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Abstract

Hydrothermal nanowire synthesis is a rapidly emerging nanowire discipline that
enables low temperature growth and batch process. It has a major impact on the
development of novel energy conversion devices, high density electronics, and optical
devices. However, detailed growth mechanism is still in early stage of its development.
This thesis presents the fundamental understanding of controlled zinc oxide nanowire
synthesis in a hydrothermal system based on thermodynamic / kinetic analysis of
heterogeneous chemical reactions.

Governing parameters of hydrothermal growth were evaluated with experimental
growth rates and calculated solubility plots. Supersaturation was shown to be a key
parameter for the hydrothermal nanowire synthesis. Morphology control of the nanowire
synthesis was tested with various additional cations during synthesis. Changes in
morphology and aspect ratio with different cations were explained by electrostatic
competing ion model. Based on experimental results and complex ion charge distribution,
the growth direction was biased via electrostatic competition from cation-complexes that
adsorb to the crystal in a face-specific manner, thereby reducing zinc ion-complex
adsorption and suppressing growth along that face. Dynamic control of nanowire
synthesis was investigated under microfluidic environment with continuous flow.
Microfluidic growth conditions were analyzed with the parametric experiments and finite
element modeling. Nanowire growth under complex geometry was also evaluated.

This rational control of hydrothermal nanowire synthesis was applied to fabricate
high efficiency alternative current electroluminescent devices, in-situ fabricated light
emitting diodes, photovoltaic devices, and field emission devices.

Thesis Supervisor: Joseph M. Jacobson

Title: Associate Professor of Media Arts and Sciences
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Chapter 1 : Introduction



1.1. Motivation

Nanowires are of great interest because of their properties such as quantum

confinement effect and high surface to volume ratio that can be utilized for several

applications. Conventional gas-phase reaction techniques for nanowire growth normally

require high temperature, thereby limiting integration with other materials and devices.

As an alternative approach, nanowires can be grown at low temperature in supersaturated

solutions with different reactive ions and complexing agents, called hydrothermal or

solvothermal nanowire synthesis depending on solutions used. Previously, semiconductor

nanowires and nanobelts composed of zinc oxide, zinc sulfide, and cadmium hydroxide

have been synthesized on substrates at low temperature in bulk solutions [1-3] .

Because of low temperature growth condition and batch process capability, the

hydrothermal nanowire synthesis has been a rapidly emerging nanowire discipline that

has a major impact on the development of novel energy conversion devices, high density

electronics, and optical devices [4] . For liquid phase reactions, growth kinetics and

reaction conditions govern the nano-scale structures. However, a detailed growth

mechanism for this hydrothermal system is still in early stage of its development.

The goal of this thesis is to explore the mechanism of hydrothermal inorganic

nanowire synthesis, especially zinc oxide (ZnO), based on thermodynamic and kinetic

analysis. Utilizing the relationship between the ion solubility and heterogeneous

nucleation and growth, ZnO nanowire synthesis will be evaluated. This fundamental

parametric synthesis study is applied toward the fabrication of optimal morphology of

nanowires that can be used as field emission devices, high efficiency electroluminescent

devices, and photovoltaic cells.



1.2. Overview of Thesis

Chapter 2 will begin with background information of ZnO materials and its

properties. Next, different methods of nanowire synthesis will be discussed. Last, detailed

thermodynamic description of heterogeneous nucleation and growth will be given,

followed by microfluidic nanostructure synthesis.

Chapter 3 discusses the relationship between the ion solubility and heterogeneous

nucleation/ growth, and parametric study ZnO nanowire synthesis. Calculated solubility

plot and relative supersaturation at specific condition will be compared with experimental

results of nanowire synthesis.

Chapter 4 evaluates the mechanism of tunable morphology of ZnO in

hydrothermal system with cation addition. Extended from chapter 3, solubility plot with

multiple ions and complex ion distributions will be calculated. The growth and

morphology behavior with additional cations will be analyzed with the calculated charge

distribution. Using several analytic methods, suggested electrostatic competing ion model

will be discussed.

Chapter 5 covers the spatial control of nanowire synthesis with block copolymer

self assembly. Block copolymer will be used for making templates for the nanowire

synthesis in a hydrothermal condition. Detailed self assembly process will be discussed,

followed by ZnO nanowire growth with the templates for possible applications.

Chapter 6 will discuss Microfluidic controlled ZnO nanowire synthesis. Within

the confined fluidic channel, hydrothermal ZnO nanowire growth will be evaluated in a

microfluidic system. Coupled chemical reaction and fluid dynamics will be discussed in a

simple geometry. Nanowire synthesis in a complex geometry will also be investigated.



Chapter 7 will discuss several applications using the rational control of

hydrothermal nanowire synthesis. First, field emission device with different

morphologies will be tested for extraction efficiency change. Next, novel alternative

current electroluminescent devices with nanowire embedded structure will be

demonstrated. ZnO nanowire light emitting diode with Metal / insulator / semiconductor

structure will also be discussed. Finally, possible applications for photovoltaic system

will be mentioned.

Chapter 8 covers alternative novel nanoscale fabrication techniques using top

down approaches related to position control of nanowire synthesis. Critical energy

electron beam lithography will be demonstrated for high resolution e-beam patterning on

non conducting substrates, and its mechanism will be discussed. Nanoparticle assembly

with electrostatic deposition using electron beam will also be discussed.

Chapter 9 contains concluding remarks, suggestions for improvements of the

devices and proposal for future research directions.

Chapter 10 covers Matlab codes and chemical reaction constants used for

thermodynamic calculation of solubility plot and complex ion distribution.



Chapter2 : Background



2.1. ZnO and its nanostructures

Zinc Oxide (ZnO) has been of great interest because of its optical and electrical

properties [5]. Direct wide band gap (~3.3eV at 300K) enables ZnO as a possible

candidate for the replacement of GaN (~3.4eV at 300K) which is currently used for

green, blue-ultraviolet, and white light emitting diode (LED). Wide band gap above

visible wavelength also make ZnO to be useful as a transparent conducting oxide or

transparent thin film transistors by substitutional doping by Indium or other charge

carriers [6]. The large exciton binding energy (60meV) enables near band edge excitonic

emission possible at or near room temperature. Piezoelectric properties of ZnO are useful

for sensors and energy harvesting devices.

In addition to its bulk properties, ZnO nanostructure research showed interesting

properties recently. Several practical applications are demonstrated since Vayssieres et al.

[1, 7] successfully synthesized vertically aligned ZnO nanowires on the substrates at low

temperature (-90C) by hydrothermal process. By using the high aspect ratio of ZnO

nanowires, Lee et al. [8] showed enhanced field emission properties. Yang and coworkers

used the high surface area of ZnO nanowires as a charge transport layer for Dye

Sensitized Solar Cell [9], showing conversion efficiency of 1.5%, double that of typical

ZnO Nanoparticle based solar cells. Wang et al. studied piezoelectric properties of ZnO

nanowires [10] and created several energy harvesting applications. Konenkamp and

coworkers made flexible ultraviolet LED using low temperature synthesized ZnO

nanowires as a n-type active layers [11].



ZnO GaN
Band gap (eV) 3.3 3.4

pe (cm2Nsec) 200 220

Ph (cm2Nsec) 5 50 10

me 0.24 mo 0.27 mo

mh 0.59 mO 0.8 me
Exciton binding E (meV) 60 28

Table 2.1. Comparison of ZnO and GaN electrical and optical properties.

(a) (b) Unit cell ZnO
Space group P 63mc

a(A) 3.24992

c(A) 5.20658

V (A3) 47.625

P 5.675 g/cm 3

Figure 2.1. ZnO wurtzite structures (a) and its unit cell parameters (b).

2.2. Nanowire synthesis

Nanowire Synthesis process can be divided into two different methods by initial

material phases; Vapor-Liquid-Solid and hydrothermal synthesis.

2.2.1. Vapor Liquid Solid Nanowire synthesis

The Vapor-Liquid-Solid (VLS) synthesis was first described by Wagner and Ellis

in 1964 [12]. They synthesized silicon nanowires using gold as a catalyst. Gold forms

liquid droplets when the silicon substrate is heated above its Si-Au eutectic temperature

at ~360C. When silicon precursor gases (SiH4 or SiCl4) are introduced into the system,

.. .... ........ . .......... .. .............. ...



the gold catalyzes the breakdown of precursors, and starts to saturate silicon into gold.

When the droplet starts to supersaturate, the silicon starts to precipitate at the interface

between the silicon substrate and gold, which is energetically favorable. Since the

interface is defined by the area of gold droplets, precipitation only occurs at the local

region, forming high aspect nanowires as shown in Figure 2.2. This VLS process has

been used for several other nanowire synthesis including gallium nitride, gallium

arsenide, indium phosphide, and others. However, this method has major disadvantages

of being high temperature, thereby limiting integration of other materials and device

processing.

1600
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Figure 2.2. Au-Si eutectic phase diagram (a) and a schematic of Vapor-Liquid-Solid
nanowire synthesis process. Once liquid Au droplet forms, supersaturated Si precipitates
at the interface, forming s nanowire with a diameter defined by the Au droplet size.

2.2.2. Hydrothermal Nanowire Synthesis

As an alternative approach, nanowires can be grown at low temperature in

supersaturated solutions with different cations, anions, and complexing agents. This is

called hydrothermal synthesis. The process is similar to the chemical bath deposition,

except that it produces nanowires instead of thin films on the substrates. In case of ZnO

nanowires, a substrate is coated with a seed layer, which is generally sol-gel processed



ZnO thin film or sputtered amorphous ZnO. This substrate is introduced in to a water

solution supersaturated with zinc salts, amines (complexing agents), and other ions.

When the solution is heated up at low temperature (50~90C), micro/nano structured ZnO

is formed on the seed layer coated substrates by heterogeneous nucleation and growth

from the hydrolysis of zinc salts as shown in Figure 2.3. This low temperature

hydrothermal synthesis enables low cost, large area batch process compatible for further

integration process. Semiconductor nanowires and nanobelts composed of zinc oxide,

zinc sulfide, and cadmium hydroxide have been synthesized on the substrate using

hydrothermal mechanism [1-3]. Interestingly, general knowledge of nucleation and

growth in supersaturation solution has been known for a while, governing parameters for

the hydrothermal nanowire reaction is still not clear, because a detailed synthesis

mechanism does not exist yet.

(a) (b) Supersaturated solution

E

Figure 2.3. A schematic of Hydrothermal Nanowire Synthesis reactor in a bulk solution
(a) and a time dependent nanowire growth on the seed layer coated substrate driven by
heterogeneous growth.

2.3. Heterogeneous Nucleation and growth

Supersaturated solutions form unstable clusters that can form precipitates either

on the substrate or in the solutions. If the clusters form into large size enough, it can

... .. .....................................



precipitate into solid phase, overcoming the new surface energy by free energy change of

liquid-solid phase. After this nucleation process started, several other nuclei also form at

constant rate.

Heterogeneous nucleation from liquid phase can be simplified by spherical cap

shape, as shown in figure 2.4. Since interfacial energies of nuclei must balance at

equilibrium, which gives the following Young's Equation

vML YSM = YSL Cos (

where 0 is contact angle between the solid and the mould and yML , SM, and ySL are the

mould-liquid, solid-mould, and solid-liquid interface energies.

The formation of the nuclei with a spherical cap will be associated with an excess

free energy given by

AGhet 47r1'3AGV +41rr 27L}S( ) (2)
3

where r is the radius of the full sphere and AGv is the change in free energy per unit

volume that depends on the supersaturation of the solution. The geometry factor is given

by

S(9) = (2 + cosO)(1 - cosO) 2 /4 (3)

Minimizing AGhe, with respect to r gives the critical nucleus size and the energy barrier to

proceed to nucleation and growth,

S27sL 167q 3 (4)r = SL , S(O)
AG, ' het 3AG ,

As shown from the above, the activation energy barrier for heterogeneous

nucleation is smaller than AG*m by the geometry factor.
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Figure 2.4. (a) Heterogeneous nucleation of spherical solid cap on a flat mould surface.
Three interface energies are represented for equilibrium shape formation. (b) Free energy
of solid nucleus for homogeneous and heterogeneous nucleation. Activation barrier for
heterogeneous process is smaller than homogenous process by a geometry factor defined
by the shape of the heterogeneous system.

In case of atomically rough or diffuse interfaces, dominantly metallic systems,

atoms migrate by a continuous growth process. Assuming the reaction from liquid to

solid follows first order reaction, and the precipitation is a thermally activated process,

the reaction constant is given as

AG* ~ AG 1 (5)f =f exp(- )I -exp( r)I
RT RT

where f is attempt frequency, AG* is activation barrier energy, and AG, is free energy

change between two phase.

The growth rate of solid from liquid solid interface is given by

AG* F AG(6
v=S-f q=s.q7.foexp(-AG )I -exp( Ar1 (6)

v~-fy~--fex(RT RT

where s is the fraction of sites available for the attachment of new atoms, and q is the

distance the interface moves when one atom is attached. As seen from equation 6, growth

rate is proportional to AG,., which is supersaturation dependent.

In case of flat or sharply defined interfaces, normally non metals, atoms migrate

by a lateral growth process involving ledges. In case of low supersaturation, the rate



would follow a ledge nucleation process, but the growth rate at high saturation condition

would be same as continuous growth rate because large ledge nucleation leads to a

kinetically rough surface.

2.4. Microfluidic synthesis of nanomaterials

A microfluidic device contains channels in a micron scale, normally a few urn to

mm, which can deliver small amount liquid in and out. It can be considered as a small

reaction vessel with the following characteristics. First, the liquid can be rapidly

accessible from the outside by external mechanical or pressure pump. Second, the fluid

can have a laminar flow with reasonable flow velocity without turbulence. In that case,

mixing of liquids in multiple channels only happen by lateral diffusion and this character

gives high precision control in liquid reaction. Third, small volume of device enables

rapid external control of temperature and other parameters of liquids. Several researchers

synthesized different nanomaterials using the microfluidic chemical reactors.

Nanocrystals exhibit size dependent electrical and optical properties. To

synthesize custom nanocrystals with tight size distribution is a significant challenge for a

bulk synthesis process. General bulk synthesis of nanocrystals is controlled by following

processes: rapid nucleation by injection of a precursor into the bulk solution at high

temperature, growth at a lower temperature with stabilizing surfactants. Several kinetics

including rate of injection and mixing make consistent nanocrystal synthesis to be

difficult.

Microfluidic system can create rapid change of temperature and reactant

concentration, which is desired for nanocrystal synthesis. Alivisatos et al. [13-14]

successfully demonstrated cadmium selenide (CdSe) nanocrystal synthesis in a



microfluidic device with different reaction time, temperature, and precursor

concentrations. Other groups also demonstrated use of a microfluidic reactor for the

synthesis of gold, cobalt, silica, cadmium sulfide, and others [15-18].

Microfluidic device can also be used to deposit or etch materials on the surface

exposed to the micro channels. Localized crystal nucleation and growth can happen at the

interface between two stream laminar flow. For example, calcite crystals can form on the

self assembly monolayer HS(CH 2)15COOH treated surface at the interface between two

parallel liquids, one with calcium ions and the other with carbonate ions [19]. By flowing

gold etchant or electroless silver solution with guided liquid, localized etching of gold

and silver coating were demonstrated also [20].



Chapter 3 : Nanowire synthesis in a bulk system



3.1. Introduction

ZnO has been of great interest because of its broad applications such as

ultraviolet laser, piezoelectric generator, dye sensitized solar cell, chemical sensor, and

others [5, 9-10, 21-24]. Especially, ZnO nanowire structure has high surface to volume

ratio and size dependent optical and electrical properties, many effort has been devoted to

develop a method to synthesize nanostructures.

One of the most popular methods of ZnO nanowire synthesis is hydrothermal

growth developed by Vayssieres et al.[l, 7, 25-26]. Using solutions with zinc nitrate

hydrate and monoethanolamine, nanowires were successfully grown on ZnO seeded

substrate. This approach has a huge potential to scale up because of low temperature

liquid characteristic of the process. Many researchers have worked to find optimal

parameters by changing chemical compositions including zinc nitrate concentration,

monoethanolamine concentration, temperature, and others, but no perfect governing

parameters that explains the growth behavior exist yet [27-28].

In this chapter, we examined the relationship between supersaturation degree and

hydrothermal nanowire synthesis in a bulk condition. Given possible chemical reactions

of zinc ion complexes in the solution, solubility plot of the system are given. By

analyzing experimental data of ZnO nanowire growth with different supersaturation

conditions calculated by solubility plot, we successfully found a general relationship

between supersaturation and an optimal condition for ZnO nanowire synthesis.

3.2. Experiments

In hydrothermal ZnO nanowire synthesis, a seed layer defines heterogeneous

nucleation and growth. Therefore, underlying substrate can be any substrates including



Si, glass, quartz, ITO, flexible polymer, and others as long as the material is compatible

with chemical solution. For a typical synthesis, a lcm2 Si substrate was cleaned with

acetone, IPA, deionized water, and dried under nitrogen.

ZnO seed layer was deposited either by sputtering or sol-gel spin coating. In case

of RF sputtering (AJA International), 30 nm ZnO was deposited using 150W power,

20mTorr, 12 sccm Ar with ZnO target. In case of sol-gel spin coating, 0.7 M zinc acetate

dihydrate (Zn(NO3)2- 6H20, >99.0%, Sigma Aldrich) and 0.7 M monoethanolamine

(NH 2CH2CH 2OH, >99.0%, Sigma Aldrich) were dissolved in 2-methoxyethanol

(CH 30CH2CH 2OH, >99.9%, Sigma Aldrich), then stirred at 60 C for 30 minutes. The

substrate was then spin coated with the solution at 3000 rpm for 40 seconds and heated at

250 C for 10 minutes on a hot plate, and repeated this coating for 3 times.

In growth solution preparation, various concentrations of zinc sulfate

heptahydrate (ZnSO 4 - 7H20, >99.0%, Sigma Aldrich) and ammonium chloride (NH 4 Cl,

>99.5%, Sigma Aldrich) were dissolved in 100 mL deionized solution, then sodium

hydroxide (NaOH, Sigma Aldrich) is added to adjust pH (Mettler Toledo,S40-K) to a

desired value.

The substrate was flipped by a chemically inert Teflon holder to make sure ZnO

seed layer was facing down. This set was immersed into each bath with a closed lid,

heated at various temperatures from 40 C to 60 C in a convection oven (Yamato DX400)

for a different period time for the nanowire growth. Once the chemical reaction was done,

sample was taken out from the bath, washed with DI water thoroughly, and dried under

nitrogen.

Synthesized nanowire length and morphology were evaluated by cross sectional



scanning electron microscopy (Philips-FEI XL30 ESEM). Crystalline structure and

orientation of the nanowires was identified by X-ray diffractometry (Panalytical X'pert

Pro) using CuKa (1.5406A) radiation. Photoluminescence of ZnO nanowires was

measured with Hitachi F-7000 with 325nm excitation by Xe lamp. JEOL 2010F field

emission transmission electron microscope (FE-TEM) was used for lattice image and

diffraction pattern measurement.

3.3. Results and discussion

In hydrothermal synthesis, nanowire growth changes significantly with chemical

composition of growth solutions. Since the reaction happens by heterogeneous nucleation

growth, supersaturation would be a good indicator how much the driving force would be

for the growth. Figure 3.1 Shows solubility plot with different conditions calculated from

the possible chemical reactions in solution containing ZnSO 4, NH4Cl, and NaOH. X-axis

indicates pH (NaOH dependent), y-axis indicates NH 4Cl, and z-axis indicates maximum

concentration of zinc ions without forming ZnO. Therefore, if any solution concentration

defined by xyz position is below the 3D contour plane shown in Figure 3.1(b), no

precipitation will occur and nanowire growth will not happen. If prepared solution

condition is above the plane, it would be in a supersaturation condition, amount defined

by z-axis difference from the point to the plane, and it is possible that this solution can

grow nanowires by condensation reaction.



(a) Reacdon Log K (b) 13

Zn* + OH~ -+ Zn(OH)* 5.0 11

Zn* +2OH ~ Zn(OH) 2 (aq) 11.1

Zn * + 30H- +Zn(OH)3 13.6 7

Zn2' + 40H~ Zn(OH) ~ 14.8 _
4~ N 5

Zn + NH3 -+Zn(NH3) 2.21 3

Zn-' + 2VH3 -> Zn(NH 3 ) 4.5 1

Zn* + 3NH3 -+ Zn(NH 3)3 6.86 -1

Zn 2 
+ 4NH 3 - Zn(NH 3 ) 8.89 -3 1

-5 -0.6
NH +OH- JNH +H,O 4.39 . 2.... .N 4 + ~ +N 3 +02 43 2 4 0.20. NH4CI (M)

Z* +20H -++ ZnO(s)+H,0 15.52 pH 12 14

Figure 3.1. Possible chemical reaction in ZnO nanowire bath solution (a) and solubility
plot (b) with different pH/NH4C1 concentrations calculated by Matlab code with reaction
constants.

Figure 3.2 shows calculated zinc ion complex distribution with different NH 4Cl.

At low pH, [OH~] is low, so most of zinc ion complex will remain as Zn 2+. As pH

increases ([OH~] increases), Zn2+ starts to react with hydroxide and forms ZnO, so

solubility starts drop. However, increasing pH further will induce Zn2+ to form soluble

zinc hydroxide complexes (Figure 3.2(a)), thereby increasing solubility again. When

NH 4Cl is introduced to the solution, zinc ions can also form soluble zinc amine

complexes, raising a solubility at region between pH 8 ~ 12. Figure 3.2(b) shows

complex ion distribution at 0.3M NH 4Cl with different pH. At pH 8~12 range, most of

zinc ions form Zn(NH 3)42+ complex, therefore solubility increases.
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Figure 3.2. Calculated zinc ion complex distribution at different pH with no NH4Cl (a)
and 0.3M NH 4Cl condition.

Nanowire growth was evaluated by cross sectional SEM. Figure 3.3 shows

exemplary SEM of time dependent nanowires grown at fixed solution condition. The

longer time the substrate was left in the solution, the longer the nanowire grew.

Figure 3.3. SEM cross section of time dependent ZnO nanowires grown in fixed solution
condition (ZnSO4 0.01 M, NH4C1 0.3 M, pH 11, 60 C in 100 mL). (a) t= 2 hrs ,(b) t= 4
hrs, (c) t= 6 hrs, (d) t= 8 hrs.



Figure 3.4 shows the growth trend with respect to time. At initial stage (0 - 2 hrs),

growth was slow because it requires nucleation process at an initial time. At middle stage

(2 - 15 hrs), heterogeneous growth from the nucleated surface was dominant, so growth

was proportional to time. At last stage (15 - 3Ohrs), growth starts to slow down because

supersaturated zinc ions are already consumed during active growth at middle stage and

real supersaturation concentration decreases. Above this time period, no active growth

was observed.
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Figure 3.4. Time dependent ZnO nanowire growth at fixed growth condition (ZnSO 4 0.01
M, NH4Cl 0.3 M, pH 11, 60 C in 100 mL).



pH dependent nanowire growth is shown in Figure 3.5. All other chemical

solution parameters (ZnSO4 0.01M, NH4C1 0.3M) were kept same and pH were changed

by adding different amount of NaOH. Substrates were introduced at 60 C in 100 mL for 6

hrs. At pH < 10, solution is not in supersaturation condition from the calculated solubility

plot. In experiments, there was no nanowire growth observed at this regime. In fact, thin

seed layer film got dissolved because the solution was below solubility limit. At 10 < pH

<11, nanowire growth increases with pH increase because supersaturation amount

increases as pH increases, and growth is proportional to supersaturation amount (driving

force). At 11 < pH < 12, the growth was decreased again with pH increase. This

happened because of too high supersaturation. At this high pH, supersaturation was too

high and ZnO can also form within the solution with homogeneous nucleation and

growth in solution itself. The nanowire height decrease indicates that heterogeneous

nucleation and growth was slow as it competed with homogeneous nucleation and growth

process. During the reaction at 11 < pH < 12, solution color changed from transparent to

turbid, indicating homogenous reaction process was active.
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Figure 3.5. pH dependent nanowire growth characteristic. All other parameters were fixed
(ZnSO 4 0.01M, NH4C1 0.3M, 60 C in 100 mL for 6 hrs) except variable pH. Left graph
shows solubility plot and supersaturation amount (1) at different pH. Right graph shows
experimental data of height measurement at different pH.



Similar growth trend was observed at different zinc ion concentration (Figure

3.6). All other chemical solution parameters (NH4Cl 0.3M, pH 11) were kept same.

Substrates were introduced at 60 C in 100 mL for 6 hrs. At [Zn 2+] < 4 mM, almost no

growth was observed. At 4 mM < [Zn 2+] < 10 mM, heterogeneous nucleation and growth

process was dominant. In case of [Zn 2+] > 10 mM, homogeneous nucleation and growth

was competing against heterogeneous process, thereby decreasing nanowire growth on

the substrate with higher [Zn 2+].
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Figure 3.6. [Zn2+] dependent nanowire growth characteristic. All other parameters were
fixed (NH4C 0.3M, pH 11, 60 C in 100 mL for 6 hrs) except variable [Zn2+]. Left graph
shows solubility plot and supersaturation amount (t) at different [Zn2+]. Right graph
shows experimental data of height measurement at different [Zn2+].

NH4Cl dependent nanowire growth is shown in Figure 3.7. All other parameters

(ZnSO4 0.0 1M, pH 11, 60C in 100 mL for 6 hrs) were kept same. As mentioned

previously, zinc ions can form zinc amine complexes around pH ~ 11, thereby increasing

solubility limit in N4C1 presence. As [NH4Cl] increases with other parameters kept the

same, supersaturation decreases. At 0.3M < [NH4Cl]<0.4M, growth decreases with

[NH4Cl] increase (supersaturation decrease), so it would be at heterogeneous growth

dominant region. At 0. 1M < [NH4Cl] < 0.3M, growth increases with [NH 4Cl] increase

0 ..........



(supersaturation decrease). In this region, homogenous growth would be a dominant

reaction process.
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Figure 3.7. NH 4Cl dependent nanowire growth characteristic. All other parameters were
fixed (ZnSO4 0.01 M, pH 11, 60 C in 100 mL for 6 hrs) except variable NH4Cl. Left graph
shows solubility plot and supersaturation amount (t) at different NH 4Cl. Right graph
shows experimental data of height measurement at different NH4 Cl.

Temperature dependent ZnO nanowire growth is shown in Figure 3.8. All other

chemical solution parameters (ZnSO 4 0.01M, NH4CI 0.3M, pH 11 for 5hrs) were kept

same. When chemical reaction took below 40 C, no nanowire growth was observed. It is

believed that the energy at low temperatures was not enough to overcome the activation

barrier. Up to 50 C, growth was enhanced with temperature increase. This can be

explained from the fact that the growth process is a thermally activated heterogeneous

growth process. Interestingly, the growth was reduced with temperature increase above

50 C. It is possible that the homogeneous nucleation and growth also happens at an

elevated temperature > 50 C, so total heterogeneous growth is decreased relatively, as

shown at high supersaturation situation.
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Figure 3.8.Temperature dependent nanowire growth characteristic. All other parameters
were fixed (ZnSO4 0.01M, NH4Cl 0.3M, pH 11 in 100 mL for 5 hrs) except variable
temperature.

Optical properties of ZnO nanowires were investigated using photoluminescent

(PL) spectrum (Figure 3.9). Green light at 378 nm is believed to be a band edge emission

from ZnO (Eg ~ 3.3 eV). Emission at 600 - 700 nm is not fully understood, but possibly

from interstitial oxygen ions (OS) [29]. This orange to red PL was seen at ZnO nanowire

grown by hydrothermal system [30], electrochemical system [31], and spray pyrolysis

[32]. When the nanowires were annealed at 240 C for 1 hr in air, this defect related

emission was decreased and green line band edge emission was enhanced.
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Figure 3.9. Photoluminescence spectra of hydrothermally grown ZnO nanowires
with/without anneal at 240C for lhr at air. Ultraviolet peak at 378 nm corresponds to band
edge emission of ZnO, and broad peak at 600 - 700 nm corresponds to defect emission.



Figure 3.10 shows X-ray diffraction (XRD) pattern of the hydrothermally grown

ZnO nanowires on Si substrate. High intensity of (0002) peak was observed as wurtzite

structure ZnO (JCPDS card No. 36-145 1), indicating vertically oriented ZnO nanowires

in [0001] direction. No characteristic peaks from other impurities were detected except

low intensity Si peaks. No specific difference in XRD was observed in samples with

different time and chemical solution condition for the growth (data not shown).

(0002)

C6

30 40 50 60
Degree (26)

Figure 3.10. X-ray diffraction pattern of hydrothermally synthesized ZnO nanowire on Si
(100) substrate. Strong (0002) indicates ZnO peak.

From the TEM image and selective-area diffraction patterns (Figure 3.11), it is

seen that the nanowire is single crystalline, with a growth direction along c axis [0001].

The reason for the formation of the high aspect ratio nanowire instead of film can be

explained by total free energy of the system. Because a polar (0002) plane has a high

surface energy than a non polar lateral plane (1010), the crystal growth along the (0002)

direction is energetically favorable leading to the formation of wire shaped ZnO crystals

[33-36].



Figure 3.11. High resolution TEM image and selected area diffraction pattern (SADP) of
hydrothermally synthesized ZnO nanowire. Scale Bar = 2 nm. SADP pattern shows single
crystal with hexagonal structure.

3.4. Conclusion

In conclusion, we observed a strong relationship between supersaturation degree

calculated from thermodynamic reactions and hydrothermal nanowire growth behavior.

Calculated solubility plot gave a good indicator how much the supersaturation would be

in certain chemical composition of reaction bath. Based on the experimental results, we

observed that the supersaturation was the driving force for the phase change from liquid

to solid, forming nanowires by heterogeneous nucleation and growth. At lower

supersaturation, growth tends to be proportional to supersaturation degree as expected.

This condition would be heterogeneous growth dominant region. However, smaller

growth was observed above critical supersaturation condition, because of competition

between homogeneous and heterogeneous nucleation and growth. This condition would

be homogeneous nucleation and growth dominant region. Optical and crystalline



properties of ZnO nanowires indicated that the nanowire was single crystalline, having

highly oriented wurtzite structure ZnO. Beside finding optimal parameters of ZnO

nanowire synthesis, this relationship between supersaturation and nanowire growth may

also lead to the development of low cost, solution based synthesis for other important

materials in a rational manner, such as TiO2 , MgO, CdO, ZnS, ZnSe, and others [37-46].



Chapter 4: Morphology control of Nanowire Synthesis
with Cations



4.1. Introduction

The ability to rationally control the morphology of nanostructures would enhance

the ability to tune their optical and electrical properties, and improve the performance of

nanostructure-based materials and devices [47-49].Many researchers have tried the shape

control of ZnO nanowires under hydrothermal synthesis using additional polymers or

solution condition changes, but detailed mechanism is still unclear [9, 50-53]. Here, we

report the control of hydrothermally synthesized zinc oxide nanowire morphology, in

which the growth direction is biased via electrostatic competition from cation-complexes

that adsorb to the crystal in a face-specific manner, thereby reducing zinc ion-complex

adsorption and suppressing growth along that face. Unlike in high temperature techniques

that result in material exchange or doping, though, crystal incorporation of these

competing ions is un-measurable, effectively making them inorganic pseudo-ligands.

Varying only the competing ions in this all-inorganic batch process, we demonstrated

synthesized low-aspect ratio platelets, as well as high-aspect ratio nanowires sharpened

sufficiently to create field-emitters with emissivity equivalent to single-walled carbon

nanotubes. These results are explained in a thermodynamic model based on electrostatic

interactions determined by the species pKa and zeta-potential of the respective crystalline

faces.

4.2. Experiments

For the growth of morphology controlled ZnO nanowires, pre-cleaned Si substrate

was coated with a ZnO seed layer (2~ 30 nm thick) by RF sputtering (150W, 20mTorr,

12sccm Ar). The substrate was placed upside down in a 100 mL solution in a closed

system containing fixed concentration of zinc sulfate (ZnSO 4-7H20 0.01M, Sigma



Aldrich) and ammonium chloride (NH 4C1 O.3M, Sigma Aldrich) with additional variable

concentration of metal sulfate hydrate (A12(SO4)3-18H 20, In2(S04)3-xH 20,

Ga2(S0 4)3 xH20, SrSO4, CaSO 4-2H20, MgSO 4-7H20, CuSO4 -5H20, CdSO4 -8/3H 20, 0

~ 0.002M, Sigma Aldrich), followed by pH adjustment to 11 by sodium hydroxide

(NaOH, Sigma Aldrich). This enclosed system was then heated to 60 C in a convection

oven at various times for the nanowire growth.

Composition of nanowires was characterized by JEOL 201 OF field emission

transmission electron microscope (FE-TEM) equipped with energy dispersive X-ray

spectroscopy (EDS). Morphology and aspect ratio of nanowires were measured using

Philips-FEI XL30-ESEM field emission scanning electron microscopy (SEM) with

secondary electron detector in normal high vacuum mode. Crystalline structure and

orientation of the nanowires was identified by X-ray diffractometry (XRD, Panalytical

X'pert Pro) using CuKa (1.5406A) radiation. Photoluminescence of ZnO nanowires was

measured by spectrophotometer (F7000, Hitachi) with excitation of 325nm using

monochromatized Xe source at room temperature.

Force-distance measurement was used to evaluate surface potential of ZnO single

crystalline surface at pH 11. Au coated contact mode AFM cantilevers (Budget Sensors,

force constant 0.2N/m) were chemically modified with carboxylic alkanethiol monolayer

to form carboxylic acid surface over the tip surface [54-55]. Initially, the cantilevers were

pre-cleaned with concentrated H2SO 4 for 5 minutes, and washed with DI water and

ethanol. The cantilevers were then immersed in 1 mM solution of mercaptoundocanoic

acid in ethanol for overnight to form self assembled monolayer. Before installing the tip

to the AFM (Digital Instrument 3000), the cantilever was taken out from the solution and



rinsed with ethanol, hexane, ethanol, and dried under nitrogen. Single crystal ZnO (MTI

Corporation) with (0002), (1010), and (1120) planes were used in this experiments. All

crystals were thoroughly rinsed with DI water, dried under nitrogen. To measure surface

potential of ZnO planes at pH 11, sodium hydroxide (NaOH, Sigma Aldrich) was used to

adjust pH of 1 mM KCl solution to 11. The crystal was placed beneath the carboxylic

acid functionalized AFM tip with 50 uL solution and allowed to equilibrate for 5 minutes.

Once the system was stabilized, force distance measurement was taken at scan rate of 1

Hz.

X-ray photoelectron spectroscopy (XPS) was used to determine the relative

surface acidities of ZnO crystals with different orientations [56]. ZnO crystals with three

different planes were coated with 5A thick palladium (Pd) by RF sputtering (70W,

30mTorr, 12 sccm Ar for 18 seconds). All XPS measurements were performed using

monochromatic Al Ka radiation under ultra high vacuum (1.2 ~ 5 x 1040 Torr) at takeoff

angle of 300 from the plane. Pd 3d photoelectron peaks and Pd MMV auger peaks were

measured to determine the modified auger parameter (MAP) of Pd as a function of

crystalline orientation. Pd was used because it is chemically inert, and its specific peaks

do not overlap with Auger peaks of zinc, oxygen, and carbon.

4.3. Results and discussion

Nanowires synthesized with additional cations showed dramatic morphology and

aspect ratio changes. Each cation showed distinctive effects on the growth, either

suppressing the nanowire vertical growth and forming nanoplates shape, or sharpening

the nanowires into spear shape. Depending on ion addition concentrations, trends to

sharpen or flatten the nanowires enhanced up to certain aspect ratio points.



Figure 4.1 Shows SEM images of nanowires grown with cadmium sulfate

addition (a: 0.002M, c: 0.001M), no addition (e), and aluminum sulfate addition (g:

0.00 1M, i: 0.002M) with all other parameters kept same. Compared to no additional

cation addition (e), Cd added solution induced growth in platelet shape with low aspect

ratio, instead of vertical wire growth. It is seen that growth in lateral direction was

enhanced, and vertical growth was suppressed. In case of Al added solution, growth in

vertical direction was more enhanced, and synthesized nanowires shows increased aspect

ratio.



Figure 4.1. Top (a, c, e, g, i) and 45 degree tilted (b, d, f, h, i) SEM images of nanowire
grown at 5 different chemical solutions. (a,b): Cd 0.002M, (c,d): Cd 0.001M, (e,f): no
additional cations, (g,h): Al 0.001M, (ij): Al 0.002M. Scale bar = 500 nm.
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To evaluate the effect of cations for the morphology changes, various materials

with different concentration of add ions were tested. Figure 4.2 shows measured aspect

ratio from SEM cross sectional analysis with eight different cations for ten different

concentrations. Aspect ratio tends to increase with Al, In, and Ga addition, whereas

decrease with Ca, Mg, Cu, and Cd. In case of Sr, no distinctive trend was observed

because of aspect ratio fluctuation with different concentrations.
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Figure 4.2. Aspect ratios of synthesized nanowires measured by cross sectional SEM with
8 different cations with 10 different concentrations respectively.

In chemical solution bath for ZnO nanowire growth, several zinc ion complexes

exist; zinc hydroxide complexes and zinc amine complexes. When cations other than Zn

are introduced in the reaction solution, they also form complexes either with hydroxide

and amine. Because total hydroxide and amine concentration is fixed at certain condition,

Zn complex distribution also changes by additional cations. Those charged ion complexes

...... .... .. ................................ .......



will adhere to specific crystal facet of ZnO, which is energetically favorable direction.

This selective zinc complex adsorption determines the shapes of crystals.

As each surface plane of single crystal have different surface energies, every

plane has different surface potentials defined by isoelectric point (IEP) when the crystal

is introduced in the solution. Since hydroxide and proton can adsorb to or desorb from the

crystal plane, surface potential changes with pH. IEP is the pH where the surface

potential is zero, neutral charge condition. Crystal surface forms positive charges when

pH < IEP. When pH > IEP, the surface forms negative charges. Since each crystal plane

has different atomic distributions, each plane would have different IEP defined by

orientation [56-58]. Several IEP values for bulk powder (multiple facets) with different

materials are already known, but not much of data for crystal plane dependent IEP are

available yet.

For ZnO, previously reported (0002) plane IEP is 8.7±0.2 [55]. In our

experimental condition at pH 11, (0002) plane would form negative surface charges.

Since (0002) planes consists of all Zn atoms and (1010) planes consists of 2 Zn and 2 0

atoms, (0002) would have higher binding forces to hydroxyl groups and easily form

negatively charged condition. Therefore, IEP would be lower for (0002) plane. Since

there is no reported value of surface potential of (1010), let's assume that the (1010)

would have positive charges under pH 11, and examine whether this surface potential

conditions can explain the morphology and aspect ratio changes with different cation

additions as shown in Figure 4.3. Detailed surface charge measurements by AFM and

XPS analysis would be followed after that.
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(0002) (-)
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ZnO at pH 11 Ca, Mg, Cu, Cd

Figure 4.3. Schematic diagram of ZnO growth at different cation addition. Possible
scenario of surface potentials at ZnO facets. Different ZnO nanostructures may form by
competing ion mechanism.
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Solubility plots for Zn and Cd in the reaction solution are shown in Figure 4.4. Cd

has different solubility from Zn. Cd also have a solubility increase around pH 8 ~ ph 12

under NH4 Cl existence because of Cd amine complex formation.
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Figure 4.4. (a) Solubility plots of Zn (grey) and Cd (red) with different pH/NH4Cl
concentrations calculated by Matlab code with reaction constants (see appendix). (b)
Solubility plots of Zn and Cd with two different concentrations of NH 4Cl (OM, 0.3M).

Equivalent Zn ion complex distribution and Cd ion complex distribution at 0.3M

NH 4C1 are shown in Figure 4.5. Complexes with same polarity were added up to

investigate the charge distribution of complexes. For Zn complexes case, positive charge

value is sum of Zn(OH)+, Zn(NH3) 2 +, Zn(NH3)2+, Zn(NH3)2+, and Zn(NH3)2+

Negative charge value is sum of Zn(OH)- and Zn(OH)- . Neutral charge value is

Zn(OH)2 (aq). Similar process was taken for Cd complex distribution, and charges with

each polarity were calculated. At experimental condition (pH 11), most of Zn ions would

exist as positive charge complexes (96.3 %) and most of Cd ions as positive charge

complexes (99.9 %). Nanowires grows vertically when most of Zn attaches in vertical

direction, and this agrees with the assumption that (0002) plane has negative zeta

potential and (1010) plane has positive zeta potential. By electrostatic forces, majority of

53
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Zn complexes, which has positive polarity, will be attracted to the (0002) plane and the

crystal will grow vertically. However, when Cd is present in the solution, there are Cd

complexes competing with Zn complexes during growth. Since majority of Cd complexes

are positive, these would be attracted to (0002) plane and suppress the positive Zn

complexes attaching to (0002) plane. Vertical growth would slow down by this

competing ion complex mechanism, but lateral growth will still happen, thereby forming

nanoplates.
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Figure 4.5. Calculated Zn ion complex distribution (a) and Cd ion complex distribution
(b) at different pH with 0.3M NH4Cl condition.
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Solubility plots for Zn and Al in the reaction solution are shown in Figure 4.6. In

case of Al, solubility has no bump when NH4 Cl is present, because Al does not form Al

amine complexes.
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Figure 4.6. (a) Solubility plots of Zn (grey) and Al (red) with different pH/NH4Cl
concentrations calculated by Matlab code with reaction constants (see appendix). (b)
Solubility plots of Zn and Al with two different concentrations of NH4Cl (OM, 0.3M).

Equivalent Zn ion complex distribution and Cd ion complex distribution at 0.3M

NH4Cl are shown in Figure 4.7. Complex distribution of Zn was different from Cd

addition situation (Figure 4.5), because Al and Cd have different chemical reactions with

hydroxide and ammonia (see Appendix). Similar procedure was taken to evaluate the

proportion of ion complexes with different polarity. At this case, main Zn complexes are

positive (96.4 %), and main Al complexes are negative (99.9 %). Based on the surface

potential assumption, most of Zn complexes (+) will be attracted to negative zeta

potential (0002) plane without competing with main Al complexes (-). Main Al

complexes would be attached to the positive (1010) plane and compete with minor Zn

complexes (-) in lateral direction. Overall, Al addition would not hamper the vertical

growth but suppress the lateral growth, thereby creating higher aspect ratio nanowires

than no additional cation condition.
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Figure 4.7. Calculated Zn ion complex distribution (a) and Al ion complex distribution (b)
at different pH with 0.3M NH4Cl condition.

Based on the previous two cases with Cd and Al addition, electrostatic competing

ion mechanism explains the experimental results of morphology and aspect ratio change

reasonably. To check whether other cations also fit into this model, same charged ion

complex distributions with rest of cations were calculated.

Charge complex distribution of indium added solution was shown in Figure 4.8.

At pH 11, major Zn complexes (96.4%) have positive polarity, and major In complexes

(95.5%) have negative polarity. In this case, In would suppress the growth in (1010)

plane, forming higher spect ratio as observed from the experiments.
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Figure 4.8. Charged complex distribution of Zn and In under 0.3M NH4Cl condition. (a)
Zn complex distribution with different polarities. (b) In complex distribution with
different polarities.

Figure 4.9 Shows charge complex distribution of gallium added solution. Main Zn

complexes (96.4%) have positive polarity, and main Ga complexes (99.9%) have

negative polarity under experimental condition (pH 11). Similar to Al and In, Ga would

suppress the growth in (1010) plane and create higher spect ratio nanowires as observed

from the experiments.
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Figure 4.9. Charged complex distribution of Zn and Ga under 0.3M NH 4C1 condition. (a)
Zn complex distribution with different polarities. (b) Ga complex distribution with
different polarities.



Charge complex distribution of copper added solution was shown in Figure 4.10.

At pH 11, major Zn complexes (96.3%) have positive polarity, and major Cu complexes

(99.9%) have negative polarity. In this case, Cu would compete with main Zn complexes

on attaching (0002) plane, thereby suppressing vertical growth. As a result, platelet shape

structures would form, matching experiments.
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Figure 4.10. Charged complex distribution of Zn and Cu under 0.3M NH4Cl condition. (a)
Zn complex distribution with different polarities. (b) Cu complex distribution with
different polarities.

Figure 4.11 Shows charge complex distribution of magnesium added solution.

Main Zn complexes (96.4%) have positive polarity, and main Mg complexes (99.9%)

have positive polarity under experimental condition (pH 11). Similar to Cd and Cu, Mg

would suppress the growth in (0002) plane and create low aspect ratio nanoplates as

observed from the experiments.
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Figure 4.11. Charged complex distribution of Zn and Mg under 0.3M NH4Cl condition.
(a) Zn complex distribution with different polarities. (b) Mg complex distribution with
different polarities.

Charge complex distribution of calcium added solution was shown in Figure 4.12.

At pH 11, Zn complexes are 69.0% neutral, 7.2% positive, and 23.8% negative. Neutral

Zn complexes can attach either positive or negative zeta potential surfaces. Ca complexes

have 100% positive polarity. In this case, Ca would compete with positive Zn complexes

on attaching (0002) plane, thereby suppressing vertical growth. As a result, low aspect

ratio structures would form. It is not clear why the aspect ratio change with Ca addition

was not as significant as Cd addition case. It may be related to the fact that main

complexes are neutral instead of positive polarity. Also, difference in atomic size of

cations and adsorption coefficient of the each complex molecule needs to be considered.

......... .
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Figure 4.12. Charged complex distribution of Zn and Ca under 0.3M NH4Cl condition. (a)
Zn complex distribution with different polarities. (b) Ca complex distribution with
different polarities.

Figure 4.13 Shows charge complex distribution of strontium added solution. Main

Zn complexes (96.4%) have positive polarity, and main Sr complexes (100%) have

positive polarity under experimental condition (pH 11). In this case, Sr should suppress

the (0002) plane growth and decrease the aspect ratio of ZnO, but experimental results

shows no tendency of aspect ratio change. This would come from the fact that SrS0 4 has

extremely low solubility under DI water (3-4 x 10-7). Different from other cation sulfate

hydrate used for experiments that have high solubility in water, Sr used for experiment

was SrS0 4 (no hydrate form available). Within the concentration range (0.0002M ~

0.002M), SrS0 4 was still sedimented without dissolution when added to prepared

solutions. However, the calculated situation assumes that Sr is fully dissociated from the

initial form of chemicals. If almost no Sr complexes exist in the solution because of low

solubility of initial chemicals, the Zn charge ion distribution would be almost the same as

no additional cation situation. Therefore, aspect ratio would not change significantly to

certain direction with SrS04 concentration changes.
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Figure 4.13. Charged complex distribution of Zn and Sr under 0.3M NH4 Cl condition. (a)
Zn complex distribution with different polarities. (b) Sr complex distribution with
different polarities.

To evaluate whether electrostatic competing ion model is valid approach to

explain the experimental results, surface potentials of (0002) plane and (1010) were

analyzed by force-distance measurement with AFM. Figure 4.14 shows functionalized

AFM tip with mercaptoundecanoic acid. Thiol groups bond to Au coated AFM tip

surface, leaving carboxylic acid groups at the end. At pH > 6.5, carboxylic acid would be

entirely deprotonated [59], forming negatively charged tip above pH 6.5. Since the force

measurement was done at pH 11, tip would be fully negatively charged.

HS OH

Mercaptoundecanoic acid

R 0
Thiol group bonds to Au Carboxylic acid -> carboxylate

Figure 4.14. Chemical attachment of mercaptoundecanoic acid to Au and formation of (-)
polar surface under solution. Au thiol bond image taken from [60].

Figure 4.15 shows two different conditions of cantilever deflection-distance plots.



Under 1mM KCl solution with pH 11, functionalized AFM tip would remain negatively

charged. If certain crystal surface has lower IEP than pH 11, that surface would be

negatively charged under ph 11. At this situation, electrostatic repulsive force between

the surface and the tip would exist, and the cantilever would deflect to upper direction

when approaching to the surface (Figure 4.15 b). When the tip is too close by further

approaching, the Van der Waals force would dominate and deflection would go

downward. If the crystal surface has higher IEP than pH 11, the surface would be

positively charged under pH 11. At this situation, electrostatic attraction force would

dominate during approach (Figure 4.15 c), so the cantilever would be deflected

downward. Van der Waals force would be attractive also, so no reversal cantilever

deflection would be observed.

(a) A (b) pH>IEP

Electrostatic repulsive force

Approaching

Separation Distance (nm)

Van der Waals adhesion force

Approaching

(c) pH < IEP

~ Approaching

Figure 4.15. (a) Schematic drawing of cantilever deflection under attractive and repulsive
electrostatic force during approaching condition. (b) Electrostatic repulsive force
dominant when the surface is negative (pH>IEP) and the tip is negative (carboxylate). (c)
Electrostatic attraction force dominant when the surface is positive (pH<IEP) and the tip
is negative (carboxylate).

Figure 4.16 Shows experimental results of Force-Distance measurement with

single crystalline surfaces of (0002) Zn terminated plane and (1010) plane. (0002) plane

showed electrostatic repulsive long range force, indicating the surface is negatively



charged under pH 11. This repulsive force and negative potential of (0002) plane under

pH 11 matches with previously reported literature [55]. In case of (1010) plane, only

attractive force was observed at pH 11, indicating the surface is positively charged. This

experimental data support the competing ion model assumption that (0002) plane to be

negative, (1010) plane to be positive potential.

(a) (b) (c)
Disn - () plane (0002)

800 -
F 04 (1010)

400-

ZnO at pH 11
020 40

Distance (nm)

Figure 4.16. (a) Force-Distance measurement of single 'crystalline (0002) and (1010) plane
ZnO under pH 11 solution with carboxylate functionalized AFM tip. (b) AFM deflection
schematic drawing of two different planes under pH 11. (c) Possible situation of surface
polarity with ZnO nanostructures under experimental condition (pH 11).

To further support the surface potential differences between different surfaces of

ZnO, x-ray photoelectron spectroscopy (XPS) was performed. XPS spectra of 3d

photoelectron peaks and MMV Auger peaks of monolayer deposited Pd on different

crystalline orientations of ZnO is shown in Figure4.17. Data shows almost identical

Auger peaks of Pd signal on all three crystalline surfaces. However, the photoelectron

peaks of binding energies showed a difference of 0.25 eV between different crystal

surfaces. The photoelectron peak of Pd on (1010) surface had lowest binding energy,

while the peak at (1120) occurred at 0.125 eV higher, and peak at (0002) showed 0.25 eV

higher than the lowest. Both modified auger parameter (MAP) and calculated cation

..............



density is shown in table 4.1. It is seen that the surface with higher cation density has

higher MAP. Correlation between MAP and surface charges of surfaces can be explained

by classic electrostatic model which others reported with sapphire and titanium oxide

crystals [56, 58]. The binding energy of electrons from a Pd monolayer would increase

with net positive atomic charges of the crystalline substrate. Therefore, the surface with

higher binding energy will also have stronger bonds to hydroxyl groups in the solution

environment, and require more protons to change the surface charges from negative to

positive. As a result, the surface plane with higher binding energy would have lower IEP.

From the binding energy value measured, (1010) plane would have highest IEP, followed

by (1120) and (0002). Since (0002) surface has highest binding energy, it would easily be

negatively charged compared to (1010) surface that requires higher pH to accommodate

lower binding energy to change the polarity of the surface. This XPS matches with AFM

data that (0002) surface is negatively charged at pH 11, but (1010) surface is still

positively charged.
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Figure 4.17. XPS data of Auger MMV peak and photoelectron (3d3/2 and 3d5/2) peaks of
an atomic monolayer of palladium deposited on three different ZnO crystal surfaces.
Different binding energies indicate a difference in the extent to which electrons from Pd
are bound to surface sites on their corresponding wurtzite ZnO substrates.

Orientation M.A.P. Cation density ( per nm2)

(0002) Zn terminated 824.375 10.9

(1120) 824.500 6.8

(1010) 824.625 5.9

Table 4.1. Modified Auger Parameters and cation density of ZnO crystals with different
surfaces. (Note that lower MAP corresponds to higher binding energies because MAP is
difference between Auger peak (high value) and photoelectron peak.)

We performed EDS measurement for individual nanowires under TEM to

investigate how much incorporation of additional cations to the nanowires. Figure 4.18

shows EDS data for nanowires at specific growth condition. No Cd or Al peak was

observed within detectable limit of tool capability, indicating additional cation only

works as pseudo ligands of suppressing certain crystal growth plane, but not

incorporating into crystals effectively.

. . . .. ...........
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Figure 4.18. Energy Dispersive X-ray spectroscopy (EDS) measurement for individual
nanowires grown at different conditions. No distinctive peak or Cd or Al is observed.

Normalized XRD data for samples with different cation addition also showed no

change in crystalline orientation of ZnO nanowires (Figure 4.19). All nanowires to

nanoplates showed strong ZnO (0002) peak, indicating same alignment of ZnO

nanostructures. No other peaks of additional metal or metal oxide phase were observed.

[ none
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Figure 4.19. X-ray diffraction pattern of hydrothermally synthesized ZnO nanowire with
different cation addition (0.002 M) on Si (100) substrate. Strong peak indicates (0002)
ZnO peak. No other peaks were observed.



PL data with different cation added nanowire growth was shown in Figure 4.20.

Every sample showed distinctive band edge emission at - 378 nm, and defect related

emission at 600 nm ~ 700nm possibly by oxygen interstitials. Depending on samples,

band edge emission intensities were different, but no peak shift at band edge was

observed, indicating no optical band gap changed by forming ternary phases. The reason

for the intensity change of band edge and defect emission is still not clear. It may be

related to the morphology variations in samples, leading to different proportion of surface

related defect emission with respect to band edge emission.
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Figure 4.20. Photoluminescence spectra of hydrothermally grown ZnO nanowires with
different cation addition (0.002 M). Ultraviolet peak at 378 nm corresponds to band edge
emission of ZnO, and broad band defect emission at 600 ~ 700 nm were observed. No
peak shift of band edge emission was observed.

In case of suppression of lateral growth in (1010) direction by Al, In, or Ga,

needle shape around the top end of the nanowire was generally observed in addition to

the diameter decrease. Hexagonal structures are gradually contracted along the [0001]

axis with an angle of 87±0.9 degree (Figure 4.21). This needle structure is different from

the prism or pyramid structures of ZnO with facets (1011) that has 60 degree angle with



(0002) plane which other people generally reported [61-65]. In our case, multiple steps

along the lateral faces instead of flat tilted faces were observed. It indicates that the

needle shape around the tip comes from multiple layers of hexagonal crystal structures

with gradually decreased areas (Figure 4.21e) [66-68]. We believe that the suppression of

(1010) planes by additional ion complexes induces diameter of the ZnO to be gradually

decreased. Comparative growth rate increase along the vertical direction because of

suppressed growth rate along the lateral direction by additional cation complexes would

induce steps on the (0001) face do not move across the face rapid enough, and new layers

are nucleated before the previous layers grow across (Figure 4.2 If). Crevices and hillock

formation in ZnO single crystal growth was also explained in a similar manner that too

fast vertical growth compared to lateral growth induced sharp tip shaped crevice flawed

crystals [69].

(e)

R c

&ST 
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Figure 4.21. Top and 90 degree tilted SEM images of nanowire grown at two different
chemical solutions. (a,b): Al 0.0006M, (c,d): Al 0.002M. Scale bar = 200 nm. (e) Crystal
structure illustration of needle shape hexagonal nanorods. (f) Crevice-flawed growth of
ZnO single crystals by step formation. Image taken from Laudise et al. [69].



From the previous AFM force-distance measurement and XPS analysis, it is clear

that the surface potential of (0002) would be negative, and (1010) would be positive

under experimental condition. From the XRD, PL, and EDS, it is believed that there is no

change in crystalline orientation or incorporation of cations under different experimental

conditions. This validates the explanations of aspect ratio change with different additional

cations by competing ion mechanism. Figure 4.21 shows summarized situation under

different cations. When Al, In, or Ga is introduced (Figure 4.21 a), majority of additional

cation complexes are negatively charged, so suppress the ZnO growth in lateral direction

by hindering negative charged Zn ion complexes attaching on (1010) surface. Therfore,

higher aspect ratio nanowires forms. When Ca, Mg, Cu, or Cd is present in the solution

(Figure 4.2 1b), main additional cation complexes are positive, and suppress the positive

Zn ion complexes attaching to (0002) plane by competing each other. However, negative

charged additional cation complexes are minimal, so the growth in <1010> would still

exists and forming low aspect ratio plate shapes. Based on this rational understanding of

ZnO nanostructure growth under cation addition, we believe that many interesting

applications with optimal geometry can be possible in the near future.
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Figure 4.22. Schematic drawing of two different nanostructures forming under additional
cations. (a) High aspect ratio nanowire growth under Al, In, or Ga addition. (b) Low
aspect ratio nano plate growth under Ca, Mg, Cu, or Cd.

4.4. Conclusion

In conclusion, we demonstrated the morphology control of ZnO nanostructures

from nano plates to extremely sharp nanowires using additional cations as a growth habit

modifier. Using AFM and XPS analysis, crystal orientation dependent surface polarity of

ZnO crystals under solutions were measured. Thermodynamic calculation gave the ion

complex distributions with different polarities. Ion complex distribution and surface

polarity of ZnO were used for the understanding the mechanism of ZnO nanocrystal

growth under different cation additions. It is believed that growth direction is biased by

electrostatic competition from cation-complexes that adsorb to the crystal in a certain

surfaces more dominantly, thereby reducing zinc ion-complex adsorption and suppressing

growth along that face. This rational controllability of ZnO aspect ratio has huge potential

in improving the performances of the current nanowire devices including field emission

display, energy harvester, solar cells [8-11], and also for new device development.



Chapter 5 : Spatial Control of Nanowire Synthesis by
Self Assembled Block Copolymer Templates



5.1. Introduction

Spatial control in the synthesis of semiconductor nanowires is of great interest

because a device performance is highly influenced by position and spacing of

nanomaterials. Among several semiconductor nanostructures, zinc oxide (ZnO) nanowire

with direct band gap is one of the most important functional materials used for room

temperature UV lasers, piezoelectric energy generators, photo detectors, gas sensors, and

solar cells [4]. The conventional position control of hydrothermal nanowire growth is

expensive and time consuming because electron beam lithography, which is a serial

process, is required to form specific nucleation sites [70].

In this chapter, we report spatially controlled hydrothermal ZnO nanowire

synthesis using self-assembled polystyrene-b-polymethylmethacrylate (PS-b-PMMA)

diblock copolymer templates. The spacing is controlled by the length of block polymer

chains. This scheme can be used for the nanowire synthesis with high precision tunable

spacing in a massively parallel manner because the nucleation site is controlled by self

assembly process.

5.2. Experiments

The schematic of the nanowire synthesis is shown in Figure 5.1. First, a thin ZnO

seed layer was coated on a pre-cleaned substrate either by spin coating or RF sputtering

followed by plasma treatment at 100 W with 10 sccm oxygen for 30 seconds. 1 wt%

random brush copolymer (PS-r-PMMA-OH, Polymer Source) in anhydrous toluene was

spin coated at 5000 rpm for 40 sec, then thermally annealed at 170 C for 2 days at N2

environment. The substrate is then taken out and sonicated in anhydrous toluene for 5

minutes, forming a monolayer of random PS-r-PMMA polymer. On this substrate, 1~1.5

72



wt% PS-r-PMMA diblock copolymer (150k-b-57k, Polymer Source) in anhydrous

toluene was spin coated at 4000 ~ 6000 rpm for 50 seconds to deposit 50 ~ 60 nm,

followed by thermally anneal at 190 C for 2 days at N2 environment. At this step, the

block copolymer formed an ordered array of PMMA dots in PS matrix. After the sample

was cooled down to room temperature, oxygen plasma at 100 W with 10 sccm was

treated to etch PS and PMMA at different rates until PMMA dots were fully removed and

only leaving PS matrix templates. This substrate was then introduced into supersaturated

solutions with various ion concentrations (ZnSO4, NH 4Cl, and NaOH), generating

nanowires by hydrothermal reaction at temperatures from 60C to 80C only at ZnO seed

layer exposed positions.

Pre-cleaned substrate Spin coating ZnO seed layer Spin coating PS-b-PMMA

ZnO nanowire growth Selective removal of PMMA Self-Assembly
by Hydrothermal reaction via reactive ion etching By thermal annealing

Figure 5.1. Procedure for spatially controlled ZnO nanowire synthesis. A PS-b-PMMA
block copolymer thin film was spin coated on seed layer coated substrate and thermally
annealed. The self assembled block copolymer patterns are oxygen plasma treated to
remove PMMA and form PS templates. The substrate is transferred to supersaturated
solution bath, and ZnO nanowires are synthesized only at seed layer exposed locations by
hydrothermal reaction at temperature 60C-80C.



5.3. Results and discussion

5.3.1. Oxygen Plasma Etch Rate

For oxygen plasma etch rate measurement, 5 wt% PMMA and PS were diluted at

anhydrous toluene, then spin coated to pre-cleaned Si wafer for etch test. Figure 5.2

shows etched thickness with different time at oxygen plasma treatment at 100W with 10

sccm 02. Linear fit of data gives an etch rate of 0.54 nm/sec for PMMA and 0.27 nm/sec

for PS respectively. Using this differential etch rate, PS-b-PMMA block copolymer can

leave self assembled PS matrix only.
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Figure 5.2. Plasma etched thickness for PS and PMMA respectively at 100W, 10 sccm 02
for various time. As seen from the data, PMMA has a higher etch rate than PS by a factor
of 2.

5.3.2. Thickness dependence in self assembly

Controlling the thickness is critical for block copolymers assembling into desired

shape. In this work, matrix with circular dots is necessary to expose the bottom ZnO seed

layer for further nanowire growth with distant spacing. Generally, perpendicular

alignment of lamellae or cylinders is created when the substrate has a surface energy

.............. .... .. .. .. ...



neutral with respect to each component by random copolymer brush formation.

Depending on the thickness, PS-PMMA can either form cylinders lying parallel or

vertical orientations [71]. To find the right condition, PS-b-PMMA samples with

different thickness were tested (Figure 5.3). When the initial thickness of spin coated

layer was 40 nm or below, self assembly was driven to form linear or wiggled PS arrays

parallel to the substrate as shown in Figure 5.3(a). When the thickness was above 40 nm,

block copolymer was vertically aligned and formed vertically aligned cylindrical arrays

with minor misaligned shapes. Further experiments with ZnO growth, initial thickness of

50~60 nm was used.

Figure 5.3. PMMA etched SEM image of PS-b-PMMA self assembly with different initial
thickness. (a) 40nm, (b) 48 nm, (c) 56nm, (d) 63nm, (e) 68nm, (f) magnified image of (e).

5.3.3. ZnO nanowire growth on PS self assembled matrix

To check whether nanowires grow only at PMMA etched regions, we performed

the growth with linear trenches first. Figure 5.4 shows the nanowires grown on the trench



PS templates. It is clear from Fig 5.4(b) that nanowires were synthesized only at trenched

locations, not on the PS stripes. As a control test, we tried to grow ZnO nanowires on PS

polymer coated ZnO seed layer substrate, but no growth was observed. This indicates that

PS polymer is not energetically favorable to form heterogeneous nucleation and growth

of ZnO. When growth time was increased to grow 1 ~ 2 um length nanowires with PS

templates, nanowires got thicker than the initial hole diameter or trench width. Figure

5.4(c) and (d) shows the bottom of nanowires that has initial small size of growth

matching PS matrix confinement, but thicker growth after certain height. It is believed

that nanowires can grow laterally once the growth reaches above the PS confined

structure. To compensate this situation, thicker matrix and wider dimension of self

assembly would be necessary.

Figure 5.4. (a) and (b): ZnO nanowires synthesized with linear PS templates for growth
location verification. (c) and (d): bottom of the nanowires indicating lateral growth above
the PS template confinement.



Nanowire growth with circular PS templates is shown in Figure 5.5. Compared to

nanowires grown directly on the seed layer (Figure 5a,b), nanowires on PS templates

(Figure 5c,d) have lower density because it has smaller nucleation sites confined by PS

matrix. The sample without a PS template had nanowires with a density of 125 ± 10 /um 2,

whereas the sample with the PS template had a nanowire density of 62 8 /um2. With

150k-b-57k PS-b-PMMA block copolymer, center to center distance between each hole

was 110 ~ 120 nm, so theoretical nanowire density should be 69.4 - 75.6 /um2 assuming

every hole is filled with nanowires with perfect spacing. The density value measured was

close to the theoretical value, indicating successful nanowire growth in PS matrix.

However, nanowire alignment with PS templates was poorer than higher density without

the matrix. It is because the density of nanowires is low, so wires with random direction

can have more chance to grow longer without being blocked by other vertical nanowires.

If the substrate was a c-plane ZnO single crystal or has matching the lattices of c-plane

ZnO, it would give vertical growth. Lateral thickness of nanowires seems slightly thicker

also, probably because lower nucleation sites at same supersaturation condition would

give larger growth with individual nucleus.



/

Figure 5.5. ZnO nanowire synthesized (ZnSO4 0.0 1M, NH4 Cl, pH 11 at 90C 2hrs) without
PS templates (a,b) and with PS templates (c,d). Scale bar = 1 um (a,c) and 500 nm (b,d).

5.4. Conclusion

In conclusion, we demonstrated hydrothermal nanowire growth guided by self

assembled block copolymer templates. Using PS-b-PMMA block copolymer, PS matrix

with 40 ~ 50 nm holes was made by oxygen plasma etch. Nanowire growth solution was

compatible with block copolymer layer without dissolving PS matrix within growth

period. ZnO nanowires were successfully grown from the exposed region of the block

copolymer template. Nanowires were grown to vertical direction initially, but it also

expanded to lateral direction slightly once ZnO started to grow above the template. PS-b-

PMMA with larger molecular weight may need to compensate the lateral growth



behavior, but it may not be easy to form self assembled PS/PMMA matrix in that large

size during annealing process. Growth direction of nanowires was not perfectly vertical,

because the seed layer was amorphous ZnO layer. To synthesize nanowires with nearly

perfect spacing, c-axis oriented ZnO or other single crystal layer that matches with (0001)

ZnO plane crystalline lattice would be necessary.

Many applications are possible using this method because it has several merits in

commercialization such as low temperature solution process, parallel pattern formation,

and parallel growth. This process may lead to development of high sensitivity photo

detector sensor, flexible ultraviolet light emitting diode, and high efficiency photovoltaic

cells.



Chapter 6 : Microfluidic Control of Nanowire Synthesis



6.1. Introduction

In a hydrothermal ZnO nanowire synthesis, growth happens in a liquid phase at a

low temperature < 100 C. Growth is governed by supersaturation degree described in a

previous chapter. At an unoptimized condition, growth also happens in the solution by

homogenous growth condition, leading less efficient growth per chemical consumption.

In this chapter, we report a combination of microfluidics and hydrothermal

nanowire synthesis. By coupling chemical reaction with fluid dynamics, we demonstrate

a spatial and temporal control of nanowire growth over various key parameters including

ion concentration, pH, temperature, flow rates, and flow geometry.

Each individual growth channel allows nanowires to be synthesized with different

properties in parallel with a single device. This technique was used for finding the

optimized reaction parameters and creating nanowire channels with different aspect ratio

by divalent or trivalent ion addition in the solution. Furthermore, we have achieved a

growth rate that is an order of magnitude greater than in bulk solution synthesis under the

same conditions by minimizing the depletion of reactant ions using continuous flow.

Integrated control of reaction conditions enables the in-situ fabrication of nanowire-based

electronics, as well as the study of nanowire growth kinetics in a highly controlled

manner. Using the above technique, we have achieved a novel, continuous gradient

control of the nanowire growth rate along the channel length. Also, 3D geometrically

complex nanostructures were synthesized in various flow channels. We discuss

fundamental studies on the coupling of reaction dynamics with fluid dynamics, as well as

demonstrations in morphological control and algorithmic nanostructure growth on

surfaces.



6.2. Experiments

Schematic of microfluidic nanowire synthesis is shown in Figure 6.1. After spin

coating or RF sputtering a thin ZnO seed layer on a pre-cleaned substrate, molded

Polydimethylsiloxane (PDMS) fluidic channels were attached to the substrate either by

mechanically pressurized contact or plasma bonding. Supersaturated solutions with

various ion concentration and pH (ZnSO4, NH4Cl, and NaOH) flew through each

channel, and synthesized nanowires by hydrothermal reaction at temperatures from 40 C

to 80 C controlled by a Peltier stage.

(a) _____ 1. Spin coating ZnO seed layer (b)
on the substrate

q 2. Attaching PDMS microfluidics

3. Peltier stage assembly

4. Reaction with continuous flow

5. Vertically aligned ZnO nanowires
synthesized in the channel

Figure 6.1. Schematic diagram of microfluidic ZnO nanowire synthesis (a) and prepared
device unit with three parallel channels (b).

In detail, optically patterned SU-8 was used as a mold for PDMS layer. After spin

coating SU-8 2050 (Microchem) at 1000 rpm (for 80 um height) for 40 seconds on the

pre-cleaned 4" Si wafer (Wafernet), the substrate was prebaked at 65 C for 10 minutes,

followed by 90 C for 30 minutes on a hot plate. Using transparency mask (Pageworks)

designed with Autocad, the SU-8 photoresist was exposed at UV (INTELLI-RAY 400,

Uvitron) with 50mW/cm 2 for 40sec, and post baked at 65 C for 1 minute, followed by 95

C at 10 minute. Finally, the wafer was developed by SU-8 developer with active agitation



for 10 minutes, then washed with DI water and dried under nitrogen.

For replicating SU-8 master mold, approximately 40 g of liquid PDMS pre-

polymer (GE, RTV 615) at a component A to B ratio of 10 : 1 was poured onto the mold

to a thickness of 1 cm, followed by curing in a convection oven at 80 C for 3 hours. The

PDMS layer was then peeled off from the master, and individual device was cut off with

a razor blade. Holes for the inlets and outlets were cored with a 0.75 mm beveled needle

(Harris Uni-Core). This PDMS was briefly cleaned with IPA again and put on top of a

ZnO seed layer coated substrate. Custom made holder (laser cut / waterjet parts) was used

to pressurize PDMS / substrate on top of peltier stage (FerroTec) connected to

microcontroller (Watlow).

Flexible tubing (Excelon Micro-Line, 0.75 mm ID) was connected to PDMS

inlets and outlets by intermediate stainless steel tube (New England Small Tube Corp.,

0.082 mm OD). Tubing was connected to 1 ~ 5 mL syringe (Norm-Ject) filled with

supersaturated solution. Flow rate was controlled by mechanical syringe pump

(KDScientific). After microfluidic nanowire synthesis was finished at fixed time and flow

rate, PDMS layer was detached from the substrate, and cleaned with DI water, followed

by nitrogen dry.

Growth of nanowires was examined using Philips-FEI XL30-ESEM field

emission scanning electron microscopy (SEM) with a secondary electron detector in

normal high vacuum mode. Simulation was performed by Comsol Multiphysics finite

element software with a Matlab code.



6.3. Results and discussion

Nanowire growth along the Microfluidic channel is shown in Figure 6.2.

Nanowires would grow by heterogeneous nucleation and growth through supersaturation

as discussed in the previous chapters. Top down SEM shows nanowires grown only at the

defined linear region, indicating easy patterning of vertical nanowires at specific location

guided by microfluidic channels. Nanowire morphology and density was similar to the

bulk system. Tilted view SEM showed that nanowires grow vertically along the interface

between PDMS and ZnO solution.

*..Solution flow through PDMS channel

Zn(OH); -+ZnO, + H2O+(n -2)O H~

Zn(NHal) - ZnOP , +mNH, + H20

Side view

Figure 6.2. SEM image of nanowires synthesized on top of Si substrate. PDMS was
detached for SEM analysis on top and side view.

The microfluidic synthesis with chemical solution is analogous to chemical vapor

deposition (CVD) process (Figure 6.3). Both systems involve chemical reaction and flow

of either solution of gas. It would have a diffusion limited reaction condition (when

reaction is fast enough), or reaction limited condition (when diffusion is fast enough).

However, there are distinctive differences between microfluidic synthesis and CVD



synthesis. In CVD, deposition generally occurs on all surface area unless the surface is

prepatterned for selective deposition. In microfluidic synthesis, deposition occurs only at

fluidic channels, so site specific growth is automatically achieved. Also, parallel growth

with different materials can happen at the same time, compared to CVD methods that

require multiple lithography and deposition steps to define each material section.

CVD reactor process Microfluidic Nanowire synthesis process

hij

b
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chamber is decreased, incrasin the gas velocity and compensating for the
depletion effect.

Figure 6.3. Comparison between chemical vapor deposition (CVD) process and
microfluidic nanowire synthesis. CVD image taken from Plummer et al. [72].

To evaluate the condition for the nanowires under microfluidic system, a

serpentine structure of a microfluidic channel with 100 um width, 80 um height, and 35

cm length was fabricated. Nanowire growth was performed with this fluidic channel at a

fixed supersaturation solution (ZnSO4 0.01M, NH 4Cl 0.3M, pH 11 by NaOH) and a fixed

flow rate of 0.3 mL/h for 5.5 hrs. Only variable was a reaction temperature from 40 C to

60 C. Figure 6.4 shows the drawing of microfluidic channel, and SEM image of nanowire

grown on Si substrate at 45 C. After detaching the PDMS layer, nanowire growth heights

with respect to the distance from the inlet were plotted after 80 degree tilted height

measurement with SEM.
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Figure 6.4. Microfluidic channel drawing and SEM image of nanowires grown on Si
substrate. The PDMS layer is detached from the substrate for SEM characterization. Scale
bar = 500 um. Inset scale bar = 500 nm.

Figure 6.5 (a) shows the result with different positions. It is clear that the growth

was dominant at the inlet port, and decreased as it goes further to the outlet. At these

temperature conditions and flow rate, the process seems to follow the diffusion limited

regime because the growth varies with location, and closer to the source has higher

growth rate. This is growth decay along the distance is similar to CVD process with

diffusion limited regime. In CVD, the substrate is tilted to compensate the source

depletion by decreasing the cross sectional area and increasing gas velocity (Figure 6.3).

Figure 6.5 (b) shows temperature dependent nanowire growth at a fixed distance

from the inlet. At temperatures below 40 C, no growth was observed within a reaction

period, indicating not enough energy to overcome activation barrier to transform from

solution phase to solid phase. Growth rate was maximum at 50 C, and lower towards both

40 C and 60C at any locations. This result is different from the general CVD process. In



CVD, surface reaction and gas transport are both proportional to temperatures. The

surface reaction can be described by thermal activated process (Arrhenius equation,

exp (- Q*/KTsub), and gas transport can be de described by diffusion process (gas,

3/D oc Ts for T Tsub). In the microfluidic system, the distance dependent

experiments empirically follows mass transport limited regime (Figure 6.5 a), so the

growth should follow diffusion constant-temperature relationship (Stokes-Einstein

relation, D = KbT/61n'zr) in ideal condition. In solution system, heterogeneous growth

and homogeneous growth are both present at an elevated temperature. However, what we

measured as a ZnO height only accounts for the heterogeneous growth. From 40C to 50

C, nanowire growth increase can occur either from higher diffusivity of Zn ion

complexes from the solution to the substrate or chemical reaction increase with

temperature increase. In case of 50 C to 60 C or higher, growth decreases with

temperature increases. In higher temperature, homogenous nucleation and growth would

be enhanced, so measured growth decreases even though the total ZnO growth in the

system, which is an added value of homogeneous and heterogeneous nucleation and

growth, may be higher under the assumption that temperature increase will enhance the

growth by increase of diffusivity and reactivity of the chemicals.
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Figure 6.5. (a) Experimental data of ZnO nanowires height versus distance from the inlet.
(b) ZnO nanowire height versus temperature at fixed distances.

Flow rate dependent nanowire growth is shows in Figure 6.6. Individual fluidic

channel has 100 um width, 80 um height, and 15 mm length. Reaction was performed at

fixed concentration (ZnSO4 0.01M, NH4Cl 0.3M, pH 11 by NaOH) at 50 C. Flow rate

was varied as 0.2 mL/h, 0.8 mL/h, and 1.2 mL/h for each inlets. At low flow rate,

exponential decay of growth with respect to the distance from the inlet is prominent,

indicating the synthesis condition is under diffusion limited regime. However, distance

dependent growth change decreases as flow rate increase, and almost flat when the flow

rate was 1.2 mL/h. It is believed that higher flow rate decreases the boundary layer of the

mass transport. Also, solution would be replenished faster, so it could and minimize

supersaturation decrease by consumption on the surface (or growth). Therefore,

optimized condition may give more even growth with respect to the flow distance if

necessary. Unfortunately, experiment with higher flow rate than 1.2mL/h was not

practical because of the pressure build up was too much to create constant flow rate using

syringe pump system.
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Figure 6.6. Microfluidic channel drawing (a) and experimental growth data with ZnO
nanowires height versus distance from the inlet with different flow rates (b).

Using numerical simulations, we analyzed the growth behavior of ZnO nanowires

under microfluidic system. Figure 6.6a shows the equations used for the finite element

modeling. Concentration, pressure, and adsorption have time and position dependence.

Surface reaction was based on the adsorption model. In case of ZnO synthesis, there are

always available sites for the ions to form crystals at any surface, so the available sites for

the Langmuir adsorption was set to be a constant. Since several parameters on this

specific case are not readily available, we put values reported with close conditions for

adsorption coefficients, diffusivity, and viscosity [73-74]. Time dependent surface

concentration with respect to distance is shown in Figure 6.7b. The simulation was

performed only close to the inlet port because of mesh condition in finite element model.

At fixed time, surface concentration decreases along the distance, so the growth would

follow the same shape. The decay is not as prominent as we observed from the

experiment in Figure 6.5, and we believe it would be similar if we can calculate further

along the axis. At an initial stage, highest adsorption happens at the inlet with high

decrease along the distance. As time increases, actual adsorbed ions participating the

growth decreases around the inlet, and getting close to the value at the further location



(Figure 6.7c). We believe that this decrease comes from the diffusion of ions at the initial

port to further location. More detailed simulation and experimental analysis would be

necessary to fully understand chemical nanowire synthesis reaction and fluid dynamics.
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Figure 6.7. (a) Equations used for finite element analysis assuming Langmuir surface
adsorption model for nanowire growth kinetics. (b) Time dependent cumulative surface
concentration vs. distance from the inlet plot from the simulation. (c) Time dependent
surface concentration vs. distance.

Microfluidic nanowire synthesis was also tested with more complex geometry.

Figure 6.8 (a) shows fluidic channel designed for study. Linear channel and fins along the

line of the channel were designed to separate the effect of convective flow and diffusive

flow of the ion species under microfluidic system. Along the direction of fins (LI), only

diffusion of Zn ion species is present. At this case, ZnO growth with respect to the

distance was similar to the diffusion from a finite source at the interface (Figure 6.8b).

Color gradient along Li shows the height changes with different fins are almost identical,



indicating only diffusion is dominant factors for the growth along L1. Interestingly, no

growth was observed at the branch regions (Figure 6.8d), and it is still not clear how it

happens. It may be related to porous structure of PDMS, fluid geometry, and others.

More detailed experiments and simulation may give an insight on the coupling of

chemical reaction and fluid dynamics.

(a) Convecve (b)

0 100 200

(C) (d)
Distance 6,m)

Figure 6.8. (a) Complex microfluidic channel design for analyzing diffusive (Li) and
convective (L2) flow terms separately. (b) Experimental nanowire height data along with
Li at branched diffusive region. (c) SEM tilted image of nanowires (white) on Si
substrate. Gradient color change indicates height decrease along Li axis. (d) Non growth
region at the center of the branches.



6.4. Conclusion

In conclusion, we demonstrated ZnO nanowire synthesis in a microfluidic system

with a controlled manner. The synthesis of vertically aligned zinc oxide (ZnO) nanowires

in a microfluidic device that allows precise control over key parameters in hydrothermal

synthesis and the creation of complex geometries via fluidic control. This technique

facilitates rapid screening and optimization of growth conditions, and the in-situ

fabrication of morphologically diverse nanostructure-based integrated devices. We have

determined that optimized conditions in a microfluidic device yields growth rates an

order of magnitude greater than in bulk solution with a minute fraction of the reagent

consumption. Lastly, by physically coupling growth and transport dynamics of reactants

in a continuous flow microfluidic reactor, we demonstrated the programmed synthesis of

complex geometrical patterns within enclosed geometries. Thus, this simple yet

innovative methodology may lead to in-situ patterned- and synthesized, integrated

devices with highly tunable geometrical, electrical and optical properties.



Chapter 7 : Applications



7.1. Nanowire Field Emission Device

7.1.1. Background

Field emission (FE) is an emission of electron induced by external electric fields.

The theory of field emission was explained by a quantum mechanical tunneling behavior.

When the external field is high enough, the triangular energy barrier width gets smaller as

shown in Figure 7.1, electron escape probability increases exponentially. This general

concept of tunneling was proposed by Fowler and Nordheim [75] followed by several

modified mathematical models to explain the experimental behavior.
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Figure 7.1. (a) Schematic diagram of field emission barriers for a planar and a microtip
emitter [76]. The microtip emitter has a higher probability of tunneling behavior than the
planar emitter. (b) Schematic structure of a field emission display device [77]. Electrons

extracted from several field emission micro tips are accelerated to individual phosphor
color pixels, creating lights for display system.

If the surface has a high aspect ratio tip, a localized field around the tip increases

compared to the flat surface with the same potential difference. This is called a field

enhancement factor (p ). In general rule of f, the following relationship is valid [78],

h(,d(1)
D r)

Where h is length of the tip, r is radius curvature of the tip, d is gap between tip and

counter electrode, D is gap between bottom of the tip to the counter electrode (Figure



7.2). Researchers have used this effect to make efficient field emitters for scanning

electron microscopy, scanning ion microscopy, and field emission display.

r p=-(1+
L 

D

h d

Figure 7.2. Relationship between tip geometry and field enhancement factor [78].

Field Emission Display (FED) is a flat panel display that has parallel electron

emission sources for exciting colored phosphor in each pixel to create color display.

Spindt et al. used micro fabrication technique to create molybdenum cone arrays [79].

Recently, carbon nanotubes were used as field emission source because of its natural high

aspect ratio structures. For the first time, Samsung Electronics demonstrated fully sealed

carbon nanotube FED in 1999 [80]. However, carbon nanotubes are still not an optimal

material for FED yet because of its stability issue of electron emission current by

degradation from burning out and destructive arching in a vacuum. To solve the problems

of carbon nanotubes, researchers have worked on finding different nanowires for FED,

including gold, copper, ZnO, ZnS, W0 3, Si, and others [81].

7.1.2. Introduction

The vertically aligned morphology of ZnO nanowires has shown great advantages

in manipulation and device assembly within the nanometer regime. Among them, field

emission is one of the most important applications because the electron emission

efficiency can be highly improved by high aspect ratio of structures. Several people

demonstrated the field emission characteristic of ZnO nanowires [8, 82], but the threshold

............. ...



voltage, indication of extraction efficiency, was not close to carbon nanotube (CNT) field

emission devices. By rationally controlling the tip geometry with cation addition during

nanowire synthesis, the performance of ZnO nanowires as a field emission device was

evaluated.

7.1.3. Experiments

For Nanowire field emission measurement, ITO glass (Delta Technologies) was

pre cleaned, followed by 30 nm thick ZnO seed layer deposition by RF sputtering (150W,

20mTorr, 12 sccm Ar). Different morphology nanowires were synthesized on the

substrate with various solution bath conditions similar manner described in chapter 4. All

basic solution was prepared with zinc sulfate (ZnSO 4, 0.01M) and ammonium chloride

(NH 4Cl, 0.3M) in 100 mL deionized solution. Five different cation sulfate (A12(SO4)3 :

0.001M, 0.002M / CdSO4 : 0.00 1M, 0.002M / No addition) was introduced to each

solutions, then sodium hydroxide (NaOH) was added to adjust pH to 11. The substrates

were introduced to each bath to grow nanowires on the ITO substrates for 20 hrs. After

removed from the solution, the substrate was washed with DI water followed by nitrogen

dry. To expose ITO layer for IV characterization, corner ZnO nanowire and ZnO seed

layer was etched by diluted HCl (2M) with cotton swap, then cleaned with acetone.

Schematic of field emission electrical measurement setup is shown in Figure 7.3.

Counter electrode was prepared with 1/16" diameter tungsten tip (McMaster Carr)

covered with Teflon on the side for electrical insulation. This electrode was attached to

three axis positioner (Newport) with micrometer for the high precision spacing

adjustment. This custom built setup was introduced in vacuum chamber (5 x 10-6 mbarr),

and high voltage measurement unit (Keithley 237) was connected through electrical feed



through for IV characterization.

For phosphor light emission excited by field emitted electrons, nanowire grown

ITO substrate and P22 phosphor coated ITO substrate (Lexel Imaging Systems Inc.) were

sandwiched with 190.5 um spacer (Precision Brand) in a vacuum chamber (5 x 10-6

mbarr), then high voltage supply (Stanford Research systems, PS350) was used for field

emission. Images under operation were captured by Canon Rebel XTi DSLR camera with

EF 24-70mm f/2.8L USM macro lens.

(a) --------------------- I (b)

Tungsten electrode

(GND)

micrometer

High voltage
Measurement unit
(Keithley 237)

Vacuum chamber 5 x 10, mbarr
--------------------

Figure 7.3. Schematic of field emission measurement setup for ZnO nanowire device in
vacuum system (a) and three axis measurement unit (b).

7.1.4. Results and Discussion

To investigate nanowire geometry and aspect ratio dependent field emission,

Spacing was fixed to 30 um between the tip of the nanowire/nanoplate and the tungsten

counter electrode.

Figure 7.4 Shows field emission measurement with five different nanowire /

nanoplate grown on ITO with Al 0.002M (aspect ratio: 103.1), Al 0.001M (aspect ratio:

101.9), no addition (aspect ratio: 44.9), Cd 0.001M (aspect ratio: 10.1), and Cd 0.002M

(aspect ratio: 1.3). As expected from field enhancement factor described before (Figure



7.2), field emission was enhanced with the samples with higher aspect ratio. In fact, ZnO

nanowire with Al addition creates sharpen tip, so real tip diameter (r) is much smaller

than diameter measured at the middle of the nanowire, so d / r ( length / tip diameter)

would be much higher than aspect ratio stated above. This would be the reason why Al

0.002M sample and Al 0.001M sample have huge differences in field emission even

though aspect ratio values are in a similar range. Turn on field values (reaching 10

uA/cm 2) were 0.45 V/um (Al 0.002M), 1.77 V/um (Al 0.001M), 3.70 V/um (No

Addition), 6.18 V/um (Cd 0.001 M), and out of range (Cd 0.002M). For Al 0.002M, the

value is similar or smaller to the carbon nanotube (CNT) field emitter that has a value of

0.8 V/um [83].
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1.2 -v- Al (0.001 M)

-.- No addition

1. T -A- Cd (0.001M)
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F 2 4 6 8 10 12 14
Electric Field (V/pm)

Figure 7.4. (a) Field emission measurement data for five different nanowire samples. (b)
Green light emission from P22 phosphor excited by field emitted electrons from
nanowires. Scale bar = 1 mm.



Electron emission under an applied field can be described by Fowler-Nordheim

(FN) equations,

E 2 Bqp3/2
J = A - exp (- ) (2)

V E

where J is the current density (A/cm 2), E is the electric field (V/um), A and B are

constants (A = 1.56 x 1010 A eV/V 2, B = 6.83 x 103 eV-3/ 2 V/um), and p is the work

function of ZnO (5.3 eV) [8, 84-85]. In case of nanowires, other researchers have

reported slightly lower work function value of 4.7 ± 0.2 based on a photoelectron

spectroscopy measurement. The reduction in p maybe related to faceting of nanowires,

surface variation in stoichiometry, and others. However, no value change was observed

within diameter variation of 80 nm ~ 200 nm [86-87] .

Local electric field can be described as,

E = f# V/d (3)

Where fl is the field enhancement factor, V is the applied voltage, and d is the spacing

between electrode and nanowire tip.

Arranging equation (2) with (3) gives the following FN plot,

InI A q2 B p /2d(4
lnkfi= ln (4) f3\V 2(d 2Vp #y

The slope of the FN plot (k) is determined by field enhancement factor (f) and

work function (p).

k = -BVps/2d/# (5)

Therefore, we can calculate the field enhancement factor from the FN plot by

measuring the slope.

Previously measured field emission with five different nanowire samples were



plotted again with FN curve (Figure 7.5a). Different aspect ratio had different slopes,

indicating different field enhancement factors. From the slopes of FN curve, field

enhancement factor for each nanowire device was calculated (Figure 7.5b). As expected,

highest aspect ratio (Al 0.002M, h/d = 103.1) showed highest field enhancement factor

(28246.6). Cd 0.002M device did not show any enhancement because it did not give field

emission under our experimental range. Interestingly, field enhancement factor should be

proportional to h/r approximately, but the calculated value was one to two orders higher

than the aspect ratio. It would be because the real radius of the tip is smaller than the

diameter in the middle of the nanowires, so the field enhancement would be higher than

aspect ratio value. Generally reported ZnO nanowire fl is in the range of 1000 ~ 2000,

similar to what we observed with no additional cations (2082.9). In case of CNT, f# from

the literature is in the range of 1000 ~ 8000, with a maximum value of 35000 [88-89].

The remarkable value of fl (28246.6) of our Al added sample seems to be related to the

morphology of the wires. Several researchers reported that tapered cone shape

nanostructures showed higher ft than flat top nanowire shape [90]. In our case, Al

addition tapers the tip, thereby decreasing the radius of the tip. It also slightly increases

the spacing between individual wires, thereby minimizing the screening effect between

wires. Maximum # reported with ZnO was - 41,100 with controlled density and

nanowire length [91] . We believe that optimized ZnO nanowires by rationally

controlling the morphology, height, and spacing may give higher field enhancement

factor that would be useful for various field emission devices.
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Figure 7.5 (a) Fowler-Nordheim (FN) plots for different aspect ratio ZnO nanowire
samples. (b) Slope of FN curves field enhancement factor for ZnO nanowire samples.
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Figure 7.6 Turn on field (to reach 10 uA/cm2) and field enhancement factors of the ZnO
nanowires samples and others. aReference [83]. bReference [91]. cReference [92].
dReference [89] . Reference [93] . fReference [94]. gReference [95]. Reference [96].

7.1.5. Conclusion

In conclusion, field emission properties of variable aspect ratio nanowires were

successfully evaluated. Varying only the competing ions in the inorganic batch process,

we demonstrated synthesized low-aspect ratio platelets, as well as high-aspect ratio
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nanowires sharpened to create field-emitters with emissivity equivalent to carbon

nanotubes. Being oxide instead of carbon based material may solve the problems of

stability issue of current carbon nanotube system. As seen from the data, this field emitter

may be useful for high efficiency field emission display [80], portable x-ray source

machine [97-98], parallel miniature electron beams [99-100], and others.
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7.2. Nanowire embedded Alternative Current Electroluminescent
Device

7.2.1. Background

A thin-film electroluminescent device consists of five stacked layers, conductor /

insulator / phosphor / insulator / conductor / substrate, as shown in Figure 7.7. The

Phosphor layer is generally polycrystalline zinc sulfide (ZnS) doped with atoms such as

Mn, Ce, and Tb with concentration of an order of 1 mol%. The insulator layers are

generally barium titanate (BaTiO3), silicon oxide (SiO 2), or aluminum oxide (A12 0 3)

behaving as capacitors. At least one of the conducting layers is transparent for the light

emission to be possible from overlapped electrodes.

(a) (b) (c)
ITO ITO

dielectric dielectric

AC phoshor$ AC phosphor

dielectic + diectric

MetallITO Metal/ITO
dielectric phosphor

Figure 7.7. (a) Schematic diagram of an Alternative Current Thin Film Electroluminescent
(ACTFEL) Device. (b) Band structure of ACTFEL multiple layers when a pulse voltage is
applied. (C) Proposed structure of nanowire embedded ACTFEL device. ZnO nanowires are
embedded between the electrode and the phosphor for increasing light emission efficiency
by the field enhancement effect.

To create light emission from the phosphor layer, a pulse voltage is applied over

the two conductors. If the voltage (Va) is below the threshold voltage (Vth), the phosphor

layer behaves as an insulator. When Va is higher than Vt, electrons at the phosphor -

insulator interface of the negative potential are released, and start being accelerated to the
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opposite side of phosphor layer. If the electric field is high enough, the accelerated

electrons can excite the dopant atoms. When the excited dopant atoms relax from the

excited states to the ground states, it can emit a photon. The spectrum of photon is

determined by available energy levels of the dopant atom. Since the electrons cannot

move through the other side of insulator, they accumulate at the interface between

insulator-phosphor and create a reverse electric field. These trapped electrons prohibit the

further electron transfer. When reverse voltage pulse is applied, the electrons can move to

the opposite side of phosphor again and act as an impact source for light emission.

The main applications of this alternative current electroluminescent device are flat

panel displays, but the low efficiency has been a major drawback for its wide use.

7.2.2. Introduction

AC electroluminescent (ACEL) devices have several useful characteristics for

display, including wide viewing angle, high contrast, and wide operating temperature

range (-1OOC-IOOC) [101]. However, the low efficiency of ACEL compared to current p-

n junction LED devices limits its applications only to the rugged environment display. To

increase the efficiency of ACEL devices, we introduced nanowire structures between

phosphor layer - dielectric - electrode interfaces. Since high aspect ratio tip can create

field enhancement compared to flat structure, it will induce more tunneling of electrons to

the phosphor layer and excite dopant atoms more effectively for efficient light emission.

Based on the rational understanding of morphology control of ZnO nanowires, we

fabricated the nanostructure embedded ACEL devices and evaluated the performance

enhancement.
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7.2.3. Experiments

The schematic fabrication process of the nanowire embedded ACEL device is

shown in Figure 7.8. Pre-cleaned ITO glass (Delta Technologies) was optically patterned

to form transparent electrode, then 30 nm ZnO seed layer was coated by RF sputtering

(AJA International) at 150W, 20mTorr with 10sccm Ar for 14 minutes. In case of a

flexible device, 30 nm thin Au is thermally evaporated to pre-cleaned PET (0.01" thick,

McMaster Carr) by shadow mask as a semi-transparent electrode. For nanowire synthesis

bath preparation, variable additional cation sulfate (A12(SO 4)3 0.002M,CdSO 4 0.002M, or

none) was added to fixed concentration of zinc sulfate (ZnSO 4, 0.0 1M) and ammonium

chloride (NH 4 Cl, 0.3M) in 100 mL deionized solution, then sodium hydroxide (NaOH)

was added to adjust pH to 11. The substrate was then introduced to each bath to

synthesize nanowires or plates with 1.2 um thick (no addition bath: 4hr, Al 0.002M bath:

6hr, Cd 0.002M bath: 20hr), then removed from the bath, washed with DI water, and

dried under nitrogen. On top of this nanostructures, 300 nm ZnS:Mn phosphor layer was

deposited by RF sputtering (110W, 3mTorr, 12sccm Ar, 0.8 at.% Mn target, Kurt J.

Lesker) at 250 C (60 C for flexible PET device). Barium titanate (BaTiO3) paste (Dupont,

LuxPrint 8153) was used to deposit 13 um thick dielectric layer by spin coating at 4000

rpm with 50 sec, followed by heat treatment at 150C for 20 minutes. Top electrode was

either deposited with Al by RF sputtering (160W, 3mTorr, 12 sccm Ar, 100 nm) or brush

painted using a graphite paste (Alfa Aesar).
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Figure 7.8. Schematic fabrication process of zinc oxide nanowire embedded alternative
current electroluminescent device.

ZnO nanostructures, ZnS:Mn phosphor layer, and BaTiO3 dielectric were

inspected by SEM (Philips-FEI XL30 ESEM). X-ray diffraction (XRD, Panalytical

X'pert Pro) was used to measure the crystalline orientation of ZnO and ZnS:Mn.

Photoluminescent spectrum of ZnS:Mn was measured by fluorescence spectrophotometer

(Nanolog, Horiba Jovin Yvon) with 160 mW 488 nm Ar* ion laser(Spectra Physics) as an

excitation source. ZnS:Mn optical bandgap was calculated by transmittance measurement

of ZnS:Mn on quartz substrate with HP 8452A spectrophotometer. Electroluminescent

spectrum of nanowire ACEL device was measured by high resolution fiber optic

spectrometer (HR2000, Ocean Optics). Voltage dependent measurement was performed

with 5 kHz function generator (HP 33120A) with high voltage amplifier (Trek).

Luminance was measured using Konica-Minolta CS-200 luminance color meter. Input

power to ACEL device was calculated by measuring voltage drop across the device and a

series resistor (200 11) and the phase angle between two signals with a Textronix 3054B

oscilloscope.
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7.2.4. Results and Discussion

7.2.4.1. RF sputtered ZnS.Mn properties

Many researchers have reported concentration dependent quenching of

photoluminescent intensity in ZnS:Mn phosphors [102-104]. For very low concentrations

of manganese, which the activator (Mn) is isolated, the luminescent intensity is directly

proportional to the concentration of activator ions (Mn). However, activators create

interaction each other when the concentration is high enough and perturb the luminescent

characteristics. Based on the data from Warren et al. [105] and others, ZnS:Mn showed a

decrease in luminescence intensity when Mn concentration was above 1 at.% (Figure

7.9). For deposition, 0.8 at. % Mn in ZnS target was custom made to minimize luminous

intensity decrease by activator interactions.

10" 100 10
Concentration (at.%)

Figure 7.9. The intensity of photoluminescence as a function of Mn concentration in ZnS
with different annealing temperatures (m 300C, o 350C, i 400C, o 450C, A 500C) for
lhr. Image taken from Warren et al [105].

To achieve high luminescence device, activating Mn atoms in ZnS matrix is

necessary. Higher temperature during deposition gives larger grain size and host atom
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activation more effectively [106] as shown in Figure 7.10. However, the substrates using

for the device testing were soda lime float glass (Tg - 500C ) and PET (Tg 70 C ~ 80 C,

Tm ~- 260 C). To achieve reliable device fabrication with specified materials, deposition

was carried out at 250 C for glass device and 60 C for PET device.

Vto
4f

I I Fp w -1- - - I I -- I 1 1 '.150 20 100 180 260
T ('C

Figure 7.10. Normalized photoluminescence(+) and cathodoluminescence(o) efficiencies
of ZnS:Mn layers and mean grain diameter (0) at thickness t = 500 nm vs. substrate
temperature Ts. Image taken from Theis [106].

After depositing ZnS:Mn layer on top of amorphous glass slide, XRD was

performed to evaluate crystallinity. Sample deposited at 250 C showed (111) an (311)

peaks of ZnS, indicating polycrystalline phase (Figure 7.11). No Mn peak existed in a

detection limit of XRD, indicating that Mn is incorporated to ZnS as a substitutional to

Zn lattice. Sample deposited at 60 C also showed similar characteristics (data not shown).
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Figure 7.11. XRD pattern of 300 nm thick ZnS:Mn on top of glass substrate deposited at
250 C. Distinctive (111) and (311) ZnS peak with no Mn peak indicates phase
homogeneity within a detection limit.

Optical absorption spectra of the ZnS:Mn films were measured as a function of

photon energy (hv) in a wavelength range of 200 ~ 800 nm. Optical bandgap can be

measured by Tauc relationship [107] as follows,

ahv=A (hv -Eg )" (1)

where a is the absorption coefficient, A is a constant, h is Plank's constant, v is the

photon frequency, Eg is the optical bandgap, and n is V2 for direct bandgap

semiconductors [108]. An extrapolation of (ahv)2 on the y axis versus hvon the x axis

gives the value of optical bandgap at (ahv)2 = 0. Figure 7.12 Shows Tauc plot data of

ZnS:Mn deposited on glass substrate, and optical bandgap energy is extrapolated to be

3.89 eV, which is similar value reported elsewhere [109-110].
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Figure 7.12. Tauc plot (n=1/2) for of 300nm thick ZnS:Mn on glass substrate. The linear
extrapolation of the Tauc region (bold) intersects with the energy axis of 3.89 eV.

Photoluminescent spectrum was measured with ZnS:Mn deposited on quartz

substrate. Initially, Xe lamp installed to the Nanolog spectrophotometer was tested as an

excitation source, but low excitation intensity gave no detectable range of

photoluminescence. Optical fiber guided 488 nm Ar+ ion laser with 160mW enabled high

intensity excitation, giving successful PL spectra as shown in Figure 7.13. This broad

band spectrum has a peak at 592 nm fitted with Gaussian distribution by hv vs. intensity,

then plotted with A vs. intensity again. This yellow/orange PL comes from the energy

release of manganese electrons from the photoexcited states to the ground states.
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Figure 7.13. Photoluminescence spectrum of ZnS:Mn on quartz substrate excited with
488 nm Ar* ion laser.

7.2.4.2. Dielectric layer deposition

There are several requirements for dielectrics to be used for an ACEL device. It

should provide carrier confinement, charge storage and barrier protection, as well as

mechanical/thermal stability during operation. General figure of merit is the charge

density of the electric displacement at breakdown, which is a product of dielectric

constant (e) and breakdown electric field (Ebd) [111].

SiO2 has high dielectric constant (F =15) with high breakdown field (1-10

MV/cm), but known to have a stability issue. We tried PECVD SiO2 deposition (MTL,

MIT) and several spin on glass (IC 1-200/Futurrex, and Fox14/Dow Coming) deposition,

but no reliable result was achieved with SiO2.

BaTiO3 also has high dielectric constant (e = 1520 in amorphous, e > 100 in

polycrystalline) and reasonable breakdown field (-0.1MV/cm) [112], so it was chosen for

111



this ACEL device study. Dupont 8153 dielectric paste was used for BaTiO 3 dielectric

coating. Si substrates were coated with various spin speed for thickness measurement

(Figure 7.14).
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Figure 7.14. (a) BaTiO3 thickness versus different spin coating speed using Dupont 8153
dielectric paste. (b) Cross sectional SEM image of BaTiO3 on Si substrate coated at 4000
rpm.

7.2.4.3. Nanowire ACEL device

Cross sectional image of nanowire ACEL device is shown in Figure 7.13. On top

of 1.2 um thick ZnO nanowires, 300 nm thick ZnS:Mn was conformally coated between

nanowires, followed by 13 um thick BaTiO3 dielectric deposition.

ZnS:Mn
phosphor

BaTiO3
Dielectric

ZnO
Nanowire

ZnS:Mn

ZnO NW
ITO ITO

Figure 7.15. Cross section SEM of 300 nm thick ZnS:Mn sputtered on ZnO nanowires (a)
and BaTiO 3 dielectric spin coated over ZnS:Mn/ZnO nanowires (b). Scale bar = 500 nm
(a), 2 um (b).
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Electroluminescent spectra of ZnO nanowire embedded ACEL device is shown in

Figure 7.16. Maximum peak was 596 nm close to Gaussian fitted PL maximum of 592

nm, indicating the EL light also comes from energy transfer from the excited states to the

ground states of manganese electrons. However, the electron excitation mechanism is

different from photoexcitation. In ACEL case, high electric field at phosphor layer

creates accelerated electron in the layer or tunneling of electrons from the dielectric layer,

then accelerates and impact the ground electrons of Mn. There was no difference in EL

spectra with and without nanowires (image not shown), indicating that ZnO nanowires

serve only as a field enhancing layer, not an active light emitting layer.

(a) (b) - ZnS:Mn PL spectrum
-ZnS:Mn EL spectrum - Gaussian fit of PL spetrum

-ZnS:Mn EL spectrum

=i

4100 500 600 700 800 500 5;0 coo 6;0 700
wavelength (nm) Wavelength (nm)

Figure 7.16. (a) ZnS:Mn Electroluminescence spectra measured with nanowire embedded
ACEL device running at 300 V at 5 kHz. Inset: color captured image from the device. (b)
ZnS:Mn PL and EL spectra compassion.

ZnO nanowire embedded flexible ACEL device is demonstrated in Figure 7.17.

In this device, light comes through the thin Au instead of ITO. However, it still shows

same distinctive EL color from phosphor layer. Since nanowires can withhold more strain

than thin film by having inter wire spaces without cracking, this nanowire embedded

ACEL device can be useful for flexible lighting or display devices with high efficiency,

low voltage operation.
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Figure 7.17. ZnO nanowire embedded AC electroluminescent device on flexible PET
substrate. Cross bar array device (a) off (b) on, and stripe device (c) off (d) on.

Voltage dependent characteristics of each device are shown in Figure7.18. Within

hydrothermally grown ZnO embedded ACEL devices (Al 0.002M, no addition, Cd

0.002M), trend was similar to the field emission device described in the previous section.

Device with high aspect ratio nanowire (Al 0.002M) had a low threshold voltage to reach

same luminance compared to the device with lower aspect ratio nanowire (no additional

cation), followed by lowest aspect ratio plate (Cd 0.002M) device. Field enhancement

near the tip seems to be a key factor in enhanced luminance with higher aspect ratio

structures. This locally enhanced electric field would increase tunneling electrons,

accelerates electrons faster, and excites dopant atoms more effectively, thereby producing

more light at the same applied voltage. Since the spacing between phosphor layer and
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bottom seed layer was fixed at 1.2 um, electric field drop across ZnO nanostructures

would not be related to the voltage shift. Also, nanowire structure might guide the light

through by waveguide effect, and external quantum efficiency might have been increased

with embedded nanostructures. Interestingly, all devices with hydrothermally grown

nanostructures had a higher light emission at same voltage compared to the control

device (without nanostructures). In case of a control device, distance between the top and

the bottom of the device would be 13.3 um. Smaller than that of nanostructure embedded

devices (14.5 um, adding 1.2 um layer). Therefore, electric field at the same voltage

should be higher with control device if field enhancement does not exist. The low

luminance with control device indicates that introduced nanowires or nanoplates with

sharp tips are important factors to enhance light emission in ACEL devices.
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Figure 7.18. (a) Voltage dependent luminance data with different nanowires embedded
under ZnS:Mn layers. (Al 0.002M: additional A12(SO4)3 0.002M added during growth,
No addition: ZnO nanowires grown only with ZnSO4, NH4Cl in DI water solution with
NaOH pH 11, Cd 0.002M: additional CdSO4 0.002M added during growth, No NW: only
30 nm ZnO seed layer exists without nanowire growth) (b) Electroluminescent light
emission from each device operating at 260 V. From left to right: No NW, Cd 0.002M,
No addition, Al 0.002M. Scale bar = 500 um.
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Schematic diagram of device power measurement setup is shown in Figure 7.19.

Since device operates in AC condition, phase between current and voltage of the device

was measured for power calculation. Assuming perfect sinusoidal wave of I and V, AC

power would be calculated by the following equation,

=1 . =(V2 - (V 1 2 ) (1)
P = I - V - COSTp = -R (V. - V2) - COST p1

where P is power, I is current (root mean square, RMS), V is voltage (root mean square,

RMS), and p is phase shift between current and voltage. A series resistor was used for

current measurement.

V1(t) V2(t)

a mp series

AWG NW-ACEL
device

V3(t)

Figure 7.19. Schematic diagram of power measurement setup for NW-ACEL device.

Figure 7.20 shows current and voltage signals of nanowire embedded ACEL

device under 300 Vrms operation. There is an apparent peak shift between I and V,

indicating capacitive term exists in ACEL device, mainly by a dielectric layer. At a high

voltage, the current did not follow perfect sinusoidal shape as voltage, and the reason is

not clear. It may come from the trapping and release of electrons at dielectric layer,

phosphor, and nanowires different from a conventional AC circuit. This current

characteristic may lead to explain other light emission mechanisms of ACEL device also.
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The power should be calculated by integration of I(t) - V(t) for one cycle, and divided

by the time of the cycle. However, the real power calculated from the integration and the

power calculated from the equation (1) stated above showed - 95% match, so equation

(1) was used for luminous efficiency calculation.

200-

100-

-200
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Figure 7.20. Current / Voltage signal of nanowire embedded ACEL device operating at
300 Vrms with 5 kHz. Phase shift is measured from the peak to peak value between current
and voltage.

Voltage dependent luminance efficiency is shown in Figure 7.21. The trend was

similar to the voltage dependent luminance, but ZnO nanowires with Al 0.002M device

had a huge efficiency increase compared to other no addition /Cd 0.002M device. This

might be from the tip geometry of nanowires and spacing between nanowires. Close

packed nanowires do not effectively contribute to field enhancement, known as screening

effect [113-116]. Spacing of nanowires can be controlled using block copolymer self

assembly or other lithography process discussed in the previous section. Even though the
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system is not optimized, at least 10 fold increase in luminous efficiency at 300 - 400 V

was observed between Al 0.002M device and the control device. Further optimization of

nanowire shape, spacing between nanowires, length of nanowires, thickness of phosphor

layer and dielectric layer would give higher efficiency improvement for practical

applications.

0.04-
-u- Al 0.002M
-o- No Addition
-A- Cd 0.002M

0.03- -v- No NW

0.02 -

W 0.01-

A~-

150 200 250 300 350
Voltage (V)

Figure 7.21. Voltage dependent luminous efficiencies for different nanostructure
embedded ACEL devices.

We believe that the device has a huge potential to increase the performance by

several optimization parameters. Compared to our control device, researchers have

reported ACTFEL luminance up to 7,700 Cd/m2 and 9.5 1mW 1 using ((Y20 3)o.6 -

(GeO 2)o.4):Mn phosphor with BaTiO3 dielectric with post annealing at 1020 C [117-118].

Others reported a luminance up to 1,800 Cd/m 2 with luminous efficiency and 1.2 1mW'

using Y20 3 as a dielectric layer on ZnS:Mn with multiple annealing steps at high

temperature ~ 500 C [119]. Using metal organic CVD system for ZnS:Mn deposition
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with thick BaTiO3 sheet, turn on voltage (at 1 Cd/m2 ) as low as 20 V was also

demonstrated [120]. If we can make our control device to perform in a similar luminance

and efficiency range as others reported by optimizing phosphor and dielectric material,

deposition processing condition, and further annealing, the improved nanowire embedded

ACEL device may be applicable to current lighting or display technology, such as LCD

or OLED display having a brightness range of 350 ~ 1000 Cd/m2.

Ti
sample

Al 0.002 M

No addition

Cd 0.002M

Control (no NW)

{(Y2O,)i,.-(GeO2)x}:Mn / BaTIOf3
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Cold Cathode Fluorescent lightd
(LCD backlight) (1
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22.7

7,700, 724
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32,000

10,000

50- 110

000 - 10,000

Max
Luminous effici

(ImW)
0.065

0.009

0.0064

0.006

1.0,9.5

1.2

11

60 70

31

208

90

ency Notes

High aspect ratio nanowires embedded

Nanowires embedded

Nanoplates embedded

N/A

New phosphor, anneal at 1020C

Anneal at E-field , oxygen glow discharge

ZnS:Mn by MOCVD

In production

Printed CNT for BLU

New record for white LED

Pattern surface for high extraction efficiency

Table 7.1. Comparison of device performance with nanowire embedded ACEL devices
and other technologies. aReference [117]. bReference [119]. cReference [120].
dReference [121]. Reference[122]. Reference [123]. Reference[124].

7.2.5. Conclusion

In conclusion, we demonstrated a high efficiency, low voltage ACEL device by

introducing optimized nanowire structures between phosphor and electrode layer.

Depending on the morphology and aspect ratio of nanostructures, luminance and

luminance efficiency at the fixed voltage changed dramatically. We also demonstrated

flexible nanowire embedded ACEL devices. Controllable nanostructure synthesis in a
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hydrothermal process gave the efficiency increase, addition to the compatibility of large

scale flexible devices. This process may lead to the development of new lighting devices

for rugged display, consumer electronics, and others.

121



7.3. Metal/Insulator/Semiconductor Nanowire Light Emitting Diode
device

7.3.1 Background

Band diagram of metal / insulator / semiconductor (MIS) diode under forward

bias is shown in Figure 7.5. If the insulator layer is too thin (Figure 7.5(b)), electrons

from the semiconductor (in this case, n-type ZnO) can tunnel through, so radiative e-h

recombination would not exist. If insulator layer is thick enough, electrons from ZnO at

forward bias would accumulate at the insulator/semiconductor interface. Hole injection

mechanism for MIS diode is still not clear, but there are several possible pathways.

Electron - hole pairs are generated at the insulator layer by impact ionization under high

electric field. Even though the lifetime would be considerably small, holes from this layer

can be swept into the valence band of ZnO. Holes in ZnO also can be generated if

electrons at the valence band of ZnO layer are drawn into the electron trap sites at the

insulator layer under sufficient forward bias. These holes and accumulated electrons

produce lights by radiative recombination process.

SiOx~ SiO,

ZnO ZnO

Ec Ec

--- - ------------...... . E . ------------ . E

Au UV Au

ou - Ev Ev

electron

(a) (b)

Figure 7.22. Schematic energy band diagrams of two ZnO based MIS structure with
different SiOx thickness layer under the forward bias. (a) with -100 nm thick SiOx layer,
arrows 1 and 2 refer to two possible pathways for injection of holes into the valence band
of ZnO for light emission. (b) with - 10 nm layer. Image taken from Chen et al.[125]
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7.3.2. Introduction

Zinc oxide is an n-type semiconductor with a direct bandgap of 3.2 3.4 eV quite

close to bandgap of GaN (~3.4 eV). ZnO can be used for blue to ultraviolet light emitting

diode (LED) as a current GaN substitute. However, p type doping of ZnO has been

always a problem, and still not solved yet even though many researchers are currently

working on it [126-131]. N-type character of ZnO is known to come from oxygen

vacancy, and property changes with different annealing condition. Since p-type ZnO is

not readily available, ZnO based p-n junction structured LEDs are mostly demonstrated

with n-type ZnO combined with different materials for p-type layer such as p-type GaN

[132-136].

In this chapter, we examine other possibility of LED using metal / insulator /

semiconductor nanowire (MIS) structure. Instead of using p-type hole injection layer for

p-n junction diode, insulator was used for electron accumulation at insulator/ZnO

nanowire interface. Using spin on glass as an insulator layer that penetrates gap between

nanowires and form smooth surface on top, ZnO nanowire based MIS LED was

evaluated under forward bias. Furthermore, we examine the MIS LED using microfluidic

nanowire synthesis toward in-situ device fabrication.

7.3.3. Experiments

The schematic of the nanowire synthesis is shown in Figure 7.20. Transparent

electrode is patterned by optical lithography. Pre cleaned ITO on glass substrate (Delta

Technologies) was spin coated with AZ 4620 photoresist at 1500 rpm for 40sec, and

prebaked at 90 C for lhr. The photoresist was exposed at UV (INTELLI-RAY 400,

Uvitron) with 50mW/cm 2 for 20sec, and developed by AZ 440K developer with active
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agitation. Exposed ITO was etched by ferric chloride (FeCl3, 25~30%) mixed with

hydrochloric acid (HCl, 1-5%) in water (TE-100, Transcene) for 2 hrs, then cleaned with

DI water, dried under nitrogen. 30 nm thick ZnO seed layer was deposited on top of ITO

patterned substrate by RF sputtering at 150W with 20mTorr, 12 sccm Ar condition.

Nanowires were grown under zinc sulfate (ZnSO4 0.01M), ammonium chloride (NH 4Cl

0.3M) in deionized water with pH 11 adjusted by sodium hydroxide (NaOH) for 6 hrs.

On top of ZnO nanowire substrate, small section of the corner was covered with masking

tape (3M) to protect ITO layer, followed by spin coating spin on glass (SOG) (IC 1-200,

Futurrex) at 3000rpm for 40 seconds for multiple times. After removing the masking

tape, the substrate was annealed at 200 C for 1hr, then 300C for 1hr on a hotplate

consecutively. Top 40 nm Au electrode was deposited by thermal evaporation with a

shadow mask.

In case of microfluidic nanowire MIS LED, 100 um (width) x 80 um (height) x

15 mm (length) microfluidic channel was made using SU-8 mold as described in chapter

5. To bond the PDMS and a ZnO coated ITO patterned glass, precut PDMS layer was put

on top of uncured PDMS pre-polymer (GE, RTV 615) at a component A to B ratio of 10:

1 spin coated on top of Si wafer at 6000 rpm for 4 minutes. The PDMS was then

transferred to ZnO coated substrate, followed by curing in a convection oven at 80 C for

3 hours. Nanowire growth in microfluidic channel was performed with same solution as

bulk condition described above at 50 C for 30 minutes at a flow rate of 0.6 mL/h. SOG

was flown through the channel at flow rate of 1 mL/h for 10 seconds at 200 C with a

same flow direction as growth. Top electrode was formed by flowing molten metal (In52

/ Sn48, AIM Specialty Inc.) with a low vacuum from the opposite end of the channel at
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200 C [137].

Nanowires and spin on glass dielectric layers were examined by scanning electron

microscopy (Philips-FEI XL30 ESEM). Photoluminescence of ZnO nanowires was

measured by spectrophotometer (F7000, Hitachi) with excitation of 325nm using

monochromatized Xe source at room temperature. Spectrophotometer (HR2000, Ocean

optics) was used for the spectral measurement of the light emission. Electrical I-V

characterization was performed with HP 4156A semiconductor analyzer. Macroscale

device images with light on/off were captured by Canon Rebel XTi DSLR camera with

EF 24-70mm f/2.8L USM macro lens. To calculate the external quantum efficiency, EL

from the glass side of the device was measured using a calibrated low power Si

photodiode (818-UV, Newport) with picoammeter (Keithley 485).

Pre-cleaned CaigZOse ae
ITO coated glass substrate Coating ZnO seed layer

Hydrothermal
ZnO nanowire growth

Metal electrode deposition Spin on glass filling

Figure 7.23. Schematic of metal / insulator /semiconductor nanowire LED device
fabrication process.
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7.3.4. Results and Discussion

Spin on glass (IC 1-200, Futurrex) is a polysiloxane based chemical generally used

for the planarization process of integrated circuits. After nanowires are synthesized, the

spin on glass (SOG) solution was spin coated to form as a dielectric to block electrons

moving from ZnO to metal electrode before radiative electron hole pair recombination

happens. Figure 7.24 shows the cross sectional image of SOG/ZnO nanowire structure

after spin coating for three times followed by heat treatment. All gaps between nanowires

were filled with SOG and top had a thin dielectric layer (- 120 nm) formed serving as a

weak insulator. A sample with SOG coated for four times had a -180 nm thick layer from

the tip of the nanowires with flat surface. A sample with SOG coated for two times had a

30 nm ~ 100 nm thick dielectric layer (large variation within a sample) and the surface

was not as smooth as SOG with three or four times coating.

Figure 7.24. Cross sectional SEM image of dielectric coated on top of ZnO nanowires
grown on ITO substrate. Top dielectric is formed by spin coating spin on glass at 3000
rpm, 40 sec for 3 times followed by heat treatment. Spin on glass penetrated ZnO
trenches and formed smooth flat top surface.
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The thickness dependent I-V characteristic of typical diode is shown in Figure

7.25. All devices with different insulator thickness show a good rectifying behavior of the

MIS diode, with different threshold voltages and a reverse current of about 10~5 A (or

current density 3.14 x 10-4 A/cm 2). Based on I-V curve, 2 layer SOG coated device seems

to have a tunneling of electrons more frequently than other devices because it has a short

distance to tunnel by thickness variation. 3 layer SOG coated device showed a threshold

voltage near 3 V, where as 4 layer SOG coated device showed a threshold near 5 V,

mainly by the thickness difference of insulators.

C;
Ei
W.

-4 -2 0 2 4 6
Voltage (V)

Figure 7.25. Current-Voltage characteristic Au/SOG/ZnO nanowire/ITO with different
SOG layer repetitive coating. Nonlinear IV data shows a rectifying behavior, and a
sample with a thicker insulator shows a higher threshold voltage.
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Under forward bias (Au metal positive), broadband emission was observed at

room temperature. Figure 7.26 shows an image of the light emitted from a single device

with cross bar array. The diodes emitted orange to red spectrum of light, possibly from

the dominance of deep level defects [29, 138-139].

Figure 7.26. Camera captured image of metal/insulator/ZnO nanowire semiconductor
light emitting diode device under zero bias (a) and bias at 8V (b). Active square region
(1.59 mm x 2mm) shows light emission under bias. Scale bar = 5 mm.

Figure 7.27 shows room temperature PL from ZnO nanowires on top of ITO

substrate. Band edge emission at UV was observable, but defect related emission

intensity was more pronounced. Even though we were able to capture the light emission

from the camera with a long exposure time, EL spectrum was not measured within a

detection limit of several analytical spectrophotometer tools (HR2000 Ocean optics, or

AQ 6315A Ando optical spectrum analyzer). Low energy conversion efficiency of MIS

compared to conventional p-n junction would be the reason for low power light emission.

Using a PL as a reference spectrum for EL, calculated external quantum efficiency of the

device was in the range of 10-6 ~10-7 %, lower than Si MIS LED devices reported [140].
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Figure 7.27. Photoluminescent spectra of 3 layer SOG coated ZnO nanowires.

Using the similar process, we also developed in-situ device fabrication of MIS

LED with microfluidic ZnO nanowire synthesis. All active device components (active

ZnO nanowire, SOG, and electrodes) were fabricated within a microfluidic channel.

Figure 7.28 shows the SEM image of full device. SOG thickness was ~ 240 nm, thicker

than 4 layer spin coated on the bulk nanowire sample described before. Molten metal

conformally coated on top of SOG layer up to the PDMS structure (Figure 7.28c), and

formed as a top electrode.

Figure 7.28. (a) Cross sectional SEM of SOG/ZnO in a microfluidic channel. (b) 45
degree tilted SEM image of SOG/ZnO synthesized in a fluidic channel. (c) 45 degree
tilted SEM image of metal / SOG/ ZnO. Top PDMS layer was detached for the imaging.
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The I-V characteristic of in-situ fabricated MIS LED in a fluidic device is shown

in Figure 7.29. It showed a good rectifying behavior of the MIS diode with a threshold

voltage around 4 V, and a reverse current of about 10~8 A (or current density 5 x 10-6

A/cm 2).

80-

60-

40-

20-

-4 0 Voltage

Figure 7.29. Current-Voltage characteristic molten metal/SOG/ZnO nanowire/ITO within
a microfluidic channel. Nonlinear IV data shows a rectifying behavior.

Device was tested under forward bias of 10 V, and it showed broadband white

light emission at room temperature. Figure 7.30 shows an image of the light emitted from

a single device with cross bar array. No light was observed under reverse bias. A control

device without ZnO film and nanowire also did not give any light, indicating that ZnO is

the active light emission materials. Light shown at here was close to the white light, and

it is possibly coming from similar oxygen related defects people have reported so far

[138]. Unfortunately, we were not able to measure the EL spectrum with measurable

tools we tried, indicating low light conversion efficiency. Using a PL as a reference

spectrum for EL, calculated external quantum efficiency of the device was in the range of

2 x 10-6 %, similar to MIS LED fabricated with spin coating device without microfluidic

system.
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Figure 7.30.(a) Camera captured image of in-situ fabricated microfluidic MIS LED
device (b) Device under zero bias and bias at 10 V Active rectangular region (200 um x
2mm) shows light emission under bias.

Even though light intensity is not optimized, this microfluidic in-situ device

fabrication has several advantages. Since each channel can be filled with different

chemical solutions, multi color component LED can be made within one chip by growing

different bandgap materials at each channel. Also, the fluidic process consumes minimal

chemical solution.

7.3.5. Conclusion

In conclusion, we developed solution process ZnO nanowire based MIS LED.

Spin on glass effectively filled the gap of active emission layer of ZnO and performed as

an insulator for accumulating electron charges at the interface. Threshold voltages

increased with SOG layer thickness increase. Broadband light emission was observed

under forward bias, possibly from defect related emission reported elsewhere [138-139].

Further characterization with variable annealing temperatures might lead to increased

band edge ultraviolet emission. Since most process steps are low temperature based
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solution process including insulator layer deposition, it would be compatible to make

flexible MIS ZnO nanowire LED. This may lead to the development of low cost, but

flexible ZnO UV or white light source for several consumer electronics applications.

Also, we demonstrated in-situ fabricated LED device using microfluidic ZnO nanowire

synthesis process. By growing different bandgap materials at each channel, we believe

that this process can be used for multi color LED device in a flexible platform.
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7.4. Full oxide Nanowire Photovoltaic Device

7.4.1. Introduction

Nanowire based photovoltaic cell has been of great interest because it has an

advantages over conventional thin film devices by separating the light absorption length

and exciton diffusion length [9, 141-142]. Optimized nanowire based photovoltaic cell

can have a thick absorbing layer for full spectral absorption, and small nanowire spacing

for short exciton diffusion. To create an ideal geometry, spatial control in the synthesis of

semiconductor nanowires is really critical. However, conventional position control of

Vapor-Liquid-Solid or hydrothermal nanowire growth is expensive and time consuming

because electron beam lithography, which is a serial process, is required to form specific

nucleation sites [70].

In this work, ZnO nanowire for full oxide photovoltaic cells are spatially

controlled using self-assembled polystyrene-b-polymethylmethacrylate (PS-b-PMMA)

diblock copolymer templates. Tunable spacing is controlled by the size of polymers. This

scheme can be used for the nanowire synthesis with high precision tunable spacing in a

massively parallel manner because the nucleation site is controlled by self assembly

process. Compared to other process [11, 23, 143], the self assembled PS template also

gives an additional advantage, providing insulation from the bottom ZnO seed layer for

device integration. For a p-type material, cupric oxide (Cu 2O) was chosen because it is an

earth abundant material that has shown a strong potential in thin film photovoltaic

applications due to its direct bandgap energy (1.9-2.1 eV) [23, 144-146]. Theoretical

conversion efficiency (rj) of Cu20 solar cell is in the order of 20 %, comparable to Si

[147]. By combining these two materials with defined nanostructures, we demonstrate a
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low cost, yet efficient photovoltaic system.

7.4.2. Experiments

The schematic of the nanowire synthesis is shown in Figure 7.31. Up to ZnO

nanowire synthesis in PS templates, the procedure is the same as described in chapter 5.

After the nanowires were synthesized, Cu20 was conformally deposited by reactive DC

magnetron sputtering with copper target in the presence of argon and oxygen. Finally,

100 nm thick Au (Cu 2O side) and Au (ITO side) electrodes were deposited by e-beam

evaporation with a shadow mask.

Self-Assembly
ITO coated glass substrate Spin coating ZnO seed layer Spin coating PS-b- by thermal annealing

Au electrode deposition p-type Cu20 Deposition n-type ZnO nanowire growth Selective removal of PMMA
by Sputtering by Hydrothermal reaction via reactive ion etching

Figure 7.31. Procedure for nanowire embedded full oxide solar cell. A PS-b-PMMA block
copolymer was spin coated on top of ZnO seed layer coated ITO substrate, and thermally
annealed. Oxygen plasma removes PMMA, forming PS templates. The substrate is
transferred to a supersaturated solution bath and grows ZnO nanowires only at seed layer
exposed positions at temperature 60C~80C. Cu 2O layer is deposited by DC reactive
sputtering on top of ZnO nanowire, providing high interface area of p-n heterojunction.
Finally, metal electrode is deposited using a shadow mask for the solar cell device.

Cu 2O and ZnO nanowire structures were measured using Philips-FEI XL30-

ESEM field emission scanning electron microscopy (SEM) with secondary electron

detector in normal high vacuum mode. Crystalline structure and orientation of the

nanowires was identified by X-ray diffractometry (XRD, Panalytical X'pert Pro) using
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CuKa (1.5406A) radiation. The current-voltage characteristics of the n-ZnO nanowire /

p-Cu2O p-n heterojunction were measured with HP4156A semiconductor analyzer under

dark or AM 1.5 solar simulator (SS50, Photo Emission Tech, Inc) with 120 mW/cm2.

7.4.3. Results and Discussion

7.4.3.1. DC reactive sputtering of Cu20

Various parameters for Cu 20 deposition were carried out to find high p type

conductivity and crystallinity film. Sputtering power, gas pressure, Ar / 02 ratio, and

substrate temperature were parametrically tested to optimize a Cu 2O deposition

condition. Figure 7.32 shows XRD data of 500 nm thick Cu 20 deposited on top of ZnO

nanowires grown on ITO substrate by reactive DC sputtering of Cu target (AJA

International, 99.99%) with 50 W, 4mTorr, 40 sCCm 02 /15 sccm Ar at 250 C. Only

Cu20 phases were observed without CuO or Cu phase.

Cu2 0

(111)

Cd

C

110) (200)

20 30 40 50 60
angle (20)

Figure 7.32. XRD pattern of Cu 20 on top of ZnO nanowires grown on ITO glass
substrate. Distinctive Cu 2O peak indicates phase homogeneity. Other peaks corresponds to
ZnO and ITO phase.

Under the Cu 20 layer, ZnO nanowire structure was used to overcome the short

minority carrier diffusion length of Cu2O by minimizing the photo generated carrier
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travel distance. To achieve this goal, conformal filling of Cu 2O in ZnO nanowire trenches

is essential. Slow deposition rate, and additional RF bias [148-150] on the substrate was

carried out to match this filling criteria. Figure 7.33 shows cross section image of Cu 20 /

ZnO interface by reactive DC sputtering of Cu target with 50 W, 4mTorr, 40 sccm 02/ 9

sccm Ar at 250 C under lOW RF bias.

Figure 7.33. Cross sectional SEM of before (a) and after (b) conformal Cu20 deposition

on ZnO nanowires grown on ITO substrate. Magnified image(c) shows Cu 20 is penetrated
under the tip of ZnO nanowires effectively. Scale bar = 1 um (a and b), 500 nm (c).

7.4.3.2. Electrical Characterization offull oxide nanowire photovoltaic cell

Photovoltaic effects of 500nm thick p-Cu20/ 1.2 um thick n-ZnO nanowire

devices were measured under illumination through ITO glass substrate. Figure 7.34

shows non linear J-V curve, indicating rectifying behavior of p-n heterojunction under

dark condition. When light with 120 mW/cm 2 was illuminated, the device showed open

circuit voltage of 0.1 53V and short circuit current density of 1.067 mA/cm2. Fill factor

was measured to be 41.16. The energy conversion efficiency was found to be 0.056 %.

The value is similar to the device previously reported Cu 20/ZnO nanowire solar sell

using Cu 2O nanoparticles for Cu20 layer with additional TiO2 layer to prevent shorting

[23]. In our case, self assembled PS polymer templates itself help preventing short circuit.

Other researchers have demonstrated the energy conversion efficiency of 1.2 %with

Cu 20/ZnO thin film system using different deposition conditions [151]. We believe that
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further optimization of Cu 20 and ZnO nanowire doping and nanowire spacing would

give higher energy conversion efficiency compared to thin film structures as others

expected with different material sets [142, 152].

80.
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sample Jc (mA/cm 2) VOC (V) Fill Factor Efficiency (n)

ZnO NW/Cu 2O 1.067 0.153 41.16 0.056%

Figure 7.34. (a), (b) J-V characteristics of the p-Cu2O/n-ZnO nanowire heterostructure
photovoltaic cells under dark and AM 1.5G illumination with 120 mW/cm2 . (c) Measured
photovoltaic cell performance.

7.4.5. Conclusion

In conclusion, full oxide based nanowire solar cell was demonstrated using ZnO

nanowires. Cu 2O sputtering with different conditions was tested to optimize filling

between ZnO nanowire spacing. PS templates effectively prevented the device from

shunting. By increasing the nanowire spacing with longer chain block copolymer,

property control by annealing and effective doping would increase photovoltaic cell

efficiency higher than 0.056 % reported here. Further optimized nanowire based structure

would enable the light to be absorbed in the vertical direction while allowing exciton

diffusion in lateral direction more effectively. In addition, Cu2O and ZnO are stable and
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abundant materials. With these merits, this full oxide nanowire device may be useful as a

low cost, long lifetime photovoltaic cells.
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Chapter 8 : Alternative Nanoscale Fabrications

This chapter is partially adopted from the following papers.

Jaebum Joo, Kimin Jun, and Joseph M. Jacobson, "Simple fabrication of UV nanoimprint
templates using critical energy electron beam lithography," J Vac. Sci. Technol. B 25(6),
2407-2411 (2007)

Jaebum Joo, Brian Y. Chow, and Joseph M. Jacobson, "Nanoscale Patterning on
Insulating Substrates by Critical Energy Electron Beam Lithography," Nano Lett. 6(9),
2021-2025 (2006)

Jaebum Joo, SangJun Moon, and Joseph M. Jacobson, "Ultrafast patterning nanoparticles
by electrostatic lithography," J. Vac. Sci. Technol. B 24(6), 3205-3208 (2006)
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In this section, I will describe alternative nanoscale fabrication methods that can

be adapted for high precision and low cost process. The following two novel processes

would enable the precise control of nanowire growth position for further applications.

8.1. Critical energy Electron Beam Lithography

Electron beam (e-beam) lithography is a powerful tool for nanoscale fabrication,

but its applicability to insulating substrates is often limited because of surface charging

effects. Unlike patterning on conducting substrates that dissipate excess charge as the

beam passes through the resist, charge is trapped near the surface when the substrate is

insulating. This charging causes an unbalanced surface potential of the resist [153-157]

that deflects the beam and causes severe pattern distortion [158-162]. Several methods

have been employed to prevent the pattern distortion, most commonly the use of a

conductive layer above the resist [163-165] that requires additional processing steps, and

the use of conducting polymers as the resist itself [166-168]. A third approach, known as

environmental SEM (ESEM), delivers gas molecules into the chamber that are ionized

upon e-beam impact and neutralize surface charging [169-173], but it requires a

differentially pumped electron beam column and a sophisticated gas delivery system.

Critical Energy Electron Beam Lithography (CEEBL) [174] was developed to e-

beam patterning on nanoscale features directly on non conducting substrates. In CEEBL,

the e-beam lithography is operated at the critical energy (E2) of the resist on the insulator,

which is the energy that has a dynamic charge balance between incoming electrons and

outgoing electrons, thereby leaving the surface charges neutral (Figure 8.1). Therefore,

insulators such as glass or large bandgap materials can be directly patterned without

pattern distortion by surface charging.
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E <E2, positive

E2 ---- II I ++++
Beam energy (keV)

Figure 8.1. Principles of Critical Energy Electron Beam Lithography. (a) Total electron
yield (a) versus beam energy for a typical polymer resist. The substrate is negatively
charged when a < 1, positively charged when a > 1. The dynamic charge of the substrate
is zero at the critical energy (El, E2) when a is unity. (b) Schematic of charging at
different beam energies.

Figure 8.2 shows how CEEBL can effectively minimize pattern distortion induced

by charging effects. When the feature was patterned at critical energy (1.3 keV with 65

nm PMMA on glass), almost no pattern distortion was observed compared to other beam

energies that has a noticeable pattern shift that can be detrimental for many device

applications.

(a)

Figure 8.2. Pattern distortion in electron beam lithography on insulators as a result of
surface charging. (a) Design of the desired pattern. SEM images of 10 nm thick Au
electrodes on glass after lift-off of PMMA patterned at (b) 1.3 keV (E2) and (c) 5 keV.
Charge induced pattern distortions are prominent at 5 keV (circled). Scale bar = 10 pm.

Beam deflection at various voltages was measured by a method previously

reported by Craighead and co-workers-workers [158] to quantify the CEEBL

performance. Briefly, two reference single pass lines were first patterned, then large

charge pads with at 30 pC/cm 2 were patterned. Finally, a third single pass was patterned
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between two reference lines. Deflection of the last line was measured by SEM after

PMMA development followed by 5 nm Au deposition. As can be seen from Figure

8.3(b), deflection is practically eliminated at critical energy compared to other energies

which showed largely deflection either by positive (at E < E2) or negative (E > E2)

charging.

(a) 1 2 3 4 (b) 700

800 -
A

500 A
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~10pm pad
C300 -0m a

o -.-- 50piM pad,

200

100

lum Ium 0
0 1 2 3 4 5

Electron Beam energy (keV)

Figure 8.3. Beam deflection at various voltages. Two parallel single-pass reference (1 and
3) lines were first patterned with a 2 gm gap, followed by charge pads (4) written at 30
pC/cm2 Finally, a third single-pass line was patterned between the pad and the reference
line. 5 nm Au was evaporated after developing the PMMA and imaged under SEM to
determine the line deflection. The deflection was virtually eliminated at E2 = 1.3 keV,
whereas the beam was largely deflected due to positive surface charging below E2 and
negative charging above it.

To demonstrate potential applications of CEEBL, we created binary chemical

patterns for selective protein adhesion for high-density arrays that do not quench

fluorescence [175]. Briefly, the developed areas of patterned PMMA on thermal oxide

were first silanized with 0.5 % octadecyltrichlorosilane (OTS, Aldrich) in carbon

tetrachloride, which is a PMMA non-solvent. The long alkyl chains of the OTS self-

assembled monolayer (SAM) promote protein adhesion. After stripping the PMMA in

methylene chloride, the remaining unsilanized areas were passivated with 1 % PEG-

silane (Gelest) in tetrahydrofuran to prevent protein fouling or non-specific adsorption.
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Figure 8.4 shows a confocal fluorescence image (Zeiss LSM Pascal) of immobilized

Alexa-Fluor 546 / streptavidin conjugate (Molecular Probes) in an array of 400 nm spots

on a 2400 nm pitch after soaking for one hour at room temperature (2 pig / mL in PBS

buffer).

Figure 8.4. (a) PMMA pattern on a thermal oxide with 400 nm spots on a 2.4 um pitch by
CEEBL process (b,c) Confocal fluorescence image of an array of AlexaFluor-546 /
streptavidin conjugate. A binary chemical pattern for selective protein adhesion was
created by first modifying the developed areas of patterned PMMA on thermal oxide with
octadecyltrichlorosilane to promote protein adhesion, and then PEG-silane after stripping
the resist to prevent non-specific adsorption. (a,b) Scale bar = 10 pim. (c) Scale bar = 5pgm.

We also developed a novel method to fabricate nanoimprint mold using CEEBL

lithography [176]. HSQ was used as a part of direct UV nanoimprint mold, and directly

patterned to quartz substrate to form UV nanoimprint templates.

1. Resist with thin
Chrome(Cr) on quartz

2. E-beam patterning resist

3. Resist development

4. Etch Cr

(b)

a-
1. HSQ resist on quartz

2. Finding the critical energy
(E2) by scan square method

3. E-beam patterning HSQ
resist at E2

4. HSQ development

5, 6, 7. Etch quartz, strip
resist and Cr

Figure 8.5. Comparison of process flows between a conventional chrome based template
(a) and a CE-EBL based template (b). The template fabrication process is simplified by
CE-EBL with HSQ additive processing.
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High precision imprinting was observed using this simple UV nanoimprint

template with SU-8 (Microchem) UV curable resin (Figure 8.6). The imprinted structure

shows the high replication fidelity. Even after several UV imprinting steps, the HSQ

which is a part of the mold showed no apparent damage by SEM analysis.

Figure 8.6. High imprinting fidelity with CE-EBL based UV-NIL templates. 30 degree
tilted low voltage SEM images of UV-NIL templates with 500 nm diameter spots on a 2
ptm pitch (a) and the replicated structure of SU-8 on 1 pm thermal oxide (b). Scale bar = 2
pm.

In conclusion, we have demonstrated the use of CEEBL to pattern nanostructures

on insulating substrates. The pattern distortion from surface charging was minimized by

the precise control of the electron beam energy, eliminating the need for additional

charge dissipation layers or sophisticated gas delivery systems. This method of nanoscale

patterning on insulators and wide band gap materials has potential applications in

position controlled nanowire synthesis, high-density biochips, flexible polymeric

electronics, and optoelectronics.

8.2. Ultrafast patterning of nanoparticles by electrostatic Lithography

Nanoscale building blocks such as nanoparticles, nanowires, and carbon

nanotubes have been of great interest recently because of their special material properties

[177-179]. In order to assemble nanoparticles into functional devices, many researchers
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have used several approaches such as structural templates [180], DNA hybridization

[181-182], and electrostatic interactions [183-190]. Patterning via electrostatic

interaction is a particularly simple process. When a non-conducting substrate has a

charge pattern on it, nanoparticles with opposite charges are attracted to the charge

patterned area. Jacobs et al. [191] successfully demonstrated patterning charges on

silicon oxide by using Atomic Force Microscopy (AFM) tips, but AFM is a serial process

and may be too slow for fabricating functional devices with nanoparticles. To overcome

yield and throughput issues, researchers have used metal coated polydimethylsiloxane

(PDMS) stamps [189] to generate surface charges on the contacted area. However,

making uniform contact over large areas when printing and embossing fine features can

be difficult. Fudouzi et al. have used electron beams [185, 190] and ion beams [187,

192] to generate charge patterns on calcium titanate (CaTiO 3) to attract pre-charged or

polarizable nanoparticle suspensions with ~20 pm resolution.

In order to better the resolution of electron beam (e-beam) generated charge

patterns, we incorporated a Low Voltage Scanning Electron Beam Microscopy (LVSEM)

[156, 193-194] method to find an e-beam energy that balances charge pattern resolution

with throughput. Moreover, we introduced an electrospray technique [195-196], which is

commonly used in mass spectroscopy for generating charged nanoparticles of any type.

In electrospray, an aerosol of charged droplets is created by biasing a solution at a large

potential. As the droplets evaporate, the charge per unit volume reaches a critical point,

and each droplet explodes into smaller droplets that can be nanometers in diameter. In

effect, almost any nano-material can be delivered as a charged species regardless of its

intrinsic polarizability or charge, thereby vastly increasing the set of materials that can be
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patterned by electrostatic lithography. By coupling e-beam charge patterning with

electrospray, we successfully patterned inherently neutral silver nanoparticles at area

doses as low as 50 nC/cm2 [197].

Schematic process of the process is shown in Figure 8.7. The critical energy of the

thick PMMA on the Si substrate was measured by variable magnification scanning

method [156, 198] with a FEI-XL30 ESEM in standard operating mode. After E2 was

measured, a "latent" negative charge pattern on the substrate was generated by e-beam

irradiation at 2 keV, which is higher than E2, with a dose of 50 nC/cm2 using Nabity

NPGS pattern generator. Positively charged silver nanoparticles were generated by an

electrospray technique in which a 10 % solution of silver nanoparticle colloids in hexane

was sprayed through a 15 gm diameter silica capillary tip (New Objective, Inc.) with a

flow rate of 40 gL/hr at an applied potential of 4.5 kV. The electrospray apparatus and

the charged substrate were spaced by 5cm to ensure the fine droplet generation and the

attractive force between the droplets and the charged area. Patterned nanoparticles on the

substrate were observed by SEM operating at E2 .

(a) C= PMMA layer

(b) Si Substrate
.....- -- Charged pattern by e-beam

T Electrospray unit

(c) * Electrospray particles

U Real nanoparticle pattern
(d)

Figure 8.7. Schematic process of electrostatic lithography. (a) The PMMA layer (2.3 gm)
was spin coated and hard baked, (b) Charge patterns were generated with a 2 keV electron
beam with a dose of 50 nC/cm2, (c) positively charged droplets of neutral silver
nanoparticles were generated and deposited to the "latent" charge pattern image by
electrospray, (d) a real pattern is generated by electrostatic attraction.
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Figure 8.8 shows the AFM surface topography and KPM surface potential of the

same area after charge pattern generation at 2 keV with a dose of 50 nC/cm2. As can be

seen in Figure 8.8(a), almost no surface damage was observed after e-beam irradiation.

The measured height difference due to irradiation was -0.26 nm. When the dose was

increased up to 1 pC/cm2 , a much more significant height difference (~56 nm) was

measured, indicating a large amount of beam-induced surface damage. To eliminate any

physical effects rather than electrostatic interactions, such as selective nanoparticle

adhesion to damaged areas, the charge pattern dose was fixed at 50 nC/cm2 . As shown in

Figure 8.8(b), Negative surface charge patterns generated by 2 keV e-beam were clearly

measured by with full width at half maximum (FWHM) of-900 nm.

10nm 4V

10 10

Figure 8.8. AFM topography image (a) and KPM surface potential image (b) of the same
area after e-beam irradiation at 2 keV with a dose of 50 nC/cm2 . Lines of negative surface
potential with ~900nm width were generated without any apparent damage to the surface.
Scale bar = 5 pm.

Using the defined charge patterns, silver nanoparticles were deposited to the

charged pattern area using custom built electrospray apparatus. Arbitrary nested patterns

with 700 nm width were fabricated by electrostatic lithography. As seen from the Figure

8.9, a large overall area can be uniformly covered by electrospray within seconds.
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Figure 8.9. SEM images after positively charged silver nanoparticles were sprayed on to
the negatively charged e-beampattem. 0.7 pm thick lines were generated over a large area
with doses as low as 50 nC/cm , showing the feasibility of ultrafast patterning by
electrostatic lithography. (a) Scale bar = 50 pm. (b) Scale bar = 10 pm.

Since the dose (50 nC/cm 2) used for patterning was several orders of magnitude

lower than typical e-beam resist doses, electrostatic lithography has great potential in the

rapid patterning of nanoparticles, carbon nanotubes, or nanowires at large scales. Also,

this ultrafast nanoparticle deposition method will lead toward the massive parallel

nanowire synthesis with defined positions by forming local catalyst for the VLS nanowire

growth.
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Chapter 9 : Summary and Future work
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In this section, I will conclude my thesis work by summarizing what have been

investigated and suggesting possible works for the future research directions.

9.1. Summary

Based on the fundamental understanding that crystal growth happens under

supersaturation condition, we tested whether hydrothermal ZnO nanowire growth follows

thermodynamic heterogeneous nucleation and growth process. Solubility with three

different parameters was calculated based on possible chemical reactions in the solution,

and parametric experiments were performed to find relationship between the growth rate

and the calculated supersaturation value. Within experiment conditions, we observed that

all empirical data fits to the supersaturation dependent heterogeneous growth. Optical and

crystalline properties of ZnO nanowires were also measured.

To tune the morphologies of ZnO nanostructure synthesis in a hydrothermal

condition, we evaluated the effect of additional cations during synthesis. Dramatic

morphology and aspect ratio change were observed when additional cations were

introduced in hydrothermal process. Using more complex chemical reactions, we

calculated multiple charged ion complex distributions and developed an electrostatic

competing ion model to explain how the growth morphology changes with different

cation addition. Orientation dependent ZnO surface polarities were measured to support

the validity of the suggested model using AFM and XPS analysis.

Spacing control of hydrothermal nanowire synthesis was tested using self

assembled block copolymer templates. PS-b-PMMA block copolymer was self assembled

to form cylindrical PMMA dots in PS matrix, and selective etching was performed to

expose bottom ZnO seed layer. ZnO nanowires were grown only at PMMA etched
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region, indicating usefulness of self assembly in spatial control of nanowires. However,

the nanowire alignment was poorer than the sample without PS matrix. More thorough

experiments would be necessary to optimize the spacing and thickness of block

copolymer to solve nanowire alignment issue.

Fluidic control of nanowire synthesis was tested by applying microfluidics in a

hydrothermal system. Dynamic flow of chemical reactants gave different growth

behavior from the static bulk nanowire synthesis. Growth rate was enhanced by factor of

ten or more compared to the static condition, and also growth rate gradient was observed

with respect to the distance from the inlet. Finite element modeling simulation was used

to fit the experimental results, and nanowire synthesis with more complex geometry was

demonstrated.

Based on the rational understanding of hydrothermal ZnO nanowire synthesis, we

developed several different devices. Field emission devices were tested using several

different aspect ratio nanowires, and highest aspect nanowire device showed threshold

field values similar to CNT field emission devices. Field enhanced electron emission was

pronounced with higher aspect ratio device as expected. We also developed a novel

nanowire embedded alternative current electroluminescent device. Instead of flat

dielectric, we inserted ZnO nanowires to improve ZnS:Mn phosphor light emission

efficiency by field enhanced electron transport and impact ionization. Higher aspect ratio

nanowire embedded devices shows decrease in turn on voltage at least hundred volts, and

energy efficiency was improved by factor of ten or more. Metal/insulator/semiconductor

LED device using ZnO nanowire as active light emission layer was developed also.

Using spin on glass as a thin insulator for electron block layer, we showed successful
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light emission from the device. Depending on the insulator thickness, threshold voltage

and current density changed. The optimization of annealing and deposition condition is

still required for further improvement. Using self assembled block copolymer templates,

we developed a cost effective full oxide photovoltaic device with Cu20/ZnO nanowires.

Nanowires were used to maximize light absorption and minimize exciton diffusion

length. We successfully demonstrated photocurrent, but conversion efficiency was lower

than Si based photovoltaics. Optimization of ZnO spacing, doping, and Cu2O doping and

annealing would be necessary to enhance the performance of the solar cell.

Finally, alternative novel nanoscale fabrication techniques were demonstrated. By

adjusting electron beam energies, nanostructures were successfully fabricated on non

conducting substrates without charge dissipation layers. As a new assembly method,

nanoparticles were electrostatically attracted to the charge patterns generated by electron

beams. These two techniques may lead to precise position control of nanowire growth for

new applications.

9.2. Future work

Although thermodynamic supersaturation model and electrostatic competing ion

model were successful to describe the morphology controlled ZnO nanowire synthesis in

hydrothermal reaction, many other works have been still left as open questions. The

following sections describe possible applications and researches which this thesis work

may be related and useful for further improvement.

9.2.1. Materials development

Based on the fundamental understanding of hydrothermal ZnO nanowire

synthesis, other important nanowire materials can be evaluated. We believe that similar
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approach of supersaturation calculation and competing ion model would be still valid

with other oxide materials including TiO2, CuO, and MgO. As a test experiment, we tried

synthesizing TiO 2 nanowires in highly acidic solution with hydrothermal process. Figure

9.1 shows TiO 2 nanowires synthesized in hydrothermal process with 1 mL titanium

isopropoxide (TTIP) in 30 mL DI water, and 30 mL 35 wt% HCl for 27 hrs at 90 C.

Similar to ZnO seed layer, this time the seed layer was thin layer of Ti (60 nm) on Si

substrate by RF sputtering. XRD data shows several peaks of rutile structure TiO 2. More

various chemical compositions, seed layer control, and thermodynamic analysis may give

similar rational controllability of TiO2 nanostructures useful for improving current TiO2

applications such as photocatalysis, dye sensitized solar cell, UV absorbant, and others.

Moreover, rational control of several different materials with hydrothermal process in the

future may lead to the development of various new applications as we demonstrated

using ZnO nanowires.

(b) (110)

u (111)
to

20 30 40
angle (20)

Figure 9.1. (a) SEM images of TiO2 nanowires hydrothermally grown on Ti deposited Si
substrate. Inset scale bar = 200 nm. (b) XRD data of nanowires grown on Si substrate
indicating rutile TiO2 crystalline phase.
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9.2.2. Processing Development

There are several improvements to be made in terms of processing of nanowire

synthesis in a hydrothermal system.

Position controlled synthesis is one of the key aspects, and we demonstrated block

copolymer self assembly as a template positioning specific seed layer locations. Only

preliminary result with fixed spacing was demonstrated in this thesis, but varying the

spacing in a larger/smaller scale would give more control over performance in real

applications. For example, nanowire based solar cell need specific spacing between

nanowires to effectively increase light absorption efficiency and decrease charge carrier

diffusion length. As an alternative, massively parallel nanoimprint process, local catalyst

deposition by electrostatic system, or polymer dewetting may be an option to create

regular array with defined spacing in low cost device system. UV nanoimprint mold

using CEEBL system and nanoparticle patterning with electrospray system may be

applicable for the fast and parallel control of nanowire spacing. In case of polymer

dewetting, since the exposed area would be inversed pattern instead of holes, another step

to deposit a growth blocking layer, and etching dewetted polymers would be required.

Chemical stability of polymers and other layers under chemical reaction condition need

to be evaluated also.

More thorough experiments of microfluidic nanowire synthesis would lead to an

important understanding of chemical reaction coupling with fluid dynamics. Even

though we were able to analyze a nanowire growth in a simple linear microfluidic

channel system, it is still unclear how it behaves under complex geometry fluidic system.

More detailed work may lead to the development of real programmable nanowire growth

with specific locations. By applying this microfluidic growth, new interesting
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applications such as position sensor with gradient control of nanowire in linear scale,

analog particle sorting, two dimensional UV photo detectors, and others may be

developed.

9.2.3. Applications Development

There are several new applications that might be benefit from the rational control

of nanostructures with hydrothermal system.

Nanowire ACEL device showed possibility of nanostructures to be adapted into

real industry market. Optimizing the phosphor and dielectric deposition conditions,

nanowire height and spacing, and device assembly are still necessary to match the current

commercial ACEL devices. High temperature and moisture durability, and low

fabrication cost of nanowire ACEL device would be useful for robust display for military,

car display, and information display at harsh environment with extreme temperature

changes.

Hydrothermally synthesized nanowire based photovoltaic system may lead to the

development of low cost, environment friendly fabrication for alternative energy sources.

Even though ZnO nanowire was used at this thesis work, other nanowire materials would

improve efficiency of solar cell because ZnO itself only absorbs UV regime light. Cu 2O

nanowire is one of the possible candidates for its abundance in earth, and huge absorption

in solar spectrum light.

Rechargeable zinc air battery may be a future research that may be related to

morphology controlled ZnO nanowire synthesis. New battery development has been a

great issue recently, and researchers and companies started to look into different

materials other than lithium ion battery. Zinc air battery has been in the market for a
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while, mainly used for hearing aids. It consists of zinc, electrolytes, and holes for oxygen

exchange. It has many advantages over conventional batteries including high energy

density (-442Wh/kg, twice than Li+ battery), flat discharge profile, excellent shelf life,

and intrinsically safe. However, it has a rechargeability issue, so it is generally disposed

after one time usage. When discharge happens, zinc transforms into zinc hydroxide, then.

zinc oxide and release electrons. Problem occurs when recharging occurs, because zinc

oxide turns into zinc dendrite, thereby forming short circuits and decrease active zinc

around the reaction surface. Some companies[ 199] and patents described that adding

calcium zincate salts minimize this problem, and we expect that it is analogous to ZnO

growth with different cation addition. Zinc air battery rechargeability issue may be solved

by semi-empirical approach with fundamental understanding of solubility of zinc oxide

and dissolution within competing ions.
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10.1. Matlab codes for thermodynamic calculations

10.1.1. ZnO solubility plot code

%Main code

clear;
close all
tic

global OH Kzhl Kzh2 Kzh3 Kzh4 Kznl Kzn2 Kzn3 Kzn4 Kzhn Kzox Cn

%values definition
Kzhl=5.0;
Kzh2=11.1;
Kzh3=13.6;
Kzh4=14.8;
Kznl=2.21;
Kzn2=4.5;
Kzn3=6.86;
Kzn4=8.89;
Kzhn=4.39;
Kzox=-15.52;
number=100;
Cn=-0.1;
Rmax=5; % Nitrogen concent change numbers
step=14/(number-1); %internal variable
k=0:step:step*(number-1);

% allocate storage space
Z = zeros(number,Rmax);
ZOH1 = zeros(number,Rmax);
ZOH2 = zeros(number,Rmax);
ZOH3 = zeros(number,Rmax);
ZOH4 = zeros(number,Rmax);
ZN1 = zeros(number,Rmax);
ZN2 = zeros(number,Rmax);
ZN3 = zeros(number,Rmax);
ZN4 = zeros(number,Rmax);
NH3 = zeros(number,Rmax);
Ztot = zeros(number,Rmax);

NZ = zeros(number,Rmax);
NZOH1 = zeros(number,Rmax);
NZOH2 = zeros(number,Rmax);
NZOH3 = zeros(number,Rmax);
NZOH4 = zeros(number,Rmax);
NZN1 = zeros(number,Rmax);
NZN2 = zeros(number,Rmax);
NZN3 = zeros(number,Rmax);
NZN4 = zeros(number,Rmax);
NZChP = zeros(number,Rmax);
NZChN = zeros(number,Rmax);
NZNonCh = zeros(number,Rmax);
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for j=l:Rmax
Cn=Cn+0.1; % Total N change step
for i=l:number

pH=step*(i-1);
OH=10A (14-pH);

%solver
x0 = 0;

options = optimset('Display',
'off', 'NonlEqnAlgorithm', 'dogleg','LargeScale', 'off', 'MaxFunEvals',
5000, 'MaxIter', 500, 'TolFun', le-9, 'TolX', le-4);

[S, fval, exitflag, output]
=fsolve(@nlerevisit,xo,options); % S(1)-> NH3

switch exitflag
case 0

disp('Number of iternation, evaluation exceeded');
case -1

disp('Algorithm terminated by output function');
case -2

disp('Algorithm appears to be converging a noon-root
point.');

case -3
disp('Trust radius became too small.');

case -4
disp('Line search error.');

end

%result
Z(i,j) = (OHA-2)*(10AKzox); % [Zn2+]
NH3(i,j) = S(1); % [NH3]
ZOH1(i,j)=Z(i,j)*OH*10AKzhl; %6
ZOH2(i,j)=Z(i,j)*(OH)^ 2*10AKzh2; %
ZOH3(i,j)=Z(i,j)*(OH)^ 3*10AKzh3; %
ZOH4(i,j)=Z(i,j)*(OH)^ 4*10AKzh4; %
ZN1(i,j)=Z(i,j)*(NH3 (i,j))*^OAKznl; %
ZN2(i,j)=Z(i,j)*(NH3(i,j) )^ 2*10AKzn2;
ZN3(i,j)=Z(i,j)*(NH3(i,j) ) 3*10Kzn3;
ZN4(i,j)=Z(i,j)*(NH3(i,j))^ 4*10Kzn4;

Ztot(i,j)=10g10(Z(i,j)+ZOH1(i,j)+ZOH2(i,j)+ZOH3
+ZN2(i,j)+ZN3(i,j)+ZN4(i,j));

NZ(i,j) = Z(i,j)/[10^Ztot(i,j)];

NZOH1 (i, j
NZOH2 (i,j
NZOH3 (i, j
NZOH4 (i,j
NZN1 (i,j)
NZN2 (i,j)
NZN3 (i, j)
NZN4 (i, j

ZOH1(i,j
ZOH2(i,j
ZOH3(i,j
ZOH4(i,j

ZN1 (i, j)/
ZN2 (i, j)/
ZN3 (i, j)/
ZN4 (i, j)/

)/[10AZtot(i,j)];
)/[10^Ztot(i,j)];

)/[1oAZtot(i,j)];

)/[1OAZtot(i,j)];

[1OAZtot(i,j)];

[1OAZtot(i,j)];

[1OAZtot(i,j)];
[1OAZtot(i,j)];

[Zn(OH) +]
[Zn(OH) 2]

[Zn(OH)3 -]
[Zn(OH)4 2-]
[Zn(NH3) 2+]
% [Zn(NH3)2 2+]

% [Zn(NH3)3 2+]
% [Zn(NH3)4 2+]

(i,j)+ZOH4(i,j)+ZN1(i,j)

NZChP(i,j) =
NZ(i,j)+NZOH1(i,j)+NZN1(i,j)+NZN2(i,j)+NZN3(i,j)+NZN4(i,j);
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NZChN(i,j) = NZOH3(i,j)+NZOH4(i,j);
NZNonCh(i,j) = NZOH2(i,j);

end

plot(k,NZ(:,j),k,NZOH1(:,j)',k,NZOH2(:,j)',k,NZOH3(:,j)',k,NZOH4(:,j)',
k,NZNl(:,j)',k,NZN2(:,j)',k,NZN3(:,j)',k,NZN4(:,j)');

xlabel ('pH')
ylabel('Normailzed Zn ion complexes')
title('Zn ion complexs distribution ')
figure

plot(k,NZChP(:,j),k,NZChN(:,j),k,NZNonCh(:,j)');
xlabel('pH')
ylabel ('charge/non charge complexes')
title('Zn ion complexs distribution ')
figure

end

for j=l:Rmax
plot (k, Ztot (:,j))
xlabel('pH')
ylabel('Total [Zn]')
title('Zn solubility plot')
hold on

end

toc;

%Sub function code

function F=nle revisit(x)
% x(1) : NH3
global OH Kzhl Kzh2 Kzh3 Kzh4 Kznl Kzn2 Kzn3 Kzn4 Kzhn Kzox Cn

Z=(OHA-2)*(1OAKzox);

%equations
NH4=x(1)*(1/OH)*(10A-Kzhn);
ZN1=Z*(x(l) ) * (10AKznl);
ZN2=Z*( (x(1))^ 2)* (10AKzn2);
ZN3=Z*((x(l) )^ 3)* (10AKzn3);
ZN4=Z*( (x(1))^ 4) *(1OAKzn4);

F(1)=NH4+x(l)+ZN1+2*ZN2+3*ZN3+4*ZN4-Cn; % Total NH3 to be
setup

10.1.2. ZnO/CdO mixed condition solubility plot code
% Main Code
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clear;
close all
tic

global OH Kzhn Cn Kzhl Kzh2 Kzh3 Kzh4 Kznl Kzn2 Kzn3 Kzn4 Kzox Kcdhl
Kcdh2 Kcdh3 Kcdh4 Kcd2hl Kcd4h4 Kcdnl Kcdn2 Kcdn3 Kcdn4 Kcdn5 Kcdox

%values definition
Kzhl=5.0;
Kzh2=11.1;
Kzh3=13 .6;
Kzh4=14 . 8;
Kznl=2 .21;
Kzn2=4 .5;
Kzn3=6.86;
Kzn4=8 .89;
Kzox=-15.52;

Kcdhl=4 .1;
Kcdh2=7 .7;
Kcdh3=10 .3;
Kcdh4=12 .0;
Kcd2hl=4.6;
Kcd4h4=23 .2;
Kcdnl=2.62;
Kcdn2=4 .79;
Kcdn3=6 . 16;
Kcdn4=7.. 1;
Kcdn5=6.9;
Kcdox=-14 .29;

Kzhn=4 .39;
number=100;
Cn=-0 .02;
Rmax=3; % Nitrogen concent change numbers
step=14/(number-1); %internal variable
k=0:step:step* (number-1);

% allocate storage space
NH3 = zeros(number,Rmax);

Z = zeros (number, Rmax) ;
ZOH1 = zeros(number,Rmax);
ZOH2 = zeros(number,Rmax);
ZOH3 = zeros(number,Rmax);
ZOH4 = zeros(number,Rmax);
ZN1 = zeros(number,Rmax);
ZN2 = zeros(number,Rmax);
ZN3 = zeros(number,Rmax);
ZN4 = zeros(number,Rmax);
Ztot = zeros(number,Rmax);

NZ = zeros(number,Rmax);
NZOH1 = zeros (number, Rmax);
NZOH2 = zeros(number,Rmax);
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NZOH3 = zeros(number,Rmax);
NZOH4 = zeros(number,Rmax);
NZN1 = zeros(number,Rmax);
NZN2 = zeros(number,Rmax);
NZN3 = zeros(number,Rmax);
NZN4 = zeros(number,Rmax);
NZChP = zeros(number,Rmax);
NZChN = zeros(number,Rmax);
NZNonCh = zeros(number,Rmax);

Cd = zeros(number,Rmax);
CdOH1 = zeros(number,Rmax);
CdOH2 = zeros(number,Rmax);
CdOH3 = zeros(number,Rmax);
CdOH4 = zeros(number,Rmax);
Cd2OH1 = zeros(number,Rmax);
Cd40H4 = zeros(number,Rmax);
CdN1 = zeros(number,Rmax);
CdN2 = zeros(number,Rmax);
CdN3 = zeros(number,Rmax);
CdN4 = zeros(number,Rmax);
CdN5 = zeros(number,Rmax);
Cdtot = zeros(number,Rmax);

NCd = zeros(number,Rmax);
NCdOH1 = zeros(number,Rmax);
NCdOH2 = zeros(number,Rmax);
NCdOH3 = zeros(number,Rmax);
NCdOH4 = zeros(number,Rmax);
NCd2OH1 = zeros(number,Rmax);
NCd40H4 = zeros(number,Rmax);
NCdN1 = zeros(number,Rmax);
NCdN2 = zeros(number,Rmax);
NCdN3 = zeros(number,Rmax);
NCdN4 = zeros(number,Rmax);
NCdN5 = zeros(number,Rmax);
NCdChP = zeros(number,Rmax);
NCdChN = zeros(number,Rmax);
NCdNonCh = zeros(number,Rmax);

for j=l:Rmax
Cn=Cn+0.02; % Total N change step
for i=1:number

pH=step*(i-1);
OH=10^- (14-pH);

%solver
xO = 0;

options = optimset('Display',
'off', 'NonlEqnAlgorithm','dogleg','LargeScale','off', 'MaxFunEvals',
5000, 'MaxIter', 500, 'TolFun', le-9, 'TolX', le-4);

[S, fval, exitflag, output]
=fsolve(@nlerevisitCd,xO,options); % S(l)-> NH3

switch exitflag
case 0
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disp('Number of iternation, evaluation exceeded');
case -1

disp('Algorithm terminated by output function');
case -2

disp('Algorithm appears to be converging a noon-root

case -3
disp('Trust radius became too small.');

case -4
disp('Line search error.');

%result
Z(i,j) = (OHA-2)

NH3(i,j) = S(1);
ZOH1(i,j)=Z(i,j)
ZOH2 (i, j) =Z (i, j)
ZOH3 (i, j) =Z(i, j)
ZOH4 (i, j) =Z(i, j)
ZN1 (i, j) =Z(i, j)*
ZN2 (i, j) =Z (i, j)*
ZN3 (i, j) =Z (i, j)*
ZN4 (i,j)=Z(i,j)*

*(1OAKzox); % [Zn2+]

% [NH3]
*OH*10AKzhl;

*(OH) 2*10AKzh2;

*(OH) 3*10AKzh3;

*(OH) 4*10AKzh4;

(NH3(i,j) )*1OAKzn1;
(NH3(i,j) )A2*10AKzn2;
(NH3(i,j) )^ 3*10AKzn3;
(NH3(i,j) ) A4*10AKzn4;

% [Zn(OH)+]
[Zn(OH)2]

% [Zn(OH)3 -]
% [Zn(OH)4 2-]
% [Zn(NH3) 2+]

% [Zn(NH3)2 2+]
% [Zn(NH3)3 2+]
% [Zn(NH3)4 2+]

Ztot(i,j)=log10(Z(i,j)+ZOH1(i,j)+ZOH2(i,j)+ZOH3

+ZN2(i,j)+ZN3(i,j)+ZN4(i,j));

NZ(i,j) =
NZOH1 (i, j)
NZOH2 (i, j)
NZOH3 (i, j)
NZOH4 (i,j)
NZN1 (i,j)
NZN2 (i, j)
NZN3 (i, j)
NZN4 (i, j)
NZChP(i, j)

NZ(i,j)+NZOH1(i,j)
NZChN(i,j)

NZNonCh(i,

Z(i,j)/[10AZtot(i,j)]

= ZOH1(i,j)/[10AZtot(i,

= ZOH2(i,j)/[10AZtot(i,
= ZOH3(i,j)/[1OAZtot(i,
= ZOH4(i,j)/[10AZtot(i,

= ZN1(i,j)/[1OAZtot(i,j)
= ZN2(i,j)/[1OAZtot(i,j)
= ZN3(i,j)/[1OAZtot(i,j)
= ZN4(i,j)/[1OAZtot(i,j)

j)]
j)]
j)]
j)]
];
];

+NZN1(i,j)+NZN2(i,j)+NZN3(i,j)
= NZOH3(i,j)+NZOH4(i,j);

j) = NZOH2(i,j);

Cd(i,j) = (OHA-2)*(1OAKcdox);

CdOH1(i,j)=Cd(i,j)*OH*10AKcdhl;
CdOH2(i,j)=Cd(i,j)*(OH)^ 2*10AKcdh2;

CdOH3(i,j)=Cd(i,j)*(OH) 3*10AKcdh3;
CdOH4(i,j)=Cd(i,j)*(OH) 4*10AKcdh4;

Cd2OHl(i,j)=(Cd(i,j )^ 2)*(OH) *10AKcd2hl;

Cd40H4(i,j)=(Cd(i,j )^ 4)*(OH)^ 4*10AKcd4h4;

CdN1(i,j)=Cd(i,j)*(NH3(i,j) )*1OAKcdnl;

CdN2(i,j)=Cd(i,j)*(NH3(i,j) )^ 2*10AKcdn2;
CdN3(i,j)=Cd(i,j)*(NH3 (i,j)) 3*10Kcdn3;
CdN4(i,j)=Cd(i,j)*(NH3(i,j) ) 4*10AKcdn4;
CdN5(i,j)=Cd(i,j)*(NH3(i,j))A5*10AKcdn5;

Cdtot(i,j)=log1o(Cd(i,j)+CdOHl(i,j)+CdOH2(i,j)+CdOH3(i,j)+CdOH4(i,j)+2*
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point. ');

end

+NZN4(i,j);

......... . ... ....... .

(i,j)+ZOH4(i,j)+ZN1(i,j)



Cd2OH1(i, j) +4*Cd4OH4 (i, j) +CdN1 (i, j) +CdN2 (i, j) +CdN3 (i,j) +CdN4 (i,j) +CdN5
i,j));

NCd(i,j) = Cd(i,j)/[10^Cdtot(i,j)];
NCdOH1(i,j) = CdOH1(i,j)/[10ACdtot(i,j)];
NCdOH2(i,j) = CdOH2(i,j)/[10^Cdtot(i,j)];
NCdOH3(i,j) = CdOH3(i,j)/[10ACdtot(i,j)];
NCdOH4(i,j) = CdOH4(i,j)/[10^Cdtot(i,j)];
NCd2OHl(i,j) = 2*Cd2OH1(i,j)/[10ACdtot(i,j)];
NCd40H4(i,j) = 4*Cd4OH4(i,j)/[10ACdtot(i,j)];
NCdNl(i,j) = CdN1(i,j)/[1OACdtot(i,j)];
NCdN2(i,j) = CdN2(ij)/[1OACdtot(i,j)];
NCdN3(i,j) = CdN3(i,j)/[1OACdtot(i,j)];
NCdN4(i,j) = CdN4(ij)/[1OACdtot(i,j)];
NCdN5(i,j) = CdN5(ij)/[1OACdtot(i,j)];
NCdChP(i,j) =

NCd(i,j)+NCdOH1(i,j)+NCdNl(i,j)+NCdN2(i,j)+NCdN3(ij)+NCdN4(i,j)+NCd2OH
1(i,j)+NCd40H4(i,j)+NCdN5(i,j);

NCdChN(i,j) = NCdOH3(i,j)+NCdOH4(i,j);
NCdNonCh(i,j) = NCdOH2(i,j);

end

plot(k,NZ(:,j),k,NZOH1(:,j)',k,NZOH2(:,j)',k,NZOH3(:,j)',k,NZOH4(:,j)',
k,NZN1(:,j)',k,NZN2(:,j)',k,NZN3(:,j)',k,NZN4(:,j)');

xlabel('pH')
ylabel('Normailzed Zn ion complexes')
title('Zn ion complexs distribution ')
figure

plot(k,NZChP(:,j),k,NZChN(:,j),k,NZNonCh(:,j)');
xlabel('pH')
ylabel('charge/non charge complexes')
title('Zn ion complexs distribution ')
figure

plot(k,NCd(:,j),k,NCdOH1(:,j)',k,NCdOH2(:,j)',k,NCdOH3(:,j)',k,NCdOH4(:
,j)',k,NCd2OHl(:,j)',k,NCd4OH4(:,j)',k,NCdN1(:,j)',k,NCdN2(:,j)',k,NCdN
3(:,j)',k,NCdN4(:,j)',k,NCdN5(:,j)');

xlabel('pH')
ylabel('Normailzed Cd ion complexes')
title('Cd ion complexs distribution ')
figure

plot(k,NCdChP(:,j),k,NCdChN(:,j),k,NCdNonCh(:,j)');
xlabel('pH')
ylabel('charge/non charge complexes')
title('Cd ion complexs distribution ')
figure

end

for j=l:Rmax
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plot(k,Ztot(:,j))
xlabel('pH')
ylabel('Total [Zn], [Cd]')
title('Zn(blue), Cd(red) solubility plot')
hold on

end

for j=l:Rmax
plot(k,Cdtot(:,j),'color',[l 0 0])
xlabel('pH')
ylabel('Total [Zn], [Cd]')
title('Zn(blue), Cd(red) solubility plot')
hold on

end
toc;

% Sub function code

function F=nle revisitCd(x)
% x(l) : NH3
global OH Kzhn Cn Kzhl Kzh2 Kzh3 Kzh4 Kznl Kzn2 Kzn3 Kzn4 Kzox Kcdhl
Kcdh2 Kcdh3 Kcdh4 Kcdnl Kcdn2 Kcdn3 Kcdn4 Kcdn5 Kcdox

Z=(OHA-2)*(10AKzox);
Cd=(OHA-2)* (10AKcdox);

%equations
NH4=x(l)*(l/OH)*(10A-Kzhn);
ZN1=Z*(x(l) )*(1OAKznl);
ZN2=Z*((x(l) )^ 2)* (10AKzn2);

ZN3=Z*((x(l) )^ 3)* (10AKzn3);
ZN4=Z*((x(l))A4)* (10AKzn4);
CdNl=Cd*(x(l) )*(1OAKcdnl);
CdN2=Cd*( (x(1))^ 2)* (10AKcdn2);
CdN3=Cd*( (x(1))^ 3)* (10AKcdn3);
CdN4=Cd*( (x(1))^ 4)* (10AKcdn4);
CdN5=Cd*( (x(1))^ 5)* (10AKcdn5);

F(1)=NH4+x(l)+ZN1+2*ZN2+3*ZN3+4*ZN4+CdNl+2*CdN2+3*CdN3+4*CdN4+5*CdN5-
Cn; % Total NH3 to be setup

10.1.3. ZnO/Al 20 3 mixed condition solubility plot code

% Main Code

clear;
close all
tic
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global OH Kzhn Cn Kzhl Kzh2 Kzh3 Kzh4 Kzn1 Kzn2 Kzn3 Kzn4 Kzox Kalh1
Kalh2 Kalh3 Kalh4 Kal2h2 Kal3h4 Kalox

%values definition
Kzhl=5.0;
Kzh2=11.1;
Kzh3=13.6;
Kzh4=14.8;
Kznl=2.21;
Kzn2=4.5;
Kzn3=6.86;
Kzn4=8.89;
Kzox=-15.52;

Kalhl=9.01;
Kalh2=18.7;
Kalh3=27;
Kalh4=33;
Kal2h2=20.3;
Kal3h4=42.1;
Kalox=-33.5;

Kzhn=4.39;
number=100;
Cn=0;
Rmax=1; % Nitrogen concent change numbers
step=14/.(number-1); Winternal variable
k=0:step:step*(number-1);

% allocate storage space
NH3 = zeros(number,Rmax);

Z = zeros(number,Rmax);
ZOH1 = zeros(number,Rmax);
ZOH2 = zeros(number,Rmax);
ZOH3 = zeros(number,Rmax);
ZOH4 = zeros(number,Rmax);
ZN1 = zeros(number,Rmax);
ZN2 = zeros(number,Rmax);
ZN3 = zeros(number,Rmax);
ZN4 = zeros(number,Rmax);
Ztot = zeros(number,Rmax);

NZ = zeros(number,Rmax);
NZOH1 = zeros(number,Rmax);
NZOH2 = zeros(number,Rmax);
NZOH3 = zeros(number,Rmax);
NZOH4 = zeros(number,Rmax);
NZN1 = zeros (number, Rmax);
NZN2 = zeros(number,Rmax);
NZN3 = zeros(number,Rmax);
NZN4 = zeros(number,Rmax);
NZChP = zeros(number,Rmax);
NZChN = zeros(number,Rmax);
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NZNonCh = zeros(number,Rmax);

Al = zeros(number,Rmax);
AlOH1 = zeros(number,Rmax);
AlOH2 = zeros(number,Rmax);
AlOH3 = zeros(number,Rmax);
AlOH4 = zeros(number,Rmax);
A120H2 = zeros(number,Rmax);
Al30H4 = zeros(number,Rmax);
Altot = zeros(number,Rmax);

NAl = zeros(number,Rmax);
NAlOH1 = zeros(number,Rmax);
NAlOH2 = zeros(number,Rmax);
NAlOH3 = zeros(number,Rmax);
NAlOH4 = zeros(number,Rmax);
NAl2OH2 = zeros(number,Rmax);
NAl30H4 = zeros(number,Rmax);
NAlChP = zeros(number,Rmax);
NAlChN = zeros(number,Rmax);
NAlNonCh = zeros(number,Rmax);

for j=l:Rmax
Cn=Cn+0.3; % Total N change step
for i=1:number

pH=step*(i-1);
OH=10A (14-pH);

%solver
xO = 0;
options = optimset('Display',

'off','NonlEqnAlgorithm','dogleg', 'LargeScale','off', 'MaxFunEvals',
5000, 'MaxIter', 500, 'TolFun', le-9, 'TolX', le-4);

[S, fval, exitflag, output]
=fsolve(@nlerevisitAl,xO,options); % S(l)-> NH3

switch exitflag
case 0

disp('Number of iternation, evaluation exceeded');
case -1

disp('Algorithm terminated by output function');
case -2

disp('Algorithm appears to be converging a noon-root
point.');

case -3
disp('Trust radius became too small.');

case -4
disp('Line search error.');

end

%result
Z(i,j) = (OHA-2)*(10AKzox); % [Zn2+]
NH3(i,j) = S(1); % [NH3]
ZOH1(i,j)=Z(i,j)*OH*10AKzhl; % [Zn(OH)+]
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ZOH2 (i, j) =Z (i, j) *
ZOH3(i,j)=Z(i,j)*

ZOH4 (i, j) =Z (i, j)*
ZN1 (i, j) =Z(i, j) *
ZN2(i,j)=Z(i,j)*(

ZN3 (i, j) =Z(i, j)*
ZN4 (i, j) =Z (i, j)*

(OH)A2*10AKzh2; %6

(OH) A3*10AKzh3;

(OH)A4*10AKzh4;

NH3(i,j))*10^Kzn1;

NH3(i,j) )^ 2*10AKzn2;
NH3(i,j) )^ 3*10AKzn3;
NH3(i,j) )^ 4*10AKzn4;

[Zn (OH) 2]
% [Zn(OH)3 -]
% [Zn(OH)4 2-]

% [Zn(NH3) 2+]

% [Zn(NH3)2 2+]

% [Zn(NH3)3 2+]

% [Zn(NH3)4 2+]

Ztot(i,j)=log10(Z(i,j)+ZOH1(i,j)+ZOH2(ij)+ZOH3
+ZN2(i,j)+ZN3(i,j)+ZN4(i,j));

(i,j)+ZOH4(i,j)+ZN1(i,i)

NZ(i,j) = Z(i,j)/[10AZtot(i,j)];

ZOH1 (i, j
ZOH2 (i,j
ZOH3 (i,j
ZOH4 (i, j

ZN1(i,j)/
ZN2 (i, j)/
ZN3 (i, j)/
ZN4 (i, j)/

)/[1OAZtot(i,j)
)/[1OAZtot(i,j)
)/[1OAZtot(i,j)
)/[1OAZtot(i,j)
[1OAZtot(i,j)];
[1OAZtot(i,j)];

[1OAZtot(i,j)];
[1O^Ztot(i,j)];

NZChP(i,j) =
NZ(i,j)+NZOH1(i,j)+NZN1(i,j)+NZN2(i,j)+NZN3(i,j)

NZChN(i,j) = NZOH3(i,j)+NZOH4(i,j);
NZNonCh(i,j) = NZOH2(i,j);

+NZN4(i,j);

Al(i,j) = (OHA-3)*(1OAKalox); % [A13+]

AlOH1(ij)=Al(ij)*OH*10AKalhl; % [Al(OH)]

AlOH2(i,j)=Al(ij)*(OHA2)*10AKalh2; % [Al(OH)2]

AlOH3(ij)=Al(i,j)*(OHA3)*10AKalh3; % [Al(OH)3]

AlOH4(ij)=Al(i,j)*(OHA4)*10AKalh4; % [Al(OH)4]
A12OH2(ij)=(Al(i,j)*OH)A2*10AKal2h2; % [Al2(OH)2]

Al30H4(i,j)=(Al(ij))A3*(OH^4)A2*10AKal3h4; % [Al3(OH)4]

Altot(i,j)=log10(Al(i,j)+AlOH1(i,j)+AlOH2(i,j)+AlOH3(i,j)+AlOH4(i,j)+2*
Al2OH2(ij)+3*A13H4(i,j));

NAl(i,j) = Al(ij)/[10^Altot(ij)];
NAlOH1(i,j) = AlOH1(ij)/[10^Altot(ij)];
NAlOH2(i,j) = AlOH2(ij)/[10AAltot(ij)];
NAlOH3(i,j) = AlOH3(ij)/[1OAAltot(ij)];
NAlOH4(i,j) = AlOH4(i,j)/[10AAltot(ij)];
NAl2OH2(i,j) = 2*Al2OH2(ij)/[10AAltot(ij)];
NAl30H4(i,j) = 3*Al3OH4(ij)/[1OAAltot(ij)];
NAlChP(i,j) =

NAl(i,j)+NAlOH1(i,j)+NAlOH2(i,j)+NAl2OH2(i,j)+NAl3OH4(i,j);
NAlChN(i,j) = NAlOH4(i,j);
NAlNonCh(i,j) = NAlOH3(i,j);

end

plot(k,NZ(:,j),k,NZOH1(:,j)',k,NZOH2(:,j)',k,NZOH3(:,j)',k,NZOH4(:,j)',

k,NZN1(:,j)',k,NZN2(:,j)',k,NZN3(:,j)',k,NZN4(:,j)');

xlabel('pH')
ylabel('Normailzed Zn ion complexes')

title('Zn ion complexs distribution ')
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figure

plot(k,NZChP(:,j),k,NZChN(:,j),k,NZNonCh(:,j)');
xlabel( 'pH')
ylabel('charge/non charge complexes')
title('Zn ion complexs distribution ')
figure

plot(k,NAl(:,j),k,NAlOH1(:,j)',k,NAlOH2(:,j)',k,NAlOH3(:,j)',k,NAlOH4(:
,j)',k,NAl2OH2(:,j)',k,NAl3OH4(:,j)');

xlabel('pH')
ylabel('Normailzed Al ion complexes')
title('Al ion complexs distribution ')
figure

plot(k,NAlChP(:,j),k,NAlChN(:,j),k,NAlNonCh(:,j)');
xlabel('pH')
ylabel('charge/non charge complexes')
title('Al ion complexs distribution ')
figure

end

for j=l:Rmax
plot (k, Ztot :,j))
xlabel('pH')
ylabel('Total [Zn], [Al] ')
title('Zn(blue), Al(red) solubility plot')
hold on

end

for j=l:Rmax
plot(k,Altot(:,j),'color',[l 0 0])
xlabel ('pH')
ylabel('Total [Zn], [Al] ')
title('Zn(blue), Al(red) solubility plot')
hold on

end
toc;

% Sub function code

function F=nle revisitAl(x)
% x(l) : NH3
global OH Kzhn Cn Kzhl Kzh2 Kzh3 Kzh4 Kznl Kzn2 Kzn3 Kzn4 Kzox Kalhl
Kalh2 Kalh3 Kalh4 Kal2h2 Kal3h4 Kalox

Z=(OHA-2)*(1OAKzox);
Al=(OHA-3)*(10AKalox);
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%equations
NH4=x(1) * (1/

ZN1=Z*(x(l))
ZN2=Z* ( (x(l)
ZN3=Z* ((x(1)
ZN4=Z* ( (x(1)

OH) * (10A-Kzhn);
*(1OAKzn1);

) A2) * (1oAKzn2);

)A3)* (10AKzn3);

)A4)* (10AKzn4);

F(1)=NH4+x(1)+ZN1+2*ZN2+3*ZN3+4*ZN4-Cn;
setup

% Total NH3 to be
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10.2. Chemical reaction constants used for calculations

Chemical Reaction Log K
S---- - - I-

Ammonia
NH g + OH - NH 3 + H2 0

Zn ion

Zn 2 +0H -+ Zn(OH)+

Zn 2+ + 20H- ++ Zn(OH)2 (aq)

Zn 2 + + 30H-+ Zn(OH)3
Zn 2 + 40H- + Zn(OH)}-

Zn 2+ + NH3 - Zn(NH3 )
2 +

Zn 2 + + 2NH3 ++ Zn(N2H)+

Zn 2 + + 3NH3 4 Zn(NH 3)2+

Zn 2++4NH3 ++ Zn(NH3 )+
Zn 2 + + 20H- ++ ZnO(s) + H2 0

4.39

5.0
11.1
13.6
14.8
2.21
4.5
6.86
8.89

15.52

________________________________________________________________________________ I

Al ion
Al 3 + OH-+- Al(OH) 2 +

A13 + + 20H-++ Al(OH)+2

Al 3 + + 30W H "+ AL(OH) 3 (aq)

A1 3 + + 40H- +-+ AI(OH)4

2A1 3 + + 20H- +- AI 2 (OH)2+

3A13 + 40H~ -> Al 3 (OH)5+

A13+ + 30H +- Al(OH) 3 (s)

In ion

In3 + + OH- +-+ In(OH)
2 +

n+ + 20H ++- In(0H)

In3+ + 30H- ++ In(OH)3 (aq)
In3 + + 40H-. In(OH)4

3In3 + + 40H- + In3 (OH)S+

In 3+ + 30H~ +- In(OH)3 (s)

Ga ion
Ga3+ + OH~ ++ Ga(OH)2 +
Ga3+ + 20H ++ Ga(OH)

Ga 3 + + 30H- + Ga(OH)3 (aq)

Ga 3+ + 40H ++ Ga(OH)4

Ga 3 + + 30H~ + Ga(OH)3 (s)

Sr ion

Sr2+ + OH *-* Sr(OH)+

Sr2 + + 20H ++ Sr(OH)2 (s)

9.01
18.7
27.0
33.0
20.3
42.1
33.5

10
20.2
29.6
33.9
50.2
36.9

11.4
22.1
31.7
39.4
37

0.8
3.15

Chemical Reaction
Ca ion

Ca 2 + 0H -* Ca(OH)+

Ca2 + + NH3 -* Zn(NH3 )
2 +

Ca 2 + + 2NH3 +4 Zn(NH3 )2+

Ca 2 + + 20H- ++ Ca(OH)2 (s)

Mg ion
Mg 2 + + OH- + Mg(OH)+

4Mg 2 + + 40H- " Mg 4 (OH)4+

Mg 2 + +NH 3 ++ Mg(NH 3 ) 2 +

Mg 2 + + 2NH3 4+ Mg(NH 3 )2+

Mg 2 + + 3NH3 ++ Mg(NH 3 )2+

Mg 2 + + 20H- + Mg(OH) 2 (s)

Cu ion
Cu 2 + OH ++ Cu(OH)+

Cu 2 + + 20W H-* Cu(OH)2 (aq)

Cu 2+ + 30H- +- Cu(OH)3

Cu 2 + 40H-+ Cu(OH)2-

2Cu2 + + 20H H-+ Cu 2 (OH)2+

Cu 2++ NH3 +- Cu(NH3 )
2 +

Cu 2++ 2NH3 ++ Cu(NH3)2+

Cu 2+ + 3NH3 "-+ Cu(NH3 )2+

Cu 2 + + 4NH3 ++ Cu(NH3)2+

Cu 2+ + 5NH3 ++ Cu(NH3 )2+

Cu 2 + + 20H - Cu(OH)2 (s)

Cd ion
Cd2+ + OH- +- Cd(OH)+

Cd 2 + + 20H- +- Cd(OH) 2 (aq)
Cd 2 + + 30H ++ Cd(OH)3-

Cd 2 + + 40W H~+ Cd(0H)-
2Cd 2 + + OH- + Cd 2 (OH) 3 +

4Cd 2+ + 40H~ ++ Cd 4 (OH)4+

Cd2++ NH3 ++ Cd(NH3 ) 2 +

Cd 2 + 2NH3 ++ Cd(NH 3 )z+
Cd++ 3NH3 4 Cd(NH3 )+
Cd 2 +4NH 3 +- Cd(NH3 )+
Cdz + 5NH3 ++ Cd(NH 3 )2+
Cd2+ + 20H + Cd(OH) 2 (s)

Log K

1.3
-0.2
-0.8
5.19

2.58
16.3
0.23
0.08
-0.3

11.15

6.3
12.8
14.5
15.6
17.7
4.04
7.47

10.27
11.75
12.43
19.32

4.1
7.7

10.3
12.0
4.6

23.2
2.62
4.79
6.16
7.1
6.9

14.29
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