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The focus of this study is to develop a general and low-cost solution-based 

process to fabricate micro- and nano-structured semiconductors that are suitable 

for electronics. This process uses simple metal halide precursors dissolved in a 

solvent (organic or aqueous) and is capable of forming uniform and continuous 

thin films via digital fabrication (e.g. inkjet printing) and blanket coating (e.g. spin 

coating and chemical bath deposition). It has been demonstrated for the deposition 

of a variety of semiconducting metal oxides including binary oxides (ZnO, In2O3, 

SnO2), ternary oxides (Zinc-Indium-Oxide (ZIO), Indium-Tin-Oxide (ITO), Zinc-

Tin-Oxide (ZTO)) and quaternary oxides, Indium-Zinc-Tin-Oxide (IZTO). 



 

Functional thin film transistors with high field-effect mobility were successfully 

fabricated using channel layers deposited from this process (μFE ≅ 30 cm2/V-sec 

from inkjet printed IZTO channel layers).  

This rather simple solution-based deposition process was used to fabricate 

3-D nano-structured silicate-based luminescent materials from diatom frustules. A 

diatom is a single-celled microalgae that possesses cell walls composed of 

amorphous silica (SiO2) with nano- and microstructures. Nanocrystalline Zn2SiO4 

thin films with Mn dopants on the frustules isolated from the cultured marine 

diatoms Pinnularia sp. by a combination of chemical solution deposition of ZnO 

thin film and solid-solid reaction between ZnO and SiO2(diatom) by thermal 

annealing processes. This material exhibited bright green photoluminescence. Two 

types of nanostructures could be generated depending upon the level of the initial 

chemical deposition coverage. This process is capable of preserving the three- 

dimensional shape of the diatom frustules at the nanometer scale.  

Using this process and the direct writing capability of the inkjet printing 

process, patterned Zn2SiO4:Mn2+ green phosphors and Yi2SiO5:Eu3+ were 

fabricated. At first, a layer of diatom frustules was spun-coated onto a silicon 

substrate and followed by the inkjet printing of aqueous metal halide solutions 

with desired patterns. The metal silicate phosphors were generated after a thermal 

annealing process. SEM analysis verified that the nano- and microstructures of the 

diatom frustules were preserved after the process. The patterned phosphors 



 

exhibited highly bright green (Mn2+ dopant) and orange (Eu3+ dopant) 

photoluminescence under 254nm UV excitation. 
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CHAPTER 1 
 

DEVELOPMENT OF SOLUTION-BASED REACTION PROCESSES FOR 

MICRO- AND NANO-STRUCTURED SEMICONDUCTORS 

 
 

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 deposition of 

inorganic materials offers the possibility of depositing thin films at low 

temperature under atmospheric conditions, and the direct additive patterning 

processes offered by inkjet printing enable the fabrication of low-cost electronics 

using solution-based processes.  

Chemical solution deposition (CSD) also known as chemical bath 

deposition (CBD) provides a simple, low-cost, and low temperature processing 

method to produce uniform, efficient adherent thin films on various substrates. To 

this date, many semiconductor thin films deposited by chemical bath deposition 

have been reported including sulfides (CdS, CuS, ZnS, SnS …etc), selenides 

(CdSe, CuSe, ZnSe, SnSe …etc) and Oxides (ZnO, NiO, CuO, SnO …etc) [7, 8]. 
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In this work, we have focused on oxide semiconductors due to their excellent 

optical, electrical, and high thermal and chemical stabilities [9-12].  

Digital fabrication technologies, such as inkjet printing at atmospheric 

environment, offer an opportunity for the direct patterning of functional materials 

and provide a potential cost advantage over the conventional lithography-based 

subtractive processing schemes normally used in amorphous and polycrystalline 

silicon-based circuits. The use of inkjet printing inorganic materials for the 

formation of active device components is relatively rare compared to the research 

done with respect to organic materials. Only a handful of inorganic materials have 

been inkjet printed, primarily due to the difficulty in preparing inkjet printable 

precursors. 

In this work, a general and low-cost process to fabricate high mobility 

metal oxide semiconductors that is suitable for thin film electronics [18] was 

reported. This process uses simple metal halide precursors dissolved in a solvent 

(organic or aqueous) solvent and is capable of forming uniform and continuous 

thin films via digital fabrication (e.g. inkjet printing). This process has been 

demonstrated to deposit a variety of semiconducting metal oxides including binary 

oxides (ZnO, In2O3, SnO2), ternary oxides (Zinc-Indium-Oxide (ZIO), Indium-

Tin-Oxide (ITO), Zinc-Tin-Oxide (ZTO)) and quaternary compound Indium-Zinc-

Tin-Oxide (IZTO). Functional thin film transistors with high field-effect mobility 
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were fabricated successfully using channel layers deposited from this process (μFE 

≅ 30 cm2/V-sec from inkjet printed IZTO channel layer).  

As mentioned above, solution based deposition can be applicable to various 

substrates like three-dimensional shaped oxide materials. We have explored the 

powder of biologically fabricated nano-structured metal oxides cam from diatoms. 

Diatoms are single-celled microalgae that possess cell walls composed of 

amorphous silica (SiO2) with nano- and microstructures. Here, we report the 

fabrication of nanocrystalline Zn2SiO4 thin films with Mn dopants on the frustules 

isolated from the cultured marine diatoms Pinnularia sp. by a combination of 

chemical solution deposition of ZnO thin film and solid-solid reaction between 

ZnO and SiO2(diatom) [17].  This material exhibited bright green 

photoluminescence. Our deposition process uses rather simple chemistry (metal 

halides and water only) and is capable of preserving the three dimensional shape of 

the diatom frustules at the nanometer scale.  

 By taking advantage of these newly developed processes, we applied the 

inkjet printing process to fabricate pattern thin film phosphors using biogenic 

nano-structured silica. At first, a layer of diatom frustules was spin-coated onto a 

silicon substrate and followed by inkjet printing of aqueous metal halides solution 

with desired patterns. The metal silicate phosphors were generated after a thermal 

annealing process. SEM analysis verified that the nano- and microstructures of 

diatom frustules were preserved after the process. The photoluminescence 
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measurements exhibited that Zn2SiO4:Mn2+ has a green emission peak at 525nm 

that corresponds to 4T1g (4G) – 6A1g (6S) transition, and Y2SiO5:Eu3+ has an orange 

emission peak at 613nm that corresponds to 5D0–7F2 transition respectively.   
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CHAPTER 2  

BACKGROUND INFORMATION & LITERATURE REVIEW 

 
 
 
Solution-Based Thin Film Deposition 
 

In general, a thin film deposition process involving liquid solutions as 

precursors could be announced to solution based deposition process. In our study, 

we have introduced and investigated several solution based deposition processes 

including chemical bath deposition (CBD), successive ionic layer adsorption and 

reaction (SILAR), spin-coating (SP), inkjet-printing (IJP). 

 

2.1 Chemical Bath Deposition 

Chemical solution deposition (CSD), also called chemical bath deposition 

(CBD), has been applied to numerous semiconductor thin film depositions since it 

was first described in 1869. After that, J. E. Reynolds reported PbS thin film 

deposition in the application of photoconductive detectors in 1884[5]. For a long 

time, PbS and PbSe were the only CBD materials used until Mokrushin et al. 

reported CdS thin film deposition. Since Chopra and co-workers reported about 20 

different compounds synthesized by CBD in 1982 in their first reviews of CBD, 

CBD had been widely used but only limited in CdS. However, the CBD 

mechanism has not been clearly understandable because of its complicated 

reaction paths during the deposition process in the batch [1-5]. 
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Ortega-Borges and Lincot has been first studied the growth mechanism of 

CdS by CBD using Quartz Crystal Microbalance(QCM) [6,7]. They identified four 

main deposition regimes. The first one is an induction regime with a slow reaction 

rate. The second one is the compact-layer growth regime with heterogeneous 

surface reactions. The high quality and tightly adhering film is grown in this 

regime. The third one is the porous-layer regime due to the colloidal settling and 

sticking on the substrate created by homogeneous particle formation. Then the 

growth rate will be reached the saturation regime. The growth mechanism of CdS 

is presented in figure 2.1. 

 

 

Figure 2.1 Schematic diagram of CdS film formation in a CBD batch reaction. 
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Recently, a number of oxide semiconductors have been deposited by 

chemical bath deposition because of attractive electrical and optical properties. In 

general, metal/hydroxide or hydrated oxides are deposited on substrates depending 

on relative stability of various oxide and hydroxides. As a result, a number of thin 

film semiconductor oxides by CBD have been reported in many different 

application areas [8,9]. 

ZnO has been the most popular oxide prepared by CBD since RL. Call et al. 

reported first for solar cell application[10]. To date, ZnO has been applied to many 

areas including solar cells, thin film transistors, display devices, gas sensors, and 

nanofabrications because of outstanding electrical and optical properties[11-14]. 

 In our study, it could be considered that ZnO is a representative and basic 

material for further applications. 

 

   2.2 Successive Ionic Layer Adsorption and Reaction (SILAR)[15-19] 

   

Successive ionic-layer adsorption and reaction (SILAR) which is known as 

solution-based atomic layer deposition (ALD) in a certain point of view shows lots 

of advantages. The SILAR process is a simple method that deposits thin film by 

using only a mixture of cationic and anionic solutions mostly at room temperature. 

Moreover, this method is inexpensive, simple, and easily controllable as to the film 

thickness by changing deposition cycles.  



 8

The SILAR process was first reported in 1985 by Ristov et. al.  In 1988, Nicolau 

and Minnard discussed ZnS, CdZnS and CdS thin films. The SILAR method is 

applicable to thin film deposition of chalcogenides groups, Ⅰ-Ⅵ, Ⅱ-Ⅵ, Ⅲ-Ⅵ,Ⅴ-Ⅵ,

Ⅷ-Ⅵ binary andⅠ-Ⅲ-Ⅵ,Ⅱ-Ⅱ-Ⅵ,Ⅱ-Ⅲ-Ⅵ,Ⅱ-Ⅵ-Ⅵ and,Ⅱ-Ⅴ-Ⅵ ternary chalcogenides 

and composite films. 

The SILAR is based on the liquid-solid adsorption and reaction of the ions 

from the solutions and rinsing between every immersion with deionized water to 

avoid homogeneous particle precipitation in the solution. The reaction of pre-

adsorbed cation and newly adsorbed anions forms thin films of desired material. 

Figure 2.2 presents the schematic diagram of the successive ionic adsorption and 

reaction method (SILAR) 
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Figure 2.2 Schematic of Successive ionic layer adsorption and reaction (SILAR) 

process 

In the first step, the cations in the first solution were adsorbed on the 

surface of the substrate, then it formed an electrical double layer. The excess 

cations were moved away by DI water. The anions from the precursor solution 

were introduced to the first layer and formed a desired mono layer by chemical 

reaction. In the last step, rinsing was followed in order to remove unwanted 

species. Cycle of the process can control the final thin film thickness. 

 

2.3 Spin-coating deposition process[19-21] 

Spin coating has been used for the thin film deposition process in industry. 

Typically, the spin coating process deposits fluid on a surface of substrate and 

spins the substrate at high speed. The final film thickness and other properties 

depend upon the solution including surface tension and viscosity. The spin coating 

process can be explained by understanding the liquid dispersion on the substrate 

and the drying of the liquid film. The specific condition of the process will be 

influenced by solution properties such as viscosity, volatility, surface tension, etc. 

The control of speed and time for spin coating generally determines the final film 

thickness. In general, the higher spin speeds and longer spin times create thinner 

film. The main factors in the spin coating process are speed, time and exhaust, so 

the parameters in the spin coating process will vary for different resin materials 

and substrates.  
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Figure 2.3 shows a general explanation of spin coating and the typical data 

of the thickness versus spin speed and time. 

 

Figure 2.3 Flow chart of spin coating and film thickness vs. speed and time data 

 

2.4 Inkjet printing process [22-25] 

 The first inkjet printing device was patented by Siemens in 1951; and the 

process started to really develop in the 1960’s. IBM invented the continuous inkjet 

printing process that controled continuous inkjet droplets on the printing media in 

the 1970’s. Simens introduced drop-on-demand inkjet printing technique in 1977. 

The inkjet printer only ejected droplets when needed to print on the printing media. 

After that, Hewlett-Packard and Canon developed bubble-jet printing technology 

(Thermal Inkjet printing). This technique uses bubbles generated by the heating of 

ink. The generated bubbles push ink through nozzles and create small size droplets. 
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The advantages are higher resolution (smaller drop size), faster operation, quiet, 

and lower power consumption. The thermal inkjet drop eject processing is 

illustrated in figure 2.4. Another type of drop-on-demand inkjet technique includes 

piezoelectric crystal, simply called piezo printing. The piezoelectric crystal 

changes shape and creates a bulge, forcing the ink out the nozzle forming dots on 

the substrate when the crystal is stimulated by current. There are several 

differences between the thermal and the piezo printing technique. The drawback of 

thermal inkjet printing is a result of heat buildup which may change the ink 

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

The piezo ejection is illustrated in figure 2.5.  

 Recently, inkjet printing technology has been investigating new and 

interesting formulations applicable to both electronics and displays. PDP and LCD 

still compete for a place in the market, but printing technology is applicable to 

both. Inkjet printing offers lower cost and operationally more flexible solutions to 

printing alignment layers, conductors, and color filters. The consequences of inkjet 

printing are significant in so far that the traditional photo-lithographical processes 

are turned on their head and simplified. 

  One of the ultimate goals in fabrication electronics in our study is the 

capability of direct writing electronic material. Exploration and investigation of 

printable materials will be developing printing electronic technology. Direct 

printing of inorganic materials offers the possibility of depositing thin films via 
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direct additive patterning processes that enable the fabrication of high-performance 

and ultra-low-cost electronics.  

However, 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. A mobility 

of 0.02 cm2/V.sec was achieved from a 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, the first inkjet-printed pentacene transistor was 

fabricated with a maximum mobility of 0.02 cm2/V.sec and a current on-to-off 

ratio of 105. Arias et a reported an inkjet printed TFT using a polythiophene 

semiconductor channel that exhibited a field effect mobility of 0.1 cm2/V.sec. and 

a current on-to-off ratio of 107. Recently, Kawasaki et al reported an organic TFT 

using an inkjet-printed pentacene channel layer with a mobility of 0.15 cm2/V.sec. 

and a current on-to-off ratio of 105. 

           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, silver and gold nanoparticle solutions 

were inkjet-printed to build active microelectromechanical systems (MEMS). The 
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first example of printing inorganic semiconducting channel materials is reported 

by Ridley et al who fabricated a thin film transistor with a mobility of 1 cm2/V.sec 

and a current on-to-off ratio of 3.1x104 by casting CdSe thin films from a 

precursor solution of cadmium selenide nanocrystals using a micro-pipette. The 

device fabrication, however, needs to be performed in a dry box and a photo 

curable polymer adhesive layer is required to encapsulate the active region of the 

TFT or no field-effect could be observed. Most recently, Shimoda et al fabricated 

TFTs using inkjetted poly-silicon channel layer with a mobility of 6.5 cm2/V.sec 

and an on/off ratio of three digits. 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). 

         Transparent conducting oxides (TCOs) like zinc oxide, tin oxide, and indium 

tin oxide are important for a plethora of optical and electrical applications such as 

flat-panel displays, electromagnetic shielding, and electrochromatic windows, and 

more recently as channel materials for thin film transistors. These oxide 

semiconductors prepared by the inkjet printing process are discussed for the first 

time in this dissertation. 
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Figure 2.4 The schematics of the thermal inkjet drop ejection process 

 

 

Figure 2.5 The schematics of the piezo inkjet drop ejection process 
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2.5 Marine diatom 

 Diatoms are single celled microalgae, the 105~106 species of diatoms 

which possess distinguished cell walls composed of amorphous silica 

nanoparticles (figure 2.6). These organisms actively assimilate silicic acid Si(OH)4 

from seawater, polymerize silicic acid to silica nanoparticles by a protein-mediated 

precipitation process, and then assemble the silica nanoparticles into intricate 

patterns that constitute the cell wall microarchitecture (consisting of about 30nm of 

SiO2 nanoparticles) of the diatom frustule. As a result, diatoms have been 

considered in nanotechnology due to their attractive capabilities.  

 

Figure 2.6 The various species of marine diatoms[26]. 
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2.6 Luminescent materials[27] 

Luminescence generally refers to the emission of light after absorption of 

some sources of high energy radiation. The high energy excitation sources are 

mentioned in table 2.1.  

 

Table 2.1. The various types of Luminescence. 

−−Mechanical energyTriboluminescence

LEDs, EL displaysElectric field and CurrentElectroluminescence (EL)

Analytical chemistryBiochemical reaction energyBioluminescence

Analytical chemistryChemical reaction energyChemiluminescence

Fluorescent lamps, 
plasma displays

(UV) PhotonsPhotoluminescence (PL)

TV sets, monitorsElectronsCatholuminescence (CL)

ApplicationExcitation SourceLuminescence type

−−Mechanical energyTriboluminescence

LEDs, EL displaysElectric field and CurrentElectroluminescence (EL)

Analytical chemistryBiochemical reaction energyBioluminescence

Analytical chemistryChemical reaction energyChemiluminescence

Fluorescent lamps, 
plasma displays

(UV) PhotonsPhotoluminescence (PL)

TV sets, monitorsElectronsCatholuminescence (CL)

ApplicationExcitation SourceLuminescence type

 

 

The excitation and emission processes of luminescent material are commonly 

described in the configurational coordinate diagram (figure 2.7). The 

configurational coordinate diagram is plotted with the energy E versus the 

equilibrium distance R. The lower parabolic shape represents the ground state and 

the upper parabolic shape is the excited state, which have different values of the 

equilibrium distances, R0 and R0
’, respectively. 

The luminescent center absorbs energy; then electrons are excited to a high 

vibrational level in the excited state. Relaxation from this vibrational level to the 

lowest vibration level in the excited state occurs rapidly followed by transition to 
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the vibration level in the ground state with emission of photon. ΔR is determined 

by the amount of relaxation in the excited state, which is associated with atomic 

displacement and changes in the configuration coordinate. The magnitude of ΔR 

largely determines the energy differences between absorbed and emitted light, or 

the so-called Stokes shift. 
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    Figure 2.7 Configurational Coordinate Diagram. 
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2.7 Photoluminescence measurement[27] 

 In order to understand the photoluminescence (PL) process, the 

photoluminescence spectra can be achieved by the measurement system which is 

illustrated in figure 2.8. 

The light from the lamp is split by the first monochromator (excitation 

monochromator), the selected light is then absorbed to the material, and the 

emitted light from the sample is collected by the lens. The light is analyzed by a 

second monochromator (emission monochromator).   

 

UV Lamp

Excitation
Monochromator

lens
Emission

Monochromator

UV Lamp

Excitation
Monochromator

lens
Emission

Monochromator

 

 

Figure 2.8 The Schematic diagram of Photoluminescence measurement. 
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2.8 Thin film transistor[28-32] 

          Thin film transistor (TFT) is a kind of field effect transistor which has a thin 

film structure of a channel active layer, gate insulator, and source/drain electrodes. 

A staggered TFT has the gate and source/drain electrodes on the opposite sides of 

the semiconductor with either gate electrodes on the top or bottom. (top-gate or 

bottom-gate structure). A coplanar TFT has the gate and source/drain electrodes on 

the same sides of the semiconductor also with either gate electrodes on the top or 

bottom. The inverted-staggered (or bottom-gate staggered) TFT is widely used in 

the manufacturing of Active-Matrix Liquid Crystal Display panels (AMLCD).  

       Figure 2.9 shows the two operational regimes for TFTs. The triode (pre-pinch-

off) regime and the saturation (post-pinch-off) regime. At the very beginning, 

when gate voltage (VG) is less than the threshold voltage (VT) (the minimum 

required gate voltage to induce the 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 the drain and gate voltage (VD and VG) 

continue to increase. 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 the drain voltage is much smaller than the gate 

voltage minus the 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 when increasing drain voltage for the saturation 

regime. 
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Figure 2.9. A typical TFTs I-V characteristics including two operational regimes: 

the triode (pre-pinch-off) region and the saturation (post-pinch-off) region. 

  

 Figure 2.10 shows a schematic cross-sectional view of a TFT structure 

used to derive the gradual channel approximation where x is the direction 

perpendicular to the active layer and y is parallel to the channel. The carrier 

density per unit area in the channel depends on the potential V(y) caused by the 
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drain potential[. When the gate potential is higher than the threshold voltage,VTH, 

the mobile charge QI in the channel is related to the gate potential VG. 

 
 

 
 
Figure 2.10 Schematic of a TFT structure used to derive the gradual channel 

approximation. 

 
           A gradual channel approximation is assumed in the active layer (channel) of 

TFT.  

 

)( THGinsI VVCQ −−= ,                 
ins

oins
ins t

C
εε ×

=                                         [1]   

 

Where, Cins is the gate insulator capacitance per unit area, insε is the gate insulator 

dielectric constant, 0ε is the permittivity of free space, and inst  is the thickness of 
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the gate insulator.  The induced mobile charge IQ  is a function of y, so, equation 1 

is replaced by the equation 2. 

 

)( VVVCQ THGinsI −−−=                                                                                    [2] 

 

           Within the conducting channel the current flow is almost exclusively in the 

y-direction. The equation is simplified by the current density formula, and the 

diffusion term has been taken to be negligible. 

)(
dx
dnDnEq

A
I

J nn
n

n +== μ                                                                              [3] 

where nJ  is the electron current density, nI  is the electron current, q  is the 

electronic charge, nμ  is the electron mobility, n  is the electron carrier 

concentration, E  is the electric field, nD  is the electron diffusion coefficient. 

           By substituting electrical field in y-direction, dydVEy /−= , and equation 

2 into equation 4, we can obtain; 

 

dVVVVCWdyI THGinsnD )( −−= μ                                                                       [4] 

 

           By the 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. 
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           In the linear region, DV << THG VV −  , the drain current can be written as    

 

[ ]DTHGninsD VVVC
L

WI )( −= μ                                                                              [6]     

 

           Therefore, the field-effective mobility in the linear region can be obtained 

from equation 6. 

           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 with 

increasing drain voltage and applied gate voltage, and gate-modulated transistor 

behavior can be obtained. 

           The threshold voltage is the minimum required gate voltage to produce a 

conductive channel, thereby enabling carriers to flow from the source to the drain. 

The threshold voltage for the 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. For n-type semiconductor material, with a positive threshold 

voltage, this device behaves as an enhancement-mode device that is initially off 
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and requires a positive gate voltage to allow current to flow. With a negative 

threshold voltage, this device behaves as a depletion-mode device that is initially 

on and requires a negative gate voltage to turn off the device.  

           However, the precise identification of the threshold voltage to determine the 

device operation-mode (either enhancement or depletion-mode) is still somewhat 

ambiguous. For characterization of the device, a more accurate and less ambiguous 

parameter is turn-on voltage. The gate voltage at the onset of the initial sharp 

increases of the peak in the drain current in a log(IDS)-VGS transfer characteristic. 

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. 

           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. This is the most often used parameter for 

determining the device performance.  
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CHAPTER 3 

THIN FILM DEPOSITION BY SOLUTION-BASED PROCESSE (CBD) 
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3.1 Copper sulfide (CuS) thin film by chemical bath deposition 

 

 Chemical Bath Deposition (CBD) also called Chemical Deposition (CD), is 

analogues to Chemical Vapor Deposition (CVD) but in a liquid phase instead of a 

vapor phase and had widely been used for depositing compound semiconductor 

thin film on various substrates [1-3].  It has the advantage for depositing 

semiconductor thin film at a relatively low temperature, usually less then 80oC, is 

easy to setup and is suitable for large area application that cannot be provided by 

the Chemical Vapor Deposition process. Copper sulfide has a wide range of 

applications such as photothermal conversion applications, photovoltaic 

applications, solar control coatings, and electroconductive coatings deposited on 

organic polymers [4-8]. 

           Copper Sulfide (CuxS) shares with PbS and Sb-S the distinction of being the 

first published CD compound. There is a strong affinity between Cu and S. A 

complicated factor in this deposition is the large number of different phases and 

stoichiometries that can exist. There are four well-defined room temperature 

phases of the CuxS system: covellite (x=1); digenite (x~1.8); djurleite (x~1.96), 

and chalcocite (x~2) [9-10]. There are several recipes that have been used for 

depositing CuxS. We will try to modify the recipe that had been published by 

Fatas’ group[1] by changing several parameters and experimental conditions such 
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as the reagent concentration, pH value, stirring rate, and processing temperature to 

optimize our CBD process.  

 

Experimental 

 20 ml of 1 M Copper sulphate (CuSO4·5H2O, Alfa Asesar), 20 ml of 1 M 

sodium acetate solution (C2H3O2Na, (Aldrich),  and 20 ml of  7.4 M 

triethanolamine (HOCH2CH2]3N, (Alfa Asesar), solutions were added to the 

beaker filled up with the DI water to 140 ml; then, the prepared solution was 

stirred continuously. 12ml of 13.4 M ammonia (NH4OH, (J.T.Baker) and 60 ml of 

0.3 M thiourea were added as a final solution. A cleaned glass substrate was 

immersed into the final solution. The reaction temperature was kept at 40°C for 

40min. The substrate was then removed from the bath, washed with the DI water, 

and dried with a stream of nitrogen gas. For thin film characterization, the Quartz 

Crystal Microbalance (QCM) probe was immersed into the solution bath to in-situ 

monitor the thin film growth thickness and rate. Photon Correlation Spectroscopy 

(PCS) was able to provide the particle size distribution at different experimental 

conditions. Transmission Electron Microscopy (TEM) and Scanning Electron 

Microscopy (SEM) was used to provide the detail information for particle size and 

structure and surface morphology respectively. 

 Energy Dispersive X-ray (EDX) from TEM and SEM and X-ray Photoelectron 

Spectroscopy (XPS) were able to determine the composition of the copper sulfide. 
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The energy band gap was calculated by UV-Vis spectroscopy measurement to 

identify the material.   
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Results and Discussion 

 In order to characterize the CuS thin film property, scanning electron 

microscopy image and EDX were carried out and are sown in figure 3.1. In the 

EDX analysis, Si, O, Na, Mg and Ca were from the glass substrate, and Cu and S 

were observed from the thin film. The surface of the thin film was fairly uniform 

and the particle size is less than 100nm.  

 

 

Figure 3.1 Energy dispersive x-ray spectroscopy (EDX) and scanning electron 

microscopy (SEM) images of CuS thin film prepared by chemical bath deposition 

(40ºC, 40min). 
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Figure 3.2 Quartz Crystal Microbalance (QCM) data of CuS by CBD.  

  

 Figure 3.2 shows the corresponding real-time QCM growth curve of the 

CuS thin film. In the regime Ι (induction time), no film growth was observed in 

most cases. The CBD CuS film started at a linear growth regime (regime ΙΙ, 

molecule by molecule) and then changed to faster particle sticking growth ( regime 

ΙΙΙ).  

 The band gap of the CdS thin film was estimated at various wavelengths by 

a UV–vis spectrophotometer shown in figure 3.3. The estimated band gap of the 

CuS thin film was 3.0eV, which is a higher value than reported. The high band gap 
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may be attributed to the smaller particle size, and chemical composition, and 

defects in the film.   

 

 

Figure 3.3 The estimated optical bandgap energy of the CuS thin film by CBD. 
 
 
 
 The copper sulfide (CuS) thin film through the chemical bath deposition 

(CBD) process has been characterized in this study. The processing conditions 

presented by this paper have been optimized at suitable temperature range, 

concentration of reagents, stirring rates and pH values. The CuS thin film was 

found relatively uniform from the Scanning Electron Microscopy (SEM) 

micrograph. The QCM growth data clearly helped in the understanding of thin film 

growth mechanism. The final film thickness reached up to 600A after 40 minutes. 

As a result, the CuS thin film by CBD will be useful in the fabrication of p-type 

electronics requiring low temperature processing. 
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3.2 Zinc oxide(ZnO) thin film by chemical bath deposition 

  

 In recent years, transparent conducting oxides have increasingly drawn 

people’s attention, which is due to their excellent optical and electrical 

applications [11, 12]. Transparent zinc oxide thin film with wide bandgap (3.0eV–

3.4 eV) is known as n-type semiconductor [13]. A large number of studies of ZnO 

thin film deposition have been reported and applied in various areas such as 

transparent electrodes in photovoltaic solar cells [14,15], gas sensors [16], and 

thin-film transistors [17]. Various processes have been studied in fabrication of 

ZnO including radio-frequency magnetron sputtering [18], evaporation [19], 

chemical vapor deposition [20], electrochemical deposition [21], electroless 

deposition [22], spray pyrolysis [23, 24], and chemical solution deposition [25-27]. 

Among these, a chemical solution deposition, also called chemical bath deposition 

(CBD) had many significant advantages owing to its low cost and low temperature 

processing nature. 

 In this study, we deposited zinc oxide by chemical bath deposition and 

estimated the band gap was 3.1eV. The thin film morphology analyzed by SEM 

showed fairly uniform. After 500ºC thermal annealing, the ZnO was crystallized 

and corresponded to JCPDS-80-0074(ZnO). 
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Experimental 

 0.013M zinc chloride (ZnCl2, Alfa aesar, 99.99%), 0.01M ammonium 

chloride(NH4Cl, Fisher Scientific, ACS grade) and 0.0001M sodium hydroxide 

were used in the experiment. The prepared solution was stirred continuously. A 

cleaned glass substrate was immersed into the final solution. The reaction 

temperature was kept at 80°C for 40min. NaOH) were added to a 250ml beaker 

filled up with the DI water to 200ml and Then the substrate was removed from the 

bath, washed with D.I. water, and dried with a stream of nitrogen gas. The 

experimental conditions are summarized in table 3.1. For the thin film 

characterization, Scanning Electron Microscopy (SEM) was used to provide the 

detailed information for particle size, structure and surface morphology 

respectively. Surface profiler(Dektek 8, Stylus Profiler) and X-ray photoelectron 

microscopy(XPS) were used for the thin film morphology and binding energy. To 

identify the film, the energy band gap was estimated by UV-vis spectroscopy 

measurement.  

 

Results and Discussion 

 After 40min the CBD deposition, as-deposit thin film was annealed at 

500ºC for 1hr. Then, amorphous Zn(OH)2 was converted to a polycrystalline ZnO 

thin film. The XRD patterns are presented in figure 3.4. In order to characterize the 

post annealed thin film, the sample was analyzed by using a Physical Electronics 
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QUANTERA Scanning ESCA in the high power mode. The Zn2p had 1022eV and 

1045eV two binding energies (Fig. 3.5), and the binding energy spectra of O1s 

were observed at 531eV. The binding energies are calibrated by taking carbon C1s 

peak (284.6eV) as a reference. The XPS analysis indicated that our CBD thin film 

was corresponding to the Zinc oxide [28]. The estimated band gap of ZnO thin 

film was 3.1eV(figure 3.6). This value corresponds to the 3.0-3.4eV wide band gap 

from the literatures [29]. Figure 3.7 shows SEM images of the surface of the thin 

film. The morphology of CBD ZnO was relatively uniform. In order to apply ZnO 

for optical electrical and electrical devices, we found that we need to improve the 

thin film quality by studying about pH in solution and the reaction mechanism 

(QCM).  
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Table 3.1 Experimental conditions for ZnO thin film deposition. 

Zinc acetate ZnCl2,  
(Alfa aesar, 99.99%) 0.013M 

Ammonium chloride, 
 (NH4Cl, Fisher Scientific, ACS grade) 0.01M 

Sodium hydroxide 0.0001M 

Bath temperature & deposition time ~80ºC, 40min. 

Substrates Glass slide and SiO2/Si 

 

 

 

 

 

 

Figure 3.4 X-ray diffraction patterns of ZnO ( RT and 500ºC annealing). 



 36

 

 

Figure 3.5 X-ray photoelectron spectroscopy (XPS) of the CBD ZnO thin film. 
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Figure 3.6 Estimated bandgap of the ZnO thin film by the CBD process. 

  

 

 

 

 

 

 

 

 

 

Figure 3.7 Scanning electron microscope image of ZnO thin film by CBD process  
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Inkjet printing of inorganic materials for the formation of active devices is 

relatively rare compared to the research done with respect to organic materials. To 

date, only a handful of inorganic materials have been inkjet printed, primarily due 

to the difficulty in preparing inkjet printable precursors. We have developed a 

general and low-cost route to the inkjet printing of transparent amorphous oxide 

semiconductors. Our process uses metal halide precursors dissolved in acetonitrile, 

an organic solvent. This precursor solution is capable of forming a uniform and 

continuous metal halide thin film over a large area through both inkjet printing and 

blanket coating techniques. The printed metal halide thin films are converted to 

semiconducting metal oxides by thermally oxidizing the metal halides in the air. In 

this paper, we report thin film transistors that were fabricated through this route 

with a field-effect mobility as high as 7.4 cm2/V.sec and 16.1 cm2/V.sec using 

inkjet-printed and spin-coated zinc indium oxide (ZIO) thin film as an active layer, 

respectively. This process is applicable to a variety of metal oxides in addition to 

ZIO. This newly developed process provides a simple and low-cost pathway to 

fabricate high performance thin film electronics via an inkjet printing process over 

a large area at atmospheric environment. 

           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. Direct printing of inorganic 
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materials offers the possibility of depositing thin films via direct additive 

patterning processes that enable the fabrication of high-performance and ultra-low-

cost electronics. Inkjet printing of inorganic materials, however, 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.[1] A mobility of 0.02 cm2/V.sec was achieved from a 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,[2] the first inkjet-printed 

pentacene transistor[3] was fabricated with a maximum mobility of 0.02 cm2/V.sec 

and a current on-to-off ratio of 105. Arias et al[4] reported an inkjet printed TFT 

using a polythiophene semiconductor channel that exhibited a field effect mobility 

of 0.1 cm2/V.sec. and a current on-to-off ratio of 107. Recently, Kawasaki et al[5] 

reported an organic TFT using an inkjet-printed pentacene channel layer with a 

mobility of 0.15 cm2/V.sec. and a current on-to-off ratio of 105. 

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

majority of reports are focused on printing metal nanoparticles in solutions for 

metallization. For example, copper nanoparticles in solutions were inkjet-printed 

for source/drain metallization of a-Si TFTs,[6] silver and gold nanoparticles in 

solutions were inkjet-printed to build active microelectromechanical systems 
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(MEMS).[7] The first example of printing inorganic semiconducting channel 

materials is reported by Ridley et al[8] who fabricated a thin film transistor with a 

mobility of 1 cm2/V.sec and a current on-to-off ratio of 3.1x104 by casting CdSe 

thin films from a precursor solution of cadmium selenide nanocrystals using a 

micro-pipette. The device fabrication, however, needs to be performed in a dry box 

and a photocurable polymer adhesive layer is required to encapsulate the active 

region of the TFT or no field-effect could be observed. Most recently, Shimoda et 

al[9] fabricated TFTs using inkjetted poly-silicon channel layer with a mobility of 

6.5 cm2/V.sec and an on/off ratio of three digits. 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). 

         Transparent conducting oxides (TCOs) like zinc oxide, tin oxide, and indium 

tin oxide are important for a plethora of optical and electrical applications such as 

flat-panel displays, electromagnetic shielding, and electrochromatic windows,[10] 

and more recently as channel materials for thin film transistors.[11]  

 

Experimental 

 

 Metal halide precursor solutions for fabricating inkjet-printed ZIO thin 

films were prepared by dissolving ZnCl2 and InCl3 powders (obtained from Alfa 

Aesar) in acetonitrile mixed to the appropriate ratio depending on the desired 
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product composition. The precursor solution contained 0.015M of each individual 

metal halide component. All prepared solutions were treated ultrasonically to 

ensure complete mixing of the solutions in a 30 ml pre-cleaned vial for 10 min at 

ambient temperature before printing. 

 We used a modified HP 1220C thermal inkjet printer and Microsoft Excel 

software to print the active layer with a desired pattern which had 600x600dpi in 

0.13”(H)x0.39”(L). First, the metal halide precursor solution (~10 ml) was filled 

into the black cartridge (HP45) by a needle syringe, sealed with a metallic ball, 

and then loaded into the cartridge holder. Second, the substrate was treated with a 

standard acetone, methanol and de-ionized water (AMD) pre-cleaning method, 

followed by a stream of clean dry nitrogen gas to blow it dry before placing it onto 

a plastic tray and loading it into the inkjet printer. Spin coating was performed 

using a Specialty Coating System P-6708D spin coater with a spin speed of 8000 

rpm for 30 seconds. 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 a thickness of 100 nm was 

thermally grown on top of the silicon substrate. The silicon dioxide on the back of 

the substrate was etched away, and 500 nm gold layer for the gate contact was 

deposited on it. The semiconductor channel material was strip patterned in order to 

reduce the gate leakage current. The 300 nm aluminum source and drain contacts 

were then evaporated on top of the metal oxide layer through a shadow mask. The 
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device characterization was performed in the dark at room temperature with a HP 

4157B Semiconductor Parameter Analyzer.  

The absorption and transmission analysis of the ZIO thin films were 

measured at various wavelengths by a UV-Vis spectrophotometer (Ocean Optics 

Inc, USB 2000 optic spectrometer). The surface morphology of the film was 

characterized by SEM (FEI Sirion XL30). The TEM sample was prepared by 

inkjet-printed thin films directly on a TEM grid (Electron Microscopy Sciences, 

Dura SiN TEM grid). The sample was annealed at 600°C for 1hour. TEM analysis 

was performed using a FEI Tecnai F20 at 200 KV.  

The thermal behaviors of the ZIO precursor chemicals were investigated by 

Thermogravimetric Analyzer (TA Instrument Inc., Modulated TGA 2950 

Thermogavimetric Analyzer). A drop of ZIO precursor solution was laid on a pre-

tarred aluminum pan. The temperature ramping rate was 5°C per minute and run 

up to 600°C.      
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In this chapter, we discuss a general and low-cost process that is suitable 

for inkjet printing of a variety of high-mobility semiconducting metal oxides as 

TFT channel layers for the first time. Our process uses commercially available 

metal halide precursors dissolved in acetonitrile which are capable of forming 

uniform and continuous thin films through both digital fabrication (e.g. inkjet 

printing) and blanket coating (e.g. spin coating) techniques in ambient conditions. 

As an aprotic solvent, acetonitrile does not dissociate the metal halide precursor, 

which allows for a simple dissolution and drying mechanism. In addition, the high 

volatility of acetonitrile helps convert the printed liquid thin films into solid metal 

halide thin films in a short time. Figure 1 inset shows a cross-sectional SEM image 

of an inkjet-printed tin chloride thin film which is smooth, dense and uniform. In 

contrast, metal halides tend to dissociate and form hydroxide precipitates in an 

aqueous solution, dry more slowly, and often form poor quality films. The inkjet-

printed metal halide thin films were converted to high performance 

semiconducting metal oxides through a thermally activated oxidation reaction 

between the metal halide film and H2O. The mechanism of metal oxide 

semiconductor thin film formation is illustrated in Figure 4.1.  
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Figure 4.1 The formation mechanism of the metal oxide semiconductor thin film 

and cross-sectional SEM image of an inkjet printed tin chloride precursor thin film 

(inset).  
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      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). The ZIO MISFET was fabricated from a ZIO active 

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

substrate using a solution of ZnCl2 and InCl3 (1:1 molar ratio) in acetonitrile. The 

inkjet-printed films were subjected to a post annealing process in an ambient 

atmosphere at 600oC for 1 hour. Figure 4.2(b) (inset) shows a schematic cross-

sectional view of the ZIO MISFET structure. The drain current versus drain-to-

source voltage (ID - VDS) output characteristics for a ZIO MISFET with a channel 

width-to-length ratio of 7 (channel length equals 200 µm) are presented in Figure 

4.2(a). The transistors exhibited a very good gate-modulated behavior with drain 

current saturation. We characterized the MISFET and extracted its device 

parameters including the field-effect mobility, the drain current on-to-off ratio, and 

the turn-on voltage. The field-effect mobility (μFE) for this device was 7.4 

cm2/V.sec determined from the transconductance of the device at VDS = 1 V to 

ensure a mobility extracted from the linear region. Figure 4.2(b) shows the 

Log(ID)-VGS transfer characteristics at VDS = 40 V indicating a drain current on-to-

off ratio of approximately 104 with a turn-on voltage at -26 V.  
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Figure 4.2 (a) the drain current - drain voltage (ID - VDS) output characteristics and 

(b) drain current - gate voltage (Log(ID)-VGS) transfer characteristics at VDS = 40 V 

for ZIO MISFET and a schematic cross-sectional view of the metal oxide 

semiconductor MISFET structure (inset). 
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           We are using turn-on voltage here instead of threshold voltage to determine 

the minimum required voltage in order to induce the current in the active layer. 

The value of threshold voltage extrapolating from the linear portion at VDS = 1 V 

of ID - VGS or at VDS = 40 V of I1/2
DS - VGS plot sometimes is arbitrary and had 

been recently discussed in literature.[12] The field-effect mobility obtained from the 

inkjet-printed ZIO MISFET was higher than previous reported inkjet-printed 

transistors.[1,3,4,5,8,9] This success indicates, that high performance inkjet-printed 

electronic devices can be fabricated using these materials and chemistries. 

           In order to elucidate the formation mechanism of ZIO thin film, 

thermogravimetric analysis (TGA) was performed. The resulted TGA curve is 

shown in Figure 3(a). Metal halides are known to be moisture sensitive, and the as-

deposited zinc chloride and indium chloride precursors absorbed moisture and 

formed zinc hydroxyl chloride and indium hydroxide, respectively, according to 

the reaction (1). An initial weight loss below 80°C was observed that represents 

the residual solvent (i.e. acetonitrile) evaporation. The next weight loss was 

observed between 100°C and 150°C. This feature represented the dehydration 

reaction of indium hydroxide, which was confirmed by a TGA analysis of indium 

chloride precursor thin films. The film continued to lose weight slowly up to 

300°C which was attributed to the dehydroxylation of zinc hydroxyl chloride and 

generated intermediate zinc chloride. The reaction proceeds to completion for 

temperatures above 400°C by volatilization of zinc chloride.[13]    
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The calculated overall weight loss was 29.5wt % based on the reaction (3), which 

agrees well with the TGA data (~30wt %) shown in Figure 4.3(a).   
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(c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3(a) Thermo Gravimetric Analysis (TGA) of a ZIO precursor solution 

(0.015M ZnCl2 and InCl3) (b) TEM micrograph, electron diffraction pattern (inset) 

and EDX analysis of ZIO thin film (c) the UV-Vis absorption measurement 

(optical transmittance, band gap estimation and optical image) for inkjet printed 

ZIO thin film. 

5 mm 
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    In the high resolution TEM micrograph (Figure 4.3(b)), no clear 

crystalline patterns were observed and the electron diffraction pattern (inset) 

indicates the amorphous structure of our inkjet-printed ZIO thin films after 600oC 

annealing for one hour. The Energy Dispersive X-ray (EDX) spectrum clearly 

shows the presence of Zn, In and O in the printed thin film (Figure 4.3(b)) and the 

Si and N peaks represent the background of Si3N4 TEM grid. ZIO thin films 

around 50 nm were inkjet printed on glass slides for optical evaluation (Figure 

4.3(c)). The optical band gap of the ZIO thin film was estimated to be 3.4eV by the 

UV-Vis absorption spectra. Transmittance of the ZIO thin film measured in the 

wavelength range from 300 to 800 nm indicates a highly transparent ZIO thin film 

with an average value of 85% beyond 400 nm. The image (inset) shows the 

transparency and the uniformity of the inkjet printed ZIO thin film over a 

relatively large area.   

           Our process is not only suitable for digital fabrication (inkjet printing) but 

also applicable for blanket coating process such as spin coating. Spin coating 

provides an alternative method to evaluate our chemical processes and materials. 

ZIO precursor solutions (0.01M ZnCl2 and 0.02M InCl3) were spun on top of 

Si/SiO2 substrates at 8000 rpm for 30 seconds and followed by a post annealing 

process performed at 600oC for 1 hour. Inverted-gate ZIO MISFETs were 

fabricated on oxidized silicon substrates using the same structure as described 

earlier (Figure 4.2(b) inset). The output characteristics for spin-coated ZIO 
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MISFET showing a relatively high field-effect mobility (μFE), μFE ≅ 16.1 

cm2/V.sec, drain current on-to-off ratio of approximately 104 and a turn-on voltage 

at -32 V were achieved. This result suggests that optimization of the inkjet printing 

process could lead to the fabrication of TFTs with an even higher performance.   

 The use of multi component oxide materials provides the possibility to 

tailor the electrical, optical, physical and chemical properties of TCO films by 

altering the chemical composition.[14] Our process opens a general route to achieve 

this goal and can be used to fabricate a variety of metal oxides in addition to ZIO. 

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 new process by the 

combination of simple ZnCl2, SnCl2 (or SnCl4) and InCl3 precursors in acetonitrile 

by both inkjet printing and spin coating.   

 We have developed a general and low-cost process to fabricate high 

mobility metal oxide semiconductors that is 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 digital fabrication (e.g. 

inkjet printing) and blanket coating (e.g. spin coating) techniques in ambient 

conditions. This process has been demonstrated by the deposition of a variety of 

semiconducting metal oxides include binary oxides (ZnO, In2O3, SnO2), ternary 

oxides (ZIO, ITO, ZTO) and quaternary oxide (IZTO). Functional thin film 
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transistors with high field-effect mobility were fabricated successfully using 

channel layers deposited from this process (e.g. μFE ≅ 7.4 cm2/V.sec. from an 

inkjet-printed ZIO channel layer, and μFE ≅ 16.1 cm2/V.sec from a spin-coated 

ZIO channel layer). This 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 on a high temperature 

large-area substrate via digital fabrication processes at atmospheric environment.    
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SUPPLEMENTARY STUDY 

The best advantage of the inkjet printing process is known as the drop-on-demand 

process, which means we are able to make any pattern precisely. The wettability of 

solution onto substrates was studied to improve the inkjet printing process.   

Wettability[15] 

 The wettability of a liquid is often described by the contact angle between a 

liquid droplet and a solid surface.  The contact angle θ is given by the angle 

between the interface of the liquid droplet and the horizontal surface. When the 

contact angle is in 90 < θ < 180 degrees, the liquid is non-wetting and when 0 < θ 

< 90, θ=0, the liquid is in wetting. The wetting angle θ is defined by Young's law 

shown in figure 4.4. The contact angle degree corresponds to perfect wetting and 

the drop spreads forming a film on the surface. The contact angle θ is a 

thermodynamic variable that depends on the surface tensions of the surfaces. Let γ 

is the surface tension between the liquid and the gas surface, γSL refer to the 

surface tension of the solid-liquid interfacial surface and γS indicates the 

interfacial surface tension of the solid-gas surface. Figure 4.5 shows the 

measurement of a contact angle. A liquid drop from a micro syringe was slowly 

placed on a substrate and the CCD camera took an image then measured contact 

the angle of the liquid drop. 
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 Figure 4.4  A liquid droplet on a surface surrounded by a gas and Young’s 

equation.  

 

Figure 4.5 A schematic diagram of contact angle measurement. 
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Contact angle measurement 

 Based on the contact angle study, we measured contact angles of water, 

ethanol, and acetonitrile on the various substrates with different cleaning methods. 

The figure 6 was presented for the contact angle study on various conditions. For 

DI-water drops on the SiO2/Si and Tantalum, the cleaned substrates by 1M NaOH 

solution improved wetting on the surface. However, DI-water on the various 

substrates didn’t affect wettability (figure 4.6(a)). In figure 4.6(b), an ethanol 

droplet on all substrates spread out immediately and evaporated.  

(a) DI-water droplet 
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(b)  Ethanol : θ ~0º in any case. 

(c) Acetonitrile 

 

Figure 4.6 Contact angles of liquids onto SiO2/Si(Thermally grown SiO2 on Si), 

Tantalum and Glass substrates with DI-water, Acetone-Methanol-DI-water, and 

1M-NaOH cleaning processes.; (a) DI-water, (b) Ethanol, (c) Acetonitrile droplets. 

 In order to satisfy the patterning and wetting between solution and 

substrate, proper contact angles are demanded for the inkjet printing process. The 

contact angles of acetonitrile droplets on all three substrates show 9-13 degrees 

which was relatively satisfying for our process parameters.  
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 In order to obtain precise patterning, however, 30 to 60 degrees of contact 

angles were thought to be required based on the our experiment. As a result, we 

measured the contact angle of the solution which was used in device fabrication of 

the ZIO thin film transistor. The measured contact angles are presented in figure 

4.7. The obtained contact angles satisfied the process requirement including 

wettability and patterning. 

 

 

 

 

 

 

 

 

Figure 4.7 Contact angle of ZIO precursor solution (ZnCl2 and InCl3 in 

Acetonitrile) on the SiO2/Si substrate cleaned by Acetone-Methanol-DI water. 
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Multi-component oxide materials 

 As mentioned before, our process opens a general route to fabricate a 

variety of metal oxides in addition to ZIO. 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 new process by the combination of simple ZnCl2, SnCl2 (or 

SnCl4) and InCl3 precursors in acetonitrile by both inkjet printing and spin coating.   

Figure 4.8 shows seven transparent conductive oxide thin films. For 

example, we have inkjet printed IZTO thin films using a precursor solution of 

InCl3, ZnCl2 and SnCl2 in acetonitrile. Figure 4.9 shows the scanning electron 

microscope image. We obtained quality and uniform IZTO thin film by inkjet 

printing, and the inset images show real device and schematics from the IZTO 

respectively. 
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Figure 4.8 Seven transparent conductive oxide thin films have been fabricated by 

both inkjet printing and spin coating in our labs.   

 



 66

Figure 4.9 The Scanning electron microscope image of IZTO thin film by inkjet 

printing process (Inset; Optical image of a real device and schematic of the 

device). 

Without any process optimization, the overall device performance for the 

inkjet printed IZTO MISFET is quite encouraging. Figure 4.10a shows the drain 

current - drain voltage (IDS - VDS) output characteristics for IZTO MISFET with a 

channel width-to-length ratio of 7 (channel length equals 200 µm) and a good 

gate-modulated transistor behavior. The field-effect mobility (μFE) determined by 

the transconductance of this device is μFE ≅ 12.02 cm2/V-sec. Figure 4.10b shows 

the Log(IDS)-VGS transfer characteristics at VDS = 40 V indicating a drain current 

on-to-off ratio of approximately 106. We believe further optimization of the inkjet 

printing process will lead to inkjet printed TFTs with even better performance. All 

electrical properties of the semiconducting oxides TFTs prepared by the inkjet 

printing and spin coating process are presented in table 4.1.  

 In order to characterize the structural information, the IZTO thin film was 

characterized by an X-ray photon spectroscope (XPS), and the data was presented 

in figure 4.11. The binding energy of In3d at 444.6eV, Zn2p at 1022eV and Sn3d 

at 486.1eV indicated the inkjet printed precursor was fully oxidized to In2O3-ZnO-

SnO2(IZTO) during the process[17,18,19]. The optical properties of IZTO thin film 

was characterized by a UV-Vis spectrophotometer shown in figure 4.12. The 
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estimated optical bandgap is ~ 3.7eV(insert) and over 95% of transmittance value 

was observed within the visible range from 400 to 700 nm.  
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Figure 4.10  (a) The drain current - drain voltage (ID - VDS) output characteristics 

and (b) drain current - gate voltage (Log(ID)-VGS) transfer characteristics at VDS = 

40 V for IZIO MISFET 



 69

Table 4.1. Summary of the Electrical Properties of Semiconducting Oxide Thin Film Transistors. 

 

 

 Oxide MISFET device prepared by Inkjet printing 

  ZIO ZTO ITO IZTO 

Mobility (μFE) 

[cm2/V-sec] 
16.13 15.92 30.21* 15.09 

On-off 1e4 1e5 1e5 1e5 
Spin-coating 

Von -32 2 -15 -33 

Mobility (μFE) 

[cm2/V-sec] 
7.37 1.17 2.03 12.02** 

On-off 1e4 1e5 1e4 1e6 

Inkjet 

printing 

Von -25 7 -20 2 

 

*, ** indicate the TFT which has the highest mobility 
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Figure 4.11  X-ray photoelectron spectroscopy (XPS) of IZTO thin film via inkjet 

printing and thermal annealing (600ºC). 
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Figure 4.12 Optical properties by UV-vis measurement (optical transmittance, 

band gap estimation; insert) for IZTO thin film via inkjet printing. 
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Water effectiveness on oxide TFT performance16 

 As we mentioned before, as-deposited metal halide thin films absorb water 

from atmosphere, so oxygen from the water is required to be substituted with 

halide in the structure for metal oxide thin film. Based on this study, we supplied 

water vapor as-deposit metal halide film in the reactor. The wet annealing process 

is presented in figure 4.13. We also believe plenty of water vapor can remove 

other impurities like chlorine. In addition, wet annealing may be able to lower the 

process temperature down, and make it suitable for other applications such as for 

flexible devices.  

 

 

 

Figure 4.13 A schematic diagram of the proposed wet annealing process. 
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 In this study, we prepared precursor thin films for IZTO by inkjet printing 

and three different temperatures were chosen from 400-600ºC for 1hour annealing. 

Obtained IZTO thin films were characterized by X-ray photoelectron microscopy 

(XPS) for composition and oxidation states. XPS spectra of IZTO thin film with 

500C wet annealing are presented in figure 4.14. The binding energy of In3d 

Zn2p, and Sn3d indicated the inkjet printed precursor was fully oxidized to In2O3-

ZnO-SnO2(IZTO) during the process. 

 

Figure 4.14  X-ray photoelectron spectroscopy (XPS) of IZTO thin film via inkjet 

printing and wet annealing (500ºC). 
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 We fabricated IZTO TFTs using the wet annealing process. The output 

characteristics for IZIO MISFET showing relatively high field-effect mobility 

(μFE), μFE ≅ 4.27 cm2/V.sec, drain current on-to-off ratio of approximately 105 and 

a turn-on voltage at 2 V for 400ºC wet annealed device, and μFE ≅ 6.95 cm2/V.sec, 

on-to-off ratio ≅106 and a turn-on voltage at 2 V for 500ºC wet annealed device 

were achieved, respectively. The device output characteristics are presented in 

figure 4.15. This result suggests that optimization of the inkjet printing process 

could lead to the fabrication of TFTs with even higher performance.   

 

Figure 4.15 IZTO TFT output characteristics; (ID - VDS) and (Log(ID)-VGS) by 

inkjet printing and wet annealing process, (a) 400ºC, (b) 500ºC wet annealing 

process. 
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Abstract 

 In this paper, we report a high performance thin film transistor fabricated 

from an inkjet printed amorphous transparent semiconducting oxide (Indium-Zinc-

Tin oxide, IZTO) channel layer. The channel layer was printed using a 

piezoelectric-based inkjet printer employing a simple and low-cost precursor 

solution. The fabricated TFTs based on an inverted-gated device structure 

(Al/IZTO/SiO2/Si/Au) using inkjet printed IZTO channel layer showed a high 

field-effect mobility (μFE ≅ 30 cm2/V-sec), good on-off current ratio (>106) and 

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

magnitude higher than the best inkjet printed transistor reported today. The printed 

film is also highly transparent in the visible regime with a transmittance higher 

than 95% and an optical bad gap around 3.7eV. Functional and highly transparent 

thin film transistors using these inkjet printed IZTO channel layers were 

successfully fabricated.    
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Introduction 

Inkjet printing at atmospheric environment offers an opportunity for direct 

patterning of functional materials and provides a potential cost advantage over the 

amorphous and polycrystalline silicon-based technologies. Due to the difficulties 

of preparing inkjet printable inorganic precursors, not much research has been 

done for fabrication of inorganic devices by inkjet printing. In general, inorganic 

semiconductors have the advantages of higher mobility and better stability. Many 

successful results have been reported on inkjet printing of metal nanoparticles for 

metallization [1, 2, 3]. So far, reported inkjet printed TFTs using inorganic channel 

layers require a special precursor that is difficult to handle and require stringent 

processing conditions [4, 5, 6, 7].  

Transparent conducting oxides (TCOs) have been studied extensively due 

to their excellent optical and electrical properties for flat-panel displays, organic 

light-emitting diodes, electromagnetic shielding, electrochromatic windows [8, 9] 

photovoltaics, and, more recently, thin film transistors [10,11].  

For this application, we believed that aprotic solvent (e.g. acetonitrile) was 

the best solvent because it was considered less likely to dissociate metal precursor 

materials, such as metal halides.  In addition, acetonitrile is volatile (boiling point 

= 81-82 ºC), which helps convert the printed liquid thin films into solid metal 

halide thin films in short order.  In contrast, metal halides tend to dissociate and 

form hydroxide precipitates in an aqueous solution and dry much more slowly. 

Therefore, the inkjet printed metal halide thin films were converted to high 



 80

performance semiconducting metal oxides through a thermally activated 

substitution reaction between the metal halide film and H2O.  

 

Experimental 

IZTO solutions for fabricating inkjet-printed IZIO thin films were prepared 

by dissolving InCl3 (0.02M), ZnCl2 (0.027M) and SnCl2 (0.02M) powders (Alfa 

Aesar) in a solvent with a volumetric ratio of 35% of acetonitrile (J.C.Baker) and 

65% of ethylene glycol (Sigma-Aldrich, 99%). We used a DIMATIX (DMP-2800) 

piezo-inkjet printer to print the active layer with a desired pattern. First, the metal 

halide precursor solution (~3 ml) was filled into the cartridge (Dimatix Model 

Fluid Cartridge) by a needle syringe, and then loaded into the cartridge holder. 

Second, the substrate was cleaned with 1M of sodium hydroxide for 5minutes in 

an ultra-sonicator and followed by a stream of clean dry nitrogen gas to blow it 

dry. The loading stage was heated and kept at 60°C before loading the substrate. 

The as-deposit thin film was annealed at 600°C under air for 1hour in order to 

make oxide materials.  

 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. 100 nm of silicon dioxide was thermally grown on top of 

the silicon substrate. 500nm gold layer was deposited as a gate contact. 300nm 

thick aluminum layers for S/D contacts were then evaporated on top of the metal 

oxide layer. 



 81

 For transparent thin film transistor (TTFT) fabrication, all layers should be 

transparent. ITO (Indium-Tin-Oxide, 200nm) films were used as gate, source, and 

drain electrode. ITO films were deposited by rf-sputtering on the glass substrate at 

room temperature and the SiO2 gate dielectric layer was deposit by PECVD using 

silane gas at 400ºC. The IZTO channel layers were inkjet printed on top of the 

inverted gate TTFT structure as indicated in Figure 5.3 inset. All fabricated TFT 

devices were characterized using an Agilent 4157B Semiconductor Parameter 

Analyzer. The absorption and transmission analysis of the IZTO thin films were 

measured by a UV-Vis spectrophotometer (Ocean Optics Inc, USB 2000 optic 

spectrometer).  

 

Results and Discussion 

The mechanism of the metal oxide semiconductor thin film formation is 

illustrated in Figure 5.1 and has been discussed in more detail in our previous 

publication [14]. The metal oxide thin film formation starts with the precursor 

dissolution and follows by the thin liquid film formation by inkjet printing, the thin 

solid film formation after solvent evaporation, and finishes by a substitution 

oxidation reaction. The use of multi-component oxide materials provides the 

possibility to tailor the electrical, optical, physical and chemical properties of the 

metal oxide thin films by altering the chemical composition [12, 13, 14, 15]. Our 

simple precursor chemistry provides a convenient way to prepare transparent 

semiconducting oxides.  For example, we can adjust the different metal ratio in the 
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IZTO thin films by changing the InCl3, ZnCl2 and SnCl2 concentration in the 

precursor solution.   

Figure 5.2a shows the drain current - drain voltage (IDS - VDS) output 

characteristics for IZTO MISFET with a channel width-to-length ratio of 7 

(channel length equals 200 µm) and a good gate-modulated transistor behavior. 

The field-effect mobility (μFE) determined by the transconductance of this device 

is μFE ≅ 30 cm2/V-sec. Figure 5.2b shows the Log(IDS)-VGS transfer characteristics 

at VDS = 40 V indicating a drain current on-to-off ratio of approximately 106 with a 

turn-on voltage of 2 V. With a positive turn-on voltage, this device behaves as an 

enhancement-mode device and the relatively large drain current on-to-off ratio 

indicates that it can function well as a switch. We believe further optimization of 

the inkjet printing process will lead to TFTs with even better performance.  

 The inkjet printed IZTO thin films are highly transparent in the visible 

regime with a transmittance higher than 95% and an optical bad gap around 3.7eV, 

which made it a good candidate for fabricating transparent TFTs. Figure 5.3 shows 

the prepared transparent device structure, optical image and transmission of IZTO 

thin film. The fabricated IZTO-TTFT has over 90% of transmittance value within 

the visible range from 400 to 700 nm. The drain current - drain voltage (IDS - VDS) 

and drain current on-to-off ratio output characteristics of TTFT are presented in 

Figure 5.4. The calculated mobility was ~1.2 cm2/V-sec and an on-to-off ratio of 
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104. This is the first reported TTFTs fabricated using the inkjet printed channel 

layers.       

Conclusion 

 High performance thin film transistors have been fabricated from inkjet 

printed amorphous transparent semiconducting oxide (Indium-Zinc-Tin oxide, 

IZTO) channel layers. The fabricated TFTs based on an inverted -gated device 

structure (Al/IZTO/SiO2/Si/Au) using the inkjet printed IZTO channel layer 

showed a high field-effect mobility (μFE ≅ 30 cm2/V-sec), good on-off current 

ratio (>106) and a positive turn-on voltage at 2V. This mobility is an order 

magnitude higher than the best inkjet printed transistor reported today. The printed 

film is also highly transparent in the visible regime with a transmittance higher 

than 95% and an optical bad gap around 3.7eV. Functional and highly transparent 

thin film transistors using these inkjet printed IZTO channel layers were also 

reported for the first time.    
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Figure 5.1 The mechanism of metal oxide semiconductor thin film formation. 
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Figure 5.2 (a) The drain current - drain voltage (ID - VDS) output characteristics, 

(b) drain current - gate voltage (Log(ID)-VGS) transfer characteristics at VDS = 40 V 

for IZIO MISFET. 
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Figure 5.3 Optical transmission data of transparent thin film transistor, IZTO-

TTFT device structure (left) and real device image(right). 
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Figure 5.4  (a) The drain current - drain voltage (ID - VDS) output characteristics, 

(b) drain current - gate voltage (Log(ID)-VGS) transfer characteristics at VDS = 40 V 

for the transparent thin film transistor IZIO.  



 88

References 

[1]    M. Kawasaki, M. Ando, S. Imazeki, Y. Sekiguchi, S. Hirota, H. Sasaki, S. 

Uemura, T. Kamata, Proceedings of SPIE-The International Society for Optical 

Engineering 2005, 5940 (Organic Field-Effect Transistors IV), 59400Q.  

[2] C. M. Hong, S. Wagner, IEEE Electron Device Lett., 2000, 21(8), 384. 

[3] S. B. Fuller, E. J. Wilhelm, J. M. Jacobson, Journal of microelectromechanical 

systems, 2002, 11(1), 54. 

[4] D.B. Mitzi, L.L Kosbar, C.E. Murray, M. Copel, A. Afzali, Nature, 2004, 428, 

299-303.  

[5] D.B. Mitzi, M. Copel, S.J. Chey, Low-voltage transistor employing a high-

mobility spin-coated chalcogenide semiconductor. Adv. Mater., 2005, 17, 1285-

1289.  

[6] P.P. Hankare, V.M. Bhuse, K.M. Garadkar, A.D. Jadhav, Mater. Chem .Phys., 

2000, 71, 53. 

[7] C.-H. Chang, D.-H. Lee, Y. J. Chang, Digital fabrication of inorganic 

electronic materials, U.S. Provisional Patent Application, Nov 29, 2005 Oregon 

State University. 

[8] MRS Bulletin, Transparent Conducting Oxides, 2000, 25(8), 22.  

[9] K.L. Chopra, S. Major, D.K. Pandya, Thin Solid Films,1983,102, 1-46. 

[10] K. Nomura, H. Ohta, A. Takagi, T. Kamiya, M. Hirano, H. Hosono, Nature 

2004,  432, 488. 



 89

[11] K. Nomura, H. Ohta, K. Ueda, T. Kamiya, M. Hirano, H. Hosono, Science, 

2003, 300(5623), 1269-1272.    

[12]  H. Hara, T. Shiro, T. Yatabe, Jpn. J. Appl. Phys., 2004, 43(2), 745-749.  

[13] T. Minami, J. Vac. Sci. Technol. A., 1999, 17(4), 1765-1772. 

[14] D.-H. Lee, Y.-J. Chang, G. S. Herman, C.-H. Chang, Adv. Mater., 2007, 19, 

843-847. 

[15] Y.-J. Chang, D.-H. Lee, G. S. Herman, C.-H. Chang, Electrochem. and Solid-

State Lett., 2007, 10(5), H135-H138. 

 

 

 

 

 

 

 

 

 

 

 

 



 90

 

CHAPTER 6  

FUNCCTIONAL POROUS TIN OXIDE THIN FILMS FABRICATED BY 

INKJET PRINTING PROCESS 

 

D.-H. Lee, Y.-J. Chang, J. V. Hoff, C.-H. Chang  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 91

Abstract 

The highly transparent SnO2 thin films were deposited through solution-based 

inkjet printing using a precursor solution prepared by dissolving tin tetrachloride 

(SnCl4) into acetonitrile (CH3CN) with 1 to 25 volumetric ratios at room 

temperature. We achieved the thin nanoporous layer on top and a thicker meso- 

(~2 to 20nm) and macroporous layer (~70 nm to 100nm) beneath the top layer by 

the inkjet printing process. The thin film transmittance is over 98 % in the visible 

wavelength range. A mechanism based on gas evolution was proposed to explain 

the formation of porous structure. A depletion mode thin film transistor based on 

the porous tin oxide channel layer was fabricated. A field effect mobility of 3.62 

cm2/V⋅s was obtained which is higher than previous reported SnO2 TFTs using 

sputtered thin films.  
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Introduction 

Tin Oxide is a wide band gap semiconductor that has many technological 

applications such as solid-state gas sensors [1], lithium secondary batteries [2], 

thin film photovoltaics [3], and transparent thin film transistors [4]. A variety of 

techniques has been explored to fabricate nano-structured tin oxides to improve 

their functionality. For example, porous tin oxides are of interest for 

electrochromic windows [5], nano-structured solar cells [6], photocatalytic 

reactors [7], and gas sensors [8-10]. Although there has been considerable success 

with the creation of porous materials, the majority has come from templating 

methodologies using surfactants or nanospheres. In this paper, we report for the 

first time a simple and template-free process to fabricate highly transparent meso- 

to macro-porous tin oxide thin films by the inkjet printing process. Inkjet printing 

under ambient atmospheric conditions offers an opportunity for the direct 

patterning of functional materials and provides a potential cost advantage for thin 

film device fabrication. In particular, inkjet printing is ideal for fabricating thin 

film sensor arrays that require multiple deposition, lithography, and etch processes. 

By using inkjet printed porous tin oxide material as a channel layer for a metal 

insulator semiconductor field-effect transistor, we were able to obtain depletion 

mode devices with a field-effect mobility of 3.62 cm2V-1s-1   

Recently, we have developed a general and low-cost route to the inkjet 

printing of metal oxide channel layers for the fabrication of thin film transistors 

[11]. Our process uses metal halide precursors dissolved in acetonitrile, an organic 
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solvent. This precursor solution is capable of forming a uniform and continuous 

metal halide thin film through both inkjet printing and blanket coating techniques. 

The printed metal halide thin films were converted to semiconducting metal oxides 

by thermally oxidizing the metal halides with H2O in the air. High-mobility metal 

oxide thin film transistors (TFTs) were successfully fabricated through this route 

with a field-effect mobility, μFE, as high as 3.62 cm2/V⋅s. Through this process, we 

could also print porous tin oxide thin films by using SnCl4 as the precursor.  

 

Experimental 

      Tin oxide thin film precursor solution was prepared by dissolving 0.0086 mol 

of tin tetrachloride (Alfa Aesar, 98% SnCl4) into 25 ml of acetonitrile (CH3CN) at 

room temperature. We used a modified HP 1220C thermal inkjet printer and 

Microsoft Excel software to print the active layer with a desired pattern. The 

precursor solution (~10 ml) was filled into the black cartridge (HP45) by a needle 

syringe, sealed with a metallic ball, and then loaded into the cartridge holder. 

Second, the substrate was treated with standard Acetone, Methanol and De-ionized 

Water (AMD) pre-cleaning method, followed by a stream of clean dry nitrogen gas 

to blow it dry before placing it onto a plastic tray, and loaded into the inkjet 

printer. The absorption and transmission analysis of the thin films were measured 

at various wavelengths by a UV-Vis spectrophotometer (Ocean Optics Inc, USB 

2000 optic spectrometer) for the optical bandgap and transmittance measurement. 
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The TEM sample was prepared by inkjet printed thin films directly on a TEM grid 

(Electron Microscopy Sciences, Dura SiN TEM grid). TEM analysis was 

performed using a Philips CM 12 at 120 KV. The chemical composition was 

characterized by X-ray Photoelectron Spectroscopy (XPS) using a Physical 

Electronics QUANTERA Scanning ESCA in a high power mode.  

The thermal behaviors of the precursor chemicals were investigated by a 

Thermogravimetric Analyzer (TA Instrument Inc., Modulated TGA 2950 

Thermogavimetric Analyzer). A drop of the precursor solution was laid on a pre-

tarred aluminum pan. The temperature ramping rate was 15°C per minute and run 

up to 600°C.  Device testing was performed in the dark at room temperature using 

an Agilent Technology 4157B Semiconductor Parameter Analyzer. 

 

Results and Discussion 

 Figures 6.1a and 6.1b show the top and cross-sectional SEM images of as-

deposited SnCl4 precursor thin film. It can be seen clearly from these images that a 

dense, smooth and very uniform film could be printed directly from a 

commercially available thermal inkjet printer. The printed SnCl4 thin film 

precursors were subjected to a post annealing process using an air furnace at 500oC 

for 15 minutes. Figures 6.2c and 6.2d show the corresponding top and cross-

sectional SEM images of the annealed film. The top surface reveals nanopores on 

the order of 5nm to 20nm in diameter. The cross-sectional SEM image indicates an 

increase in film thickness after annealing. The thickness is mainly created by the 
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porosity. The film surface remains to be smooth, uniform, and continuous. The 

film has an interesting "closed" pore structure that has a thin meso-porous top 

layer and a thicker meso- (~2 to 20nm) and macro-porous layer (~70 nm to 

100nm) beneath the top layer.  

The porous thin films were analyzed by ESCA using a Physical Electronics 

QUANTERA in a high power mode. The Sn3d5/2 binding energy at 487.0 eV 

(Figure 6.2a) and the O1s binding energy at 530.7eV (Figure 6.2b) correspond to 

Sn4+ and O2- species in SnO2, respectively. The high binding energy shoulder in 

the O1s peak could be attributed to hydroxyl species at the SnO2 surface from 

dissociated water [12]. The atomic concentrations for Sn and O were calculated 

from established elemental sensitivity factors and considered semi-quantitative. 

The results give a [O]/[Sn] ratio of 1.4, indicating that our inkjet-printed thin film 

is SnO2-x. Selected area electron diffraction (SAED) was carried out using a TEM 

(Philips CM12) to determine the crystal structure of the inkjet printed tin oxide 

thin films. An electron diffraction pattern was given in Figure 6.3. The pattern 

confirms the formation of polycrystalline thin films that matches the tetragonal 

SnO2 (JCPDS 72-1147) structure. The optical properties of the inkjet printed 

porous tin oxide thin films were characterized by a UV/Vis spectrophotometer. 

Figure 6.4 inset shows an absorption spectrum that is over 98% of transmittance 

within the visible range from 400 to 700 nm for of the printed film on a fused 

silica substrate. The optical image shows that a uniform porous tin oxide thin film 
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could be printed directly on a fused silica substrate. The optical bandgap value was 

estimated to be ~4.0 eV [13]. 

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 atmosphere and the water distributed within the precursor film and formed 

SnCl4⋅H2O. During the thermal annealing process, SnCl4 precursor reacted with 

water and was converted to tin oxide and generate 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 6.5a. The pore size depends on the 

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

between the gas and the precursor.  

       Thermo Gravimetric Analysis (TGA) was used to characterize the weight loss at an annealing 

ramping rate of 15°C/min with an operating temperature up to 600°C. The samples were prepared 

by preheating the metal halide/acetonitrile precursor solution at 87°C for 5minutes to remove the 

residual acetonitrile by evaporation. The TGA curve for the SnCl4 precursor is given in figure 6.5b. 

 During the TGA analysis significant weight loss was observed between 

100°C and 200°C with the calculated maximum weight loss at 123°C. The first 
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weight loss peak in the TGA spectra was observed below 100°C indicating that 

residual acetonitrile exists in the film after the preheating treatment. TGA data also 

suggested that an annealing temperature below 200°C might be sufficient for 

converting SnCl4 to SnO2.  

Thin film transistors (TFTs) are commonly used for controlling pixels in 

flat panel displays. For TFTs the typical semiconducting channel material used 

today is amorphous or poly silicon. Tin oxide TFTs have been investigated in 

earlier days for communication applications [14,15]. More recently, the emergence 

of transparent electronics has spurred new interests in using tin oxide as a channel 

material. On the other hand, tin oxide is a well established material for gas-sensing 

applications. It is well known that the adsorption gases at the surface of 

semiconductor can modulate the Fermi level and the resulting conductivity of the 

material. Thus, several groups have reported the strategy of controlling gas sensing 

properties of SnO2-thin film by applying an external electrical field. Wöllenstein et 

al. [16] reported the possibility of using SnO2 TFTs to tune the sensitivities and 

selectivities to various gases by controlling the gate voltage. The porous structure 

of our ink jet printed tin oxide thin films are particularly well suited for sensing 

applications. To assess its electrical characteristics, we have fabricated MISFETs 

using a porous tin oxide channel layer. For the device fabrication, we used 10x15 

mm SiO2/Si/Au substrate. After depositing the tin oxide channel layer on the 

substrate by inkjet printing, the aluminum source and drain contacts with a channel 
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width-to-length ratio of 12 (channel length equals 200 µm) were deposited through 

a shadow mask by thermal evaporation. The device structure was illustrated in 

figure 6.6a. The drain current – drain voltage (IDS – VDS) characteristics of the 

fabricated SnO2 MISFET having a channel thickness ~ 250 nm is shown in figure 

6.6b. For this n-type channel device, VG run from -40 to 40 and VDS from 0 to 40 

resultied in positive IDS. Characterization of the device data indicates that a field 

effect mobility (μFE) of 3.62 cm2 V-1 s-1, a turn-on voltage of -39V, and a drain 

current on-to-off ratio of 103 were obtained for this depletion mode tin oxide 

MISFET. These electrical performance parameters are comparable to reported tin 

oxide thin-film transistor devices [4] fabricated by the RF magnetron sputtering 

method.            

We had demonstrated the fabrication of highly transparent porous tin oxide 

thin films through the inkjet printing process using a simple and low-cost 

precursor solution. The films exhibited an interesting porous structure that had a 

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

layer (~70 nm to 100nm) beneath the top layer. The thin film transmittance was 

over 98 % in the visible wavelength range. A mechanism based on gas evolution 

was proposed to explain the formation of the porous structure. A depletion mode 

thin film transistor based on the porous tin oxide channel layer was fabricated. A 

field effect mobility of 3.62 cm2/V⋅s was obtained which is higher than previous 

reported SnO2 TFTs using sputtered thin films. This digital fabrication process 
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opens a new route for multifunctional applications such as gate-modulated gas 

sensors and nano-structured solar cells. 
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Figure 6.1 (a) The top view; and (b) cross-sectional SEM images of the as-

deposited precursor thin films deposited on 10x15 mm SiO2/Si substrate; (c) The 

top view and (d) cross-sectional images after a post-annealing process in an air 

furnace at 500oC for 15 min. 
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Figure 6.2 X-ray photoelectron spectroscopy spectra of tin oxide thin films: (a) 

binding energy spectra of Sn3d5/2 and Sn3d3/2 (487eV and 495.6eV); and (b) 

binding energy spectra of O1s (530.7eV). 
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Figure 6.3 TEM-electron diffraction pattern of SnO2 sample prepared the by inkjet 

printing process. (Index : JCPDS 72-1147).  
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Figure 6.4 Estimated bandgap and transmittance spectrum (inset) of inkjet printed 

tin oxide thin films. 
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Figure 6.5 (a) A schematic diagram of the proposed porous SnO2-x thin film 

formation mechanism; (b) The TGA curve and calculated maximum temperature 

for the SnCl4  

 

 

 



 108

Figure 6.6 (a) Schematic cross-sectional view of the inkjet printing SnO2 MISFET 

structure, (b) Drain current-drain voltage (IDS-VDS) characteristics for an inkjet-

printed SnO2 thin film transistor with a channel layer thickness ~250 nm  
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Abstract 

Chemical solution deposition of nanocrystalline Zn2SiO4:Mn on the 

biogenic silica frustule derived from the cultured marine diatom (pinnularia sp.) 

was reported in this paper. Our deposition process uses rather simple chemistry 

that consists of only metal halides and water. Two types of nanostructures could be 

generated depending upon the level of the initial chemical deposition coverage. 

The nano-structured Zn2SiO4:Mn exhibited bright green photoluminescence. The 

intricate micro and nanostructures of the frustule were preserved after the chemical 

solution deposition and post annealing processes.  
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Introduction 

New functional luminescent materials are needed for flat panel displays 

(FPD), cathode ray tubes (CRT), and electroluminescent displays (ELD) [1,2,3]. 

Silicate-based phosphors are promising luminescent materials because of their 

chemical stability, moisture resistance and low material cost [4, 5]. In addition, the 

high optical transmissivity in the visible region also makes them suitable for 

multilayer and multicolor displays. It is important to control the shape and particle 

size distribution of photoluminescent materials because these properties are critical 

factors influencing the resolution, brightness, uniformity, and efficiency of the 

phosphors [6,7,8]. Biologically fabricated inorganic materials may provide new 

nano-structured templates for controlling the shape and particle size of silicate-

based phosphor materials. In particular, Diatoms are single celled microalgae that 

possess cell walls composed of amorphous silica nanoparticles that are patterned 

into intricate nano- and microstructures [9,10]. We have harnessed the 

biomineralization capacity of the marine diatom Nitzschia frustulum to 

biologically fabricate silicon oxide/ germanium oxide nanocomposite materials 

that exhibit bright blue photoluminescence [11]. Recently, Weatherspoon et. al. 

successfully converted the silica shells (frustules) of Aulacoseira diatoms into 

Eu3+-doped BaTiO3-bearing microparticles that exhibits bright red 

photoluminescence. The silica-based frustules were first converted into magnesia-

based replicas via a gas/solid displacement reaction then followed by a sol-gel 

coating of europium-doped barium titanate [12]. Cai and Sandhage reported the 
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synthesis of Zn2SiO4-coated Aulacoseira diatom frustules by ZnO precipitation 

process that reserved three-dimensional shapes of the frustules at micrometer scale 

[13]. In this paper, we report the fabrication of nanocrystalline Zn2SiO4 thin films 

with Mn dopants on the frustules isolated from the cultured marine diatoms 

Pinnularia sp. by a combination of chemical solution deposition and thermal 

annealing processes.  This material exhibited bright green photoluminescence. Our 

deposition process uses rather simple chemistry (metal halides and water only) and 

is capable of preserving the three-dimensional shape of the diatom frustules at the 

nanometer scale.  

                                         

Experimental 

Pure cultures of the photosynthetic marine diatom Pinnularia sp. 

(Ehrenberg) were obtained by the UTEX Culture Collection of Algae (UTEX# 

B679).   The diatoms were grown on a natural seawater medium supplemented 

with LDM nutrients (http://www.zo.utexas.edu/research/ utex/media/ldm.html).  

An externally-illuminated, bubble-column photobioreactor [11] of 10.5 cm inner 

diameter and 5.0 L working volume was used to cultivate the Pinnularia sp. 

photosynthetic cell suspension at 150 μE m-2 sec-1 incident light intensity and 0.65 

L air L-1 culture min-1 aeration rate using 0.5 mM soluble sodium silicate as the 

growth-limiting substrate.  After a cell number density of nominally 5⋅105 cells/mL 

was achieved, the cells were isolated by repeated centrifugation and DI water 
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washing.  The diatom cell biomass was treated with 30 wt% aqueous hydrogen 

peroxide (H2O2) adjusted to pH 2.5 at room temperature for 48 hr (3:1 v/v cell 

biomass/aqueous H2O2) to remove organic materials and carbonate.  The residual 

inorganic white powder, consisting mainly of intact frustules (silica shells) and 

frustule fragments, was collected by settling and centrifugation and then stored in 

methanol in the dark at 4oC until use. 

The biogenic frustule of Pinnularia sp. served as the source of silica for the 

synthesis of zinc silicate.  A thin film of zinc silicate doped with manganese was 

fabricated on the surface of the Pinnularia sp. frustule by chemical solution 

deposition (CSD). First, 0.00063mol of SiO2 (Pinnularia sp. frustule), 0.0056mol 

of ZnCl2 (Fisher Scientific, Technical grade) and 0.000015 mol of MnCl2 (Fisher 

Scientific, ACS grade) were mixed in 10 ml DI water within a beaker.  The beaker 

top was sealed, and the solution was then heated up to 105°C.  The mixture was 

hydro-thermally treated at this temperature for 1.0 hour. After chemical solution 

deposition, the solution was dried and the resulting white powder was collected.  

The white powder was placed in a crucible and annealed in air within a furnace at 

900°C for 1.0 hour. The annealed white powder was suspended in methanol and 

pipetted onto a copper TEM grid coated with Lacey carbon film. The TEM sample 

was analyzed by TEM at 200KeV using a Tecnai F20 field emission TEM with an 

embedded scanning transmission electron microscope (STEM) and energy-

dispersive X-ray spectrophotometer (EDS). X-ray diffraction (XRD, Siemens D-
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5000 with Cu Kα radiation at a wavelength of 1.5418 Å) analysis was employed to 

identify the phases for the obtained powder. The reaction mechanisms for the 

processes shown in Figure 4 were deduced by thermogravimetric analysis (TGA) 

using a TA Instrument Inc., Modulated TGA 2950 Thermogavimetric Analyzer.  

The as-deposited white power obtained after the chemical solution deposition step 

was placed in a pre-tarred aluminum pan. The temperature ramp was 5°C per min 

up to 600°C.   

The photoluminescence excitation (PLE) and emission (PL) were measured 

at room temperature using a PL measurement system from ORIEL Corp with 

mercury UV-lamp. 

Results and Discussion 

Figure 7.1a shows a SEM image of Pinnularia sp. frustule isolated by 

aqueous hydrogen peroxide treatment of the bioreactor-cultured diatom cells. The 

frustule has a well-aligned, nano-sized pore structure (~100 nm). The biogenic 

SiO2 frustule was then subjected to a chemical solution deposition process 

followed by a thermal anneailing described in the Experimental section. Figures 

7.1b and 7.1c show the SEM images of the frustule after the chemical solution 

deposition and annealing process. The submicron features of the frustule are still 

clearly observed, and the surface morphology remains smooth.  

High resolution TEM images of the Pinnularia sp. frustule pore structure 

after chemical solution deposition and thermal annealing are presented in Figure 
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7.2. Two types of nanostructures could be seen. The first type of nanostructure is a 

nanocrystalline film (Figure 7.2a) with darker regions possessing a highly-ordered  

lattice (Figure 7.2b). The second type of nanostructure consists of dark 

nanospheres on the order ~ 10 nm embedded in the lighter nanostructured silica  

(Figure 7.2c).  An EDX line scan for Zn through this material is shown in Figure 

7.2d. The peaks and valleys in the Zn line scan represent zinc distribution in 

between the dark and light regions. The EDX data indicate that the darker region 

contains a richer amount of zinc. Therefore, the second type of nanostructure 

consists of zinc-silicate nanospheres embedded in amorphous nano-structured 

silica. We believe that the formation of these different nanostructures depend on 

the coverage of the deposits from the chemical solution deposition. The first type 

of nanostructure was formed by reacting a continuous ZnO thin film with the 

underlying armophous SiO2 of the Pinnularia sp. frustule to form nanocrystalline 

Zn2SiO4:Mn. The second type of nanostructure was generated from discrete 

nanoparticles grown heterogeneously on top of the frustule silica surface before 

they coalescenced into a continuous film. These nanoparticle deposits then reacted 

with the underlying silica to form Zn2SiO4:Mn nanospheres embedded in the 

structure of the silica frustule during the high temperature thermal annealing 

(900 °C) process. 

Zn2SiO4 crystallizes in phenacite structure (space group 
−

3R ) as both Zn2+ 

and Si4+ ions are coordinated tetrahedrally to four oxygen atoms [14,15]. There are 
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two non-equivalent crystallographic Zn sites accessible to Mn2+ ions. X-ray and 

electron diffraction were performed to determine the crystal structure of the 

samples. The powder x-ray diffraction patterns from the samples matched with the 

reference XRD diffraction patterns of zinc-silicate (JCPDS-37-1485) with a 

rhombohedral structure (figure 7.3d and 7.3e).      

Thermogravimetric analysis (TGA) was performed to elucidate the 

formation mechanism of Zn2SiO4 from the biogenic silica of the Pinnularia sp. 

frustule. The as-synthesized powder after the chemical solution deposition was 

used for the analysis. The resulting TGA curve is shown in Figure 7.4 along with a 

schematic diagram to illustrate the proposed reaction mechanisms. An initial 

weight loss between 100°C and 150°C was observed, which represents the 

dehydration. The next weight loss that appeared between 400°C and 500°C was 

attributed to the conversion of zinc-hydroxy chloride to zinc oxide according to the 

dehydroxylation reaction [16, 17] given in Figure 7.4. Zinc oxide then reacted with 

the amorphous silica cell wall to form nanocrystalline zinc silicate via a solid-solid 

reaction at higher temperature. The XRD diffraction patterns for the samples 

annealed at different temperatures are given in figure 7.3a, b, and c. Figure 7.3b 

indicated the formation of ZnO for samples annealed at 500°C and figure 7.3d 

indicated the onset of Zn2SiO4 formation at an annealing temperature above 600°C.  

The luminescent properties of the samples were characterized by 

photoluminescence (PL) spectroscopy. The samples were excited by a 

monochromatic 254 nm light from a mercury UV-lamp. The samples emitted a 
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bright green luminescence visible to the naked eye (see Figure 7.5 inset). Figure 

7.5b shows an optical image of a green luminescent Zn2SiO4:Mn coated diatom 

with the intact submicron features of the frustule. The PL spectrum intensity peaks 

at around 528 nm, which corresponds to the green light. There is, however, a 

shoulder peak closer to the yellow light wavelengths also present in the spectrum. 

Zn2SiO4:Mn is a useful phosphor in display applications due to its high efficiency 

and relatively long persistence. It is generally accepted that the green emission 

band is attributed to the spin flip transition of the d-orbital electron of the Mn2+ ion 

by the 4T1g (4G) – 6A1g (6S) transition [18, 19]. It is also known that the 

luminescent emission spectra of Mn2+ ions depend strongly on the crystal field 

around the Mn2+ ions. For example, green, yellow, yellowish-white, and red 

emissions could be obtained from Zn2SiO4:Mn thin film electroluminescent 

devices depending on the processing condition [20]. Thus the green and yellow-

green emissions could both be attributed to the 4T1g (4G) – 6A1g (6S) transition in 

Mn2+ ions. The photoluminescence excitation (PLE) spectra from the Zn2SiO4:Mn 

coated diatom was also provided in figure 7.5. We achieved a 250 ~ 280nm band 

width excitation spectra (λem=528nm for photoluminescence). The excitation 

wavelength was shorter than 280nm that was attributed by Mn2+  Mn 3+ 

ionization or d5  d4 transition [21]. 
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Conclusion 

In conclusion, we have successfully synthesized nanocrystalline 

Zn2SiO4:Mn thin films on the biogenic silica frustule derived from the cultured 

marine diatom Pinnularia sp. The intricate micro- and nanostructures of the 

frustule were preserved after the chemical bath deposition and annealing processes. 

Two types of nanostructures could be generated, depending upon the level of the 

initial chemical deposition coverage. The nano structured Zn2SiO4:Mn exhibited 

bright green photoluminescence resulting from the 4G-6S transition in Mn2+ ions. 

This work demonstrates a simple route to fabricate patterned, nano-structured 

phosphor materials using a biogenic silica template obtained from the frustule of a 

cultured marine diatom. The ability to preserve the three dimensional structures at 

a nanometer scale offers the possibility to combine the photonic bandgap property 

of the frustule with the luminescence. 
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Figure 7.1 SEM images of (a) Pinnularia sp. frustule before chemical bath 

deposition, (b) after conversion to zinc silicate doped with manganese.   
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Figure 7.2 (a) TEM image of type I nanostructure, (b) lattice image of Zn2SiO4:Mn 

nanocrystals, (c) TEM image of type II nanostructure (d) EDX line scan.  
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Figure 7.3 Powder X-ray diffraction patterns of obtained powder annealed at (a) 

300°C, (b) 500°C, (c) 600°C, (d) 900°C. (e)JCPSD-37-1485(Zn2SiO4), (f)JCPDS-

80-0074(ZnO) reference patterns, (f) TEM diffraction patterns of Zn2SiO4:Mn on 

pinnularia sp. Frustules. 

 

10 20 30 40 50 60

2-Theta

In
te

ns
ity

 (a
.u

.)

2 1/nm2 1/nm

(f)
(b)

(c)

(e)

(d)

(g)

(a)



 122

 

 

 

 

 

 

 

 

 

 

 

Figure 7.4 TGA curve and the proposed reaction mechanisms. 
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Figure 7.5 (a) Photoluminescent excitation (PLE) and emission(PL) spectra of 

Zn2SiO4:Mn from diatom, pinnularia.(Insert; Green luminescent emission of bulk 

powder), (b) Green luminescent Zn2SiO4:Mn coated diatom with the intact 

submicron features of the frustule.  
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SUPPLEMENTARY STUDY 

 The purpose of this study is the control of morphology by Quartz Crystal 

Microbalance data analysis. In order to do this, the Zn(OH)Cl thin film growth 

mechanism was studied and then we identified the growth regimes including 

heterogeneous thin film growth and homogeneous particle growth respectively. As 

described earlier, the same experimental conditions were chosen for the growth 

mechanism study. 0.00063mol of SiO2 (Pinnularia sp. frustule), 0.0056mol of 

ZnCl2 (Fisher Scientific, Technical grade) and 0.000015 mol of MnCl2 (Fisher 

Scientific, ACS grade) were mixed in 250 ml DI water within a beaker.  The 

beaker top was sealed, and the solution was then heated up to 105°C.  The mixture 

was hydro-thermally treated, and the bath was maintained until growth was 

saturated. Also, a quartz crystal microbalance (QCM) probe (Maxtex PM 710) was 

merged in to the beaker in order to monitor the Zn(OH)Cl thin film growth.  

 At first, we proposed a reaction mechanism of the Zn(OH)Cl formation on 

the diatom frustule. Precursor ZnCl2 was dissolved in the aqueous solution and 

dissociated to Zn ion and Cl ion(equation 1). 

              ZnCl2  Zn2+ 2Cl-        (1) 

 At first, Zn2+ and Cl- absorbed to the diatom’s surface; then in the presence 

of OH- either from the water or the diatom’s surface, the following reactions 

between ZnCl+ and OH- ion took place: 

 ZnCl2+ + OH-  Zn(OHCl)                (2) 
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 This reaction is slow, and forms uniform thin film on the surface by a 

heterogeneous reaction. Another reaction is a homogeneous reaction in the bulk, 

and it generates complex particles by equation 3. 

 Zn2+ + Cl- + OH- +H+  ZnCl2·Zn(OH)·XH2O   (3) 

 The complex materials proposed in the equation (3) maybe possible species. 

Therefore, we need further study in order to figure out reaction mechanism. The 

possible reaction path way is presented in figure 7.6. 

 

 

Figure 7.6 A schematic diagram of the CBD Zn(OHCl) growth mechanism on the 

diatom frustule. 
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 In order to verify our proposed mechanism, we studied thin film growth by 

QCM measurement. The obtained Zn(OH)Cl thin film growth curve is presented 

in figure 7.7.  

 As seen in the figure, the first regime indicates an induction regime, which 

has only nuclei, so that there are less particles or thin films in this regime. The 

second one is the compact layer growth regime with heterogeneous surface 

reactions. The first sample was collected in this regime(1) in order to achieve thin 

film on the diatom frustule. The next one is the porous layer regime due to the 

colloidal settling and sticking on the substrate created by homogeneous particle 

formation(2). The sample was also collected from this regime. The obtained 

samples were characterized by TEM analysis to investigate surface morphologies.      

 

Figure 7.7 ZnO thin film growth curve by quartz crystal microbalance (QCM) 
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 Figure 7.8 showed TEM images of each sample with 10-minutes and 30-

minute deposition times by the CBD process.  The figure 7.8(a), (b) indicates a 

mostly thin layer of Zn2SiO4 through the surface, which fairly corresponded to our 

expected regime(1). In figure 7.8(c) and (d), relatively uniform nano sized particle 

are dispersed through the surface, which was attributed by homogeneous particle 

growth as we expected. Based on the thin film growth study by QCM, we are able 

to control surface morphologies such as thin film and nano particles on the surface 

of diatom frustules. Therefore, this study will be useful in the area of application 

of diatoms such as photonic crystals, and memory devices. 
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Figure 7.8 Zinc silicate doped with manganese( using Pinnularia sp. frustule); (a) 

TEM images of the surface(TEM diffraction,inset), (b) SEM images from the 10-

min. CBD process, (c) TEM image and EDX line scanning data, (d) SEM images 

from the 30-min. CBD process. 
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Abstract 

Diatoms are unicellular organisms that have cell walls made of amorphous 

silica nanoparticles with intricate nano- and microstructures. Recently, we have 

developed a process to prepare nano-structured Zn2SiO4:Mn2+ green phosphors 

from biogenic silica derived from the cultured marine diatoms using a chemical 

solution deposition. In this paper, we report a direct write process to pattern 

Zn2SiO4:Mn2+ green phosphors and Y2SiO5:Eu3+ orange phosphors derived from 

diatom frustules via inkjet printing. At first, a layer of diatom frustules was spun-

coated onto a silicon substrate and followed by an inkjet printing process with 

aqueous metal halides solution with desired patterns. The metal silicate phosphors 

were generated after a thermal annealing process. SEM analysis verified that the 

nano- and microstructures of diatom frustules were preserved after the process. 

The photoluminescence measurements exhibited that Zn2SiO4:Mn2+ had a green 

emission peak at 525nm that corresponded to 4T1g (4G) – 6A1g (6S) transition and 

Y2SiO5:Eu3+ had an orange emission peak at 613nm that corresponded to 5D0–7F2 

transition, respectively.   
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Introduction 

 Phosphors are used in various display technologies such as cathode ray 

tubes (CRT), field-emission displays, plasma TV’s, electroluminescent displays, 

and liquid crystal displays [1-3] as direct light emitters or illumination sources. 

The performance of displays depends strongly upon phosphor efficiencies, spectral 

distribution, long-term stability, and electrical characteristics. Very often it is the 

materials constraints of emissive materials that limit the performance of these 

displays. New phosphor fabrication and synthesis techniques that could improve 

the manufacturability and performance are desirable. The use of nanostructure to 

enhance phosphor performance is a promising approach. For example, the plasma 

display resolution is not only limited by the electron beam size but also by the 

phosphor grain size [4-6]. Several techniques, such as so-called phosphor 

screening, to deposit phosphor materials onto the display substrate have been 

developed including gravity settling, slurry with segregation, dusting, thin screen 

evaporation/sputtering, screen printing, pulsed laser deposition, electrophoretic 

deposition, and spraying [7-11]. Many publications have focused on the property 

of phosphors; in contrast, very few publications address the phosphor screening 

processes. 

 In this paper, we report a direct write process to pattern the Zn2SiO4:Mn2+ 

green phosphors and the Y2SiO5:Eu3+ orange phosphors derived from the diatom 

frustules via inkjet printing. At first, the layer of diatom frustules was spun-coated 

onto a silicon substrate and followed by the inkjet printing of an aqueous metal 



 135

halides solution with desired patterns. The metal silicate phosphors were generated 

after a thermal annealing process.   

 

Experimental 

 The biogenic diatom frustules pinnularia sp. served as a source of silica for 

the synthesis of zinc silicate and yttrium silicate. The bio fabrication process of the 

diatom frustules was reported in our early paper [12]. To fabricate the nano 

structured phosphors, we first dispersed the green diatom biomass in methanol 

then followed it by a spin coating process on a silicon substrate. Spin coating was 

performed at 700 rpm for 30sec using a Specialty Coating System P-6708D spin 

coater. In order to remove the organic materials in the diatom biomass, the sample 

was treated by oxygen plasma in an RF plasma barrel etcher (BRANSON) at 

500W for 30 minutes. The diatom frustules were transparent and intact after the 

oxygen plasma treatment, which were observed under an optical microscope. To 

create the luminescent centers, Manganese (Green) and Europium (Orange) were 

used in this paper. To create nano-structured Zn2SiO4:Mn green phosphors, a 

solution containing 0.0026mol of ZnCl2 (Fisher Scientific, Technical grade) and 

0.000026 mol of MnCl2 (Fisher Scientific, ACS grade) in a mixture of acetonitrile 

and ethylene glycol was prepared. To create nano structured Y2SiO5:Eu phosphors, 

a solution containing 0.00128mol of YCl3 and 0.000052mol of EuCl3 were 

prepared in a mixture of acetonitrile and ethylene glycol. The prepared precursor 

solution was filled into an inkjet cartridge by a syringe. The desired pattern (e.g. 
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letter “Green”) was created by paint program and transferred to the DIMATIX 

printable file.  A material inkjet printer (DIMATIX DMP-2800, Piezo-inkjet 

system) was used to deposit the precursor solutions on the diatom frustules. The 

printed samples were dried and annealed at 900ºC for 1hour. The fabrication 

process was illustrated in Figure 8.1. The obtained powders examined by a 

scanning electron microscope for surface morphologies. X-ray diffraction (XRD, 

R-AXIS SPIDER, Rigaku with Cu Kα radiation at a wavelength of 1.5418 Å) 

analysis was employed to identify the compounds. The photoluminescence 

emission (PL) was measured at room temperature using a PL measurement system 

from ORIEL Corp with a 254nm excitation from a mercury UV-lamp with a 

monochromator. 

 

Results and Discussion 

 Figure 8.2 shows XRD patterns of Zn2SiO4:Mn2+ and Y2SiO5:Eu3+ 

phosphor layers prepared by the inkjet printing after the post annealing process. 

The XRD patterns can be identified with the Zn2SiO4 (JCPDS 85-0453) and the 

Y2SiO5 (JCPDS 74-2158), respectively. The XRD data indicate the formation of 

crystalline Zn2SiO4 and Y2SiO5 phase. In this process, a printed metal halide thin 

film was first formed after the solvent evaporation. The metal halide then absorbed 

water from the atmosphere and then converted to binary metal oxides (i.e. ZnO 

and Y2O3) during the thermal annealing process. The binary metal oxides reacted 
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with silica to from silicates at a higher temperature through a solid/solid reaction. 

SEM images of the Zn2SiO4:Mn2+ and the Y2SiO5:Eu3+ phosphor layers were 

presented in Figure 8.3. From the SEM micrographs, we can see the phosphor 

layers consist of intact diatom frustules. The intricate micro- and nano-structures 

of the diatom frustules can be observed clearly after the inkjet printing deposition 

and the post thermal annealing process. Figure 8.4 (inset) shows an optical image 

of a printed green Zn2SiO4:Mn2+ phosphor layer under a UV light illumination. 

This image demonstrated a successful implementation of this process. The photo 

luminescent properties of the nano-structured phosphors were characterized by 

photoluminescence (PL) spectroscopy, and the results were shown in Figure 4. The 

prepared phosphor layers were excited by a monochromatic 254 nm light from a 

mercury UV-lamp. The PL emission of the Zn2SiO4:Mn  had a peak at 525 nm 

green emission band which was attributed to the spin flip transition of the d-orbital 

electron of the Mn2+ ion by the 4T1g (4G) – 6A1g (6S) transition[13,14]. The PL 

emission of the Y2SiO5:Eu3+
 has a peak at 613nm which corresponded to the 5D0–

7F2 transition with an orange color [15].   

  In order to verify the fine structure effectiveness of diatom frustules, we  

deposited the same precursor solutions on the silica thin film layer which was 

prepared by the thermal oxidation process. The thickness of the silica layer was 

around 100 nm as indicated by the ellipsometer. The photoluminescence spectra 

for the Zn2SiO4:Mn synthesized from these two different silica sources were given 

in Figure 8.5 for comparison. The solid line represents PL from the Zn2SiO4:Mn 
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prepared from diatom and the square line represents Zn2SiO4:Mn prepared from 

the thermal oxide. The diatom-based Zn2SiO4:Mn sample showed almost 20 times 

higher PL emission than thin film based sample. This is most likely caused by the 

higher surface areas provided by the nanostructures from the diatoms. 

Conclusion 

We have prepared patterned phosphor layers of Zn2SiO4:Mn2+ and 

Y2SiO5:Eu3+
 from diatom frustules via an inkjet printing process. At first, the layer 

of diatom frustules was spun onto a silicon substrate and followed by the inkjet 

printing of a ZnCl2 with MnCl2 solution for making green phosphors and a YCl3 

with EuCl3 solution for making orange phosphors, respectively. The metal silicate 

phosphors were generated after a thermal annealing process. SEM analysis verified 

that the nano- and microstructures of diatom frustules were preserved after the 

process. The photoluminescent measurements exhibited that Zn2SiO4:Mn2+ has a 

green emission peak at 525nm that corresponds to 4T1g (4G) – 6A1g (6S) transition 

and the Y2SiO5:Eu3+ has an orange emission peak at 613nm that corresponds to 

5D0–7F2 transition, respectively.   
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Figure 8.1 A schematic diagram of phosphor layer preparation by the inkjet 

printing and annealing processes. 
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Figure 8.2 X-ray diffraction patterns of phosphor layers of the Zn2SiO4:Mn2+ and 

Y2SiO5:Eu3+ prepared by the Inkjet printing and post annealing process. 
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Figure 8.3 Scanning Electron Microscope images ; (a) Zn2SiO4:Mn2+(diatom 

frustules), (b) Y2SiO5:Eu3+ (diatom frustules) after thermal annealing prepared by 

the Inkjet printing 
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Figure 8.4 Photoluminescence emission spectra of Zn2SiO4:Mn2+(PL-525nm), 

Y2SiO5:Eu3+(PL-613nm) under 254nm(excitation) prepared by inkjet printing and  

thermal annealing(900ºC, 1hr), Optical light emission Image of pinnularia sp. 

based Zn2SiO4:Mn2+ patterned by inkjet printing(insert). 
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Figure 8.5 Photoluminescence emission spectra of the ZnO/SiO2(diatom frustules); 

solid line, ZnO/SiO2(Silica layer prepared by thermal evaporation); square line. 
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Abstract 

Diatoms are single-celled microalgae that possess cell walls composed of 

amorphous silica nanoparticles that are patterned into intricate nano- and 

microstructures. Recently, we have harnessed the biomineralization capacity of the 

marine diatoms to biologically fabricate silicon oxide/germanium oxide 

nanocomposite materials. In this paper, we report our recent success for the 

fabrication of germanium nanocrystals embedded in biogenic silica frustules from 

cultured diatoms, Nitzschia sp, using a simple hydrogen reduction process. Highly 

crystalline germanium nanocrystals around 3nm are uniformly dispersed 

throughout the diatom frustules. In addition, strong yellow photoluminescent peaks 

at 568 nm were observed from these nanocrystals.  
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Introduction 

 Over the last decade, the fabrication of nanocrystals (NC’s) has attracted 

many people’s attention because of its potential photonic and optoelectronic 

applications [1]. Much researche of germanium NCs have been studied because of 

the photoluminescent property given off from various sizes of germanium NC’s in 

the silica matrix [2]. In the fabrication of germanium NC’s, various methods have 

been investigated such as ion implantation [3], dc-sputtering [4], rf sputtering [5], 

sol-gel method [6], and chemical vapor deposition [7]. However, most of the 

reported methods are related to high vacuum system and gas phase reactions.  

 In this paper, we report germanium NC formation in a marine diatom 

matrix, which is composed of amorphous silica, in an environmental friendly 

condition. Diatoms are single-celled microalgae composed of amorphous silica 

nanoparticles that are patterned into intricate nano- and microstructures [10, 11]. In 

our earlier work, silicon oxide/ germanium oxide nanocomposite materials were 

successfully fabricated in a photobioreactor by a two-pulse addition of soluble Si 

and Ge to Si-starved culture. The biologically fabricated germanium incorporated 

Nitzschia frustules and exhibited a bright blue photoluminescence [12]. By 

hydrogen reduction, we observed uniform germanium NC’s in the diatom silica 

matrix, which showed a bright yellow light emission. 

 

 

Experimental 
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An externally-illuminated, bubble-column photobioreactor with a 10.5 cm 

inner diameter and a 5.0 L working volume was used to cultivate the Nitzschia sp. 

photo-synthetic cell suspension at 150 μE m-2 sec-1 incident light intensity and a 

0.65 L air L-1 culture min-1 aeration rate using 0.5mM soluble sodium silicate as 

the growth-limiting substrate.  After a cell number density of nominally 5⋅105 

cells/mL was achieved, the cells were isolated by repeated centrifugation and DI 

water washing.  The diatom cell biomasses were treated with 30 wt% aqueous 

hydrogen peroxide (H2O2) adjusted to a pH of 2.5 at room temperature for 48 hr 

(3:1 v/v cell biomass/aqueous H2O2) to remove organic materials and carbonate.  

The residual inorganic white powder, consisting mainly of intact frustules (silica 

shells) and frustule fragments, was collected by settling and centrifugation and 

then stored in methanol in the dark at 4 oC until use. Figure 9.1 shows the 

photobioreactor for cultivation of germanium incorporated diatom, Nitzschia sp. 

ICP was followed to verify the quantification of germanium in the diatom frustules.  

 In order to generate germanium NC’s from the germanium incorporated 

diatom matrix, a hydrogen reduction was carried out using 5% of hydrogen and 

95% of nitrogen mixture gases in a ceramic-tube furnace at 1000ºC for 3 hours. 

The obtained powder was suspended in methanol and pipetted onto a copper TEM 

grid coated with Lacey carbon film. The TEM sample was analyzed at 200KeV 

using a Tecnai F20 field emission TEM with an embedded scanning transmission 

electron microscope (STEM) and energy-dispersive X-ray spectrophotometer 
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(EDS). An X-ray diffraction analysis was employed to identify the phases for the 

obtained powder using a Siemens D-5000 with Cu Kα radiation at a wavelength of 

1.5418 Å. The photoluminescent emission (PL) was measured at room temperature 

using a PL measurement system from ORIEL Corp with various excitations from 

488 to 515nm mercury UV-lamp. 

 

Results and Discussion 

 Through biological cultivation, germanium was incorporated into the 

diatom frustules as amorphous silicon germanium oxide. The biogenic silicon 

germanium oxide is still transparent observed through an optical microscope. The 

white powder turned dark grey after thermal annealing in the reduction 

environment. This dark grey color suggested the formation of metallic germanium 

through a phase-segregation process. This type of process has been reported by a 

number of groups to create germanium nanocrystals in silica matrix [6]. The 

reduction reaction can be considered as: GeO2 + 2H2 = Ge + 2H2O. To verify the 

formation of Ge nanocrystals, X-ray diffraction was performed. The XRD patterns 

are presented in Figure 9.2. The spectrum includes peaks at 2θ = 29, 32, and 36 

which corresponds to the (102), (201) and (211) reflection from tetragonal 

germanium crystal according to the JCPDS-72-1425. The formation of tetragonal 

germanium nanocrystals could be a result of strain from the nano-structured silica. 

Further structural investigations are needed to confirm this.  
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 High resolution TEM images are shown in Figure 9.3(a). Germanium 

nanocrystals could be observed clearly within the amorphous silica frustules of 

Nitzschia diatoms. The size of germanium nanocrystals was fairly uniform and 

sized around 3 to 4nm. Energy dispersive X-ray spectroscopy (EDS) analysis 

through a line scan mode across the diatom frustules was performed to verify the 

germanium content through the surface of the diatom (see Figure 9.3b). The line- 

EDS scan confirmed the formation of Ge nanocrystals embedded in the amorphous 

silica matrix.  

Many studies have been performed to synthesize and investigate optical 

properties of Ge nanocrytals for its luminescent properties. Visible PL has been 

observed from Ge nanocrystals produced by growing Ge nanocrystals in SiO2 

matrix or in reverse micelles. PL emission in the range between 350 to 700 nm 

was observed from nanocrystals with sizes between 2 to 5 nm. Figure 9.4(a) shows 

the photoluminescent emission spectra obtained from various excitations (488, 495, 

505, 515nm) from the germanium nanocrystals embedded in biogenic silica 

nanostructures. The PL emission was found to peak at 568nm.  This peak is 

consistent to the Ge nanocrystal PL emission reported by Maeda et al. and Nogami 

et al. Both groups grow Ge nanocrystals in SiO2 matrix. Maeda et al. reported a PL 

emission peak at 540 nm from Ge nanocrystals with an average diameter of 4.2 nm 

using a 488 nm excitation. Nogami et al. reported a PL emission peaks at 540 and 

575 nm from germanium nanocrystals with an average size of 5 nm. Maeda [9] 

observed PL emission from germanium nanocrystals embedded in SiO2 matrix 
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with an average size of 2.1 nm, 3.3 nm, and 6 nm that emitted green, yellow, and 

yellowish orange light under excitation of 488 nm excitation, respectively.  An 

optical image of the PL emission from the sample is shown in figure 9.4(b). Bright 

yellow emission from germanium nanocrystals was observed under a 515nm 

excitation from an Ar-laser. The excitonic Bohr radius of germanium is around 

11.5 nm [5]; thus, quantum confinement effects should be observable for 

nanocrystals below 11.5 nm. This emission is likely associated with direct e-h 

recombination at L and is affected by the nanocrystal size.  
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Figure 9.1 The schematics of a photo bioreactor for Ge/SiO2 cultivation 
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Figure 9.2 X-ray diffraction patterns of germanium nanocrystals in Nitzschia 

frustules.  
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Figure 9.3 Germanium nano crystals in Nitzschia frustules: (a) TEM image on the 

Nitzschia surface, (b) TEM Diffraction patterns from germanium NCs, (c) Energy 

-dispersive spectrum (EDS) on selected line of TEM image. 
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Figure 9.4 (a) Photoluminescent emission spectra of germanium nanocrystals 

(b) Optical images of light emission under 515nm. 
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Supplementary data 

More TEM images are presented in following pages in order to verify the 

distribution and size of germanium nanocrystals (NCs). 
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CHAPTER 10 
 

CONCLUSION AND FUTURE WORK 
 

Conclusion 

 In this dissertation, we have developed a general and low-cost solution 

based processes in order to fabricate micro- and nano-structured semiconductors, 

which are suitable for electronics. This process used simply metal halide 

precursors dissolved in a solvent (organic or aqueous) and is capable of forming 

uniform and continuous thin films via digital fabrication (e.g. inkjet printing) and 

blanket coating (e.g. spin coating and chemical bath deposition). 

 This process has been demonstrated by deposit a variety of semiconducting 

metal oxides including binary oxides (ZnO, In2O3, SnO2), ternary oxides (Zinc-

Indium-Oxide (ZIO), Indium-Tin-Oxide (ITO), Zinc-Tin-Oxide (ZTO)) and 

quaternary compound Indium-Zinc-Tin-Oxide (IZTO). Functional thin film 

transistors with high field-effect mobility were fabricated successfully using 

channel layers deposited from this process (μFE ≅ 30 cm2/V-sec and current on-to-

off ratio of ~106  from inkjet printed IZTO channel layer).  

In the application of solution-based deposition process, three- dimensional 

shaped oxide material (diatom, pinnularia sp.) was used as a substrate. 

Nanocrystalline Zn2SiO4 thin films with Mn dopants on the frustules isolated from 

the cultured marine diatoms Pinnularia sp. by a combination of chemical solution 

deposition of ZnO thin film and solid-solid reaction between ZnO and 



 160

SiO2(diatom) by thermal annealing processes. This material exhibited bright green 

photoluminescence (PL emission-528nm). Our deposition process uses rather 

simple chemistry (metal halides and water only) and is capable of preserving the 

three dimensional shape of the diatom frustules at the nanometer scale.  

 With this advantage of the process, we applied the inkjet printing technique 

to the diatom in order to promote the fabrication of the photoluminescent 

materials. We first deposited a layer of the diatom frustules on the silicon substrate 

by spin-coating process, and printed luminescent center materials (e.g. Zinc or 

Yttrium precursor solutions) on the diatom layer. Then thermal annealing was 

followed at 900ºC for 1hour for replacement of Mn and Eu into zinc and yttrium 

respectively. The patterned layers by inkjet printing process exhibited highly 

bright green (Mn2+ dopant) and orange (Eu3+ dopant) photoluminescence under 

254nm UV excitation. 

 

Future work         

The solution-based processes have a lot of advantages like a low operating 

temperature, low-cost, less generation of by-products, and various applications. 

This proposed process is not only useful to the oxide semiconductors, but also  

other semiconductors such as sulfides(CdS, CuS, CuInS; solar cell materials), 

oxide insulators(SiO2, Al2O3,TiO2,ZrO, etc.) can be generated by this process.       

In order to improve this solution-based process, we summarized the future 

plan in the following;  
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We have obtained the high mobility thin film transistors by the solution-

based processes such as an inkjet printing, spin-coating processes. However, we 

used relatively high annealing temperature (~600°C) during the process. We need 

to lower the process temperature down, and make it suitable for other applications 

such as for flexible devices. In chapter 4, we described the wet annealing process. 

On the study, we only tried 500°C and 400°C for annealing process. The critical 

parameters like the flow rate of the steam, pressure drop, maintenance of 

temperature, and reaction time will be studied for the low temperature process. we 

expect that the water vapor can reduce the residual chlorines from the film, make it 

better performance. In addition, this wet annealing process can be applicable to the 

fabrication of phosphors by the inkjet printing process described in the chapter 9. 
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APPENDICES 

 

As a part of study of title “Development of Solution Based Reaction Process for 

Micro- and Nano-structured Semiconductors”, Study of “Formation of self-

organized microcrystals through solution crystallization via inkjet printed micro-

droplets” is presented on the following pages. The obtained thin films were 

characterized by scanning electron microscope (SEM), Transmission Electron 

Microscopy (TEM) and Energy dispersive x-ray (EDX) analysis was performed in 

order to verify the quantitative analysis of the microcrystals. 
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APENDIX A 

THE FORMATION OF SELF-ORGANIZED MICROCRYSTALS 

THROUGH SOLUTION CRYSTALLIZATION VIA INKJET PRINTED 

MICRO-DROPLETS 

D.-H. Lee, Y.-J. Chang, G. S. Herman, C.-H. Chang 
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Abstract 

       Crystals are organized matter that is ubiquitous in our daily life ranging from 

common table salt and sugar to more alluring gemstones like diamond. Crystals 

with specific patterns and shapes at the micro scale are often created for the 

microelectronics and microelectromechanics through capital and energy intensive 

facilities and processing conditions. In the past few years there are growing 

interests and efforts towards fabricating functional materials and devices via inkjet 

printing which offers a low-cost materials-efficient process in atmospheric 

environment. Here we report the formation of self-organized microcrystals through 

solution crystallization from inkjet printed micro-droplets. We were able to form 

several unique non-equilibrium microcrystals (snowflakes, dendrites, needles, 

dense branches. etc.) when combining inkjet printing with microwave irradiation.  

This technique allows precise control of droplet location, concentration, and film 

thickness and should be applicable to other materials systems.   
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Introduction 

  The formation of patterns and shapes in the natural world has long been an 

inspiration to artists and scientists1, 2, 3, 4. Snowflakes with six-fold symmetry are 

perhaps the most striking example of pattern formation in non-living systems. Water 

seems to be unique in forming these highly intricate ice flakes. The underlying 

principles of information transfer from the molecular microscopic world to the 

macroscopic world of visible snowflakes have advanced tremendously in the past 

two decades5,6,7,8. In snowflake formation the competition is between the diffusion 

of water molecules towards the flake and the microscopic dynamics of crystal 

growth at the solid-vapor interface. Different atmospheric conditions lead to a 

variety of ice crystal shapes. Simple hexagonal plates form at temperatures just 

below freezing and low supersaturation. At the same temperature but higher 

supersaturation, Mullins-Sekerka9 instability sets in. The translational symmetry of a 

flat edge breaks and the dynamics undergoes a tip splitting process along each of the 

high-symmetry direction (ie. Along six directions for a nearly 2D hexagonal crystal 

and along four directions for a 2D crystal of square symmetry) producing the 

familiar dendritic snowflake crystals. The interplay between the molecular 

symmetry and the chaotic conditions in the clouds create the enormous diversity in 

snowflake crystals8.   
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Results and discussion 

  The formation of sixfold snowflake crystal from sodium selenosulphite 

solution is     described here. The aqueous sodium selenosulphite precursor solution 

was prepared by dissolving elemental Se in an aqueous sodium sulphite solution 

according to the reaction Na2SO3 + Se = Na2SeSO3 (90°C, 1hr). The solution was 

printed on a polymeric transparency using a modified HP Deskjet 1220C. The 

printed solution was then subjected to 2450 MHz microwave radiation in a 1580 W 

microwave oven. The microwave radiation resulted in a rapid heat gain which 

created a far from equilibrium condition needed for dendrite crystallization. Fig. 

A.1(a) and (b) show the microscope images of Se/Na2SO3 patterned by inkjet 

printing and microwave treatment on a polymeric transparency and high 

magnification of selected area, respectively. Fig. A.1 (c) shows an closer view of 

optical micrograph of a snowflake microcrystal with six-fold symmetry. The 

characteristic red color of amorphous selenium is evident, whereas the metallic gray 

color of hexagonal selenium was never observed. The scanning electron micrograph 

of the surface of the Se/Na2SO3 shown in Fig. A.1 d indicates these snowflake-like 

microcrystals are consisted of a fairly even distribution of selenium modules across 

the surface of the Na2SO3 crystal.   
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Figure A.1 (a) Microscope image of Se/Na2SO3 patterned by inkjet printing, (b) 

High magnification of selected area, (c) Optical micrograph of inkjet printed 

following by microwave treated Se/Na2SO3 composite sixfold symmetric snowflake, 

and (d) Scanning electron micrograph of the surface of Se/Na2SO3. 

 



 172

 

 

 

 

 

Figure A.2 (a) and (b) Scanning electron micrograph images of inkjet printed 

following by microwave treated Se/Na2SO3, (c) Scanning electron micrograph image 

of long needle leaf-like crystals of Na2SO3 and (d) hexagonal hollow-column-like 

microcrystals (topview  inset in (d)). 
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  For comparison, Na2SO3 aqueous solution was inkjet printed and received 

the same microwave treatment. Instead of snowflake-like crystals (Fig. A.2(a) and 

(b)), it resulted in long needle leaf-like or hexagonal hollow-column-like 

microcrystals shown in Fig. A.2 (c) and (d), respectively. 

Microfocus x-ray diffraction was performed on the reddish portion of the crystal and 

the results indicated their amorphous nature. X-ray diffraction was performed on the 

entire sample and the results correspond to hexagonal Na2SO3 crystal with 3 P  

space group symmetry shown in Fig A.3. This was further confirmed by the selected 

area electron diffraction pattern.  

  In order to verify the quantitative analysis of the microcrystals, Energy 

dispersive x-ray (EDX) analysis was performed for inkjet printed and following by 

microwave treated Na2SO3 and Se/Na2SO3 respectively. Table A.1 shows the atomic 

concentrations of sodium, surfur, and selenium indicated the ratio of 2:1:0.83 for 

Na2SeSO3 and 1.91:1 for Na2SO3.  This results represent the obtained microcrystals 

are fairly crystalized stoichiometry. The six-fold symmetry reflects the hexagonal 

packing of sodium and sulfite ions. Although selenium is not incorporated into the 

crystal lattice, significant differences were observed for the crystal morphologies 

formed from inkjet printed sodium selenosulphite and sodium sulphite solutions as 

shown in Fig. A.2.  The competition between the diffusion of reactive species 

towards the crystal, surface reaction kinetics, and surface diffusion define the 

dynamics of crystal growth and the resulting crystal morphology. The smaller sulfite 
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ions are more mobile than the larger selenosulfite ions, thus Na2SO3 is more likely to 

achieve equilibrium crystal morphology.  

 

 

 

 

 

 

 

 

Figure. A.3 X-ray and selected area electron diffraction patterns for the hexagonal 

Na2SO3 snowflake microcrystals.  
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Table A.1. The atomic concentration of inkjet printed microcrystals 

 

  Similarly, diverse crystal morphology could be created by non-equilibrium 

crystal growth conditions like the honeycomb shape NaCl microcrystal formed in a 

microwave oven (Fig. A.4(f)). In contrast, regular cubic shape crystal was formed 

when the same solution dried in ambient (inset of Fig. A.4 (f)). In addition to six-

fold snowflake like crystals, we have observed the formation of microcrystals with 

other interesting morphology including needle-like eye shape, dense branching, tree 

like dendritic structures, and long fiber when we varied the experimental conditions 

(e.g. inkjet resolution, microwave conditions and types of substrates) and shown in 

Fig. A.4.  

 In conclusion, we were able to form several unique non-equilibrium microcrystals 

(snowflakes, dendrites, needles, and dense branches) when combining inkjet printing 

with microwave irradiation. This technique allows precise control of droplet location, 

Atomic Concentration (%) 

-------------------------- 

Comment C O Na S Se 

Na2SeSO3 50 27 12 6 5 

Na2SO3 31 37 21 11 0 
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concentration, and film thickness and should be applicable to other materials 

systems.       

Fig. A.4 (a-e) Optical micrographs of different morphologies of inkjet printed 

following by microwave treated Se/Na2SO3 microcrystals. (a) Sixfold asymmetric 

snowflake (b) Hexagonal plate (c) Needle-like eye shape crystal (d) Dense 

branching dendrite (e) Tree like crystals (f) Honeycomb shape NaCl microcrystal 

(a) (b)

(c) (d)

(e) (f) 
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and cubic shape NaCl crystal formed by regular air dry of aqueous NaCl solution 

,inset).  
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