use in this study is discussed in the following sections. Proposed 

here is a newly developed process, microreactor assisted nanoparticle deposition 

(MAND
TM

) which has been used for real application in this study. Film formation 

with MAND is discussed as well. 

1.2.1. Chemical Bath Deposition (CBD) 

Chemical bath deposition has been called chemical solution deposition. In this 

section, the problem of conventional CBD and the need for a new system for 

overcoming conventional CBD are discussed as general CSD was already mentioned 

in chapter 1.1. CBD has several critical problems in terms of green environmental 

processing none the less because it can be used as a process with low manufacturing 

cost, low temperature, large area deposition capability, and easy to control variable 

parameters and setup as described in figure 1.3.    

thermometer

substrate

stir bar

cover

hot plate/stirrer

 

Figure 1.3 A typical CBD experimental setup. 
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Though CBD has been used for a while and studied, despite its various 

advantages, it suffers from critical drawbacks. In batch CBD processes, the heat 

needed for chemical reaction is supplied from the solution bath to the sample surface, 

resulting in both heterogeneous nucleations at the surface and homogeneous particle 

formation in the bath. The growth film changes as a function of time, which makes 

thickness control difficult. The depletion of reactants also limits the achievable 

thickness. Moreover, the unequal bath-to-surface volume used to form the desired thin 

film generates a lot of waste and creates defects in devices. This system also needs a 

reduction of waste solution and increase in material utilization. These problems have 

been recognized by various groups of researchers, and efforts have been made to solve 

these problems. Nair’s group investigated the effects of substrate separation to reduce 

the bath-to-surface volume and to achieve a higher material yield [7,8]. Boyle’s group 

developed a high efficiency continuous CdS CBD system that includes computer 

process control and particle filters [9]. For a better understanding and optimization of 

the CBD processes, it is necessary to find a method to decouple the homogeneous 

particle formation and deposition from the molecular level heterogeneous surface 

reaction. Owing to these demands, an alternative process required development that 

overcomes the shortcomings of conventional CBD. The alternative process, 

microreactor assisted nanoparticle deposition (MAND
TM

), is proposed and discussed 

in chapter 1.2.4.   
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1.2.2. Spin Coating 

Spin coating has been used to deposit ultrathin and uniform film on flat substrates 

for several decades. The spin coating process used to deposit photoresist onto wafers, 

therefore, is one of the most mature processes in modern semiconductor 

manufacturing. Various materials, including resin, epoxy, polymers, and sol-gel stock 

solutions, have been successfully coated on several different materials, metal, glass, 

ceramic, plastic, paper, and semiconductor substrates.  

The theory behind this coating technique involves the equilibrium between the 

centrifugal forces created by the rapid spinning and the viscous forces determined by 

the viscosity of the liquid. The film thickness can be varied by controlling the spin 

speed and time, as well as the viscosity of the solution. There are a lot of variable 

parameters that influence the spin coating process. In quantity, a higher viscosity 

and/or larger substrates require more fluid to ensure full coverage of the substrate. The 

main parameters of the spin coating process are viscosity related with fluid of solvent 

and polymer, rotation speed with acceleration and time, air surrounding including 

temperature and humidity, and substrate in roughness, temperature and surface tension. 

The key stages in spin coating process can be broken down in to the four stages, 

deposition, spin up, spin off, and evaporation described in figure 1.4.  

In the deposition stage, there are two ways to dispense an excessive amount of 

fluid on the substrate. One technique, dynamic dispense, is where the solvent is 

applied to the rotating substrate. The other technique, static dispense, is that the 

substrate is not moving while applying the fluid. An excessive amount of fluid is used  
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(a) (b) (c) (d)
 

Figure 1.4 Typical spin coating process: (a) deposition, (b) spin up, (c) spin off, (d) 

evaporation. 

 

to prevent coating discontinuities caused by the fluid due to volatility and viscosity. In 

the spin up stage, a wave front forms and flows to the substrate edge by centrifugal 

force as rotational forces are transferred upward through the fluid. The excess solvent 

is flung off the substrate surface as the rotating speed reached the desired speed and 

then the fluid is thinned primarily by centrifugal forces until enough solvent has been 

removed in the spin off stage. Finally, the substrate is spinning at a constant rate and 

the solvent evaporation of the fluid dominates the thinning behavior. Empirically, a 

variety of film thicknesses can be deposited by spin coating, due to film thickness (t) 

being roughly inversely proportional to the square root of spin speed (ω: angular 

velocity). 

t
1




 

The major advantages of spin coating are robustness, reproducibility, uniformity, 

simplicity, tunable film thicknesses, easy to apply to different substrate materials, and 
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low cost process. The disadvantages of spin coating are few, but they are becoming 

more of an issue as substrate sizes increase and material costs rise. Large area 

substrates are hard to spin at a sufficiently high rate in order to get high uniformity and 

reproducibility and drying in a timely manner. The greatest drawback of spin coating 

is its low coating efficiency. The utilization of the material dispensed onto the 

substrate is 2~5%, while the remaining dispensed material, 95~98%, is flung off as 

waste which also increases disposal cost. The overall cost of using the spin coating 

method is 160% that of the materials actually consumed. So waste as well as 

production costs must be considered in the spin coating method. 

1.2.3. Ink-jet Printing 

Over the past decade, the potential of direct write technologies has been 

investigated. It has received much attention in organic and inorganic materials and 

surface science as well as from circuit engineers as compared with the conventional 

film deposition process as these technologies allow the direct patterning of structures 

without use of masks [10-16]. The processing steps of the conventional process and 

printing process were described in figure 1.5. The reducing step in the printing process 

is obviously emerged. Inkjet printing for the electronic industry is familiar as a method 

for printing computer data onto white paper and transparent films. Similar to devices 

used for home desktop publishing, the printer actuates well dispersed nanoparticles or 

colloids of desired materials in the form of drops of ink from the print head to create 

film as images.  
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(a) Conventional process  

BakePatterned film deposition  

(b) printing process 

Figure 1.5 A comparison of pattern film deposition between conventional procss and 

printing process. 
 

For printing processing, ink and surface properties are crucial parameters. The 

viscosity must be low enough to allow the channel to be expelled and refilled. The 

surface tension must be high enough and the pressure low enough, to hold the ink in 

the nozzle without dripping. In thermal inkjet printing, the clogging of nozzles by 

partly dried ink has been the crucial problem because a heated plate causes a vapor 

bubble to form and eject a droplet of ink through a nozzle which is exposed to raising 

the plate temperature to about 300 °C even the current pulse lasts a few microseconds. 

piezoelectric crystal inkjet technique called as piezo printing has been widely studied 

now. The piezoelectric crystal changes shape and creates a bulge, forcing the ink out 

the nozzle and forming dots on the substrate when the crystal is simulated by current. 
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There are several differences between thermal and piezo printing technique. The 

drawback of thermal inkjet printing is a result of heating buildup which may change 

the ink properties. The piezo printing can use wide range of ink, either pigment or 

dyes. Figure 1.6 shows a material processing printer which is based on piezoelectric, 

dimatix (Dimatix Inc.), is introduced with its advantages. However, this technology 

opens a new and large avenue and is growing in range of applications since both 

materials and processing requirements are being met with increasing success. It also 

provides high resolution and a speedy patterning process which works by moving print 

heads precisely to the desired positions on the substrate and depositing ink as required. 

This on-demand process has many advantages: accurate positioning, which enables 

fine, high resolution pattern formation in a short time; pre-patterning fabrication 

enabling creation of various patterns, sizes; non-contacting substrate process, which 

enables printing on planar and curved substrates; high material utilization enabling 

low cost production; and high production reproducibility, which enables mass-

production of fine patterns of consistent quality.   
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Figure 1.6 Piezoelectric material printer from Dimatic Inc. and advantages of printing 

process. 
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1.2.4. Microreactor-Assisted Nanoparticle Deposition (MAND
TM

) 

Chemical solution based processing shows a new avenue on low cost, low 

temperature and green environmental processes for the next generation technology in 

multiple applications. However, it still has a challenge to overcome quality and 

efficiency of products such as nanoparticles and thin films comparing these properties 

to that of vacuum based process. For these reasons, microscale process engineering is 

a good candidate process to overcome and enhance conventional chemical solution 

based process. Microscale process engineering is the science of conducting chemical 

or physical processes inside small volumes, typically sub-millimeter dimensions, in a 

continuous flow process. This promises the transformation of process plants into 

compact, safe, energy-efficient, and environmentally sustainable processes. A 

microreactor is a device that enables chemical reactions to be done on the micrometer 

scale. They are miniaturized chemical reaction systems. The small channel dimensions 

lead to a relatively large surface area-to-volume ratio and increased driving forces for 

heat and mass transport [17]. Microreactors are especially suited for fast reactions with 

a large heat effect, where they allow for nearly isothermal conditions at high reactant 

concentrations. The possibility of fast mixing of reactants and fast heating and cooling 

of reaction mixtures enables precise control of the reaction parameters, thus improving 

the yield of reaction intermediates while reducing by-product formation. To take a 

benefit of both chemical solution process and microscale process, microreactor-

assisted nanoparticle deposition (MANDTM) was proposed in this study. MANDTM 

takes advantage of the large library of near room temperature, liquid-phase 
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nanomaterial recipes to synthesize and assemble nanofilms at the point-of-deposition. 

This novel continuous flow microreactor offers an advantage of introducing constant 

flux of reactant solutions to the substrate that allows control over the homogeneous 

reaction of the chemical bath solutions to the solution impinges on alternative 

substrate with variable parameters such as temperature control. Deposition on 

alternative substrates can involve a rotating substrate or roll-to-roll. A wide variety of 

film compositions and morphologies are possible using this technology. 
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(a)                                                                          (b) 

Figure 1.7 (a) Expecting diverse films and (b) controlling nanoparticle enabled by 

microreactor-assisted nanomaterial deposition. 

 

Results-to-date demonstrate the possibility to control the reacting flux including small 

intermediate-reaction molecules, macromolecules, nanoclusters, nanoparticlse, and 

structured assembly of nanoparticles directly after synthesis as illustrated in figure 1.7. 

These results also suggest the possibility of producing many types of nanostructured 

films using nanoparticles controlled by several parameters under low cost solution 

chemistry.   
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Figure 1.8 Prototype experimental setup of micro-assisted nanoparticle deposition. 

 

Prototype MAND setup described in figure 1.8 was demonstrated for synthesis of 

metal oxide nanoparticle and thin film deposition in this study. 

 

1.2.5. Successive Ionic Layer Adsorption and Reaction (SILAR) 

The solution based techniques are characterized by simple setups, low cost, and 

low temperature. There are disadvantages as well, however, including the 

environmental impact of the solvents employed in the process, and the generally lower 

film quality compared with vacuum based films made at a higher temperature. The 

successive ionic layer adsorption and reaction (SILAR) technique is one of modified 

CBD techniques. The first SILAR process was conducted by Nicolau in 1985 [18]. 

There are several oxide and chalcogenide thin films that have been deposited and 

studied by SILAR.  In the SILAR process, thin film growth occurs sequentially in 

different reaction vessels containing each precursor solution. The substrate is 

immersed in turn in the vessel containing the cation and anion precursors. In between 

the cation and anion immersions, the substrate is thoroughly rinsed with purified 

solvent (i.e., commonly water). The role of purified solvent, commonly water, is to 
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remove excess cation and anion on each layer between each cycle in deposition. The 

overall reaction occurring during one SILAR cycle can be presented as follows: 

mM
n+

 (aq) + nA
m-

 (aq) -> MmAn (s) 

Through repetition of these cycles, thin films are grown layer by layer. Surface 

treatment (i.e., hydrophilic property) of the substrate has a notable role for good 

attachment of the thin film to substrate and temperature may also have a role in film 

growth because of the higher mobility of ions in the precursor solutions and a more 

efficient rinsing step.   

The major advantage of SILAR technique comparing the vacuum based 

techniques is the high possibility to grow good quality thin films at room temperature 

and atmosphere. Moreover, it is a simple and inexpensive system which is easier and 

safer to handle as liquid solutions compared to gases. In the environmental point of 

view, a notable advantage of SILAR is that the system is totally closed and all the 

chemicals that are used are recyclable. Compared with typical solution processed 

method, CBD, SILAR is the facile control over film thickness using the number of 

deposition cycles. There are, however, several disadvantages of the SILAR process. 

The main disadvantages are the long rinsing step, which is a disadvantage relative to 

the environmental issue, and the low deposition rate. The SILAR process requires a 

rinsing step between each ionic deposition. Each rinsing step needs purified solvent to 

obtain high quality film. In this step, a great deal of purified solvent is required to get a 

thick film because the growth rate of the SILAR process is slower than most vacuum 
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processed techniques. The typical increment of film thickness in one deposition cycle 

is 1-3 Å . For these reasons, there are several researchers that have studied developing 

the conventional SILAR process. The tedious dipping process has motivated the 

development of a number of automatic deposition apparatus [19]. Low throughput is 

still a major challenge for SILAR even with automation systems. A novel SILAR 

technique based on ultrasonic rinsing was introduced by X. D. Gao et al. to accelerate 

deposition by reducing rinsing time [20, 21]. The use of ultrasonic rinsing led to a 

much more efficient removal of the counter-ions in the diffusion layer. In this study, a 

spin SILAR method is proposed and demonstrated in appendix A. This new spin 

SILAR method offers the advantage of supplying fresh reagents without the possibility 

of cross contamination. Smooth, uniform and highly transparent thin films could be 

successfully deposited using this new technique with shorter cycle time and much less 

solvent usage [22]. 

1.3. Low Temperature Solution-processed Thin Film Electronics 

1.3.1. Next-generation display technology 

The next-generation display keywords are "high performance", "eco-friendliness", 

and "innovative design". As environmental protection is a heavily influential issue all 

over the world, the use of nontoxic materials and employment of eco-friendly 

processes in industry is strongly demanded. Moreover, next-generation display 

products including flexible displays, transparent displays, customized two-way 

communication displays, interactive cross-systems with free connections between 

various displays, multi-touch screens, active workplace displays, OLED lighting, e-
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book devices, and ultra small projectors, require high performance and super mobility. 

At the moment, enhancing performance of materials, decreasing processing 

temperature, and increasing plastic’s temperature throw open the doors to a success in 

the next generation electronic displays using thin film transistors. For these reasons, 

this solution based processes and methods have been studied to decrease processing 

temperature.  

1.3.2. Flexible substrates  

In the electronic display industry, the glass substrate is currently widely used 

because of its high material heat resistance, transparency, and permeability. However, 

it has several drawbacks such as high fragility and inflexible nature, which must be 

overcome for next-generation, flexible displays. Therefore, the development of a 

flexible substrate that can substitute for the glass substrate is one of the most crucial 

tasks, as well as the starting point for the development of flexible next-generation 

displays. Plastic films are traditionally difficult to use in the current display 

manufacturing processes. Until now, no plastic film was suited well enough to be 

applied for flexible displays. Many display and film makers are currently in the 

process of developing and testing various plastic films as representative substrates for 

a flexible display, and this has long been the subject of research studies. The 

advantages of plastic substrates are high durability, lighter, more flexible and easier to 

process than glass substrates. Also, they can be produced in volume using a 

continuous process, and can easily utilize printing processes such as inkjet printing. 

Thus, the plastic substrate is most widely considered as an alternative substrate for a 
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flexible display. Plastic substrates have been developed that can satisfy all of the 

optical, chemical and mechanical properties because a glass substrate can endure high-

temperature processing and chemical processing-to achieve heat resistance, anti-

chemical, and anti-hygroscopic properties. Even if developed, the price should be kept 

low, which is one of the expectations regarding the plastic substrate. The plastic 

substrate allegedly is unable to catch up to glass in terms of thermal stability; plastics 

generally do not endure high temperatures, over 300°C, temperatures used in 

amorphous silicon TFT processes. It is imperative to either raise the plastic's thermal 

endurance or lower the TFT processing temperature in TFT systems.    

In this section, a survey of plastic options is introduced for the application of 

flexible electronics. While the work in this thesis does not directly utilize plastic 

substrates, an overview of the available options and their properties provides 

processing temperature goals for films to be used with these substrates. The following 

substrates are widely used for a plastic substrate at the moment. 

Polyethylene terephthalate (PET) Substrate: A representative thermoplastic and 

hypocrystalline material, PET allows full liquefaction at a relatively low temperature, 

so that it can be used in volume production through a low-cost processing such as the 

liquefaction–extrusion process. PET is the most widely used general-purpose plastic 

film. It is the cheapest and is more effective in terms of chemical resistance than many 

other plastics. Its use can be considered for large-area, low-resolution display 

substrates. Once processing limitations such as temperature are resolved, it is believed 

that PET will be the most widely used plastic substrate. For now, however, it has low 
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Tg and Tm, and lacks heat resistance. If exposed to heat treatments at over 150 °C, 

PET's molecular chain is recrystallized. This causes a whitening phenomenon, during 

which some parts of the substrate become frosty, and lowers the substrate's optical 

permeability even with low temperature heat treatment.  

Polyethylene naphthalate (PEN) Substrate: PEN is also a thermoplastic and 

hypocrystalline material and, although it still has the issue of optical anisotropy due to 

the liquefaction–extrusion process, its Tg has recently improved greatly. Therefore, 

PEN is the most attractive substrate for displays that do not use a polarizer, such as 

LCD. Compared with other high heat-resistant substrates, it is cheaper. Currently, 

Dupont–Teijin, a joint-venture between USA and Japan, is actively researching PEN, 

and some PEN products are already on the market. 

Propylene carbonate (PC) Substrate: The most general-purpose, thermoplastic 

amorphous macromolecular material, PC has a higher Tg and lower optical anisotropy 

than that of PET or PEN, and exhibits better mechanical and optical characteristics. 

However, its Coefficient of Thermal Expansion (CTE) and oxygen permeability are 

relatively high, it lacks resistance to Ketone-system solvents, and its use poses many 

limitations in the process. Compared with other amorphous macromolecular plastic 

substrates, PC is cheaper. However, the processing temperature of PC should be kept 

below 150 °C. 

Polyethersulfone (PES) Substrate: Another representative thermoplastic 

amorphous macromolecular material, PES has a relatively good heat resistance (Tg ~ 

220 °C), low optical anisotropy, and good transmissivity, and therefore, is considered 
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as the best performing plastic substrate currently in the market both in mechanical and 

optical aspects. PES is suitable for LCD-based plastic flexible displays and is most 

widely used in research institutes and companies studying flexible displays. 

 Polyimide (PI) Substrate: A thermoplastic amorphous macromolecular material 

that exhibits superior heat resistance (Tg ~ 350 °C), PI is applied widely in electric 

and electronic parts, and has long been considered for a TFT Array substrate for 

flexible displays. However, like other amorphous macromolecular materials, PI has 

low resistance to chemicals and has a very high hydro-transmissivity, causing 

problems in storage and process management. These problems can often be resolved 

by coating it with the proper protective film. Although the imide group in PI's 

molecular chain offers heat resistance, it also decreases the material's optical 

properties. A normal PI substrate is often dark yellow with only 30% of transmissivity 

in the region of visible rays around 550 nm. Currently, DuPont in the USA sells 

opaque PI film, which is called 'Kapton.' Also, Mitsubishi Gas has recently succeeded 

in changing PI's molecules to develop and sell an optically transparent PI substrate 

with high Tg (> 300 °C).  

A comparison of a range of plastic substrate by glass transition is described in 

figure 1.9 [23]. Various types of plastic substrates are currently being researched and 

developed by manufacturers and academic research institutes. A flexible substrate is a 

core component in determining the characteristics, reliability and price of flexible 

displays.  The plastic substrate charactieristic was summarized in Table 1.1. 
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Figure 1.9 A comparison of a range of plastic substrates by glass transition (Tg, glass 

transition). 

Table 1.1 Plastic substrate characteistic 

Property  Glass PC PES PET PEN PI 

Tg (°C)  690 155 223 78 121 340 

CTE(ppm/°C)  8 70 60 30 20 50 

Thermal shrinkage  

@150°C 
- 0.05 0.03 1 0.5 

 

Transmittance (%)  91 90 89 89 88 30 

Retardation (nm)  - <10 <10 68 high 
 

O2 Permeability (cc.100um/m2.day)  - 900 350 18 4 
 

H2O Permeability (g.100um/m2.day)  - 50 105 9 2 135 

Young’s modulus (GPa)  73 2.1~2.4 2.4~8.6 2.5~3.0 6.1 2.8 

Tensile Strength (MPa)  - 52~72 88~100 55 275 221 

Color  Tr. Tr. Tr. Tr. Tr. Colored 

 
 

Tr.: Transparent 

CTE: Coefficient of Thermal Expansion  

PCO: Polycyclic olefin (-also known as polynorbornene) 

PAR : Polyarylate   
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1.3.3. Semiconductor Materials 

In the thin film electronic market, there are currently four major types of TFT 

semiconductor materials: amorphous silicon, polysilicon, organic, and amorphous 

oxides. A comparison of these dominant semiconductor materials is summarized in 

Table 1.2.   

Table 1.2 Comparison of three dominant semiconductor materials in inorganic systems 

Channel material a-Si 
Poly-Si 

(LTPS) 
Organic AOS 

Generation > 10 G 4G  8G 

Mobility 

(cm
2
/V·s) 

~ 1 ~ 100 ~ 15 1-20 

TFT uniformity Good Poor Good Good 

Cost/yield Low/high High/low Low/high Low/high 

Light stability Poor Good Poor 
Superior to a-

Si 

Process T 150-350 °C 250-550 °C RT-200 °C RT-400 °C 

Display mode LCD, OLED LCD, OLED 
LCD, OLED, 

e-paper 

LCD, OLED, 

e-paper 

Substrate 
Glass, metal, 

plastic 

Glass, metal, 

plastic 

Glass, metal, 

plastic 

Glass, metal, 

plastic 

 

First, amorphous silicon (a-Si:H) TFTs have been taken largest portion among 

TFT semiconductor materials due to their uniformity over large area, good stability, 

and mature technology over several decades. However, device performance of a-Si:H 

is limited by the low mobilities, ~ 1 cm
2
/V·s, which is insufficient to drive large size 

high resolution displays. Moreover, a-Si:H TFTs exhibit a metastable shift in VT over 

time causes a variation in display brightness and shortens the display lifetime in 

OLEDs. Second, low temperature polysilicon (LTPS) TFTs have good electrical 
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stability, high field effect mobilities of ~100 cm
2
/V·s and even higher [24]. Devices 

and circuits have been produced on polyimide which shows the potential for good 

device performance even on flexible substrates. However, LTPS TFTs are mostly 

focused on crystallization of vacuum based amorphous silicon to create polysilicon 

using solid phase crystallization [25] or excimer laser annealing [26], which increases 

the cost of fabrication. Third, Organic FETs have gained considerable attention due to 

their potential attractions such as the ability to produce a large area deposition, low 

processing temperature, wide variety of organic semiconductors, mechanical high 

flexibility, thin/lightweight and low manufacturing cost. Organic based systems also 

allow for vacuum free processing such as spin coating and inkjet printing. However, 

organic based systems have major disadvantages, such as poor air stability related to 

long term stability and insufficient device performance, which are considerably 

important for further large area and high resolution electronics (i.e., AMOLED and e-

papers). Since pentacene was first synthesized from m-xylophenone in 1930 [27], it 

has been widely and intensively studied because it is one of the most promising 

materials with high mobility. The mobility of pentacene FETs dramatically increased 

to 1.5 cm
2
/V·s in 1997 [28] from the earlier pentacene TFTs with low mobility of 

0.002 cm
2
/V·s that were reported in 1991 [29]. Figure 1.10 indicates the predicting 

mobility of organic based TFTs prepared by spin coating reported in 2006 [30]. It 

shows that high mobility of organic based TFTs is a big challenge and more research 

is needed. Recently, pentacene with a high mobility of 5.5 cm
2
/V·s was reported in 

2006 [31].  
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(a) (b)

 

Figure 1.10 Field effect mobility of organic FETs with mobilites versus the year ((a) 

predicting mobility by spin coating [30] in 2006 and (b) pentacene FETs [32], BC and 

TC denote bottom and top drain/source contacts, respectively) 

 

Organic based systems require more research for improvement in performance of 

TFTs even though many pentacene TFTs with mobilities of more than 1cm
2
/V·s have 

been reported, which is comparable to that of a-Si TFTs. 

Finally, amorphous oxide semiconductor (AOS) TFTs take both advantages of a-

Si and LTPS TFTs. AOSs are expected to be one of the most promising alternative 

channel materials in the next generation of thin film transistors owing to their 

excellent performance in areas such as low temperature processing, good uniformity, 

large area uniform formation, good stability, and large field effect mobility compared 

to a-Si and organic semiconductors. They have been widely studied. Many prototype 

displays have been demonstrated since wide band gap amorphous oxides with high 

electron mobilities were considered in 1996 [33] and an AOS thin film transistor 

(TFT) was first introduced in 2004 [34]. However, the channel formation process for 

AOS TFTs has been limited to only vacuum based processes such as pulse laser 
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deposition (PLD) [34-38], and sputtering [39]. Amorphous oxide thin films have 

presented themselves as ideal candidates for solution processing. 

Solution based processes are a promising alternative over vacuum/vapor based 

processes for reducing fabrication cost, decreasing processing temperature, allowing 

for large area formation, and enhancement of material utilization related to 

environmentally green technology. Solution processed materials have tremendous 

potential and the key to the success of this approach is the attainment of high quality 

materials as determined by grain size, grain boundaries, defects, and doping with the 

materials. Solution based processes also rapidly lead to the ability to prototype new 

materials in a facile way that is difficult by vacuum based approaches. Solution based 

processes to form amorphous oxide thin films have been intensively studied and 

improved to decrease synthesis temperature even though oxide materials have high 

melting points and generally require high synthesis temperatures (normally up to 

600 °C). Still, there is a challenge to further lower the processing temperature of oxide 

materials even when solution processed oxide TFTs have demonstrated high mobility 

of 16.1 and 16.97 cm
2
/Vs for spin coated a-IZO and a-InO TFTs, respectively and 7.4 

and 5.50 cm
2
/Vs for inkjet printed a-IZO and a-IGO TFTs, respectively, and good 

uniformity [40, 41]. Amorphous oxide systems have been highlighted by the recent 

emergence of transparent amorphous oxides semiconductors (TAOS) such as IZO (In-

Zn-O) [40], ZTO (Zn-Sn-O) [42], and IGZO (In-Ga-Zn-O) [43]. Solution based 

precursors combined with appropriate processing are opening the avenue for high 

quality materials deposition in a non vacuum approach. The ability to use solution or 
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nanoparticle precursors to reduce processing temperature low enough to work on 

flexible substrates is potentially a unique advantage of solution based processing. For 

this reason, solution processed oxide TFTs have been intensively studied and 

demonstrated [40-43].  

For the next generation of low temperature high mobility TFTs, the combination 

of both advantages of solution process and amorphous oxide will be one of the most 

promising strategies. In this thesis, diverse oxide material systems described in figure 

1.11 were proposed and demonstrated by solution based processes, such as spin 

coating and inkjet printing.   

 

Figure 1.11 Diverse oxide material systems for solution based processes.  
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1.4. Solution- processed, Nature-inspired Nanostructured Thin Films 

1.4.1. Nanostructures in nature 

Scientists and engineers in diverse fields have been working on nanoscale 

structures and have explored them for several decades. Nature provides an inspiration 

with limitless examples of special features that are at the nanoscale level. We can draw 

from these structures to create the most advanced products in human life. The 

nanostructures in nature can make manmade products more efficient and with a better 

appearance.  In particular, there are many plants (i.e., Leontopodium nivale, named as 

edelweiss) and animals around us that have developed their own special features (i.e., 

Gecko’s foot, butterfly’s wing, Namib desert beetle’s back, Moth’s eye).   A few 

examples are shown in Figure 1.12 and described below. 

(a) (b) (c) (d)
 

Figure 1.12 Nanostructures in nature: (a) gecko’s toe, (b) butterfly’s wing, (c) namib 

desert beetle’s back, and (d) moth’s eye. 
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Scientists have worked on research inspired by the nanostructured gecko’s toe 

introduced in figure 1.12(a) due to its remarkable adhesive characteristic.  A gecko’s 

toe has very small hairs packed closely together and each hair has hundreds of tiny 

saucer-like structures, called spatulas at the end of each hair. There are millions of 

very tiny spatulas in the small area of a gecko’s foot. Their tiny spatulas can create a 

powerful bond that lets a gecko stick to nearly any surface. Several researchers have 

been attempted to mimic those hairs with structures made of polymers or carbon 

nanotubes for medical adhesives and climbing robots [44-46]. 

Another natural inspiration is the surface of a butterfly’s wing, shown in 

figure1.12(b), which contains multilayer nanoscale patterns. A variety of specific 

structures on the wing surface appear as consistent protrusions in size and distance. 

These structures are associated with superhydrophobicity. Roughened surfaces can 

reduce the adhesive force on water droplets because contact with the wing surface is 

reduced by the wing’s micro-topography. Micro- and nano- surface finishes inspired 

by self-cleaning biological surfaces have now been applied to windows, eyeglasses, 

several display surfaces, and more.  

A third example of bio-inspired nanostructures comes from the beetle’s back, 

which has 0.5-millimeter bumps and the microscopic roughness of its waxy surface 

described in figure 1.12(c).  Its back is mostly super hydrophobic, but there are also 

tiny hydrophilic areas at the peaks of the bumps. These dual structures, hydrophobic 

and hydrophilic surface properties, make it possible to gather water from wind-driven 

morning fogs in Africa’s Namib Desert by crouching with its back raised, facing the 
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wind.  Water is collected and directed down to the beetle’s mouth. Researchers are 

interested in using a combination of the lotus effect, hydrophobic property, and 

hydrophilicity as an approach to harvest water in dry regions.  

The last example described here is the nanostructure of the moth’s eye, shown in 

figure 1.12(d).  The scientist, C.G. Bernhard in 1967 [47] first discovered that the 

surface of a night moth’s eye is covered by an array of conical protuberances 200 

nanometers high and separated by 200 nanometers using scanning electron 

microscopy. As electromagnetic energy passes into the moth’s eye, the change in 

density between the outside air and the eye cavity is gradual – no abrupt change in 

density is encountered. This allows optical energy to propagate into the eye with very 

little chance of reflection. Bernhard discovered that this was due to a periodic array of 

subwavelength protrusions on the cornea of the moth. These nanostructures make it 

possible for a moth’s eye to absorb more light than most because these structures are 

smaller than the wavelength of visible light (350 ~ 800 nm). For this reason, the moth 

can see much better than humans in dark conditions and scientists have put much 

effort into attempts to mimic the moth’s eye structure in human applications requiring 

antireflective coatings (i.g. eyeglasses, displays, etc).  A more detailed description of 

nanostructures, especially based on the moth’s eye structure, for antireflective coatings 

is given in the following section. 

 1.4.2. Antireflective Coatings (ARC) 

Loss of light through reflection impacts the performance of optical components in 

various applications, and so the primary purpose of antireflection coatings is to come 
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as close as possible to eliminating this reflected light. Without antireflective coatings, 

reflected light can cause glare on a display or a screen, eyeglasses and windows or a 

windshield. ―The moth-eye‖ structure has been found to have tremendous 

antireflective properties and so has been intensely investigated for such applications.  

A more detailed figure of the moth’s eye is shown in figure 1.13. 

 

Figure 1.13 The moth’s eye structure. 

 

It was found that the ―moth-eye‖ structures work on the principle of a gradient 

index of refraction. Because the features in a moth-eye surface are below the 

wavelength of light to be transmitted, the surface behaves as a gradient index of 

refraction between the indices of the two media. These gradient surfaces can also be 

thought to have a low net reflectance based on the destructive interference of an 

infinite series of reflections at each incremental change in refractive index. More 

recently, researchers have found that the structures do not need to be periodic, only 

that the stochastic structure yields features on the whole that are smaller than the 

wavelength of visible light. Therefore, three approaches, porous (i.e., nanostructured 

film), periodic (i.e., moth’s eye structure) and stochastic structures, for 
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subwavelenght-structured AR surfaces have been proposed in figure 1.14. Among 

these structures, porous [48-51] and moth’s eye [52-56] structures are mostly studied 

and demonstrated. 

Scientists have developed mimic moth-eye nanostructured films based on above 

subwavelength-structured surfaces for antireflective coatings deposited by electron-

beam lithography [55], nanoimprint lithography [56], plasma-enhanced chemical 

vapor deposition (PECVD) [57], and interference lithography [58]. However, these 

technologies require sophisticated equipment and are expensive to implement. 

Reducing expenditures (capital and operating) is one of the biggest concerns in 

development and manufacturing of competitive products. Therefore, viable technology 

needs to be a low cost, easy to access deposition process. 

The application of antireflection coating can be used to cover any display product. 

Especially, AR coat has become one of the key issues for mass production of solar 

cells and electronic displays as well as eyeglasses. 

neff1

neff2

neff3

neff1

neff2

neff3

neff1

neff2

neff3

(a)

(b)

(c)

 

Figure 1.14 Approaches for subwavelength-structured AR surfaces: (a) porous 

structure, (b) periodic structure and (c) stochastic structure. 
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For these demands, researchers have developed solution-based AR coating 

utilizing nanoparticles by dip coating and spin coating. The advantages of solution 

processed methods have been previously discussed in this thesis. However, we still 

face a size limitation for large area displays and solar cell applications. Therefore, we 

still need to enhance and develop the processes to overcome these limitations using 

these attractive structures from Mother Nature's design and new nanotechnology based 

on solution processing. 
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CHAPTER 2.  

High Performance Solution-Processed Transparent Oxide Semiconductors 

 

Reproduced in part from Seung-Yeol Han, Doo-Hyoung Lee, Gregory S. Herman and 

Chih-Hung Chang,  ―Inkjet Printed High Mobility Transparent Oxide 

Semiconductors‖,  Journal of Display Technology, 5(12), 520-524 (2009) 

 

Abstract 

 In this paper, we report a general and low-cost process to fabricate high mobility 

metal oxide semiconductors that are suitable for thin film electronics. This process 

uses simple metal halide precursors dissolved in an organic solvent and is capable of 

forming uniform and continuous thin films via spin coating and inkjet printing. This 

process has been demonstrated to deposit a variety of semiconducting metal oxides 

include binary oxides (ZnO, In2O3, SnO2, Ga2O3), ternary oxides (ZIO, ITO, ZTO, 

IGO) and quaternary compounds (IZTO, IGTO, IGZO). Functional thin film 

transistors with high field-effect mobility were fabricated successfully using channel 

layers deposited from this process. Spin coating process, which is simple to operate 

with high uniformity, was preferentially demonstrated. Inkjet printing opens an avenue 

to form patterned metal oxide semiconductors through a simple and low-cost process 

and to fabricate high performance transparent thin film electronics via digital 

fabrication processes on large substrates. 
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2.1. Introduction 

Current methods for the production of functional inorganic electronic devices are 

based on the sequential deposition, patterning, and etching of selected semiconducting, 

conducting, and insulating materials. These sequential processes generally involve 

multiple photolithography and vacuum deposition processes, which contribute to their 

high manufacturing costs. Solution-based and direct printing of inorganic materials 

offer the possibility of depositing high quality thin films at low temperature under 

atmospheric conditions, and the direct additive patterning processes that enable the 

fabrication of high-performance and ultra-low-cost electronics. Recently, high 

mobility (> 10 cm
2
/V.s.) inorganic thin film transistors were fabricated using spin-

coated SnS2-xSex [1] and In2Se3 [2] semiconductor thin films. Unfortunately, these 

devices tend to degrade (mobility and current) after exposure to the ambient 

atmosphere, and require storage and characterization in a nitrogen-filled dry box.  

Inkjet printing of inorganic materials is relatively rare compared to the inkjet 

printing of organic materials, especially for semiconductor channel materials. Over the 

last few years, there has been tremendous progress on direct inkjet printing of polymer 

TFTs. Sirringhaus et al. have fabricated all-polymer thin film transistors with a 

combination of inkjet printing and spin-coating.[3] A mobility of 0.02 cm
2
/V·s was 

achieved from the spin-coated semiconducting polymer channel layer (9,9-

dioctylfluorene-co-bithiophene, P8T2). After researchers at IBM demonstrated an 

innovative and simple one-step synthetic pathway to a soluble pentacene precursor [4], 

the first inkjet-printed pentacene transistor [5] was fabricated with a maximum 
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mobility of 0.02 cm
2
/V·s and a current on-to-off ratio of 10

5
. Arias et al. [6] reported 

an inkjet printed TFT using a polythiophene semi-conductor channel that exhibited a 

field effect mobility of 0.1 cm
2
/V·s and a current on-to-off ratio of 10

7
. Kawasaki et al. 

[7] reported an organic TFT using an inkjet printed pentacene channel layer with a 

mobility of 0.15 cm
2
/V·s. and a current on-to-off ratio of 10

5
. 

To this date, not many inorganic materials have been inkjet printed and the 

majority of reports are focused on printing metal nanoparticle solutions for 

metallization. For example, copper nanoparticle solutions were inkjet printed for 

source/drain metallization of a-Si TFTs [8]; silver and gold nanoparticle solutions 

were inkjet printed to build active microelectromechanical systems (MEMS) [9]. The 

first example of printing inorganic semiconducting channel materials was reported by 

Ridley et al. [10] who fabricated a thin film transistor with a mobility of 1 cm
2
/V·s and 

a current on-to-off ratio of 3.1x10
4
 by casting CdSe thin films from a precursor 

solution of cadmium selenide nanocrystals using a micro-pipette. More recently, 

Shimoda et al. [11] fabricated TFTs using inkjetted poly-silicon channel layer with a 

mobility of 6.5 cm
2
/V·s and an on/off ratio of three orders of magnitude. This process, 

however, requires a special precursor and very stringent control of the oxygen level 

(<0.5ppm) in a dry box in addition to laser re-crystallization and thermal annealing 

(540oC).  

Amorphous oxide semiconductors (AOS) have been studied extensively as active 

layers in thin film transistors (TFTs). Oxide-based semiconductors composed of heavy 

metal cations with (n-1)d10ns0 (n4) electronic configurations have various merits 
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compared to hydrogenated amorphous silicon (a-Si:H) and organic semiconductors 

[12,13,14,15]. However, most AOS TFTs are fabricated by vacuum deposition 

techniques, such as pulsed laser deposition, and rf magnetron sputtering. Recently, a 

great deal of efforts was devoted to the development of solution processed oxide 

semiconductors [16, 17, 18, 19]. In our previous work, we have developed a general 

and low-cost inkjet printing technique which is capable of fabricating TFTs using a 

variety of high-mobility metal oxide materials as channel layers [20, 21]. Since then, 

only a couple of inkjet printed ZnO-based semiconductors have been reported [22, 23].   

2.2. Experimental 

Our process uses metal chloride precursors dissolved in acetonitrile which is able 

to form a uniform and continuous thin film by both inkjet printing and spin coating 

techniques. The aprotic solvent is highly volatile and does not dissociate the metal 

halide precursor. The inkjetted metal chloride precursor solution readily looses the 

solvent and forms a uniform film, which then absorbs moisture from the ambient air. 

Finally, it forms metal oxide thin film by the substitution reaction between water and 

metal halide. Fig. 2.1 illustrates the film formation mechanism.  



 

41 

  

Substrate

Inkjet Printed Liquid Thin Film

Solvent Evaporation

Substrate

Metal Halide                 Metal Oxide

Absorption of H2O HCl

M (Zn, In, Sn, Ga)· Halides(Cl, Br, I) + H2O

M· Oxides + H· (Cl, Br, I)
 

Figure 2. 1 The formation mechanism of transparent oxide semiconductor thin films. 

 

The solutions for fabricating both spin coated and inkjet-printed thin films were 

prepared by dissolving metal chloride (ZnCl2, InCl3, SnCl2, and GaCl3) powders (Alfa 

Aesar) in solvents. For IGO thin film deposition by both spin coating and inkjet-

printing processes was prepared by dissolving precursors of 0.015M or 0.03M of 

indium chloride [InCl3] and 0.015 M of gallium chloride [GaCl3] into mixture of 

acetonitrile [CH3CN, Mallinckrodt Chemicals] solvent and ethylene glycol 

[HO(CH2)OH, Mallinckrodt Chemicals] mixture in a volumetric ratio of 50:1 was 

used as solvent in spin coating system. In IGTO and IGZO systems, the precursor 

solutions were prepared by dissolving precursors of 0.015 M of indium chloride 

[InCl3], gallium chloride [GaCl3], zinc chloride [ZnCl2] and tin chloride [SnCl2] into 

mixture of acetonitrile [CH3CN, Mallinckrodt Chemicals] solvent and ethylene glycol 



 

42 

  

[HO(CH2)OH, Mallinckrodt Chemicals] mixture as well. In solution preparation, 

ethylene glycol was used for adjusting the viscosity of the precursor solution in both 

processes. Thickness of a thin film can be controlled by the amount of EG in a mixture 

of acetonitrile and EG. These concentrations of each precursor and solvent have been 

already applied for use with other materials systems, such as ZIO and IZTO.  

We have used a regular laboratory scale spin coater, a modified thermal inkjet 

printer and a DIMATIX (DMP-2800) piezo-inkjet printer to form the active layer with 

high uniformity. The prepared metal chloride precursor solution was transferred by 

micropipette on rotating substrate in spin coating process. In inkjet printing process, 

the prepared precursor solution of ~3ml was filled into the cartridge by a needle 

syringe, and then loaded into the cartridge holder. The as-deposit thin films were 

annealed in air to make oxide materials up to 600 °C after thin films were formed by 

either spin coating or inkjet printing process.  

For Metal-Insulator-Semiconductor Field-Effect Transistors (MISFETs) 

fabrication, a heavily boron (p+) doped silicon substrate served as the gate in an 

inverted-gate structure. Silicon dioxide with thickness of 100 nm was thermally grown 

on top of the silicon substrate. The back of the substrate had the silicon dioxide etched 

followed by deposition of a 500 nm thickness gold layer for the gate contact. Oxidized 

Si wafer and glass slide were used as a substrate to deposit metal oxide thin films for 

device fabrication, optical characterizations and others. The substrate was need to treat 

surface hydropobic to make thin and unifom film. Therefore, the substrate was treated 

with 1M of sodium hydroxide for ~5 minutes in an ultra-sonicator and cleaned by DI-
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water. And then a stream of dry nitrogen gas was used to dry the surface of cleaned 

substrate. The semiconductor channel material was strip patterned in order to reduce 

the gate leakage current. In spin coating process, the channel material was patterned as 

well. It was, however, required photolithography to reduce the gate leakage current. 

More detail process in photolithography will be described in chapter 3. The 300 nm 

aluminum source and drain contacts were then evaporated on top of metal oxide layer 

through a shadow mask. The device characterization was performed in the dark at 

room temperature with a HP 4157B Semiconductor Parameter Analyzer. 

2.3. Results and Discussions 

We have first demonstrated this process by inkjet printing ZIO thin films as 

channel layers for the fabrication of metal-insulator-semiconductor field-effect 

transistors (MISFETs) [20]. The ZIO MISFET was fabricated from a ZIO active 

channel layer deposited by inkjet printing the layer on an oxidized silicon substrate 

using a solution of ZnCl2 and InCl3 (1:1 molar ratio) in acetonitrile using a modified 

thermal inkjet printer (i.e. HP 1220C). The inkjet-printed films were subjected to a 

post annealing process in an ambient atmosphere at 600 °C for 1 hour. The transistors 

exhibit a very good gate-modulated behavior with drain current saturation. The field-

effect mobility (FE) for this device is 7.4 cm
2
/V·s and a drain current on-to-off ratio 

of approximately 10
4
 with a turn-on voltage at -26 V. 

The use of multicomponent oxide materials provides the possibility to tailor the 

electrical, optical, physical and chemical properties of transparent oxide 

semiconductor films by altering the chemical composition. Our process opens a 
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general route to achieve this goal and can be used to fabricate a variety of metal oxides. 

A variety of transparent conductive oxide thin films including ZnO, In2O3, SnO2, 

ZnO-In2O3 (ZIO), In2O3-SnO2 (ITO), ZnO-SnO2 (ZTO), and In2O3-ZnO-SnO2 (IZTO) 

have been fabricated in our laboratory using this process by the combination of simple 

ZnCl2, SnCl2 (or SnCl4) and InCl3 precursors in acetonitrile by both inkjet printing and 

spin coating [20, 21].  We have modified our precursor by adding ethylene glycol to 

adjust the printablity for a piezo-based material inkjet printer (i.e. DIMATIX DMP-

2800) with a volumetric ratio of 35% of acetonitrile (J.C.Baker) and 65% of ethylene 

glycol (Sigma-Aldrich, 99%). The desired pattern was controlled by changing firing 

voltage of printing solution in the Cartridge (Dimatix Model Fluid Cartridge) setup. 

The platen substrate loading stage was heated and kept at 60 °C (Maxium temperature 

of setting value) before loading the substrate. The as-deposit thin films were dried on 

heated platen loading stage after it was printed on the prepared substrate. High quality 

transparent amorphous thin films were obtained using this modified process.  
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The Scanning electron microscope images given in Fig 2.2a. show very smooth inkjet 

printed IZTO thin films were obtained. In addition, we were able to print uniform 

films a relatively large area. Fig 2.2b. shows a 40 nm thick IZTO films with a an area 

of 3‖x3‖ printed on a 6‖ wafer. Thin-film transistors based on inkjet printed indium 

zinc tin oxide (IZTO) channel layers were fabricated. The printed IZTO transistor has 

a high field-effect mobility (FE  = ~30 cm
2
/V·s), excellent on-off current ratio (>10

6
) 

and behaves as an enhancement mode device (turn-on voltage = 2V). This mobility is 

an order magnitude higher than previously reported for inkjet printed oxide-based 

transistors. 

3” x 3” x 40 nm 

(a)

(b)

 

Figure 2. 2 (a) SEM image (Inset; 50 nm scale bar) and (b) Optical image of Ink-jet 

printed IZTO films. 
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The printed films are higly transparent in the UV-Visible regime. A transparent thin 

film transistor using a printed IZTO channel was also demonstrated [24]. More 

recently, we have extended our material space to include gallium. We were able to 

print ZnO, In2O3, SnO2, Ga2O3, ZnO-In2O3 (ZIO), In2O3-SnO2 (ITO), ZnO-SnO2 

(ZTO), In2O3-Ga2O3 (IGO), In2O3-ZnO-SnO2 (IZTO), In2O3-Ga2O3-SnO2 (IGTO) and 

In2O3-Ga2O3-ZnO (IGZO) as shown in Fig. 2.3.  
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Figure 2. 4 Thermal gravimetric analysis (TGA) of as-deposited IGO thin film. 
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Figure 2. 3 Multicomponent oxide material for Transparent Oxide Semiconductors. 
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For example, we first conducted to deposit IGO thin film by spin coating process 

and analyzed as-deposited IGO thin film by thermal gravimetric analysis (TGA) 

described in figure 2.4. The first weight-loss in the TGA spectra was observed below 

100 °C, indicating that residual acetonitrile exists in the film after the preheating 

treatment. An annealing temperature in range between 300 and 500 °C might be 

sufficient for converting hydroxide or chloride to oxide.  

IGO thin films were annealed at 300 ~ 600 °C under air. Devices were fabricated 

through photolithography to avoid gate leakage current in spin coating process. 

Patterned IGO thin films with device fabrication were characterized and the output 

characteristics of IGO MISFETs as a function of annealing temperatures were shown 

in figure 2.5. 
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Figure 2. 5 Output characteristics of spin coated IGO thin film transistors as a function 

of annealing temperature: (a) 300 °C, (b) 400 °C, (c) 500 °C, and (d) 600 °C 
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Figure 2. 6 (a) Transfer characteristics of spin coated IGO MISFET as a function of 

annealing temperature and (b) mobility v.s. Von of IGO TFTs (2:1 of In/Ga) annealed 

under air (070210) 

 

In figure 2.6, the turn-on voltage (Von) is decreased and field effect mobility is 

increased for increasing annealing temperature, thus higher mobility is achieved for 

higher carrier concentration. These results were explained with the conventional field 

effect transistor theory that a lower (negative) VT is expected for higher carrier 

concentration because a large number of electrons need to be depleted by VG from the 

channel path in order to turn off the transistor. Spin coated IGO MISFETs were 

successfully fabricated and shown to have reasonable performance. Therefore, process 

for thin film deposition was changed from spin coating to inkjet printing. 

Printed IGO thin film transistors were fabricated using Dimatix piezo inkjet 

printing process. The XRD spectrum, given in Fig. 2.7, of the inkjet printed IGO thin 

film on glass only shows the amorphous background from the glass substrate. The 

amorphous structure of these films was consistent with our previous findings [20, 21]. 
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The transmission spectrum, in the wavelength from 200 nm to 850 nm, of inkjet-

printed IGO transparent thin film on a glass substrate is given in Figure 2.8 along with 

an optical image of the film. This spectrum indicates that the Inkjet-printed IGO thin 

film is fully transparent with a ~97% transmittance in the visible range from 400 to 

700 nm.  

The IGO thin films as channel layer for metal-insulator-semiconductor field-

effect transistors (MISFETs) was fabricated by ink-jet printing and reported first time 

in this paper. There are very few papers reporting TFTs based on IGO channel layers 

[25]. Figure 2.9(a) shows the drain current and drain voltage (Ids – Vds) output 

characteristics for IGO MISFET with a channel width-to-length ratio of 7 (channel 
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Figure 2. 8 UV-vis transmittance of inkjet-printed IGO thin film on glass (Inset: 

optical image of fully transparent thin film). 
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Figure 2. 7 XRD spectrum of inkjet printed IGO thin film on glass slide. 
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length = 200 ㎛). The field-effect mobility (µFE) of IGO TFTs determined by the 

transconductance of the device at Vds= 1V has a value of 5.50 cm
2
/V·s. Figure 2.9(b) 

shows the Log(Ids)-Vgs transfer characteristics at Vds= 40V indicating a drain current 

on-to-off ratio of approximately 10
5
 with Von = -21V.  

 

ZTO TFTs were also prepared by spin coating process, previously [21]. In this study, 

ZTO TFTs were prepared by inkjet printing process and successfully fabricated with 

high mobility. Figure 2.9(c) shows the output characteristics for ZTO MISFET with a 

channel width-to-length ratio of 7 (channel length = 200 ㎛). The field-effect mobility 

(µFE) of ZTO TFTs determined by the transconductance of the device at Vds= 1V has a 

value of 3.09 cm
2
/V·s. Figure 2.9(d) shows the transfer characteristics at Vds= 40V 

indicating a drain current on-to-off ratio of approximately > 10
5
 with Von = -4V.  
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Figure 2. 9 (a) and (c) The drain current - drain voltage (Ids – Vds) output 

characteristics; (b) and (d) drain current - gate voltage (Log(Ids)-Vg) transfer 

characteristics at VdS = 40 V for IGO and ZTO MISFETs, respectively.  
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Figure 2. 10 (a) Output and (b) transfer characteristics of printed IGTO thin film 

transistor: inset image in (b) is atomic force microscope (AFM) topography. 
 

There are only few papers reported in inkjet printing process but these mobilities are 

much less than 1 cm
2
/V·s [26, 27]. 

The solution for IGTO thin film by inkjet printing was prepared using 1:1:1 ratio 

of 0.015M of InCl3, GaCl3, and SnCl2. The mixture of acetonitrile and ethylene glycol 

was also used as the same as other multicomponent materials printing process in this 

study. Printed IGTO thin film was annealed at 600 °C for 30 m under air. The 

annealing temperature, 600 °C, was adopted for device fabrication. Figure 2.10 shows 

output and transfer characteristics for IGTO MISFET with a channel width-to-length 

ratio of 7 (channel length = 200 ㎛). The field-effect mobility (µFE) of ZTO TFTs has 

a value of 14.96 cm
2
/V·s and a drain current on-to-off ratio is approximately > 10

4
 at 

Vds= 40V. Surface morphology was analyzed using AFM shown in inset of figure 

2.10(b). The surface root-square (RMS) roughness of IGTO thin film after annealing 

treatment is 1.0634 nm which means very smooth morphology of IGTO thin film 

formed by inkjet printing process. There is no paper reported in IGTO material 
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component system so far. However, IGTO component material was able to deposit 

very smooth uniform thin film with high performance for thin film transistor by inkjet 

printing process. The TGA of as-deposited IGZO thin film indicates the similar result 

as its IGO. A temperature after 500 °C may enable to convert to oxide completely.     
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Figure 2. 11 Thermal gravimetric analysis (TGA) of as-deposited IGZO thin film. 
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Figure 2. 12 The (a) In 3d, (b) Ga 2p, (c) Zn 2p, (d) O 1s XPS spectra of inkjet printed 

IGZO films annealed at 500 °C. 
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Figure 2.12 shows the XPS spectra of (a) In 3d, (b) Ga 2p, (c) Zn 2p, (d) O 1s. 

The peaks of In 3d5/2, Ga 2p3, Zn 2p3/2 are centered at 444.9eV, 1117.9eV, and 

1022eV, respectively which is good corresponded to In-O, Ga-O, and Zn-O bonds. 

The O1s peak of XPS indicated that as-deposited IGZO film (RT) is composed of 

hydroxide. The composition of IGZO films after annealing 250 °C, are combination of 

the oxygen in hydroxide, oxide lattices with oxygen defects and the full complement 

of oxide lattices without oxygen defects. Metal hydroxides are gradually converted 

into the oxides as a function of annealing temperature increase. Oxygen defect may be 

increased with increasing annealing temperature. At high annealing temperature, 

500 °C, the peak of oxygen in hydroxide is almost disappeared and it seems that only 

oxide lattices with oxygen defects and the full complement of oxide lattices without 

oxygen defects are occupied. Inkjet-printed IGZO film was annealed at 500 °C under 

air and IGZO TFTs were fabricated. Figure 2.13 shows output and transfer 

characteristics of inkjet-printed IGZO TFTs. The field-effect mobility (µFE) of IGZO 

TFTs shows a value as high as 25.62 cm
2
/V·s and a drain current on-to-off ratio is 

approximately 10
7
 at Vds= 40V.  
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Figure 2. 13 (a) Output and (b) transfer characteristics of inkjet-printed IGZO thin film 

transistor. 



 

54 

  

Finally, solution-processed transparent oxide semiconductor thin films with 

multicomponent material systems such as, IGO, ZTO, IGTO, and IGZO were 

successfully fabricated with high performance. There devices, however, are fabricated 

at high annealing temperature, 500~ 600 °C. For an application of further technology, 

low processing temperature is required. We, therefore, are currently working on 

decreasing the processing temperature. Indium oxide thin films deposited by spin 

coating process was given priority to demonstrate a decreased processing temperature 

for channel layers. We were able to fabricate functional TFTs using spin coating 

process using indium chloride precursor in different annealing conditions (air, O2, and 

O2/O3) at temperature as low as 200
o
C. The high performance of indium oxide TFTs 

by spin coating process was achieved. It also indicates strong evidence to apply for 

inkjet printing process at low temperature using the same precursor solution based on 

our previous results [20, 21, and 24]. 

Nanostructured thin films  

Using a similar approach, we have also demonstrated the fabrication of highly 

transparent porous tin oxide thin films through inkjet printing process using a simple 

and low-cost precursor solution. 
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The films exhibit an interesting porous structure that has a thin mesoporous layer 

on top and a thicker meso- (~2 to 20nm) and macroporous layer (~70 nm to 100nm) 

beneath the top layer. A cross-sectional SEM image is given in figure 2.15. The 

formation of pores in the film could be attributed to a series of water absorption, water 

diffusion, reaction, and gas evolution. At first, SnCl4 precursor solution deposited on 

the substrate released the acetonitrile solvent by evaporation. After that, the as-

deposited hygroscopic SnCl4 precursor film absorbed water from the ambient and the 

 

Figure 2. 14 A schematic diagram of the proposed porous tin oxide thin film 

formation mechanism. (after reference [28]) 
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Figure 2. 15 Cross-sectional SEM images of inkjet printed nanoporous tin oxide 

thin films. 
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water distributed within the precursor film and forms SnCl4H2O. During the thermal 

annealing process, SnCl4 precursor reacts with water and is converted to tin oxide and 

generates hydrogen chloride gas according to the chemical reaction of SnCl4  + 2H2O 

 SnO2 + 4HCl (g) . During this reaction, the HCl gas was generated, nucleated and 

formed bubbles within the film. The gas then diffused toward the surface of the film 

and created nano-sized pores within the tin oxide thin film. A schematic diagram of 

the proposed mechanism is given in figure 2.14. The pore size depends on the 

temperature, the mass transport of the evolving gas, and the surface tension between 

the gas and the precursor. This process opens a new route for fabricating functional 

devices that could benefit from a nanoporous structures such as gate-modulated gas 

sensors and nanostructured solar cells.  

2.4. Conclusions  

In conclusion, we have developed a general and low-cost process to fabricate 

high mobility metal oxide semiconductors that are suitable for thin film electronics. 

This process uses simple metal halide precursors dissolved in an organic solvent and is 

capable of forming continuous thin films via blanket coating (e.g. spin coating) 

techniques and digital fabrication (e.g. inkjet printing). This process has been 

demonstrated to deposit a variety of semiconducting metal oxides include binary 

oxides (ZnO, In2O3, SnO2, Ga2O3), ternary oxides (ZIO, ITO, ZTO, IGO), and 

quaternary compound In2O3-ZnO-SnO2 (IZTO), In2O3-Ga2O3-SnO2 (IGTO)and In2O3-

Ga2O3-ZnO (IGZO). Functional thin film transistors with high field-effect mobility 

were fabricated successfully using channel layers deposited from this process. This 
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novel synthetic pathway opens an avenue to form patterned metal oxide 

semiconductors through a simple and low-cost process and to fabricate high 

performance inorganic thin film electronics via digital fabrication processes. We are 

currently expanding the materials space that is available from this route and working 

toward the fabrication of transparent thin film transistors at lower temperature. More 

detail research on low temperature fabrication will be discussed in the next chapter. In 

addition, we have also demonstrated the possibility of fabricating transparent 

nanoporous metal oxide thin films through this route by controlling the gas evolution 

process. 
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CHAPTER 3.  

Low-Temperature, High-Performance, Solution-Processed Transparent Oxide 

(InO, IWO, IZO) Thin Film Transistors 

 

Reproduced in part from Seung-Yeol Han, Gregory S. Herman and Chih-hung Chang, 

―Low-Temperature, High-Performance, Solution-Processed Indium Oxide based Thin 

Film Transistors‖, ECS transactions, 33(5), 275-281 (2010) 

Reproduced in part from Seung-Yeol Han, Gregory S. Herman and Chih-hung Chang, 

―Low-Temperature, High-Performance, Solution-Processed Indium Oxide Thin Film 

Transistors‖, Submitted in Journal of The American Chemical Society 

 

Abstract 

Solution-processed transparent oxide thin film transistors (TFTs) made of indium 

oxide (InO), indium tungsten oxide (IWO) and, indium zinc oxide (IZO) were 

fabricated by spin coating using metal halide-acetonitrile precursor solutions for the 

active device layer. We have evaluated the effect of annealing temperature from 200 

to 600 °C. We have also evaluated the effect of annealing environment on TFT 

performance, with the focus on lower temperature processing, directly comparing the 

influence of air and O2/O3 ambient conditions. The InO TFTs annealed at 500 °C 

under air demonstrate tremendously high field effect mobility of 55.26 cm
2
/V∙s and 

Ion/off of 10
7
. InO TFTs annealed in O2/O3 atmosphere at temperature from 200 to 

300 °C demonstrate excellent n-type transistor behavior with field effect mobilities of 

0.85 ~ 16.76 cm
2
/V∙s and Ion/off of 10

5 
~ 10

6
. Field effect mobilities for IWO and IZO 

TFTs annealed at 500 °C in air resulted in value of 6.06 and 8.93 cm
2
/V∙s with high 

Ion/off of > 10
5
, respectively. The IWO and IZO TFTs annealed in O2/O3 environments 
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at temperature < 300 °C resulted in excellent n-type transistor behavior with field 

effect mobilities > 0.84 cm
2
/V·s and Ion/off of >10

5
. We have demonstrated that the 

annealing atmosphere of O2/O3 elevates solution-processed transparent oxide TFTs to 

high performance while maintaining a low processing temperature.    
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3.1. Introduction 

Transparent oxide semiconductors have been studied extensively as active layers 

in thin film transistors (TFTs). Oxide-based semiconductors have performance 

advantages compared to hydrogenated amorphous silicon and organic semiconductors 

[1-4]. However, most oxide TFTs are fabricated by vacuum deposition techniques 

such as pulsed laser deposition and rf magnetron sputtering. Recently, a great deal of 

effort has been devoted to the advancement of solution processed oxide 

semiconductors [5-13]. In our previous work, we developed a general chemistry 

capable of forming high-mobility metal oxide materials as channel layers for TFTs 

[4,6,7,13]. The reported process, however, used a high-temperature annealing step. For 

flexible devices on polymeric substrates, it is desirable to reduce process temperatures 

and enable higher process flexibility due to the lower thermal budget. 

Indium oxide exhibits a variety of electrical properties including metallic, 

semiconducting, and insulating characteristics depending on stoichiometry and defects 

in the material. Indium oxide is an insulator in its stoichiometric form, In2O3. However, 

it is an n-type semiconductor in the oxygen deficient form of In2O3-δ. With increasing 

oxygen deficiency it has metallic characteristics. Indium oxide has high optical 

transparency with wide band gap values between 3.5 and 4 eV. Due to these properties 

the electronic device characteristic of indium oxide can be tuned by controlling defects 

in the material including oxygen vacancies and indium interstitials. 

A variety of techniques have been used for the preparation of high quality indium 

oxide thin films including evaporation [14,15], sputtering [16,17], spray pyrolysis 
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[18,19], atomic layer deposition (ALD) [20], ion assisted deposition (IAD) [21,22], 

pulsed laser deposition (PLD) [23], and plasma-enhanced chemical vapor deposition 

(PECVD) [24]. Lee et al. reported a general and low-cost solution route for the 

fabrication of high mobility metal oxide semiconductors [6]. A variety of thin-film 

metal oxide semiconductors include binary compounds (ZnO, In2O3, SnO2, Ga2O3), 

ternary compounds (ZIO, ITO, ZTO, IGO) and quaternary compounds (IZTO, IGTO, 

IGZO) have been fabricated successfully through this route. In this research, we report 

a novel annealing strategy which allows for high performance TFTs using solution-

processed transparent oxides, InO, IWO, and IZO as channel layers at lower 

temperatures. The effect of annealing atmospheres on the metal oxide film’s optical, 

morphological, chemical and electrical properties, including TFT performance was 

studied. High-performance transparent oxides, InO, IWO and IZO, TFTs were 

successfully fabricated at temperatures as low as 200 ° C. 

3.2. Experimental 

The In2O3 precursor solution was prepared using InCl3 and ethylene glycol (EG) 

in acetonitrile (ACN). InCl3 was dissolved in acetonitrile at 0.05M and EG was 

subsequently added. For IWO thin film synthesis, Indium chloride (InCl3, Aldrich) 

and tungsten chloride (WCl6, Alfa Aesar) were dissolved in acetonitrile (ACN) for the 

precursor of indium tungsten oxide. Tungsten chloride was added to the precursor of 

indium oxide as a dopant. Different concentrations of tungsten doped indium oxide 

were used: 0.2, 0.97, 1.9, 3.7, and 5.4 % (W/In molar ratio %). In IZO thin film 

deposition, the liquid solution for spin coating was prepared based on metal halide 
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precursors, InCl3 and ZnCl2 (obtained from Alfa Aesar) with acetonitrile as the solvent. 

Both 0.025 M of InCl3 and ZnCl2 were used for fabricating IZO thin films. We found 

that ethylene glycol enhanced the formation of thin and uniform films. The volume 

ratio of 1:50 (EG:ACN) was used in these studies. Heavily boron doped p+ silicon 

substrates were used in an inverted gate structure for the fabrication of In2O3, IWO, 

and IZO thin film transistors. The gate dielectric was thermally grown silicon dioxide 

with a thickness of 1000 Å  on the silicon substrate.  The back side of the substrate had 

the oxide layer removed and had a 500 nm gold layer deposited for the gate contact. 

The substrate was cleaned in 1M NaOH aqueous solution with ultrasonication for ~ 5 

min, rinsed with DI water, and then dried by flowing nitrogen gas just prior to coating 

the films. Spin coating was performed at 3000 rpm for 30 s on thermally oxidized 

silicon substrates (10 x 15 mm
2
) to fabricate oxide thin film transistors. Initially the 

coated thin films were dried on a hot plate at 100 °C for a few minutes. Microscope 

glass slide substrates (1 x 1 in.
2
) were used for optical characterization of synthesized 

In2O3, IWO, and IZO thin films.  

The synthesized oxide thin films, InO, IWO and IZO, were annealed with varying 

temperatures from 200 to 600°C under different environmental conditions including 

air and O2/O3 for 2 h. Ozone was generated with oxygen that passed through an ozone 

generator (Jelight Co. Inc., Model 1000) operated by a power supply (Jelight Co. Inc., 

120-240V, 60Hz). The flow rate of supplied O2 was 0.176 L/min and approximately 

5600 parts per million (PPM) of O3 was generated.  
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To minimize gate leakage we used photolithography to pattern the annealed oxide 

semiconductor active layer. The patterned oxide thin film, on silicon substrate, was 

dried once more for a few minutes at 100 °C just prior to deposition of Al source and 

drain electrodes (500 nm) by thermal evaporation through a shadow mask. The 

channel length was 200 µm and the resulting TFTs had a channel width to length ratio 

of 7. The procedure for fabrication of patterned oxide TFTs is described at figure 3.1. 

Al

(a) Deposition

(b) Annealing & 
(c) Photolithography

(d) Al evaporation

 

Figure 3. 1 Schematic illustration of the fabrication of TFTs device; (a) oxide 

semiconductor thin film deposition by spin coating process (b) anneal process  (c) 

patterning of photoresist layer and etching oxide semiconductor thin films (d) 

deposition of source & drain by Al evaporation. 

 

Characterization 

The device characterization of fabricated oxide semiconductor thin film 

transistors was performed in the dark at room temperature with a HP 4157B 

Semiconductor Parameter Analyzer. The morphology and surface roughness of oxide 
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channel layers were characterized by atomic force microscope (AFM, Veeco 

Nanoscope digital instruments). Optical transmittance and estimated bandgap of oxide 

thin films deposited on microscope glass slide were conducted by UV-vis 

spectroscopy (Ocean Optics Inc, USB 2000 optic spectrometer). The structural 

characterization was carried out by X-ray diffraction (XRD, Bruker D8 discover). X-

ray photoelectron spectrometer (XPS, ESCALAB 200-IXL instrument with Mg K 

radiation) was used to characterize the chemistry for synthesized oxide thin films. 

3.3. Results and Discussions 

In2O3 thin films annealed in air or O2/O3 atmosphere were amorphous based on 

XRD, which is similar to other oxide semiconductors fabricated using the same route 

[9,10]. The spin coated In2O3 thin films show very uniform morphologies with an 

average roughness of 0.27 ± 0.04 nm as measured by the tapping mode AFM and are 

shown in Figure 3.2. They are highly transparent in the visible wavelength range with 

a transmittance larger than 98%. Optical band gap and transmittance data for films 

annealed under different atmospheres and temperatures are shown in Figure 3.3. The 

band gap values (3.5-3.7 eV) of indium oxide films annealed in O2/O3 were found to 

be slightly lower than the values (3.7 – 3.85 eV) of indium oxide films annealed in air.  
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(a) (b)

 

Figure 3. 2 AFM images of In2O3 thin film annealed under (a) air (RMS = 0.245 nm) 

and (b) O2/O3 (RMS = 0.267 nm) at 300 °C for 2 h. 
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Figure 3. 3 (a) Optical transmittance spectra and (b) estimated optical band gap of 

In2O3 thin films annealed under air and O2/O3 in function of annealing temperature in 

range of 200 ~ 600 °C. 
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Figure 3. 4 In/O ratio of IO thin film as a function of annealing temperature under (a) 

air and (b) O2/O3, (c) O1s XPS spectra of the In2O3 thin films annealed under air and 

O2/O3 environment at 300 °C for 2 h, respectively, (d) In/O ratio of (c) O 1s in IO thin 

film annealed under air and O2/O3. 

 

Figure 3.4(a) shows In/O ratio of indium oxide thin films as a function of 

annealing temperature under air. In/O ratio is increased with increasing annealing 

temperature. The mobility of indium oxide TFTs is increased with increasing 

annealing temperature as well. In figure 3.4(b), In/O ratio and mobility are also 

increased as a function of annealing temperature increased. The highest In/O ratio in 

indium oxide thin film annealed under air and O2/O3 was achieved at 500 and 280 °C, 

which are also the temperatures at which the highest mobility was achieved. The ratio 

of indium oxide thin film annealed under both air and O2/O3 is approximately 0.8, 
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which is the point of lowest oxygen content in the indium oxide thin films. In/O ratio 

was able to be controlled by annealing temperature in air atmosphere for maximizing 

high mobility. Under O2/O3 annealing atmosphere, In/O ratio was controlled as a 

function of annealing temperature. However, the processing temperature for lowest 

oxygen content in indium oxide thin film annealed under O2/O3 was much lower than 

under air. Therefore, O2/O3 annealing system was able to decrease the processing 

temperature for high performance devices. XPS O1s spectra given in figure 3.4(c) can 

be deconvoluted into two peaks one located at 530.6 eV and the other ~532.8 eV. 

Prior studies of In2O3 with a bixbyite crystal structure, suggest that the peak at 530.0 

eV corresponds to O
2-

 ions which has neighboring indium atoms with their full 

complement of six nearest-neighbor O
2-

 [25-27]. The peak at 532.8 eV corresponds to 

O
2-

 in an oxygen-deficient region. When comparing the In/O ratio in indium oxide thin 

films annealed in air with those annealed in O2/O3, both at 300 °C, the In/O ratio of 

films annealed in O2/O3 has higher than those annealed in air. The XPS results indicate 

that the O2/O3 annealing produces a more complete six-nearest neighbored indium 

local structure and more oxygen-deficiency in indium oxide thin film at much lower 

temperature than air annealing. 
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Figure 3. 5 Variation of field effect mobility of solution processed In2O3 TFTs as a 

function of annealing temperature in air and O2/O3 environments (inset: schematic of 

the device structure of patterned In2O3 channel layer with channel width to length ratio 

of 7 with 200 µm length on SiO2/Si substrate). 

 

The TFTs’ performance was characterized in an ambient environment. Shown in 

Figure 3.5 are the resulting field effect mobilities for devices annealed under different 

conditions and temperatures, and a schematic structure of the TFT with a patterned 

In2O3 active layer. The indium oxide TFTs show good gate-modulated transistor 

characteristics for films annealed in air at temperatures between 300 and 600 °C. The 

highest mobility of 55.26 cm
2
/V·s, along with an excellent Ion/off current ratio of 10

7
, 

was achieved from indium oxide films annealed in air at 500 °C. Its output and 

transfer characteristics are shown in figure 3.6(a),(b). The TFTs fabricated from In2O3 

films annealed in oxygen-rich atmosphere (i.e. O2/O3) also demonstrate excellent 

output and transfer characteristics shown in figure 3.6 (d),(e). The highest mobility of 

22.14 cm
2
/V·s annealed in O2/O3 atmosphere for lower processing temperature with 
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Ion/off current ratio of 10
7
, was achieved from indium oxide films annealed in air at 

280°C. Corresponding device characteristics are summarized in Table 3.1 for Vds = 40 

V. The thickness of indium oxide channel layers is shown in figure 3.6(c),(f). The 

thickness of 6 and 12 nm was achieved from indium oxide thin films annealed at 

500 °C under air and 280 °C under O2/O3, respectively.  A big thickness difference is 

observed for different annealing temperatures, suggesting that a more dense film may 

be achieved at higher temperature.  0.00E+00

1.00E-03

2.00E-03

3.00E-03

4.00E-03

5.00E-03

6.00E-03

7.00E-03

0 5 10 15 20 25 30 35 40
Id

s 
(A

)

Vds (V)

Vg = -10
Vg = 0
Vg = 10
Vg = 20
Vg = 30
Vg = 40

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

-20 -10 0 10 20 30 40

Id
 (A

)

Vgs (V)

(a)

(b)
(b)

0.00E+00

5.00E-04

1.00E-03

1.50E-03

2.00E-03

2.50E-03

3.00E-03

3.50E-03

4.00E-03

0 5 10 15 20 25 30 35 40

Id
s 

(A
)

Vds (V)

Vg = -10
Vg = 0
Vg = 10
Vg = 20
Vg = 30
Vg = 40

1.00E-10

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

-20 -10 0 10 20 30 40

Id
 (A

)

Vgs (V)

(a)

(b)
(e)

0.00E+00

1.00E-03

2.00E-03

3.00E-03

4.00E-03

5.00E-03

6.00E-03

7.00E-03

0 5 10 15 20 25 30 35 40

Id
s 

(A
)

Vds (V)

Vg = -10
Vg = 0
Vg = 10
Vg = 20
Vg = 30
Vg = 40

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

-20 -10 0 10 20 30 40

Id
 (A

)

Vgs (V)

(a)

(b)

(a)

12 nm

(c)

(f)

0.00E+00

5.00E-04

1.00E-03

1.50E-03

2.00E-03

2.50E-03

3.00E-03

3.50E-03

4.00E-03

0 5 10 15 20 25 30 35 40

Id
s 

(A
)

Vds (V)

Vg = -10
Vg = 0
Vg = 10
Vg = 20
Vg = 30
Vg = 40

1.00E-10

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

1.00E-02

-20 -10 0 10 20 30 40

Id
 (A

)

Vgs (V)

(a)

(b)

(d)

 

Figure 3. 6 (a) & (d) Output, (b) & (e) transfer characteristics, and (c) & (f) TEM cross 

sectional images of solution processed indium oxide TFTs : device annealed under air 

(a,b,c) and O2/O3 (d,e,f) at 500 and 280 °C, respectively, for 2 h. 
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Table 3. 1 Device characteristics of solution based In2O3 TFTs with different 

annealing temperatures under air and O2/O3 environment 

  

Temperature 

Environment  200°C  230°C 250°C 280°C 300°C 400°C 500°C 600°C 

air µ
FE

 (cm
2
/V·s)         3.8 17.43 55.26 37.75 
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Figure 3. 7 (a, b) Output and (c, d) transfer characteristics of solution processed 

indium oxide TFTs: (a, c) and (b, d) device annealed under air and O2/O3 at 300 °C for 

2 h, respectively. 
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A comparison of the device performance of indium oxide thin films annealed in 

air and O2/O3 at 300°C is presented in figure 3.7. The TFTs fabricated from indium 

oxide thin films annealed in O2/O3 atmosphere at temperatures lower than 300°C 

showed excellent n-type transistor behavior with a field effect mobility as high as 

16.76 cm
2
/V·s and Ion/off  of 10

5
 ~ 10

6
. The field effect mobility of 3.8 cm

2
/V·s and 

Ion/off of 10
6
 were achieved from indium oxide thin film annealed in air at 300°C. The 

great improvement in mobility under O2/O3 atmosphere is caused by oxygen-

deficiency in the indium oxide thin film. 
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Figure 3. 8 (a) Output, (b) transfer characteristics of solution processed In2O3 TFTs, 

(c) transmittance of In2O3 thin film on glass slide (inset: estimated bandgap of In2O3 

thin film) and (d) XRD pattern of amorphous In2O3 thin films (inset: AFM image of 

In2O3 thin film): All films annealed under O2/O3 environment at 230 °C for 2h. 
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The output and transfer characteristics of the indium oxide TFT annealed in O2/O3 at 

230°C are shown in Figure 3.8(a) and (b). This low temperature fabricated indium 

oxide TFT has a mobility of 1.05 cm
2
/V·s, Ion/off ratio of 10

6
 and a positive Von which 

are well suited for TFT LCDs. Figure 3.9 presents Von as function of annealing 

temperature under air and O2/O3. Von definitely changes as function of annealing 

temperature and varies dramatically over a short range of processing temperature 

under O2/O3 atmosphere. A state of oxidation with annealing temperature under O2/O3 

atmosphere was able to tune electronic performance in a short range of processing 

temperature. 
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Figure 3. 9 Von of indium oxide TFTs as function of annealing temperatures under air 

(Ta= 200, 230, 250, 280 and 300 °C) and O2/O3 (Ta= 300, 400, 500 and 600 °C) for 2 

h, respectively. 
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Recently, Jeong et al. reported the effect of oxygen deficiencies with the role of 

gallium in dramatically lowering processing temperatures for solution derived indium 

zinc oxide TFTs [28]. A field effect mobility of 0.05 cm
2
/V·s, Ion/off ratio of 10

5
 were 

achieved for IGZO TFTs at a processing temperature of 250
o
C [28]. Kim et al. 

reported high performance solution-processed indium oxide TFTs.
2e

 Field effect 

mobility up to 0.7 cm
2
/V·s and Ion/Ioff = 10

6
 were achieved using the combination of 

solution-processed intrinsic In2O3 (400
o
C air annealing) and SiO2 as a gate dielectric 

layer [9]. In contrast, field effect mobility up to 43.7 cm
2
/V·s and Ion/Ioff = 10

6
 were 

achieved when high-k organic nanodielectrics were used as a gate dielectric layer. 

These results suggest further improvements in TFT performance can be achieved from 

these low-temperature solution processed indium oxide thin films by optimizing the 

semiconductor/dielectric layers and interfaces. 

IWO thin film transistor was fabricated by device fabrication previously 

described in figure 3.1. 1000Å  thickness of oxidized SiO2 was thermally grown on top 

of a heavily boron doped Si substrate served as the gate in an invertied gate sutrcture. 

500 nm aluminum source and drain contacts were then evaporated on top of the IWO 

channel layer for metal-insulator-semiconductor field-effect transistors (MISFETs) 

through a shadow mask with a channel width-to-length ratio of 7 (channel length 

equals 200 μm). The structure of IWO TFTs shows good gate modulated transistor 

behavior. Figure 3.10 shows a schematic illustration of the structure of IWO TFTs 

with an AFM topography image of an IWO thin film. The IWO thin film deposited by 

spin coating shows a great uniformity with an RMS value of 0.466 nm.   
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Figure 3. 10 Schematic illustration of structure of IWO TFTs. 
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Figure 3. 11 The field effect mobility of IWO thin film transistor with 0.195% ratio of 

W/In molar concentration as a function of annealing temperature from 250~ 500°C for 

2 h under air. 

 

Figure 3.11 shows the average field effect mobility of IWO TFTs with different ratios 

of W/In molar concentration. Initially, only IWO thin films were prepared with 0.2 % 

(actually 0.195%) W doped In2O3These were were used to demonstrate device 

performance as a function of annealing temperature under an air atmosphere. Mobility 

of IWO TFTs increased as a function of increasing annealing temperature. High 
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mobility of IWO TFTs was achieved at high temperature > 400 °C. It, however, shows 

very low mobility at low temperature < 300 °C.   

To enhance mobility and performance, O2/O3 annealing was conducted at low 

annealing temperature. Therefore, spin-coated IWO thin films were annealed under 

O2/O3 atmosphere at 230 and 250 °C for 2 h. The same O2/O3 annealing process was 

used as previously described in the experimental section of this chapter. A comparison 

of mobilities of IWO TFTs from annealing under air and O2/O3 atmosphere at 250 °C 

for 2 h, is shown in figure 3.12.     

0.00E+00

5.00E-06

1.00E-05

1.50E-05

2.00E-05

2.50E-05

0 10 20 30 40

Id
s
 (
A

)

Vds (V)

Vg = -10
Vg = 0
Vg = 10
Vg = 20
Vg = 30
Vg = 40

1.00E-11

1.00E-10

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

-10 0 10 20 30 40

Id
 (
A

)

Vg (V)

0.00E+00

1.00E-04

2.00E-04

3.00E-04

4.00E-04

5.00E-04

0 10 20 30 40

Id
s
 (
A

)

Vds (V)

Vg = -10

Vg = 0

Vg = 10

Vg = 20

Vg = 30

Vg = 40

1.00E-09

1.00E-08

1.00E-07

1.00E-06

1.00E-05

1.00E-04

1.00E-03

-20 -10 0 10 20 30 40

Id
 (A

)

Vg (V)

(a) (b)

(c) (d)

 

Figure 3. 12 The field effect mobility of IWO TFTs with 0.195% ratio of W/In molar 

doping annealed under air (a), (c) and O2/O3 (b), (d) at 250°C for 2 h. 
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The field effect mobility of 0.08 cm
2
/V·s and Ion/off current ratio of >10

5
, was achieved 

from IWO TFT annealed under air atmosphere at 250 °C for 2 h. The IWO device 

performance is improved compared to the device without W doping in air annealing. 

However, the mobility of IWO TFTs in air annealing is too low. In contrast to these 

devices, the field effect mobility of as high as 6.45 cm
2
/V·s and Ion/off current ratio of 

>10
5
, was achieved from IWO TFT annealed under O2/O3 atmosphere at 250 °C for 2 

h. O2/O3 annealing enables lower processing temperature while mobility of TFTs was 

enhanced at low annealing temperature. 

For further optimization of IWO TFT performance, thin films deposited with 

different W/In molar ration of 0.2, 0.97, 1.9, 3.7 and 5.4 %, were synthesized and then 

annealed under O2/O3 atmosphere at 300 °C for 2 h. Figure 3.13 shows the field effect 

mobility of IWO TFTs with different ratios of W/In molar doping that were annealed 

under O2/O3 atmosphere at 300°C for 2 h. 
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Figure 3. 13 The field effect mobility of IWO TFTs with different ratio of W/In molar 

doping annealed under O2/O3 atmosphere at 300°C for 2 h. 
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IWO TFTs with the smallest concentration of 0.2 % W doped into the precursor 

solution of In2O3 demonstrate the lowest electrical performance. The performance 

increased with increasing W doping in 0.97% and 1.9 % W doping cases. However, 

the performance appeared to peak and subsequently decreased with  over 2 % W 

doping.  

Based on the results of doping tests, 0.97 % W doping in In2O3 was chosen to 

further explore the effect of annealing temperature under O2/O3 atmosphere. Average 

mobilities with standard deviation and Ion/off current ratio of IWO TFTs as a function 

of annealing temperature under O2/O3 atmosphere were shown Table 3.2. High 

mobility and Ion/off current ratio of spin-coated IWO TFTs were achieved at low 

processing temperature. Figure 3.14 shows the effect of of annealing temperature 

under O2/O3 atmosphere on mobility and Von of IWO TFTs with 0.97% ratio of W/In 

doping based on Table 3.2.  

Table 3. 2 Average mobilities with standard deviation and Ion/off current ratio of IWO 

TFTs as a function of annealing temperature under O2/O3 atmosphere 

Temperature 200  C 230  C 250  C 280  C 300  C 400  C 500  C 600  C

average μ( /V·s) 0.09 2.27 8.84 21.89 22.8 21.83 37.86 31.32

StDev 0.06 0.49 1.53 2.41 4.96 2.81 5.96 3.71

Ion/off 104 105~106 105~106 106 106 106 105 105~106
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Figure 3. 14 The effect of annealing temperature under O2/O3 atmosphere on mobility 

and Von of IWO TFTs with 0.97% ratio of W/In doping. 

 

The mobility of spin-coated IWO TFTs annealed under O2/O3 atmosphere is increased 

as a function of increasing annealing temperature. The conductivity and carrier 

concentration of IWO thin films are also increased as function of increasing annealing 

temperature. Further, with increasing annealing temperature, Von shifts lower, 

requiring a more negative (-) voltage to turn on current.  However, after 500 °C , Von 

increases and mobility decreases. This may indicate that the conductivity and carrier 

concentration of IWO thin films annealed at over 500 °C are decreased. Thus, IWO 

TFTs high annealing temperature show the highest field effect mobility at 500  °C.    
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Figure 3. 15 (a) The drain current – drain voltage (Ids- Vds) output characteristics; (b) 

drain current – gate voltage (log(Ids) – Vgs) transfer characteristics at VdS = 40 V for 

IWO TFTs of 0.97% W and annealed under O2/O3 atmosphere at 230 and 500°C, 

respectively, for 2 h. 
 

The highest performance of spin-coated IWO TFTs annealed under O2/O3 atmosphere 

at 500°C for 2 h, resulted with a field effect mobility as high as 38.29 cm
2
/V·s and 

good on-off current ratio, > 10
5
,
 
shown in figure 3.15 (b)(d). At low processing 

temperature,  a field effect mobility of 2.70 cm
2
/V·s and good on-off current ratio, 10

6 

with low turn on voltage of -4 V  were achieved from IWO TFTs annealed under  

O2/O3 atmosphere at 230 °C for 2 h.  This is also presented in figure 3.15. IWO 

processed at low annealing temperature can produce high performance would be good 
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candidate material for further generation applications. The low annealing temperature, 

between 230 to 300 °C, especially shows promise for use with flexible substrates. 

For comparison to the prior In2O3 and IWO data, we have formed spin-coated 

IZO thin films which were then annealed under identical conditions. Figure 3.16 

illustrates the effect of air and O2/O3 as the annealing ambient on the output and 

transfer characteristics of IZO TFTs. The field effect mobilities were determined to be 

0.03 and 0.94 cm
2
/V·s, and the Ion/off was 10

4
 and 10

6
 for IZO based TFTs annealed 

under air and O2/O3, respectively.  
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Figure 3. 16 (a), (b) output and (c), (d) transfer characteristics of solution processed 

IZO TFTs: (a, c) and (b, d) devices annealed under air and O2/O3 atmospheres at 

300 °C for 2 h, respectively. 
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The effect of annealing atmosphere of O2/O3 on the performance of IZO TFTs was 

very similar to the results for In2O3 and IWO TFTs, in that mobility increases and Von 

decreases when the films were annealed under O2/O3 versus air. Figure 3.17 shows Von 

and mobilities of In2O3 and IZO TFTs as a function of annealing temperature, 280, 

300, and 500 °C for 2 h, under air and O2/O3. The performance of IZO TFTs annealed 

under air at 500 °C and O2/O3 at 300 °C resulted in field effect mobilities of 6.06 and 

0.03 cm
2
/V·s, with Ion/off current ratio of 10

7
 and 10

4
, respectively. Under O2/O3 

atmosphere, a field effect mobilities of 0.94 and 0.84 cm
2
/V·s, with Ion/off current ratio 

of 10
6
 are achieved from IZO TFTs annealed for 2 hours at 300 and 280 °C, 

respectively. The electrical performance in mobility and Von shows a crossed plot 

caused by the big change in mobility and Von as a function of annealing temperature 

shown in figure 3.17.  

0.01

0.1

1

10

-5

0

5

10

15

20

25

200 250 300 350 400 450 500 550 600

V
o

n
 (V

)

Tanneal (°C)

µ
 (c

m
2
/V

·s
)

- O2/O3

- air

 

Figure 3. 17  Von and mobilities of IZO TFTs as a function of annealing temperature, 

280, 300, and 500 °C for 2 h, under air (  ) and O2/O3 (●) atmospheres. 
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Figure 3. 18 The O 1s spectra of XPS peak from IZO as-deposited thin film and thin 

films annealed under air and O2/O3 at 300 °C for 2 h. 

 

The O 1s spectra of XPS peak were analyzed from IZO films from three different 

conditions: as-deposited, annealed under air at 300 °C for 2 h, and annealed under 

O2/O3 at 300 °C for 2 h.  These are shown figure 3.18. The binding energy of 532.2 eV 

from the as-deposited IZO film indicates oxgyen in hydroxide. After annealing at 

300 °C for 2 h, the hydroxide is converted into the oxide. Two peaks of 530.8 and 

531.8 eV were obtained from IZO film annealed under both air and O2/O3. The peak 

of 530.8 eV is associated with oxygen in lattices without oxygen defect and the peak 

of 531.8 eV is associated with oxygen in lattices with oxygen defects.  



 

85 

  

Table 3. 3 The atomic percentages and ratio of In, Zn and oxygen in IZO thin film 

annealed under air and O2/O3 at 300 °C for 2 h 

In Zn
O

I:Z:O
530.2 eV 531.8 eV

air 25.5 15.1 33.5 25.9 1.7:1:3.9

O2/O3 25.3 15.8 31.4 27.5 1.6:1:3.7
 

The more detail composition of In, Zn, O in IZO film is described in Table 3.3. In 

atomic percentage, O 1s spectra at 530.2 and 531.8 eV from IZO films annealed under 

air atmosphere indicate 33.5 and 25.9 %, respectively. Under O2/O3 atmosphere, it 

shows 31.4 and 27.5 % at 530.2 and 531.8 eV, respectively. The atomic percentage at 

the binding energy of 531.8 eV in O2/O3 annealing was 27.5 % which is more than 

that of the film annealed in air. This indicates that more oxygen defects in the IZO 

film annealed under O2/O3 atmosphere are occupied. Comparing the ratio of In:Zn:O 

in IZO films, IZO annealed in air has a higher oxygen ratio than IZO annealed in 

O2/O3. These results are in good agreement with other XPS results from IGZO and 

In2O3.  
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Figure 3. 19 Transmittance spectra of glass substrate (—) and IZO (- - -) thin film 

annealed at 300 °C for 2 h in O2/O3. 
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Figure 3.19 shows the optical transmittance spectra of IZO thin films deposited on 

glass substrates. The spectra illustrates the high transparency (90%) in the visible 

range for the IZO thin films annealed at 300 °C for 2 h in O2/O3.  

3.4. Conclusions 

In this study we investigated methods to increase oxide semiconductor 

performance at lower processing temperatures by varying temperature, composition, 

and the ambient atmosphere, air and O2/O3, during annealing. First, high performance 

solution-processed indium oxide TFTs were successfully fabricated. Field effect 

mobilities as high as 55.26 cm
2
/V·s were achieved, which is significantly higher than 

other solution processed semiconductors, and even higher than previously reported 

vacuum-processed indium oxide TFTs using SiO2 as gate dielectric layers.
7, 9

 More 

importantly, TFTs fabricated from In2O3 films annealed at lower temperatures (< 

250 °C) in oxygen-rich atmosphere (i.e. O2/O3) also show good output and transfer 

characteristics. Based on the results with indium oxide TFTs in annealing under O2/O3 

atmosphere, alternative material components, IWO and IZO, were evaluated in this 

study. We have demonstrated the high performance IWO devices at wide range of 

annealing temperature from 200 to 600 °C under O2/O3 atmosphere. IZO TFTs show 

the potential of forming high-performance, solution-based, oxide semiconductor TFTs 

at reduced processing temperatures. The higher oxidizing potential of the O2/O3 

annealing process allows for lower processing temperatures of the oxide based thin 

films with improved TFT electrical performance as compared to devices annealed in 

air. Overall, devices fabricated with In2O3, IWO and IZO films annealed in O2/O3 
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have demonstrated good output and transfer characteristics at much lower temperature 

than annealing process in its air. However, the change in resistivity and electronic 

performance of the thin films as a function of oxygen content needs further 

development to optimize the device performance. Furthermore, it may be possible to 

optimally tune the device characteristics, higher mobility and Ion/off, and a Von ~ 0V, by 

controlling the W/In and Zn/In ratio for the IWO and IZO films, respectively. 

Moreover, the investigation of multi-component materials will be expanded to 

obtain additional high performance materials as well as decrease processing 

temperature in conjunction with O2/O3 annealing atmosphere. More candidates for 

alternative materials include ZnO, IGO, ZTO, IZTO, IGTO and IGZO, will be 

conducted for a more detailed characterization of the impact of O2/O3 atmosphere on 

achieving low temperature processing.  Finally, our works demonstrate a general low 

temperature solution route to fabricate transparent oxide TFTs. It also provides strong 

evidence supporting the adaption of this technology for use in the inkjet printing 

process with low temperature, O2/O3 annealing.  
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CHAPTER 4.  

Low temperature solution processed ZnO Thin film transistors by Microreactor 

Assisted-Nanoparticle Deposition (MAND
TM

) 
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4.1. Introduction 

Recently, transparent electronics on flexible substrates have become very 

attractive and one of the most crucial technologies for portable applications as next 

generation electronics. For flexible electronics, the role of plastic as a substrate is very 

important because it is lighter weight, thinner, bendable and more rugged than glass. 

Thus, the plastic substrate is most widely considered as an alternative substrate. 

However, plastic substrates are temperature sensitive. The challenge for flexible 

electronics, especially for high performance applications, is either to develop a new 

high temperature plastic as a substrate, or find new semiconductors and processes that 

work at lower temperature. Metal oxide semiconductors have gained much attraction 

because of their superior qualities over organic based semiconductors which exhibit 

low carrier mobilities, air sensitivity and short stability. Metal oxide semiconductors 

provide excellent chemical stability, mechanical robustness and high carrier mobility. 

Among the many metal oxide semiconductors known, ZnO was chosen as a non-toxic 

semiconductor with a wide band gap (3.37 eV), good stability, n-type semiconductor 

processing hexagonal wurtzite structure, and exceptionally high electron mobility. 

ZnO has been widely deposited at high processing temperature in vacuum based 

process technologies, such as molecular beam epitaxy (MBE), pulsed laser deposition 

(PLD), chemical vapor deposition (CVD) and rf sputtering, applied for ZnO TFT 

fabrication [1-4]. However, several researchers have been working on ZnO at low 

processing temperature, some still operated in vacuum based technologies. For 

instance, rf sputtering is one of the common depsotion technologies. Fortunato et al. 
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report the first ZnO Transparent TFT (TTFT) deposited by rf magnetron sputtering in 

which the entire device is fabricated at near-room temperature, i.e., with no intentional 

heating of the substrate. The reported performance of ZnO TTFTs includes an 

excellent optical transmission of 84 %, enhancement-mode behavior with a field effect 

mobility of 70 cm
2
/V·s and a drain current on-to-off ration of 10

5
[5]. However, these 

technologies require high vacuum, limit substrate size and would require a high 

manufacturing cost all of which are not suitable for low cost production on flexible 

substrates.  

Research on various solution-based processes, such as wet-chemical method [6], 

dip coating [7], chemical bath deposition (CBD) [8,9], hydrothermal [10], spin coating 

[11-24], inkjet printing [15,25,26], spray pyrolysis (SP) [27], is widely progressing 

towards realistic alternatives to vacuum-based technologies for low cost 

manufacturing, low processing temperature and high performance. Among these 

technologies, spin coating has been widely used to deposit ultrathin and uniform films 

on flat substrates for several decades; this is because of diverse advantages such as, 

reproducibility, uniformity, simplicity, tunable film thickness, and low cost process. 

The sol-gel method is a representative solution-based thin film deposition technique 

and is one of the most common methods used with spin coating process. Norris et al. 

report spin-coated ZnO TTFTs in 2003 with mobility of ~ 0.20 cm
2
/V·s at 600 °C [11]. 

They were high transparency TFTs but were synthesized at too high of a temperature 

with low mobility. Solution-based ZnO TFTs have been widely studied since Norris et 

al reported on them. Ong et al. reported solution-processed ZnO TFTs with a high 
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mobility of 5.25 cm
2
/V·s at 500 °C [13] and Hwang et al. report sol-gel derived ZnO 

TFTs with the highest mobility of 9.40 cm
2
/V·s at 600 °C [20]. There are a lot of 

efforts on increasing mobility in TTFTs; however, the next generation electronics 

demand low processing temperature and high mobility. The advantage of low 

processing temperature is a one of the major reasons solution-processed electronics 

have been so attractive. Therefore, much effort has been applied toward the 

development of solution-based, low processing temperature with high performance 

transparent ZnO TFTs. Meyers et al. reported low temperature ZnO TFTs using 

aqueous inorganic inks. Thin films using aqueous ZnO ink were examined through 

bottom-gate TFTs and resulted in enhancement-mode TFTs with  a high mobility of 4-

6 cm
2
/V·s at 300 °C by inkjet printing and 1.8 cm

2
/V·s at 150 °C by spin coating [15].  

For flexible electronics, research on ZnO deposition on plastic substrates has 

garnished much attention with low temperature and high performance. Yang et al. 

report solution-processed flexible ZnO TTFTs with a polymer gate dielectric [17]. 

ZnO thin films were processed by a combination of spin coating and dip coating. 

Flexible ZnO TTFTs were fabricated and performed with a high mobility of 1.1 

cm
2
/V·s at a processing temperature of 200 °C by microwave heating. Bong et al. 

report ZnO TFTs on polyimide substrate with ion gel dielectric with high mobility 3.4 

cm
2
/V·s at 280 °C [21]. More recently, Fleischhaker et al. report ZnO FETs at low 

temperature on silicon and flexible substrates [23]. A high mobility of 1.2 cm
2
/V·s at 

150 °C was achieved by ZnO FETs on silicon substrate and several dielectric 

materials on polyethylenenaphthalate (PEN) foil substrate were demonstrated with 
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ZnO FETs fabricated at 150 °C. On the other hand, the semiconductor nanoparticle 

approach combined with the spin coating process is very promising because it allows 

one to decouple the high temperature growth/synthesis of the nanoparticles from the 

low temperature device fabrication process and achieve high performance. One of the 

important advantages of semiconductor nanoparticles is the ability for using printing 

technology which allows the direct patterning of structures, without use of masks, with 

high resolution and a speedy patterning process to the desired positions, and high 

material utilization enabling low cost production.  For these reasons, semiconductor 

nanoparticles have been widely used with low processing temperature and high 

mobility TFT applications [28-40]. Sun et al. report spin coated ZnO FETs using 

colloidal nanorods which achieved the mobility of 0.61 and 1.2-1.4 cm
2
/V·s at 230 °C 

and 1.3 cm
2
/V·s at 270 °C [28-30]. Subramanian et al. also report spin coated ZnO 

TFT with nanoparticles which had a mobility of 0.2 cm
2
/V·s at 150 °C [31]. At lower 

temperature, Faber et al. report memory transistors based on commercial ZnO 

nanoparticles with different structures, bottom-gate and top-gate devices [32]. Top-

gate devices show much higher mobility of 2.5 cm
2
/V·s than that of 0.008 cm

2
/V·s 

from the bottom-gate devices. The effect of the interface between ZnO NPs and the 

dielectric layer using PVP on performance is an important issue. Oh et al. report the 

first room temperature ZnO TFTs with nanocrystalline particles [34]. ZnO 

nanoparticles were synthesized at relatively close to room temperature (< 40 °C). ZnO 

TFTs were fabricated without any post-annealing. The mobility was investigated with 

different sizes and shapes of ZnO nanoparticles and the highest mobility of 0.7 
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cm
2
/V·s was obtained from the nanorods with a preferred crystal orientation. However, 

several research studies that have been done still suffer from poor device performance 

even when the processing temperature is high, over 500 °C [35-40]. As mentioned 

above, the mobility of the thin films deposited by semiconductor nanoparticles has 

been significantly lower than the maximum achievable bulk mobility because of grain 

boundaries in the sintered nanoparticle network. Nanoparticles with high crystallinity 

are preferred for high performance devices. In addition, spin-coated thin film 

formation with nanoparticles requires two separate processes, nanoparticle generation 

and thin film formation. An alternative to the conventional spin coating process using 

nanoparticles is necessary to enhance high performance and create a more efficient 

process.  

Microreactors allow for the creation of a new instrumental system able to 

efficiently control and process molecular reactions on the nanometer scale. High 

diffusive mixing efficiency for a continuous flow system in narrow channels creates 

high crystalline and homogenous nanoparticles. Mugdur et al. report high crystalline 

CdS nanoparticle formation comparing continuous flow microreactor with chemical 

bath deposition [41]. The continuous flow microreactor provided a higher nucleation 

density with highly oriented crystalline structure which was in good agreement with 

the molecular level growth mechanism. ZnO nanoparticle deposition for TFTs by 

continuous flow microreactor was conducted and resulted in TFTs with a mobility of 

0.16 cm
2
/V·s at 600 °C [42]. However, the processing temperature was too high. In 

this study, ZnO thin films were formed with high crystalline nanoparticles at a low 



 

96 

  

temperature, 70 °C. ZnO TFTs were fabricated with low post-annealing processing 

temperature and open up the possibility to produce high performance devices at low 

processing temperature.       

4.2. Experimental 

Microreactor-assisted nanomaterial deposition (MAND
TM

), a system that 

combines the merits of microreaction technology with solution-phase nanomaterial 

synthesis and deposition, was proposed for developing a novel table-top system 

described in figure 4.1(a). The MAND
TM

 deposition system consists of three main 

parts, the peristaltic pump (Ismatec REGLO Digital MS-4/6), water circulation system 

and homemade heated rotating substrate holder, all shown in figure 4.1(b). The 

peristaltic pump is combined with three 1.22 mm ID Tygon ST tubings (Upchurch 

Scientific) and a T-mixer (Upchurch Scientific). The simple structure of a T-mixer 

was used as a micromixer at this point. A 1.0 m length of 1.22 mm ID Tygon tubing 

was used for the reaction region. A 0.8 m length of the Tygon tubing was placed in a 

constant temperature circulation system to control the reaction temperature which is 

was a variable temperature ~ 95 °C. A homemade heated rotating sample holder was 

used that can be controlled up to 2400 rpm.  
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Figure 4. 1 (a) Proposed concept for a MANDTM system and (b) a schematic diagram 

of MANDTM system. 

 

Two different kinds of substrates were used. Heavily boron doped p+ silicon 

substrates were used in an inverted gate structure for the fabrication of ZnO TFTs. The 

gate dielectric was thermally grown silicon dioxide with a thickness of 1000 Å  on the 

silicon substrate. The back side of the substrate had the oxide layer removed and had a 

500 nm gold layer deposited for gate contact. Microscope glass slides were used for 

assessing optical properties. The substrate was cleaned in 1 M NaOH aqueous solution 

with ultrasonicatioin for ~ 5 min, rinsed with DI-water and then dried by flowing 

nitrogen gas just prior to coating the films. Two reactant streams, A and B, were 

initially prepared for mixing through the T-mixer. 0.01 M of zinc chloride (ZnCl2, 

Fisher scientific) was dissolved in DI-water as stream A and 0.01 M of urea 

(NH2CONH2, Alfa Aesar ) was dissolved in DI-water as stream B. 1:50 vol. ratio of 

Ammonium hydroxide (NH4OH 28~30 %, Alfa Aesar ) to urea was added in stream B.  

The mixture of stream A and B through T-mixer was reacted through 1.0 m length of 

tubing kept in water circulation at 70 °C. The flow rate of the mixture solution was 



 

98 

  

14.2 ml/min. The mixture solution including the generated nanoparticles was then 

impinged on substrate for 15 sec. at rotating speed of 2400 rpm. The substrate on the 

rotating holder was heated from bottom by convection heating at 70 ~ 75 °C. The 

temperature on substrate was measured by infrared thermometer (Oakton InfraPro). 

As-deposited ZnO thin film was annealed at 150 °C for 1 hour in an air furnace. 

A transmission electron microscopy (TEM, Philips CM12 STEM) was used 

along with selected area electron diffraction (SAED) and utilized for characterization 

of particle size. Scanning electron microcopy (SEM, FEI Quantum 600 FEG) was 

employed for surface characterization. X-ray diffraction (XRD, Bruker D8 discover) 

analysis was conducted to determine the phase and crystalline orientation. The optical 

absorption and transmission characteristics of the ZnO films were measured by a UV-

vis spectroscopy (Ocean Optics Inc, USB 2000 optic spectrometer) for both optical 

bandgap and transmittance. The surface morphologies were characterized by atomic 

force microscopy (AFM, Veeco Nanoscope digital instruments). The device 

characterization was performed in the dark at room temperature with a HP 4157B 

semiconductor parameter analyzer. 

4.3. Results and Discussions 

MAND
TM

 system was demonstrated for synthesis of ZnO nanoparticle and 

deposition of thin films on various substrates. The T-mixer processed solution at 70 °C 

was investigated by TEM characterization. The TEM sample was directly prepared by 

dropping the solution on Cu grid (with thin carbon film) at the point of outlet and 

dried for 1 hour at 150 °C in air. Figure 4.2(a) shows TEM images of the ZnO sample 
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with lower magnification,  xx k. This indicates several round shaped nanoparticles. 

The size of particles is quite uniform. However, there were much smaller 

nanoparticles found at higher magnification shown in figure 4.2(b). The bigger 

nanoparticles with round shape are actually an agglomeration of smaller sized 

nanoparticles. This indicates that smaller sized nanoparticles were generated in 

reaction and then agglomerated to for the bigger sized nanoparticles in a short time. 

The TEM electron diffraction characterization is presented in figure 4.2 (c). The 

nanocrystalline structure of the ZnO dried at 150 °C shows high polycrystalline 

structure with homogeneous particle formation through the microchannel. ZnO thin 

films were deposited on substrates by impinging the solution mixture which included 

nanoparticles on the rotating substrate. Uniform and dense ZnO thin films were 

formed in a short time, 15 sec.    

(a) (b) (c)

 

Figure 4. 2 TEM images of the ZnO dried at 150 °C with (a) lower magnification 

(scale bar in 500 nm, in set 100 nm), (b) high magnification (scale bar in 50 nm) and 

(c) electron diffraction pattern. 
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A 14.2 ml/min flow rate of the solution mixture was impinged on the heated substrate 

in a temperature range of 30 ~ 75 °C while the substrate was rotating at 2400 rpm. 

Much of the impinged solution on the rotating substrate was quickly spun off and then 

formed a highly uniform and dense film. The effect of temperature of the rotating 

substrate on surface morphology was investigated.  Figure 4.3 presents SEM images 

of the surface of ZnO thin film deposited at different substrate temperatures, 30 ~ 35, 

40 ~ 45, 50 ~55, 60 ~65 and 70 ~ 75 °C. The as-deposited ZnO films with different 

substrate temperatures were dried for 1 hour at 150 °C in air. ZnO thin films deposited 

at lower substrate temperature formed a smoother surface film. However, there are 

more pin holes found in the thin film deposited at lower substrate temperature 

processing. The density of ZnO thin film formed between individual nanoparticle 

increases as a function of increasing substrate temperature. However, there are some 

defects on the surface film deposited at 70 ~ 75 °C shown in figure 4.3(e).    

(a) (b)

(d)

(c)

(e)

 

Figure 4. 3 SEM images of top view on ZnO deposited on substrate temperature: (a) 

30 ~ 35, (b) 40 ~ 45, (c) 50 ~55, (d) 60 ~65 and (e) 70 ~ 75 °C. 
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Figure 4. 4 XRD patterns of ZnO thin film deposited at different substrate 

temperatures corresponding with figure 4.3: (a) 30 ~ 35, (b) 40 ~ 45, (c) 50 ~55, (d) 60 

~65 and (e) 70 ~ 75 °C. 
 

Figure 4.4 shows XRD patterns of ZnO thin films deposited at different substrate 

temperature corresponding with figure 4.3. At low temperature, in figure 4.4(a), a 

polycrystalline structure of ZnO was achieved. It is in good agreement with the 

polycrystalline structure from the ZnO nanoparticles. The peaks from the ZnO thin 

film at 2θ ≈ 32° and 36° are decreased and the peak at 2θ ≈ 34° is increased as a 

function of increasing deposition temperature of the substrate. This indicates high 

substrate temperature leads to a preferred orientation along (002) crystalline. 

Therefore, the temperature, 70 ~ 75 °C was chosen as the substrate temperature for 

further characterization because this substrate temperature showed the most highly 

oriented crystalline structure, so far. The surface morphology in detail was 

characterized by AFM analysis presented in figure 4.5. RMS roughness of the ZnO 

thin film is 1.619 nm which is a very smooth surface.  
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(a) (b)

 

Figure 4. 5 AFM images of (a) 3D and (b) surface topography of ZnO thin film 

deposited at 70 ~ 75 °C as substrate temperature and dried at 150 °C. 
 

However, there is a grain-shaped morphology on the surface. The grain size on the 

surface, from AFM images, corresponds with the size from bigger size of 

nanoparticles from TEM. It was confirmed that small sized ZnO nanoparticles can be 

synthesized by the MAND
TM

 system, but these small sized ZnO nanoparticles easily 

agglomerate into a bigger size of ZnO nanoparticle in a short time. It is these bigger 

sized nanoparticles that formed as the ZnO thin film.  For ZnO TFTs, ZnO thin films 

formed by polycrystalline nanoparticles were dried at 150 °C. To minimize gate 

leakage ZnO thin films were patterned by photolithography. The patterned thin films 

on silicon substrate were dried for a few minutes at 100 °C just prior to deposition of 

the Al source and drain electrode with 500 nm thickness by thermal evaporation 

through a shadow mask. The channel length was 200 µm and the resulting TFTs had a 

channel width to length ratio of 7.  
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Figure 4. 6 (a) Output and (b) transfer characteristics of ZnO thin film transistor 

synthesized by MANDTM and dried 150 °C under air. 

 

Figure 4.6 shows a good gate-modulated transistor behavior with n-type enhancement 

mode device. The mobility of TFTs refers to the carrier mobility that is proportional to 

the carrier velocity in an electric field. The effective mobility for the ZnO device 

prepared at a temperature as high as 150 °C under air indicated a value of ~ 0.04 

cm
2
/Vs. The drain current on-to-off ratio which determines the switching quality of 

the device is presented in figure 4.6(b) and shows 10
5
. The device performance of 

ZnO TFTs derived from nanoparticle thin film dried at low temperature 150 °C under 

air show no impressive result compared to the results with other sol-gel or 

nanoparticle spin coating processes.  
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Figure 4. 7 Transmittance of (a) glass substrate and ZnO thin film annealed at different 

annealing temperatures: (b) 150 and (c) 300 °C for 1 hour in air. 
  

However, it still opens up the possibility to produce high performance TFTs for low 

processing temperature electronics. It also demonstrated highly preferentially oriented 

nanocrystalline structures at low temperature. The effect of different annealing 

temperatures on ZnO thin film properties was examined. After treating with different 

annealing temperatures of 150 and 300 °C, ZnO thin films were analyzed by UV-vis 

measurement presented in figure 4.7. Both ZnO thin films annealed at 150 and 300 °C 

show high transmittance ~ 90 % but the ZnO thin film annealed at 300 °C shows little 

bit lower transmittance than than the one at 150 °C. the optical bandgap of the ZnO 

thin films annealed at different temperatures were estimated from the UV-vis 

absorption spectrum. The ZnO thin films deposited on glass slide show slightly 

different bandgaps. The bandgap of the ZnO thin film annealed at 150 °C is 3.36 eV. 

However, the optical bandgap of the ZnO thin film annealed at 300 °C is 3.3 eV which 

is lower than the value at 150 °C.   
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Figure 4. 8 Optical bandgap of the ZnO thin film annealed at (a) 150 °C and (b) 

300 °C. 
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Figure 4. 9 XRD pattern of the ZnO thin films annealed at different annealing 

temperatures: (a) 150 °C and (b) 300 °C. 
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Figure 4.9 presents the XRD pattern of the ZnO thin films annealed at different 

annealing temperatures, 150 and 300 °C which correlate with figure 4.7 and 4.8. The 

XRD peak at 2θ ≈ 34° on both of the ZnO thin fims was the only preferred orientation. 

The ZnO nanoparticles were preferrentially oriented along with (002) at high 

deposition temperature. Highly oriented ZnO nanocrystalline were produced at the 

relatively low temperatures of 150 and 300 °C. The XRD evidence of crystal growth is 

consistent with the data obtained from bandgap and trasmittance measurements in 

figure 4.7 and 4.8.  The higher annealing temperature appears to have slightly higher 

crystallinity and better performance. 

4.4. Conclusions 

Oxides represent a relatively new class of semiconductor materials applied to 

active devices, such as TFTs. In this study, homogeneous ZnO nanoparticles with high 

polycrystalline structure were successfully synthesized by MAND
TM

 system at low 

temperature at 70 °C. Uniform and dense ZnO thin films were formed on heated 

rotating substrates. The mobility of ~ 0.04 cm
2
/Vs and current on-to-off ration of ~ 10

5
 

were achieved from low processing temperature of 150 °C. The effects of the 

deposition substrate temperature and different annealing temperatures on film 

properties were investigated. It was found that the crystalline structure was enhanced 

as a function of increasing substrate temperature and annealing temperature which 

were proved by correlation of XRD, transmittance and bandgap.  The combination of 

high field effect mobility and low processing temperature for oxide semiconductors 

makes them attractive for high performance electronics on flexible plastic substrates. 
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MAND
TM

 system using microreactor technology can be one of the alternatives to 

conventional technology for next generation electronics. 
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CHAPTER 5.  

Growth of Nanostructured ZnO from Aqueous Chemical Solution by 

Microreactor-Assisted Nanoparticle Deposition (MAND
TM

) 

 

Abstract 

We have developed a low-cost solution-based deposition process, called Microreactor-

Assisted Nanoparticle Deposition (MAND
TM

), to create nanostructured thin films on 

various substrates. This technique uses a continuous flow micro-reactor to control the 

reacting flux for the deposition of nanostructured thin films. The possibility of 

synthesizing nanomaterials in the required volumes at the point-of-application 

eliminates the need to store and transport potentially hazardous materials, while 

providing new opportunities for tailoring novel nanostructures and nano-shaped 

features. Using this technique, we were able to deposit nanostructured ZnO thin films 

simply on mirror-like aluminum substrates by varying the processing parameters of 

the microreactor. Nanostructured ZnO thin films on mirror-like aluminum substrates 

have reduced the reflectance from 65% to around 0.7% while increasing absorption to 

above 99%. The reflectance of a synthesized ZnO thin film on a single side of a glass 

slide substrate is reduced to about 3.5% from the 7.5% of a bare double side substrate 

with > 90 % transmission in the UV-Vis regime.  
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5.1. Introduction 

Researchers have found ways to emulate the eyes of certain night-flying moths in 

an effort to create a broad band antireflection surface. This line of work extends from 

an investigation by Bernhard in 1967 to determine the means by which night-flying 

moths camouflage eye reflections [1]. Using scanning electron microscopy, Bernhard 

discovered a periodic array of sub wavelength protrusions on the cornea of the moths. 

It was found that these so-called ―moth-eye‖ structures work on the principle of a 

gradient index of refraction. Because the features in a moth-eye surface are below the 

wavelength of light to be transmitted, the surface behaves as a gradient index of 

refraction between the indices of the two media. These gradient surfaces can also be 

thought to have a low net reflectance based on the destructive interference of an 

infinite series of reflections at each incremental change in refractive index. More 

recently, researchers have found that the structures do not need to be periodic, only 

that the stochastic structure yields features on the whole that are smaller than the 

wavelength of visible light [2]. 

Loss of light through reflection on the surface impacts the performance of optical 

components in various applications such as solar cell [3], eyeglass [4], electronic 

device [5] and so the primary purpose of anti-reflection coatings (ARCs) is to come as 

close as possible to eliminating this reflected light. In omitting anti-reflection coatings, 

reflected light can cause glare on a display or a screen; it is likewise responsible for 

window or windshield-glare. At the interfaces, a graded index can theoretically 

eliminate reflections as well as both thin-film coatings and sub-wavelength structures 
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can enhance anti-reflection properties. Therefore, nanostructured anti-reflection 

surfaces are a breakthrough in the traditional paradigm. Anti-reflection surfaces can 

make image quality better, color more vivid, image contrast improved and also offer 

cost advantages, a smudge-resistant surface, and better light transmission. Depending 

on the application and cost structure, various thin film deposition technologies are 

available such as plasma etching [6], electron-beam evaporation [7], plasma-enhanced 

chemical vapor deposition [8], rf sputtering [9], sol-gel [10], and chemical bath 

deposition [11]. 

Microreaction technology has been widely due to industry requirements for new 

generation systems able to efficiently manipulate, operate and analyze molecular scale 

reactions on the micrometer to nanometer scale. This technology takes the form of a 

microfluidic system. A microreactor process possesses the ability to rapidly create a 

homogenous reactant mixture due to the narrow channels of the microfluidic system; 

this enhances the reaction through potentially increased rate and generally higher 

uniformity. For these reasons, microreaction technology has been adopted for diverse 

solution-processed synthesis [12-18]. MAND
TM

 takes advantage of microreaction 

technology and the large library of near room temperature, liquid-phase nanomaterial 

recipes to synthesize and assemble nanofilms at the point-of-deposition. Deposition 

can be performed by many methods, such as those using a rotating substrate (spin 

coating) or roll-to-roll. A wide variety of film compositions and morphologies are 

possible. Therefore, this novel continuous flow MAND
TM

 approach offers an 

advantage of introducing a constant flux of reactant solutions to the substrate which 
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allows for better control over the homogeneous reaction of the chemical bath solutions 

to the solution impinges on the rotating substrate with temperature control. MAND
TM

 

has several advantages: it is controllable to produce precisely sized and shaped 

nanoparticles and nanostructures, it utilizes a large library of self-assembly strategies, 

it is inexpensive, it can be easily scaled for use with large area applications and 

flexible integrated circuits, and it can be used with low temperature processing 

(60~100℃).  

In this study, nanostructured ZnO films were produced by the MAND
TM

 process 

at low temperature and analyzed for anti-reflection properties on plain surfaces of 

aluminum, glass slide, and textured surfaces of silicon wafer.   

5.2. Experimental 

Deposition of nanostructured ZnO was conducted using a MAND
TM

 system 

described in figure 5.1. The system consists of a peristaltic pump (ISMATEC, REGLO 

Digital MS-4/6), water circulation and heated rotating substrate holder. In this system, 

two stock solutions were required to increase diffusive mixing efficiency for the 

homogenous reactant mixture to generate consistent nanoparticles. 
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Figure 5. 1 A schematic diagram of the continuous flow microreactor for 

implementing microreactor-assisted nanoparticles deposition (MAND
TM

) 
 

For application of MAND
TM

 to nanostructured ZnO, two stock solutions were 

prepared. 200ml aqueous solution of 0.005 M zinc acetate dehydrate 

(Zn(CH3COO)2·2H2O, Sigma-Adrich) and 10 ml aqueous solution of 0.25 M 

ammonium acetate (CH3COONH4, AlfaAesar) were well mixed and prepared as 

stream A. Stream B was composed of 200 ml aqueous solution of 0.1 M sodium 

hydroxide  (NaOH, MALLINCKRODT). The two stock solutions containing the 

reactive species were pumped by a compact REGLO peristaltic pump (ISMATEC) 

and mixed through a T-mixer. The mixed solution was passed through 1.22mm ID 

Tygon tubing along 1 m length which was maintained at 70 °C by water circulation. 

The residence time of this flow was 6.2 sec. The resulting mixture was impinged on 

the surface of each substrate. The substrate was placed on a rotating holder maintained 

a constant temperature of 70 °C controlled by a heating coil and thermocouple.  

For deposition of nanostructured ZnO on a polished surface, mirror-like finish 

multipurpose polished aluminum (Alloy 6061) with thickness of 0.032‖ and 

microscope glass slide were adopted as substrates. The film was deposited on the 

mirror-like surface of aluminum and glass slide substrates for a few minute. The 
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substrate was spun by 1500 rpm at a temperature of approximately 70 °C during 

impingement of the mixed solution on the substrate.  

For deposition of nanostructured ZnO on textured silicon surface, polished silicon 

(100) wafers were used as the substrate. The substrate was etched for 30 minutes in a 

solution stirred at 400 rpm consisting of 2 vol. % of isopropyl alcohol (IPA) and 0.5 M 

sodium hydroxide (NaOH) at a temperature of 80 °C. For etching, the substrate was 

loaded onto the wall of the container of etchant solution. Stirring etchant solution or 

rotating the substrate enhances the consistency of the etching rate and improves wet-

etching quality on large surface areas. After etching, the textured silicon was rinsed 

with DI water, Diluted HCl, followed by DI water again. Finally, is the substrate was 

dried by a stream of dry Nitrogen gas. A seed layer of homemade Ag nanoparticles 

was preferentially deposited on the textured silicon surface while it was spun at 2400 

rpm for a few seconds. A seed layer enhances coverage and dense deposition because 

synthesized ZnO nanoparticles preferentially deposit on a seed layer and then grow 

consistently. After seed layer deposition, the mixture of reactive solution was 

impinged on the substrate. The rotating speed for the deposition of nanostructured 

ZnO on textured silicon was reduced and kept at 300 rpm. The deposition time for 

highly dense and crystalline nanostructured ZnO was 5 min. As-deposited ZnO was 

dried on a hot plate at 100 °C for a few minutes.  

X-ray diffraction (XRD, Bruker D8 discover) was conducted for the phase and 

crystalline orientation. Scanning electron microcopy (SEM, FEI Quantum 600 FEG) 

was employed for cross sectional analysis and surface morphology characterization. 
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UV-vis spectroscopy (Ocean Optics Inc, USB 2000 optic spectrometer) and integrated 

sphere reflection measurement (USB HR 2000+, ISP-R integrating sphere) were 

employed to measure transmittance and reflectance. 

5.3. Results and Discussions 

Two different colors, white and dark grey, of films deposited on polished 

aluminum were obtained by MAND
TM

 process. Figure 5.2 indicates the optical images 

of mirror-like polished bare substrate and white color surface film and dark grey color 

surface film deposited on mirror-like polished bare substrates. The bare mirror-like 

aluminum substrate shows high reflectance. Both white and dark grey films on mirror-

like aluminum substrates exhibit very low reflectance. The thin film color can be 

controlled by controlling temperature of both the reactant stream of mixed solution 

and the substrate. Both the mixed solution in tubing and the aluminum substrate were 

heated. A white film appeared when both temperatures were maintained at < 70 °C. 

On the other hand, a dark grey film was obtained when the temperature of both the 

mixed solution and the substrate was kept at > 70 °C.      

(a) (b) (c)

 

Figure 5. 2 The optical images of ZnO films on mirror-like surface aluminum; (a) bare 

Al substrate, (b) white color surface film, and (c) dark grey color surface film. 
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(a) (b)

1 µm1 µm

 

Figure 5. 3 SEM images of nanostructured ZnO thin films; (a) white color surface and 

(b) black color surface. 

 

The different colors obtained on the aluminum substrate are indications of different 

structures formed on the surface; the structure of the ZnO thin film varied as a result 

of the different reaction temperatures. Shown in fig. 3 are SEM images of the two 

different colors of ZnO thin film on aluminum substrates. Fig. 3(a) is from the white 

colored surface and shows a flower like nanostructure and fig. 3(b) presents a 

characteristic image from the dark grey colored surface, which shows a finer 

chrysanthemum shape. These different nanostructures create different colors because 

of different absorption on the surface. The flower structure of the ZnO film in fig. 3(a) 

has large petals and a less dense nanostructure than the structure in fig. 3(b). However, 

there are dark areas between the petals. Although the dark areas  appear to be empty, 

some film was already formed on the surface. Fig. 3(b) shows a highly dense surface 

because of the chrysanthemum shape, which comprises a structure of more acute 

petals formed on larger petal shapes as well as the bottom surface. The structure of the 

chrysanthemum shape, composed of more acute petals, opens more chances to absorb 

light from ambient light. 
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Figure 5. 4 XRD analysis of (a) bare Aluminum substrate, (b) white color surface film 

on Aluminum substrate, and (c) dark grey color surface film on Aluminum substrate. 

 

Figure 5.4 shows XRD characterization of a bare aluminum substrate, and white and 

dark grey colored, nanostructured ZnO deposited on aluminum substrates, which 

correspond to the optical images of figure 5.2. Figure 5.4(a) shows the XRD peak of 

aluminum alloy 5052 consisting of Al (96.89 wt. %), Mg (2.36 wt. %), Fe (0.37 

wt. %), Cr (0.25 wt. %), etc. Both the white and dark grey colored surfaces of 

nanostructured ZnO were prepared without any other post annealing procedure. Figure 

5.4(b) shows the XRD peaks of the white colored surface of as-deposited film. 

Without annealing, the as-deposited film shows a strong polycrystalline structure of 

ZnO. The XRD peak of the dark grey colored surface of as-deposited film is shown in 

figure 5.4(c). This film also shows a crystalline structure of ZnO; however, only one 

peak (101) of ZnO crystalline structure is present. In the SEM image of figure 5.3(b), 

acute petal structures in a chrysanthemum shape was the dominate structure.  This 

dominant crystalline ZnO structure corresponds to the presence of a single XRD peak 

(101) representative of the as-deposited film with a dark grey colored surface. 
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Figure 5. 5 A schematic diagram of the reflectance measurement system using dual 

fiber and reflectance of nanostructured ZnO on mirror-like surface aluminum: (a) bare 

mirror-like surface aluminum, (b) white color surface film (W-11) and (c) dark grey 

color surface film (B-1 & -7). 

 

Reflectance measurements were conducted and the system used is described in figure 

5.5. The light source was passed through a fiber optic reflection probe couple to the 

surface of the nanostructured ZnO film to create small-footprint optical-sensing 

systems for measuring reflection and then reflected light was passed to a spectrometer 

to collect and analyze the reflectance of the nanostructured ZnO film. Using the 

reflectance measurement system, bare mirror-like aluminum and both white (W-11) 

and dark grey (B-1 & -7) colored nanostructured ZnO film on aluminum substrates 

were analyzed to determine reflectance. Bare aluminum resulted with ~ 65% in 

reflectance. The white colored surface of nanostructured ZnO film had a reflectance of 

about ~ 4% and the dark grey colored surface had a reflectance of about ~ 0.7%. 

Nanostructured ZnO films synthesized by MAND
TM

 process at a low temperature, 

70 °C, were able to decrease reflectance from ~ 65%, from the high reflectance 

surface material, to much less reflectance by depositing either white or dark grey 
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colored nanostructured ZnO films on mirror-like polished aluminum surface. 

Nanostructured ZnO films were also deposited on glass substrates. Fig. 5.6 shows the 

reflectance of nanostructured ZnO deposited on single side of a glass slide. Bare glass 

show ~ 7.5% in reflectance but the reflectance of glass was decreased to ~ 3.5% with 

nanostructured ZnO film deposited on one of the two sides of the glass substrate. 

Nanostructured ZnO films on both mirror-like aluminum and glass slides show 

significantly decreased reflectance in broad band wavelength (400nm ~900nm) with a 

single layer of film. Nanostructured ZnO film on glass also shows high transmittance, 

> 90 %. Finally, ZnO was also deposited on a textured substrate of polished silicon 

wafer that was wet etched in an aqueous solution of 2 % vol. of isopropyl alcohol 

(IPA) mixed into 0.5 M sodium hydroxide (NaOH) at 80 °C for 30 minutes. Figure 5.8 

shows the top view and tilted cross sectional image of textured silicon.  
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Figure 5. 6 Reflectance of nanostructured ZnO on glass slide. 
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Figure 5. 7 Transparency of nanostructural ZnO thin film on glass slide: (inset: the 

optical image of transparent ZnO film on glass slide). 

 

 

Figure 5. 8 SEM images of (a) top view and (b) tilted cross section of textured Silicon. 
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Figure 5. 9 SEM top view images of nanostructured ZnO deposition in high (left-5µm 

in scale bar) and low (right-20µm in scale bar) magnification: (a), (b) without seed 

layer, (c), (d) with seed layer by Zn(Ac)+Ammonium(Ac), and (e), (f) with Ag NPs 

seed layer, respectively. 
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Figure 5.9 shows different coverage of nanostructured ZnO deposition on the textured 

silicon surface. There were three different methods demonstrated for deposition of 

nanostructured ZnO on the textured silicon surface. First, a mixture solution was 

directly deposited on the textured surface for 4 minutes without any treatment, this is 

presented in figure 5.9(a)(b). Nanostructured ZnO was only grown in the valleys of the 

textured surface. It covered less than 50 % of the textured surface. Second, the same 

solution as stream A consisting of zinc acetate and ammonium acetate was employed 

as a source for a seed layer. The solution for the seed layer, the same as stream A, was 

applied to the textured substrate which was heated at 70 °C.  The solution was kept on 

the surface for a few seconds and then spun off. The textured surface was then 

immediately dried. And then, the reactant mixture solution was impinged on the seed 

layer covered, textured surface for 4 minutes. The coverage of nanostructured ZnO 

deposition on Zn complex seed layer was about 50~70 % and is presented in figure 

5.9.(c)(d). This is much better than the deposition without any seed layer treatment. 

However, even with a seed layer, voids are still present at the summit of the pyramid 

shaped surface. Finally, Ag nanoparticles (NP) were employed as seeds for improving 

coverage of nanostructured ZnO on the textured substrate. The procedure use for 

making Ag NP is decribed in detail in appendix B. Ag NPs consist of two sizes, 

approximately 5 nm and 50 nm in dispersion. Ag NP containing solution was 

deposited on a rotating substrate and spun off.  Figure 5.10 shows the surface of 

textured silicon substrate after Ag NPs deposition. Two different size of Ag NPs were 

widely deposited on the textured surface. After deposition of Ag NPs, a mixture of 
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solution was impinged on the substrate. With ZnO deposition, the color of the textured 

surface got darker. Deposition was held for 4 minutes and then the as-deposited film 

was dried on a hot plate at 100 °C.  

(a) (b)

250 nm

(c)

500 nm500 nm

 

Figure 5. 10 SEM images of (a) bare textured Silicon (500 nm in scale bar) and Ag 

seeded on textured silicon with (a) low magnification (500 nm in scale bar) and (b) 

high magnification (250 nm in scale bar). 

500 nm
400 nm

100 µm

20 µm

1 µm

 

Figure 5. 11 Tilted cross sectional SEM images of nanostructured ZnO grown on 

textured silicon (each scale bar is 100, 20 and 1µm). 
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Figure 5.11 shows nanostructured ZnO deposition on Ag NPs seeded textured silicon 

substrate surface. Applying Ag NPs as seed layer on textured surface of silicon 

improves the coverage of growing nanostructured ZnO. The dense nanostructured 

ZnO was achieved over a wide area consistently. The observed morphology of 

synthesized nanostructured ZnO was examined by different SEM magnifications 

presented in figure 5.11. The shape of ZnO at high magnification in figure 5.11 looks 

like orzo shape which is 400~500 nm size. There are two different growing 

mechanisms for formation of nanostructured ZnO arrangement, described in figure 

5.12. Random or heterogeneous ZnO growth arrangement was formed without Ag NPs 

seed layer is shown in figure 5.12(a). There is some energy required to form an 

interface on the substrate. On substrates without a seed layer, nucleation of a growing 

structure proceeds at certain active sites where a hypothetical nucleus was created 

unstably and non-uniformly on the surface. Further, growing nanostructures proceeds 

preferentially at bigger nucleus sizes prior to smaller nucleus sizes. At the active sites, 

the growth rate will be faster than at other locations. Because of the dependence on 

unstable and non-uniform nuclei, more random growth of nanostructures dominates, 

which creates the nanostructures on the surface like the ones described in figure 

5.12(a). For this reason, flower-like nanostructured ZnO was grown on the surface of 

substates that had no seed layer. On the other hand, homogeneous formation or growth 

will occur if uniform and stable nuclei were created on the surface of the substrate 

prior to growing the nanstructures.  
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(a)

(b)

 

Figure 5. 12 Schematic diigram of different nansostructured ZnO formation: (a) 

without Ag NPs seed layer and (b) with Ag NPs seed layer. 
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Figure 5. 13 (a) A schematic diagram of light trapping in nanostructured ZnO on 

textured silicon substrate and (b) reflectance of polished silicon substrate (— black), 

textured silicon substrate (---- blue), and nanostructured ZnO grwon (•••• red) on 

textured silicon. 
 

Nanocrystalline growth will initiate at the active sites of nuclei with less energy 

consumption. This causes nanostructured ZnO to gradually grow during a short time 

period. The advantage of introducing constant flux of reactant solutions to the 

substrate in the MAND
TM

 process allows control over the homogeneous reaction and 

desirable growth rate more efficiently. Therefore, perpendicular nanstructured ZnO 
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growth on well dispersed active sites on substrate surface was proceeded and formed 

gradully as described in figure 5.12(b).  

The reflectance measurements for bare polished, textured and nanostructured 

ZnO on textured silicon were conducted and are shown in figure 5.13(b). Light 

trapping is achieved in the textured surface by changing the angle and incident light 

will be on an angled surface depicted in figure 5.13(a). A textured surface will reduce 

reflection and give a longer optical path length than a polished surface. Therefore, the 

reflectance of textured silicon decreased from 30.8 % of polished silicon to 10.6 %. 

The more complicated surfaces, like perpendicular nanostrucured ZnO on textured 

surface, make an even more light trapping occur. Nanostructured ZnO on textured 

surface introduces a more divese angle change to traveling light and a much longer 

optical path length than other surface structures, like the simply textured and polished 

surfaces. For this resaon, the nanostructured ZnO coated on the textured surface 

silicon decreased the reflectance dramatically to 3.4 %. This result indicates the 

feasibility of using nanostructured ZnO by MAND
TM

 as a broadband anti-reflection 

coating for silicon solar cells.  

Finally, the structure of as-deposited nanostructured ZnO was characterized by 

XRD presented in figure 5.14. All films demonstrated consisted of as-deposited 

nanostructured ZnO with no thermal treatement. The as-deposited ZnO film prepared 

by MAND
TM

 show to be strong polycrystalline films, even though the process was 

conducted at 70 °C.  
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Figure 5. 14 XRD spectra of nanostructured ZnO on textured Silicon (▼- Silicon 

substrate, ○ - nanostructured ZnO, ● - Ag nanoparticles). 

 

5.4. Conclusions 

Microreactor-Assisted Nanoparticle Deposition(MAND
TM

) offers precise control  

of particle formation due to more uniform mixing, heating, and introducing constant 

flux of reactant solutions which can cause an impressive impact on nanoparticle size 

distribution and leads to thin films that have more uniform and better controlled 

surface morphology with low cost and green, environmentally friendly processes. The 

novel process of MAND
TM

 has been applied to antireflective coating and it produces 

significant results. A ZnO film is well controlled by MAND
TM

 and the reflectance of 

ZnO film deposited on mirror-like Aluminum and glass substrate show extremely low 

values, 0.7% and 3.5% respectively, in broad band wavelength range, 400nm ~ 900nm.  
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Nanostructured ZnO on an Ag seed layer on the textured silicon surface was well 

arranged in an orzo shape, nearly perpendicular to the surface. The nanostructured 

ZnO on the textured surface also results in a high density and high growth rate when 

deposited on top of an Ag NPs seed layer. The perpendicular nanostructured ZnO 

derived by Ag NPs seed layer decreased reflectance dramatically to 3.4% in broad 

band wavelength. In addition, high crystalline ZnO formation was achieved by 

MAND
TM

 at low process temperature, of 70 °C. 
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CHAPTER 6.  

Solution-processed Silica (SiO2) Nanoparticles for Anti-reflective Coating (ARC) 
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6.1. Introduction 

Optical coatings have been used to vary the reflectance and transmittance of an 

optical component through optical interference. An antireflection coating, one typical 

coating example, reduces the amount of light reflected at a given wavelength or 

wavelength range. Anti-reflective (AR) coatings have been widely studied and used 

for many applications because they play an important role in various optical 

applications by reducing the reflective losses at the surface. Thin films applied to a 

surface to reduce reflectivity interfere with each other leading to an overall reflectance 

lower than that of the bare substrate surface. As light passes through an uncoated 

substrate, for instance, a glass substrate, approximately 4 % will be reflected at each 

interface. This reflectance results in a total transmission of only about 92 % of the 

incident light all the way through a sheet of glass. Applying an AR coating on both 

surfaces (front and back) will increase the throughput of the system and reduce 

hazards due to reflections traveling backwards through the system. For a perfect 

destructive interference effect, the reflected lights from the substrate and thin film 

coated on substrate cancel each other out and there is zero reflectance. An AR coating 

requires a specific thickness and refractive index of the deposited film. At an incident 

light wavelength λ, the thickness of the film deposited must be a quarter of the 

wavelength because the total path length through the layer is half the wavelength and 

the reflected lights from substrate and film coating are out of phase and destructively 

interfere. For instance, if one considers green light at 550 nm, the optimum thickness 
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of the film coating should be 137.5 nm.  The optimum refractive index (i.e., nf = 1.23 

for glass substrate, ns =1.52) is given by  

0f sn n n
 

nf : refractive index of thin film on substrate  

n0 = 1.0 : refractive index of air  

ns : refractive index of substrate  

 

However for a film on glass, which would require an optimum refractive index of 

1.23, there is currently no known material that meets this criterion. For this reason, 

thickness and surface roughness may be controlled to allow the minima of the 

reflectance spectrum to be controlled throughout the visible and near infra red of the 

spectrum. Both the surface characteristics of the film as well as thickness are critical 

variables in controlling reflectance. There are three approaches for sub wavelength-

structured AR surfaces: porous [1], periodic surface-relief [2] and stochastic surface-

relief structures. The surface-relief structures have been given more attention than the 

other approaches because of its potential low cost and high efficiency. Many 

researchers have been interested in mimicking the moth’s eye nanostructure since the 

scientist, C.G. Bernhard [3], first discovered the moth’s eye’s unique characteristics 

and potential benefits for anti-reflective coatings.      

Currently, porous structured coatings including nanostructures, and even those 

that mimic the moth’s eye structured coating, have been widely studied and applied in 

many energy-related applications such as solar thermal and photovoltaic. They have 

also been used in display related transparency applications such as the television, 
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computer monitor, mobile device screen, eyeglasses and windows everywhere. Some 

examples of AR surface technologies include: Porous silicon layers prepared by 

electrochemical etching [4,5,6] and chemical etching [7,8] in solar cells; porous AR 

surfaces using nanoparticles fabricated by layer-by-layer (LBL) [9,10,11] and dipping 

[12]; other nanostructured AR coatings by plasma etching [13], sol-gel dipping [14], 

rf-sputtering [15], solution grown [16], chemical etching [17]; and nanostructures 

mimicking the moth-eye AR structure by reaction ion etching (RIE) [18-22] and 

nanoimprinting [23]. Among these methods, the solution-based sol-gel process has 

much attention due to its advantages in large area deposition and curved substrates 

with cost effectiveness using simple deposition equipment. For these reasons, the sol-

gel method has been used to deposit AR coatings consisting of a layer of silica 

particles, randomly stacked on the substrate surface. Silica, with a refractive index of 

1.46, is widely used in AR coating. The refractive index of 1.46 is not desirable for 

perfect anti-reflective coating but the index of silica can be lowered by tuning the 

porosity and film thickness. As a result of tenability of the refractive index, porous 

silica has garnished considerable attention as one of the most efficient anti-reflective 

coatings. Several studies have been performed on tuning porosity to decrease 

reflectance [10,24,25].  In addition to the tuning porosity, nature gives us some 

inspiration to minimize reflection from surface of materials even when the refractive 

indices are higher than desirable. The biomimetic moth-eye structure is one of the 

most appropriate structures [18-23] for AR surfaces. The combination of tuning 

porosity while using the moth-eye structure has great potential to create an optimal 
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anti-reflective coating. Anti-reflective coatings suffer from the problem of peeling 

from the substrate surface after deposition due to low adhesion between the substrate 

surface and the AR coating. There are several methods to enhance the mechanical 

properties of an AR coated consisting of silica particles on a substrate [26,27].  

In this study the hybrid approach combining tunable porosity and moth-eye 

structures, consisted of sol-gel processed silica nanoparticles for lower reflectance and 

unique structure combining hard coat and AR coat layer for mechanical durability was 

demonstrated. 

6.2. Experimental 

Synthesis of SiO2 nanoparticles in batch reactor 

SiO2 nanoparticles (NPs) were synthesized by a sol-gel process following 

modified stöber [28] method mixing 49.5 ml, 1.0 - 5.0 ml, 1.0 - 3.0 ml, and 2.23 ml of 

ethanol, ammonium hydroxide (NH4OH), DI-water, and teraethylorthosilicate (TEOS), 

respectively, in 100 ml batch reactor at room temperature. The amount of NH4OH and 

DI-water in reaction was varied from 1.0 to 5.0 ml and 1.0 to 3.0 ml, respectively, to 

investigate the effect of particle size and reaction time. The mixed solution was stirred 

at 700 rpm for up to 6 h at room temperature. Stirring time is inversely proportional to 

the amount of NH4OH and DI-water used in the mixed solution.  

SiO2 thin film deposition 

The synthesized SiO2 NPs dispersed in solution are stable for a while. Thin film 

was deposited on substrates by spin coating process. Microscope glass slide, silicon 

wafer and CR-39, allyl diglycol carbonate (ADC), were used as substrates. 
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Hydrophilic surface treatment on glass and silicon wafer substrates was conducted by 

using 1 M of aqueous NaOH solution for 5 mintues in ultra sonicator and rinsing with 

DI-water. For the deposition of SiO2 NPs thin film, the substrate was spun at 2000 

rpm for 10 sec. This deposition process was then repeated as necessary to adjust the 

SiO2 NPs film thickness. For application of AR coating to eyeglass lenses (refractiv 

index = 1.52), SiO2 NPs were deposited on CR-39 (refractive index = 1.499). A 

scratch resistant hard coat material, Rhino-Q (refractive index = 1.53, Quest Optical, 

Inc.), was used to enhance adhesion between substrate and AR layer. 

UV-vis spectroscopy (Ocean Optics Inc, USB 2000 optic spectrometer) and 

integrated sphere reflection measurement (USB HR 2000+, ISP-R integrating sphere) 

were employed to measure transmittance and reflectance. The cross-sectional and 

surface morphologies were characterized by scanning electron microscopy (SEM, FEI 

Quanta 600 FEG) and atomic force microscopy (AFM, Veeco Nanoscope digital 

instruments), respectively. The particle size from SiO2 NPs deposited on a substrate 

was characterized by SEM as well. Structural characterization was carried out by X-

ray diffraction (XRD, Bruker D8 discover). A CSM Instruments NanoScratch Tester 

(S/N 01-02526) with a 10 µm in radius, SD-A32) spheroconical indenter was used to 

perform scratch testing. The High Load cantilever (HL-001) was used during this 

analysis. 

6.3. Results and Discussions 

Figure 6.1 shows a SiO2 NPs thin film deposited on silicon substrate. The SiO2 

NPs were synthesized by a sol-gel process using 49.5 ml, 1.0 ml, 3.0 ml, and 2.23 ml 
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of ethanol, ammonium hydroxide (NH4OH), DI-water, and teraethylorthosilicate 

(TEOS), respectively, in 100 ml flask reactor at room temperature. A mixture of 

ethanol, NH4OH, DI-water and TEOS was stirred at room temperature for  3 h at 700 

rpm. The mixture of colorless solution turned to light milky white color as the reaction 

proceeded. The synthesized spherical SiO2 NPs were deposited as well dispersed 

nanoparticles on the substrate shown in figure 6.1 (a)(c). The particle size was 

determined from SEM image to be about 80 nm in diameter. This is in good 

agreement with the hemisphere-like bump sizes in the AFM image in figure 6.1(c).  

The hemisphere-like bump surface has a similar structure to that of the moth’s eye. 

The thickness of film was approximately 150 nm. Figure 6.2 show the structure of 

synthesized SiO2 NPs characterized by XRD. The XRD pattern indicates  SiO2 NPs 

are amorphous. 

150nm

Polymer

substrate

SiO2 NPs 

(a) (b) (c)

 

Figure 6. 1 SEM (a) top view and (b) cross sectional images, and (b) AFM topography 

image of the surface of SiO2 NPs thin film: (a) 500 nm and (b) 1 µm in scale bar  and 

(c) 1µm x 1µm area). 
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Figure 6. 2 The XRD pattern of synthesized SiO2 NPs. 
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Figure 6. 3 Transmittance (T) and reflectance (R) of bare glass and SiO2 NPs thin film 

deposited on double side glass substrate: — (T), ---- (R), thicker line (SiO2 NPs thin 

film), thinner line (bare glass). 
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Synthesized SiO2 NPs using 1.0 ml of DI-water and NH4OH were deposited on a glass 

substrate. The transmittance and reflectance of SiO2 NPs thin film deposited on a glass 

substrate is shown in figure 6.3. Both sides of the glass substrate were coated with a 

SiO2 NPs thin film. The transmittance and reflectance of a bare glass substrate show ~ 

92 % and ~ 8 %, respectively. The SiO2 NPs film deposited on both sides of a glass 

substrate show high transmittance, ~ 98.7 %, and low reflectance around 1 %. The 

transmittance of SiO2 NPs film deposited on a glass slide was enhanced  ~ 7 % over 

that of the bare glass at around the 400 nm wavelength region. The reflectance of SiO2 

nanoparticulate thin film deposited on a glass slide was decreased ~ 7 % lower than 

that of the bare glass at around 400 nm wavelength region.   

The effect of aging time on particle size was investigated. A mixture of ethanol, 

NH4OH, DI-water and TEOS was stirred at room temperature for  6 h at 700 rpm. The 

mixture of colorless solution turned to a light milky white color after 5 h of stirring 

and was then stirred for an additional 1 h. The solution, of light milky white color, 

contained within a flask was capped and stored in a lab environment after the total of 6 

hours of stirring. SiO2 NPs thin films were deposited on silicon substrate by spin 

coating after aging 1, 8 and 13 days, respectively. Figure 6.4 presents SiO2 NPs film 

deposited with different aging time, 1, 8 and 13 days of SiO2 NPs dispersed in solution. 

The average size of SiO2 NPs with aging didn’t show a big change. The average size 

of SiO2 NPs synthesized with 1.0 ml of DI-water was 20 ± 3 nm for all aging times. 

This indicates that synthesized SiO2 NPs dispersed in solution show good stability.  
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(a) (b) (c)

 

Figure 6. 4 SiO2 NPs thin films deposited on silicon substrate by spin coating after 

aging (a) 1, (b) 8 and (c) 13 days, respectively. 

 

The effect of amount of DI-water in reaction on particle size was investigated by 

changing amount of DI-water with 1.0 and 3.0 ml presented in figure 6.5. The average 

particle size using 1.0 ml and 3.0 ml of DI-water in reaction were measured to be 

about 20 and 80 nm respectively. The increasing amount of DI-water in reaction 

increases particle size. 

(a) (b)

 

Figure 6. 5 The effect of amount of DI-water on particle size: (a)1.0 ml (avg. 20nm) 

and (b) 3.0 ml (avg. 80 nm) of DI-water in reaction. (500 nm in scale bar). 
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The effect of the varying the amount of NH4OH in reaction, from 1.5 ml to 5 ml, 

on particle size was investigated with 3 ml of DI-water in reaction.  SEM images of 

particles in the different reaction conditions are shown in figure 6.6. The average 

particle size is obviously increased as a function of increasing NH4OH. The average 

particle size of each 1.5, 2, 3 and 5 ml of NH4OH in reaction with 3 ml of DI-water 

were measured as 267, 336, 638 and 817 nm, respectively. 

 

(a) (b)

(c) (d)

 

Figure 6. 6 The effect of amount of NH4OH on controlling particle size: (a) 1.5 ml, (b) 

2 ml, (c) 3 ml and (d) 5 ml of NH4OH in reaction with 3 ml of DI-water. 
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Figure 6. 7 Reflectance measurements of (a) plain, commercial eyeglasses of (b) 

Avance and (c) Alize with AR coating and (d) the synthesized SiO2 nanoparticle thin 

film deposited on CR-39 eyeglass lens. 
 

For comparision, the reflectances of plain, commercial eyeglasses and the 

synthesized SiO2 NPs thin film deposited on CR-39 eyeglass substrate are shown in 

figure 6.7. The reflectance of plain eyeglass shows ~ 5 % and both commercial 

eyeglasses of Avance and Alize with AR coating show the similar results of 2 ~ 3 %. 

The lowest reflectance of 1 ~3 % was obtained from the film deposited with 

synthesized SiO2 NPs. Based on the result of comparison, SiO2 NPs AR coating shows 

the best result with lowest reflectance. However, SiO2 NPs thin film can be easily 

removed and peeled off by rubbing a finger over the sample or wiping with a tissue. A 

commercial AR layer should have enough adhesion to be protected from mechanical 

damage. A hard coat, Rhino-Q, was employed for increasing durability of the film on 

eyeglass substrates. AR coating on eyeglasses should be robust enough to endure, at a 
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minimum, the rubbing of fabric on the lens.  For this reason we employed the use of 

the hard coat material. However, even with the addition of a hard coat, low reflectance 

after application of the hard coat on both the AR layer and the substrate is still 

required. Additional caution must be taken because the reflectance of hard coat versus 

that of hard coat on top of SiO2 NPs AR coating on the substrate give similar results; 

this is because the outside layer of hard coat, in both cases, reflects most of the light 

which results in a reflectance similar to that of only hard coat on the substrate. The 

refractive index of hard coat is 1.53 which is higher than SiO2 NPs and CR-39 

substrates used. The effect of hard coat layer should be minized for low reflectance 

and it should be maximized for durability. Therefore, Rhino-Q solution was diluted by 

adding methanol. The thickness of hard coat layer was demonstrated by changing the 

concentration of Rhino-Q and hard coat layer was formed by spin coating at 2000 rpm. 

The concentration of hard coat solution was diluted with 100%, 50%, 25% and 20%. 

Figure 6.8 shows dilute concentration of hard coat solution versus the thickness of 

hard coat layer.  
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Figure 6. 8 The effect of diluted hard coat solution on the thickness of hard coat layer. 
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The thickness of the lowest concentration, 20%, of hard coat solution is 

approximately 120 nm. This thickness is still much thicker than SiO2 NPs AR layer, 

which is described in figure 6.9(a). The effect of the moth-eye structure, of SiO2 NPs 

AR layer in a thick layer of hard coat, on reflection is indistinguishable because of the 

thick layer of hard coat, which already reflects light at the surface and accounts for the 

vast majority of reflectance of the sample. A thinner layer of hard coat on SiO2 NPs 

AR layer is required because the outermost layer dominants the whole reflective effect. 

For this reason, much lower concentrations of hard coat solution were prepared by 

diluting with methanol. 5 % and 1 % of hard coat solutions were prepared and 

deposited on SiO2 NPs AR layer presented in figure 6.9(b) and (c), respectively. 5 % 

and 1 % hard coat layer are too thin to measure thickness through SEM cross sectional 

images. The anti-reflective properties of the moth-eye surface structure of SiO2 NPs 

AR layer is not affected by 5 % and 1 % hard coat layer which are thin enough to 

maintain the structure.         

50 % hard coat

500 nmsubstrate

20 % hard coat

SiO2 NPs layer

500 nmsubstrate

50 % hard coat

SiO2 NPs layer

5 % hard coat

500 nmsubstrate

SiO2 NPs layer

1 % hard coat
(a) (b) (c)

20 % HC 

SiO2 NPs

50% HC

substrate

5 % HC 
5 % HC 

SiO2 NPs

substrate(d) (e) (f)
 

Figure 6. 9 SEM cross sectional images of different concentration of hard coat layer 

on  SiO2 NPs layer: (a) 20 %, (b) 5 % and (c) 1 % hard coat solution in methanol: (d), 

(e) and (f) schematic diagrams of (a), (b) and (c), and (g), respectively. 
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Figure 6. 10 Reflectance measurement of one side coating of (a) plain CR-39, (b) 5% 

hard coat with SiO2 NPs layer, (c) 1 % hard coat with SiO2 NPs layer, and double side 

coating of (d) 1% hard coat with SiO2NPs layer. 
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Figure 6. 11 AFM images of (a) SiO2 NPs layer and (b) 1% hard coat/ SiO2 NPs 

layer/1 % hard coat on substrates. 
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The reflectances of one side deposition of 5 % and 1 % hard coat layer on SiO2 

NPs layer were presented in figure 6.10(b) and (c). The reflectance of 5 % hard coat 

layer is less than its plain substrate. The reflectance of 1 % hard coat layer is even less 

than the 5 % hard coat layer. The deposition of 1 % hard coat solution is thin enough 

and minimized the reflection effect such that it is the SiO2 NPs AR layer with the 

lowest reflection so far.  

To minimize reflectance of the sample, a deposition was carried out on both sides.  

The structure of the double sided deposition consists of the following configuration: 

1 % hard coat layer/ SiO2 NPs layer/ 1 % hard coat layer/ substrate/ 1 % hard coat 

layer/ SiO2 NPs layer/ 1 % hard coat layer. Finally, the reflectance of the double sided 

deposition of hard coat and SiO2 NPs shows the lowest reflectance, 1~2%. The 

reflectance values of SiO2 NPs AR coating on substrate presented in figure 6.7(d) and 

SiO2 NPs AR coat with hard coat shown in figure 6.10 (d) are consistent. The effect of 

1% hard coat layer on the moth-eye structured surface was investigated through 

examining surface roughness by AFM described in figure 6.11. AFM was used 

because the surface difference is hard to distinguish between SiO2 NPs AR layer and 

the layer with hard coat through SEM images. The RMS value of surface of only SiO2 

NPs AR layer on substrate is 2.919 nm and the surface of SiO2 NPs AR layer with 

hard coat is 2.447 nm. The roughness of SiO2 NPs AR layer with hard coat is 

smoother than that of the AR layer consisting only of SiO2 NPs. The smoother surface 

of the sample with hard coat confirms the deposition of 1 % diluted hard coat solution 

on the moth-eye surface of SiO2 NPs AR layer and suggests that the hard coat solution 
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filled the gaps between each SiO2 NP. This is the most probable explanation for the 

roughness of SiO2 NPs layer with hard coat to be smoother than the layer of only SiO2 

NPs. The comparison of the reflectances between commercial products and SiO2 NPs 

AR coating samples is presented in figure 6.12. The reflectivity of commercial 

products is low but fluctuates widely. The reflectance peaks of a thin film on a 

substrate from commercial products shown in figure 6.12(b) act as an etalon, creating 

an interference pattern superimposed on the surface reflectivity. The multilayer AR 

coating of the commercial product fluctuates due to the interference caused by the 

different refractive properties of each of the layer materials in the multiple layers. On 

the other hand, the SiO2 NPs AR coating sample shows broadband wavelength 

characteristics with generally lower reflectance than the commercial product shown in 

figure 6.12(c).  
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Figure 6. 12 Comparison of the reflectances of (a) plain substrate, (b) commercial 

eyeglass lenses and (c) SiO2 NPs AR coat samples. 
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Figure 6. 13 Panorama scratch comparison of (a) sample #1: bare CR-39, (b) sample 

#2: hard coat on CR-39, (c) sample #3: optimized structure of SiO2 NPs AR coat on 

CR-39 and (d) commercial eyeglass lens from Avance (0.3-800 mN Load, 10 µm 

Sphero conical indenter, 1000 µm scratch length) at 200X magnification. 

 

This result is a clear indication of the fact that the low reflectance of the 

presented, optimized AR coating structure is competitive with commercial products. 

Scratch tests were also performed on several samples, including bare CR-39 substrate 

(sample #1), hard coat on CR-39 (sample #2), optimized AR SiO2 NPs coating 

(sample #3), and a commercial sample (sample #4). There was one type of failure 

mode observed in samples #1 & #3 which was identified as critical load #1 (Lc1). On 

sample #1, the bare CR-39, the failure mode was observed at 415.625 mN of normal 

load which resulted in failure/crack in the surface of the bare CR-39. The critical load 

value for the same failing mechanism on sample #3, the optimized structure of SiO2 



 

149 

  

NPs AR coat on CR-39, was found to be higher than that of bare CR-39. In other 

words, the SiO2 NPs AR coat on CR-39 protected the CR-39 by prolonging the critical 

failure moment. No obivous coating cracking/delamination was observed before Lc1, 

which indicates  the excellent mechanical and adhesive film properties. There are two 

types of failure modes observed in samples #2 & #4. On Sample #2, hard coat on CR-

39, there were two critical failing points, Lc1 at 35.106 mN & Lc2 at 223.854 mN, 

observed and both identified as coating failures. The Lc1 failure mode at 35.106 mN 

was found to be the initial crack of the hard coating while the Lc2 represents the 

moment of complete delamination of the hard coating from the CR-39 substrate. On 

sample #4, commercial AR coated eyeglass lens, there are two critical failing points, 

Lc1 & Lc2, at 53.962 and 286.167 mN, respectively. The two critical failures at Lc1 

and Lc 2 indicate a Hertzian cracking and a more substantial rupture of the coated 

surface, respectively. The Hertzian cracking indicates the buildup of stress under the 

indenter such that pressures accumulating on the surface cause a buckling of the AR 

coating to relieve this stress. This appears to be a cohesive failure of the AR coating. 

The eventual rupture of this AR coating is caused by the significant discrepancy 

of mechanical properties of the AR coating and the underlying substrate and perhaps 

can be thought of as more of an adhesive failure of the AR coating to the substrate.  

Comparing the scratch analysis for hard coat, optimized structure of SiO2 NPs 

AR coating on CR-39 and the commercial product, it was found that the optimized 

structure of SiO2 NPs AR coat on CR-39 exhibited much better scratch resistance and 

adhesion strength as it showed no coating failure until the bare CR-39 substrate failed, 
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while the hard coat on CR-39 and the commercial product started to crack in a fairly 

early stage. 

6.4. Conclusions 

In this study, the moth-eye structured surface for AR coating was successfully 

fabricated by solution processed SiO2 NPs. SiO2 NPs were synthesized by a sol-gel 

process at room temperature. The control of SiO2 NPs size was investigated by 

variable paramenters such as the amount of NH4OH, which acts as catalyst, and DI-

water. The uniform, stable and well dispersed SiO2 NPs with average size of 20 and 80 

nm were synthesized by changing the amount of DI-water of 1 and 3 ml, respectively. 

The SiO2 NPs AR film deposited on both sides of glass substrate formed dense, moth-

eye surface structures.  These structures enabled reflectance as low as 1 %, which was 

achieved even though the refractive index of SiO2 is 1.46, a material that might be 

expected to result in a higher reflection than was demonstrated in this work; this 

enhancement was due to the tunability and minimization of reflectance through the 

surface morphology and thickness of the film. The optical and mechanical properties 

were optimized by unique combination of the structure of SiO2 NPs with hard coat. 

The optimized unique structure of durable SiO2 NPs AR coat was demonstrated on 

CR-39 eyeglass lens by solution process. The optical and mechanical properties from 

thinner SiO2 NPs AR coat show lower reflectance with broadband and much higher 

durability than than a commerically available product. Nanostructures in nature 

inspired the minimization of reflectance in this research. 



 

151 

  

6.5. References 

1. H. R. Moulton, US Patent 2,501,123 (1947) 

2. S. J. Wilson and M. C. Hutley, Optica Acta, 29(7), 993 (1982) 

3. C. G. Bernhard, Endeavour, 26, 79, (1967) 

4. V. Yerokhov, I. Melnyk, A. Tsisaruk and I. Semochko, Opto-electonics review, 

8(4), 414 (2000) 

5. J. Kim, J. Kor. Phys. Soc. 50(4), 1168 (2007) 

6. J.-H. Kwon, S.-H. Lee, B.-K. Ju, J. appl. Phys. 101, 104515 (2007) 

7. R. Chaoui, B. Mahmoudi, and Y. S. Ahmed, phys. Stat. sol. (a), 205(7), 1724 

(2008) 

8. C. W. Lin, Y. L. Chen, Y. S. Lee, J. Mater. Sci. 20, 301 (2009) 

9. D. Lee, M. F. Rubner, R. Cohen, Nano lett,6(10), 2305 (2006) 

10. D. Lee, Z. Gemici, M. F. Rubner, and R. E. Cohen, Langmuir, 23, 8833 (2007) 

11. J. Han, Y. Dou, M. Wei, D. G. Evans, and X. Duan, Angew. Chem. Int. Ed. 49, 

2171 (2010) 

12. B.-T. Liu, W.-D. Yeh, Colloids Surf. A: Physicochem. Eng. Aspects, 356, 145 

(2010)  

13. U. Schulz, P. Munzert, R. Leitel, I. Wendling, N. Kaiser, A. Tünnermann, Optics 

express, 15(20), 13108 (2007) 

14. K. Tadanaga, N. Yamaguchi, Y. Uraoka, A. Matsuda, T. Minami, M. 

Tatsumisago, Thin Solid Films, 516, 4526 (2008) 

15. S. Chhajed, M. F. Schubert, J. K. Kim, and E.F. Schubert, Appl. Phys. Lett. 93, 

251108 (2008) 

16. Y.-J. Lee, D. S. Ruby, D. W. Peters, B. B. McKenzie, and J. W. P. Hsu, Nano 

Lett. 8(5), 1501 (2008) 

17. X. Li, B. K. Tay, P. Miele, A. Brioude, D. Cornu, Appl. Surf. Sci. 255, 7147 

(2009) 

18. T. Glaser, A. Ihring, W. Morgenroth, N. Seifert, S. Schröter, V. Baier, 

Microsystem Technologies, 11, 86 (2005) 

19. C. -H. Sun, P. Jiang, and B. Jiang, Appl. Phys. Lett. 92, 061112 (2008) 



 

152 

  

20. Y. Li, J. Zhang, S. Zhu, H. Dong, F. Jia, Z. Wang, Z. Sun, L. Zhang, Y. Li, H. Li, 

W. Xu, and B. Yang, Adv. Mater. 21, 1 (2009) 

21. Y. Li, J. Zhang†, S. Zhu, H. Dong, F. Jia, Z. Wang, Y. Tang, L. Zhang, S. Zhang 

and B. Yang, Langmuir, 26(12), 9842 (2010) 

22. T. Nakanishi, T. Hiraoka, A. Fujimoto, T. Okino, S. Sugimura, T. Shimda, and 

K. Asakawa, Jpn. J. Appl. Phys. 49, 075001 (2010) 

23. Q. Chen, G. Hubbard, P. A. Shields, C. Liu, D. W. E. Allsopp, W. N. Wang, and 

S. Abbott, Appl. Phys. Lett. 94, 263118 (2009) 

24. K. Wongcharee, M. Brungs, R. Chaplin, Y. J. Hong and R. Lillar, J. Sol-Gel Sci. 

Technol. 25, 215 (2002) 

25. A. Vincent, S. Babu, E. Brinley, A. Krakoti, S. Deshpande, and S. Seat, J. Phys. 

Chem. C, 111, 8291 (2007) 

26. J. Bravo, L. Zhai, Z. Wu, R. E. Cohen, and M. F. Rubner, Langmuir, 23, 7293 

(2007) 

27. Z. Gemici, H. Shimomura, R. E. Cohen, and M. F. Rubner, Langmuir, 24, 2168 

(2008) 

28. W. Stöber, A. Fink and E. Bohn, J. Colloid Interface Sci., 26, 62 (1968) 

 

 

 

 

 

 

 

 



 

153 

  

CHAPTER 7.  

Conclusions and Future work 
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7.1. Conclusions 

In this thesis, low temperature, solution-based processes for functional metal 

oxides were successfully demonstrated in printable thin film electronics and bio-

inspired nanostructures in the AR coating application. Several solution-based 

processes, such as spin coating, inkjet printing, microreactor-assisted nanoparticle 

deposition (MAND
TM

) and spin-successive ionic layer adsorption and reaction (Spin-

SILAR) were conducted and developed for thin film and nanoparticle generation. The 

successful fabrication of low processing temperature and high performance thin film 

devices opens a new avenue over vacuum-based processes for next generation 

electronics based on oxide material expansion in binary (In2O3 and ZnO), ternary 

(IWO, IGO, ZTO and IZO), quaternary (IGZO, IGTO) systems herein.  

IGO, ZTO, IGZO and IGTO TFTs with high performance were successfully 

fabricated by the inkjet printing process. IGO, ZTO and IGZO TFTs, with an inkjet 

printed channel layer from metal halide chemistry, exhibit highest field effect 

mobilities, 5.50, 3.09 and 25.62 cm
2
/V·s, respectively. The IGTO TFTs with high 

field effect mobility of 14.96 cm
2
/V·s were first reported herein.  

Low processing temperature and high performance TFTs with InO, IWO and IZO 

channels spin-coated from metal halide chemistry processed as low as 200 °C were 

investigated in conjunction with an ozone annealing process. Ozone is a strong 

oxidizing agency which can lower oxidation temperature. The InO TFTs annealed at 

500 °C under air demonstrate tremendously high field effect mobility of 55.26 cm
2
/V∙s 

and Ion/off of 10
7
. InO TFTs annealed in O2/O3 atmosphere at temperature from 200 to 
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300 °C demonstrate excellent n-type transistor behavior with field effect mobilities of 

0.85 ~ 16.76 cm
2
/V∙s and Ion/off of 10

5 
~ 10

6
. Field effect mobilities for IWO and IZO 

TFTs annealed at 500 °C in ozone and air resulted in value of 37.86 and 6.06 cm
2
/V∙s 

with high Ion/off of > 10
5
, respectively. The IWO and IZO TFTs annealed in O2/O3 

environments at temperature < 300 °C resulted in excellent n-type transistor behavior 

with field effect mobilities > 0.84 cm
2
/V·s and Ion/off of >10

5
. These high performance 

devices fabricated at low processing temperature show promise for next generation 

electronics.  

Microreactor technology offers precise control of particle formation due to more 

uniform mixing, heating, and introducing constant flux of reactant solutions. 

MAND
TM

 system using microreactor technology has been applied to oxide TFTs and 

antireflective coating and it produces significant results. TFTs with homogeneous ZnO 

nanoparticles were successfully demonstrated at low processing temperature, 150 °C 

which show strong evidence of the possibility of high performance devices at these 

low temperatures. Bio-inspired nanostructures formed by ZnO and Silica nanoparticles 

controlled by the MAND
TM

 system were successfully fabricated at low processing 

temperature. Biomimic moth-eye structures formed by the MAND
TM

 system show a 

significant result in antireflective coating. The unique and optimized structure of silica 

nanoparticles combined with hard coat show higher durability than a commercially 

available product.  
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7.2. Future work 

High performance solution-processed devices  made at low processing 

temperature can be achieved by an alternate, optimized annealing process. Ozone 

annealing is a one of alternavtive methods in the reaction process. Several oxide 

systems (InO, IWO, IZO, ZTO, IGZO and IGTO) in TFTs have achieved high 

performance devices at low processing temperature. The material system can be 

widely expanded to include other semiconductor materials and dielectric materials. 

We have obtaind high performance TFTs by solution-based processes. However, the 

stability of TFTs hasn’t fully been studied yet. The stability of TFTs fabricated by 

solution-based processes should be optimized and comparable to devices fabricated by 

vacuum-based processing. For flexible electronics, a plastic substrate is required in 

TFT fabrication. Fully solution-based processed flexible TTFTs have to come out in a 

short time.  

Biomimic moth-eye structure has been replicated by silica nanoparticle 

synthesized by a batch reactor system. Minimization in reflectance and maximization 

in durability have been achieved on eyeglass lenses and small size substrates. 

Developing a realistic new instrumental platform is required to deposit on large area 

substrates for a wider range of applications such as windows, solar cells and electronic 

display systems. A continuous flow reactor system is required for the point-of-use to 

minimize material stability issues and harmfulside effects of nanomaterials, and 

maximize efficiency. The synthesis of silica nanoparticle using hydrogen peroxide 

(H2O2) should be optimized with the MAND
TM

 system.  
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Appendix A 

ZnS Thin Films Deposited by a Spin Successive Ionic Layer Adsorption and 

Reaction (Spin SILAR) Process 

 

Published as S.-Y. Han, D.-H. Lee, S.-O, Ryu, and C.-H. Chang, Electrochemical and 

Solid-State Letters, 13(8) D61-D64 (2010)   

 

Abstract 

In this paper, we reported a Spin SILAR method for the first time. ZnS thin films 

were deposited by spin SILAR using ZnCl2 and Na2S aqueous precursor solutions at 

room temperature and atmosphere pressure. The optical, structural and morphological 

characterizations of the films were studied by SEM, AFM, TEM, XPS, and UV-vis 

spectroscopy. Smooth (average roughness < 3 nm), uniform and highly transparent 

ZnS (transmittance of over 90% in the visible band) thin films could be successfully 

deposited using this new technique with shorter cycle time and much less solvent 

usage.  
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A.1. Introduction 

ZnS is a II-VI compound semiconductor with a wide band gap, 3.54~3.91eV, 

which is suitable for optoelectronic devices including light emitting diodes, thin film 

electroluminescent device, and solar cells. Cu(In,Ga)Se2 thin film solar cells have 

achieved an efficiency of 19.9% using a chemical bath deposited CdS buffer layer [1]. 

However, it is desirable to replace CdS buffer layer with a Cd-free layer. ZnS is 

among the most promising alternative materials including Zn(OH,S), Zn(OH,Se), 

In(OH,S)x, In2S3, and Inx(OOH,S)y as an alternative Cd-free buffer layer for CIGS 

solar cell [2]. Cd-free buffer layer using ZnS in CIGS thin film solar cells has 

achieved an efficiency of 18.6 %, comparable to CIGS solar cells using CBD CdS 

buffer layers [3]. With a high refractive index (n=2.35 at 632 nm) and high 

transmittance in the visible region, it is also a promising antireflection coating material 

for silicon solar cells [4].  

A variety of techniques have been used for the deposition of ZnS thin films 

including sputtering [5], chemical vapor deposition (CVD) [6], metal-organic 

chemical vapor deposition (MOCVD) [7], metal-organic vapor-phase epitaxy 

(MOVPE) [8], pulsed laser deposition (PLD) [9], molecular beam epitaxy (MBE) [10], 

atomic layer epitaxy (ALE) [11], spray pryolysis [12], chemical bath deposition 

(CBD) [13, 14], and successive ionic layer adsorption and reaction (SILAR) [15-19]. 

SILAR was first reported by Y.F. Nicolau in 1985 [20]. SILAR offers a simple 

and quick operation to grow a variety of thin films from solution phase at room 

temperature and ambient pressure. In principle, SILAR resembles atomic layer 
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deposition which can control thin film growth precisely via a layer-by-layer growth 

process. The tedious dipping process has motivated the development of a number of 

automatic deposition apparatus [21]. Low throughput is still a major challenge for 

SILAR even with automation systems. A novel SILAR technique based on ultrasonic 

rinsing was introduced by X. D. Gao et al. to accelerate deposition by reducing rinsing 

time [22, 23]. The difference between this reported novel technique and conventional 

SILAR is control of the rinsing process. The use of ultrasonic rinsing led to a much 

more efficient removal of the counter-ions in the diffusion layer.  

In this paper we report the deposition of highly uniform ZnS thin films using a 

spin SILAR method. This new SILAR method offers the advantage of supplying fresh 

reagents without the possibility of cross contamination. Smooth, uniform and highly 

transparent ZnS thin films could be successfully deposited using this new technique 

with shorter cycle time and much less solvent usage.  

A.2. Experimental 

The Spin SILAR system consists of a spin coater (G3P-8, SCS InC.) and three 

dispensing bottles, one for the rinsing solvent, and the other two for reagents. The 

reagents are cation and anion aqueous solutions and the rinsing solvent is DI water 

used for removing the excess reagents between each step of supplying reagents. The 

cation solution contains 0.2 M zinc chloride (ZnCl2, fisher scientific) and the anion 

solution contains 0.1 M sodium sulfide (Na2S∙9H2O, Alfa-Aesar). Microscope glass 

slides and oxidized silicon wafers (SiO2/Si 1‖ x 1‖ coupons and thickness 1000 Å  of 

SiO2) were employed as substrates. Clean hydrophilic surface of both substrates was 
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achieved by ultrasonic cleaning in 1M NaOH for 2-5 min, rinsing in acetone, methanol, 

and D·I water, and then finally blowing dry with N2. Each 4-step cycle of ZnS thin 

film deposition in the Spin SILAR process was performed at 2000 rpm spin speed; (1) 

loading the cation reagent (Zn
2+

), (2) removal of excess cation reagent by spin rinsing 

with D·I water, (3) loading the anion reagent (S
2-

), and (4) removal of excess anion 

reagent by spin rinsing with D·I water. The distinct difference between Spin SILAR 

and the conventional dipping SILAR processes is the delivery of reagent solutions and 

rinsing solvent. In conventional SILAR process, the substrate is dipping into the 

reagent and rinsing solvent containers sequentially. Thus the reagent solution 

concentration is subject to vary and is prone to cross-contamination after a number of 

deposition cycles. In Spin SILAR, each reagent solution is dispensed from individual 

reagent bottle onto a rotating substrate avoiding the possibility of cross-contamination. 

The high speed rotation also creates a thin, well-defined boundary layer that facilitates 

mass-transfer.   

The morphologies, surface roughness, and the cross section thickness were 

characterized by atomic force microscope (AFM, Veeco) and ultrahigh-performance 

field-emission scanning electron microscope (FESEM, LEO 982). The structural 

characterizations were carried out by electron diffraction using a transmission electron 

microscope (TEM, Philips CM 12). Transmittance and absorbance spectra were 

analyzed by UV-vis spectroscopy (Ocean Optics Inc, USB 2000). X-ray photoelectron 

spectrometer (XPS, ESCALAB 200-IXL) was used to characterize the chemical 

bonding information. 
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A.3. Result and discussion 

ZnS thin films were successfully deposited on both glass and oxidized silicon 

substrates using the Spin SILAR method. Figure A.1 shows the SEM image of as-

synthesized ZnS thin films deposited after 80 cycles. The SEM image reveals rather 

uniform and smooth surface morphology of as-synthesized ZnS thin film. ZnS films 

deposited using precursor Zn
2+

, without the complex agent, tends to form loosely 

packed particles and possess a rough morphology [22, 23]. In contrast, Spin SILAR is 

able to deposit smooth and uniform films without the addition of complex agent. The 

cross sectional view of the SEM image shown in the inset of Figure A.1 also indicates 

uniform thickness across the as-deposited ZnS film. 

The AFM image of as-deposited ZnS thin film at a deposition cycle of 20, 40, 60 

and 80 is given in figure A.2a, b, c, and d, respectively. There are some observed 

defect particles which could come from dust on the substrates since the experiments 

were not perfromed in a dust-free enviroment. The AFM scans indicate the as-

deposited ZnS films have highly uniform surface with low roughness, 1.07 nm, 2.30 

nm, 3.24 nm, and 2.32 nm with a deposition cycle of 20, 40, 60, and 80, respectively. 

These average roughness values are less than the reported ZnS films deposited from 

conventional and innovative dipping SILAR method [15, 21, 24]. The cycle time of 

individual dispensing aqueous solution is 0.5 ~ 1 sec per rinse and the amount of the 

dispensing solution is 1.0 ~ 1.5 ml per rinse in this work. In contrast, 100s-200s/per 

rinse at a flow rate of 600-800 ml/min is typical for a conventional dipping SILAR 
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process in order to achieve desirable results [25]. This feature has significantly 

reduced the cycle time and the solvent use for the rinsing steps. 

The growth curve of ZnS thin films by Spin SILAR method is given in figure A.3. 

The film thickness was determined from the crossectional SEM images for ZnS films 

deposited at 20, 40, 60, and 80 cycles with a 10% error bar. The growth curve 

indicates the ZnS thin film thickness increased almost linearly with the number of 

deposition cycle after 20 cycles. Our average growth rate is 4.1 Å /cycle. This is higher 

than 3.12 Å /cycle. It is likely that we still have some unwanted precipitation occurred 

in our process. This relatively linear growth curve suggests the Spin SILAR method is 

well controlled and could be run using a programmed recipe for a targeted thickness. 

However, it is noted that the the thickness increment per cycle is different between 1 

and 20 cycles than after 20 cycles. This might relate to the fact that initial nucleation 

process is occurred on NaOH treated oxidized silicon wafer instead of ZnS surface. 

The excat mechanisms need futher investigation.   

The diffraction pattern of as-deposited ZnS thin film is characterized by electron 

diffraction. The observed d-spacing values of lattice plane of synthesized ZnS thin 

film are in good agreement with the reference diffraction data, JCPDS-ICDD card 

No.77-2100 which indicated d = 3.12(111), 2.7(200), 1.91(220),1.63(311) for cubic 

ZnS.  

The EDX analysis indicates the atomic ratio of Zn/S is close to 1:1 stoichiometry. 

XPS was used to determine the chemical state of the different elements present in the 

films from their binding energy presented at figure A.4. The binding energy of Zn 
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2p3/2 and Zn 2p1/2 levels are observed at 1021.1 and 1044.1 eV, respectively [26]. The 

binding energy of S 2p3/2 and S2p1/2 are observed at 161.45 eV and 162.5 eV. The 

binding energy of Zn 2p3/2 and Zn 2p1/2 levels of pure Zinc is reported at 1021.45 eV 

and 1044.55 eV, respectively. J. F. Xu et al. reported the Zn 2p and S 2p XPS spectra 

of ZnS nanoparticles and -ZnS single crystal. The binding energies of Zn 2p3/2, 

2p1/2, S 2p3/2 and S 2p1/2 for ZnS nanocrystals were found to be at 1021.9, 1045.1, 

161.9 eV, and 163.2 eV, respectively [27]. The XPS spectra confirm the formation of 

ZnS thin films from the Spin SILAR deposition.  

The ZnS film is highly transparent, as shown by the optical image given as a right 

inset of Figure A.5, with a transmittance value of 90 % at 400 nm and almost 100 % at 

800 nm. The left inset shows a plot of (α·hν)
2
 versus hν for the as-synthesized ZnS 

thin films on glass. A value of 3.55 eV was obtained from this figure at extrapolation 

of the linear portion of the curve to (α·hν)
2
 = 0. ZnS has a band gap of 3.5-3.7 eV and 

3.7-3.9 eV for cubic zinc blende structure and hexagonal wurtzite structure, 

respectively [28, 29]. This optical band gap value suggests the as-synthesized ZnS 

film has a cubic structure.  

A.4. Conclusions 

Deposition of highly uniform ZnS thin films was performed by using a novel 

SILAR method. The heterogeneous surface reaction and rising steps were enabled by 

dispensing the reagents and DI water onto a spinning substrate. This new SILAR 

method offers the advantage of supplying fresh reagents without the possibility of 

cross contamination. Smooth (Sa < 3 nm), uniform and highly transparent ZnS thin 
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films could be successfully deposited in a short time using this new technique. The 

high speed rotation also significantly reduces cycle time and solvent use for rinsing 

steps.   
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Figure A.1. SEM image of tilted ZnS thin film after 80 cycles of deposition (inset: 

higher resolution image, 200 nm scale bar) 

20 cycles (Sa: 1.07 nm) 40 cycles-2 (Sa: 2.30 nm)

60 cycles (Sa: 3.24 nm) 80 cycles (Sa: 2.32 nm)
      

Figure A.2. AFM images of ZnS surface after different deposition cycles; (a) 20, (b) 

40, (c) 60, and (d) 80 cycles. (Sa: average roughness) 
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Figure A.3. The growth rate of ZnS thin films by Spin SILAR. 

 

Figure A.4. XPS spectra of Zn 2p and S 2p obtained from as-deposited ZnS thin film. 

 

Figure A.5. Transmittance from optical spectrum of ZnS thin film deposited on a glass. 

slide. (inset: optical image of transparent film (left) and estimated value of band gap 

(right)) 
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Appendix B 

Thin Film Transistor (TFT) 

TFTs are simple switches where the flow of current between two terminals (the source 

and drain) in a thin semiconductor layer is controlled by a voltage applied to a third 

terminal (gate) isolated from the semiconductor by an insulating layer. A number of 

TFT structures can be fabricated according to the position of the channel layer, gate 

insulator and source/drain electrodes. Typical TFT structures, staggered and coplanar 

structures, were depicted in figure B.1. 

source drain

channel

gate dielectric

gate

substrate

gate dielectricsource drain

channel

gate

substrate

(a) (b)
 

Figure B.1. TFT structures of (a) a staggered (bottom-gate) and (b) a coplanar (top-

gate) 

 

Figure B.2 shows the two operational regimes for TFTs: triode (pre-pinch-off) regime 

and saturation (post-pinch-off) regime. At the very beginning, when gate voltage (VG) 

is less than threshold voltage (VT) (the minimum required gate voltage to induce a 

channel layer to let electrons move from the source side to the drain side or turn on the 

device), no drain current (ID) is created. The drain current will increase when drain and 

gate voltage (VD and VG) continuing to increase.  
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Figure B.2. A typical TFT I-V characteristic including two operational regims: triode 

or linear (pre-pinch-off) regime and saturation (post-pinch-off) regime. 

 

When VD = VG - VT, the electron channel becomes completely pinched-off, and VD = 

VDSAT. The drain current will saturate, when VD > VG - VT. In the triode regime, when 

drain voltage much smaller than gate voltage minus threshold voltage (VD << VG - VT), 

the drain current will increase linearly with increasing drain voltage (linear region). 

On the other hand, the drain current is constant with increasing drain voltage for the 

saturation regime. 

A gradual channel approximation is assumed in the active layer (channel) of TFT. The 

carrier density per unit area in the channel depends on the potential V(y) caused by the 

drain potential. When the gate potential is higher than the threshold voltage, the 

mobile charge QI in the channel is related to the gate potential VG. 

                                                           [B.1] 
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Cins : gate insulator capacitance per unit area 

: gate insulator dielectric constant 

 : the permittivity of free space 

tins : the thickness of the gate insulator. 

 

Since the induced mobile charge QI is a function of y, equation B.1 is replaced by the 

following equation. 

                                                                                       [B.2] 

Within the conducting channel the current flow is almost exclusively in the y-direction. 

The diffusion term (the second term on the right side) has been taken to be negligible 

from the current density formula. 

                                                                                   [B.3] 

: electron current density 

: electron current 

q: electron charge 

: electron mobility 

n: electron carrier concentration 

E: electric field 

: electron diffusion coefficent 

 

The current passing through any cross-sectional plane within the channel will equal to 

ID. By integration of the current density from x=0 to channel thickness, and z=0 to 

channel width, W.  

                                                                                  [B.4] 
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By substituting electrical field in y-direction,  , and equation B.2 into 

equation B.4 , we can obtain 

                                                                          [B.5] 

 By integration of the current incremental from y=0 to L and from V=0 to VD, the 

gradual channel approximation from the drain current can be obtained. 

 

                                                                         [B.6] 

In the linear region,                      [B.7] 

In the saturation region,                      [B.8] 

 

For the TFTs device characterization, the drain current - drain voltage (IDS - VDS) 

characteristics (output characteristics) is the most common characterization for TFT 

devices. For a working device, the drain current will increase as increasing drain 

voltage and applied gate voltage causing gate-modulated transistor behavior to be 

obtained. The threshold voltage is the minimum required gate voltage to produce a 

conductive channel, thereby enabling carriers to flow from source to drain. The 

threshold voltage for TFT device is approximated using a linear extrapolation method 

with the drain current measured as a function of gate voltage (IDS vs. VGS plot) at a 

low VDS (usually applied VDS= 1 V) to ensure operation in the linear region. With a 

positive turn-on voltage, this device behaves as an enhancement-mode device and a 

negative one indicating a depletion-mode device is obtained.  
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The drain current on-to-off ratio (transfer characteristics) determines the switching 

quality of the MISFET. It can be obtained by plotting log(IDS) versus VGS at VDS = 40 

V. 

The mobility of a MISFET refers to the carrier mobility that is proportional to the 

carrier velocity in an electric field.  

The field-effect mobility (µFE) is determined from the transconductance, gm, of the 

device at a small VDS (usually 1V) value. 

                                 [B.9] 

W: channel width 

L: channel length 

L

W

 

Figure B.3. Thin film transistor (TFT) structure. 
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Appendix C 

Low of Light Reflection: ARC 

Refraction is the bending of a wave when it enters a medium where it's speed is 

different. The refraction of light when it passes from a fast medium to a slow medium 

bends the light ray toward the normal to the boundary between the two media. The 

amount of bending depends on the indices of refraction of the two media and is 

described quantitatively by Snell's Law.  

                                                                                                          [C.1] 

 

n1
n2

θ1

θ2

Fast medium
(smaller index 
of refraction)
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(larger index of 
refraction)

 

Figure C.1. Angles of incidence and refraction in different index of refractions. 
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The reflection losses from a surface are related to the difference in index of refraction 

between the environment and the material. For a high-index material such as silicon, 

the surface reflection is about 35% of the incident light in an air environment. The loss 

must be liminated by antireflective coatings. Minimum reflection from the coated 

surface is given by Fresnel's equation, 

1

4
t 

Reflections out of phase

Reflection 

from back surface

Reflection 

from front surface

Incident wave

(coating thickness)

n0 = 1.00 (air) n1 ns

 

Figure C.2.  A schematic diagram of light reflection 

                                                                                     [C.2] 

n0: refractive index of air  

n1: refrective index of film deposit on substrate 

ns: refractive index of substrate  

 

In order for the reflectivity R1 to be zero, the index of film deposited on substrate must 

satisfy the following condition  

                                                        [C.3] 

                                                                           [C.4] 
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The thickness of the coating, then, is determined by the equation 

                                                                                                                  [C.5] 

λ0: the wavelength where zero reflectivity is desired 

tc: the thickness of film deposited on substrate 

 

 

 

For multilayer coating system, reflectivity can be determined by equations in figure 

C.3. 
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Figure C.3. A schematic diagram of light reflection in multilayer system: (a) bare 

substrate, (b) single layer coating on substrate and (c) double layer coating on 

substrate.  
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Table C.1 Reflective index of diverse materials 

Material Reflective index

Si 3.35

SiO2 1.46

Glass 1.52 

MgF2 1.30 - 1.40

MgO 1.74

Al2O3 1.80 - 1.90

Si3N4 1.9

ZnO 2.0

ZrO2 2.15

CeO2 2.30 - 2.40

TiO2 2.30

Ta2O5 2.10 - 2.30

ZnS 2.33
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Light trapping is usually achieved by changing the angle at which light travels in the 

solar cell by having it be incident on an angled surface. A textured surface will not 

only reduce reflection but will also couple light obliquely into the substrate, thus 

giving a longer optical path length than the physical device thickness. The angle at 

which light is refracted into the semiconductor material is, according to Snell's Law as 

equation C.1. 

 

 

substrate

Air

substrate

Air

Light trapping in structure Eliminating reflection in material

Minimizing reflection Losses

substrate

 

Figure C.4. Proposed AR coating approach combining surface morphology and 

refractive index of material 
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Appendix D 

Durability Testing 

Table D.1 Sample Description 

 

Three different optical lenses; two coated and one bare to CSM Instruments for scratch 

testing. 

Table D.2 Nano Scratch Test Methodology and Parameters 

 

At least 3 scratches were performed on each sample. All the testing performed was 

according to ASTM C1624 standard. 
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Sample Preparation 

The coated end of the samples was tested. All samples were cut into half as shown in 

figure 1 in order to reach the testing surface easily.  

 

Figure D.1. The testing location on the top of the lens (left); Sample #2 during 

nanoscratch testing (right). 
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