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Abstract 

Anodic aluminum oxide (AAO) nanopores are excellent templates to fabricate different 

nanostructures. However, the pores are limited to a hexagonal arrangement with a domain size of 

a few micrometers.  In this dissertation, focused ion beam (FIB) is used to create pre-patterned 

concaves to guide the anodization. Due to the advantage of FIB lithography, highly ordered 

AAO arrays with different arrangements, alternating diameters, and periodic pore densities are 

successfully achieved. Anodization window to fabricate ordered AAO is enlarged due to the FIB 

pre-pattern guidance. AAO has also been successfully used as a template to nanoimprint 

prepolymer to synthesize vertically aligned and high aspect ratio h-PDMS nanorod arrays with 

Moiré pattern arrangements. 

The formation mechanism of anodic TiO2 nanotubes is proposed in this dissertation. 

Moreover, FIB pre-pattern guided anodization is introduced to synthesize highly ordered TiO2 

nanotubes with different morphologies. The effects of inter-tube distance and arrangement to the 

structure of TiO2 nanotubes are investigated. TiO2 nanotubes with branched and bamboo-type 

structures are achieved by adjusting anodization voltage. The influence of patterned concave 

depth and surface curvature on the growth of TiO2 nanotubes and AAO are studied. The 

efficiency of TiO2 nanotubes in supercapacitors and photoelectrochemical water splitting are 

optimized by enlarging surface area and increasing electrical conductivity. 

Focused ion beam can not only create concave arrays to guide the electrochemical 

anodization, but also be used for nanoscale sculpting and 3D analysis. When the TiO2 nanotube 

surface is bombarded by FIB, there is a mass transfers due to ion-induced viscous flow and 

sputter milling, thus the TiO2 nanotubes are selectively closed and opened. By combining FIB 

cutting and SEM imaging to create a series of 2D cross section SEM images, 3D reconstruction 

can be obtained by stacking SEM images together. This 3D reconstruction offers an opportunity 

to directly and quantitatively observe the pore evolution to understand the sintering process. 
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Chapter 1. Introduction  

1.1 Motivation and objectives 

Anodic aluminum oxide (AAO) nanopore arrays, which can be synthesized by self-

organized electrochemical anodization, have attracted intensive interest as a template for 

fabrication of low dimensional nanostructures, such as nanorods, nanowires, nanotubes, and 

nanodots. The main advantage of the AAO template is that the morphology of the nanopores 

(interpore distance, diameter, and length) can be easily controlled by the anodization condition. 

Moreover, novel AAO structures with branched nanopores and modulated diameters enrich the 

morphology of the AAO template. Anodic titanium oxide nanotube arrays, which can also be 

obtained by self-organized electrochemical anodization, have great application potentials in dye-

sensitized solar cells and water photoelectrolysis due to the large specific surface area and the 

direct pathway for charge transport. Similar to the AAO, the morphology of the TiO2 nanotubes 

can be adjusted by anodization condition.  

However, self-organized AAO and TiO2 nanotubes occur only for a small anodization 

window with limited ordered domain sizes at around just a few micrometers, and the 

arrangement is limited to hexagonal in ordered regions. Different pre-patterning techniques have 

been used to achieve highly ordered AAO template with large ordered domain sizes and provide 

controllable interpore distances. Up to now, most studies focus on uniform diameter and equal 

interpore distance porous anodic alumina patterns.  

On one hand, even though several mechanisms have been proposed, the formation 

mechanism of anodic TiO2 nanotubes is still uncertain, which hinders an effective approach to 

optimize TiO2 nanotubular structures for specific applications. On the other hand, the pre-pattern 

guided anodization has never been investigated due to the fact that the large Young’s modulus 

(116 GPa) of titanium; it is hard to create concave arrays on a titanium foil. It is unknown 

whether similar guided anodization approaches can be successfully applied to titanium 

anodization to obtain highly ordered TiO2 nanotube arrays with different arrangements and 

diameters.  

This dissertation aimed to fabricate highly ordered AAO and TiO2 nanotubes with different 

arrangements, diameters, and pore densities by FIB pre-pattern guided anodization. This 

dissertation also aimed to investigate the formation mechanism of anodic TiO2 nanotubes. The 
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effect of patterned concave depth and surface curvature on TiO2 nanotubes and AAO was 

investigated in this dissertation as well. The mechanism of FIB nanoscale sculpting and the 

application of FIB lithography in 3D microstructure reconstruction were also studied in this 

dissertation. 

 

1.2 Contributions 

In this dissertation, the focused ion beam lithography is applied to the electrochemical 

anodization. The advantage of focused ion beam lithography to create concave patterns with 

diverse structures is that it enables the fabrication of AAO arrays with different arrangements 

(such as hexagonal, square, rectangular, and graphite lattice structure), alternating diameters, and 

heterogeneous pore densities. These AAO arrays broaden the application of AAO and enable the 

manufacturing of nanomaterials with diverse structures. 

For nanoimprint lithography, low surface energy of the template is the key for releasing the 

polymer nanorods from the AAO template. High aspect ratio h-PDMS nanorods with large 

Young’s modulus are created. For soft lithographic micromolding, A mechanism to understand 

the effect of surface wetting properties on the fidelity of soft lithography is proposed, which is 

based on a combination of hydrostatic equilibrium maintained in the pores and the dynamic 

diffusion of trapped air through the nanoparticle suspensions. Soft lithographic micromolding 

offers a generic method to create patterns with different feature arrangements, feature sizes, and 

feature shapes. 

For the first time, highly ordered concave arrays are pre-patterned on the electropolished Ti 

surface, which guides the anodization of Ti and leads to the development of nanotubes at pre-

patterned locations. As a result, highly ordered TiO2 nanotubes with different arrangements and 

intertube distances are successfully obtained. This dissertation investigates the effect of OH– 

concentration and TiO2 nanotube structure evolution after the anodization, the phenomenon 

challenges the validity of all existing formation mechanisms of TiO2 nanotubes. A new formation 

mechanism for anodic TiO2 nanotubes is proposed, which facilitate the design of optimized TiO2 

nanotubular structures for specific applications. 

The understandings of the effect of pre-patterned concave depth and surface curvature on 

electrochemical anodization demonstrate the significance of uniform concave depths and flat 

surface to highly ordered AAO and TiO2 nanotubes. Moreover, the understanding of surface 



3 
 

curvature effect on TiO2 nanotubes is important for its application on non-planar substrate.  

Based on the selective closing and re-opening of the TiO2 nanotubes under FIB 

bombardment, mechanism of FIB nanoscale sculpting is proposed. The combination of this 

technique with electrodeposition can enable selective growth of different conductive materials 

into different regions of the TiO2 nanotubes. The opening process under low energy ion beam 

sculpting will provide an approach to remove the barrier layer of freestanding TiO2 nanotubes to 

obtain TiO2 nanotubes with two open ends. 

A new FIB cutting method is introduced, which involved a protruding tip with a thick 

platinum protective layer covering both the top and side surfaces, to overcome the drifting issue 

and waterfall artifact during FIB cutting, and improve the FIB cutting resolution to 10 nm. 3D 

reconstruction offers an opportunity to directly and quantitatively observe the pore and grain 

boundaries, which can have broad applications for structural analysis.  
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Chapter 2. Background  

2.1. Anodic aluminum oxide nanopores  

2.1.1. The mechanism for the growth of AAO 

Anodic aluminum oxide (AAO) nanopores formed by anodization of high purity Al in an 

appropriate acidic solution has been studied since 1953.1 In the last two decades, due to its 

application as templates or host materials to synthesize different nanostructures, such as 

nanorods, nanowires, nanotubes, and nanodots, the researches about the mechanism for the 

formation of AAO and fabrication of highly ordered AAO membranes have attracted intensive 

interesting.  

The most popular mechanism for the growth of self-organized alumina nanopores is based 

on mechanical stress. Jessensky et al.2 found systematic dependence of the volume expansion of 

the aluminum into alumina during oxide formation on the anodizing voltage and corresponds 

current efficiency. Optimal conditions for the formation of self-organized alumina nanopores are 

accompanied by a moderate expansion of the aluminum, otherwise no ordered nanopore domains 

can be observed. Based on these observations, Jessensky et al. suggested the mechanical stress 

associated with the volume expansion was the cause of repulsive forces between neighboring 

pores during the oxidation process, and the mechanical stress was the driving force for the self-

organized process. Later, Singh et al.3 proposed the mechanical stress model, which considered 

significant elastic stress due to the oxide volume expansion as an indispensable factor for 

ordering of the pores, theoretical explain the formation of regular hexagonal arrangement of the 

alumina nanopore. However, the repulsion model still cannot explain many experimental 

observations, such as the generation of the initial nanopores, the formation of the hemispherical 

pore barrier layer at bottom, and the merging and furcation of the nanopores during growth. 

Recently, Su et al.4-6 proposed an equifield strength model based on equilibrium between the 

oxidation of metal by anions of O2- and OH- (mainly produced from dissociation of water) and 

the dissolution of oxides, and utilize this model to explain the alumina nanopore generation, self-

adjustment of pore size and ordering, pore merging and splitting. During anodization, Al3+ ions 

drift through the oxide layer and are ejected into the solution at the oxide/electrolyte interface; 

while oxygen containing ions (O2-/OH-) migrate from electrolyte through the oxide layer at the 

pore bottom. The overall dissolution reaction of Al2O3 is as follows: 
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Al2O3 + nH2O→2Al3+ + (3 + n-x)O2-+ xOH- + (2n-x)H+        (1-1) 

where n is the ratio of the dissociation of water to the dissolution of Al2O3. The oxidization of Al 

at the oxide/metal interface is as follows: 

2Al + 3O2-→ Al2O3 + 6e-                                                                               (1-2) 

2Al + 3OH- → Al2O3 + 3H+ + 6e-                                               (1-3) 

It is important to introduce the dissolution of aluminum oxide during anodization by acidic 

electrolyte to form nanoporous structure; otherwise a nonporous planar layer will form in a near-

neutral electrolyte. For the near-neutral electrolyte, the dissolution of Al2O3 is very slow, and the 

thickness of the oxide layer will continuously increase following reactions (1-2) and (1-3). As a 

result, the electric field will continuously drop and finally too weak to drive the oxygen 

containing anions through the oxide barrier layer. Therefore, a nonporous planar layer will form 

at the aluminum surface (Figure 2-1a). 

For acidic electrolyte, the dissolution of Al2O3 takes place at the oxide/electrolyte interface, 

which significantly decreases the oxide layer thickness. Although both the oxidation and 

dissolution rates are reduced as the electric field is decreased, the former is expected to reduce 

faster than the latter. This can be understood as follows. The inward oxygen ionic current j, 

which is related to the electric field E across the barrier layer, determines the oxidation rate:  
kEejj �� 0                                                                              (1-4) 

where j0 and k are material dependent constants. Therefore, the oxidation rate decreases 

exponentially with the electric field. However, the dissolution rate of Al2O3, which is affected by 

the electric field through polarization and impairment of the Al-O bond, decreases slowly as the 

electric field decreases. As a result, the dissolution rate of the oxide layer will increase slower 

than the oxidation rate. There always exists a critical thickness of the barrier layer (dB) and 

corresponding electric field (EB), at this steady state, the oxidation rate balance with the 

dissolution rate.  

As shown in Figure 2-1b, some pits will grow at the surface of aluminum at the early stage 

of anodization due the defects such as impurities, dislocation, grain boundaries, or nonmetallic 

inclusions in the underlying metal cause a faster dissolution rate of oxide layer. When a pit form 

at the oxide surface, the oxide thickness at the pit center BB’ is smaller than at the pit edge AA’ 

and CC’, which leads to the faster oxide dissolution rate the BB’ and the pore grows at pit 

location. Due to the electric field tend to maintain uniform through the whole interface, and the 
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oxide layer thickness at pore bottom tends to have the same oxide thickness (Figure 2-1c and 

1d), and an ideal hemispherical pore bottom with uniform critical barrier layer thickness (dB) 

would be obtained. Since the electric field along DD’ and EE’ at the wall is as same as that at the 

bottom, the oxide layer can move not only downwards but also sideways.  

 
Figure 2-1: Schematic diagrams for the electric-field strength distribution on some typical barrier layers, 

(a) planar layer with a uniform thickness, (b) planar layer with a corrosive pit, (c) a corrosive pit at the 

electrolyte/oxide interface is replicated at the oxide/metal interface, (d) formation of the hemispherical 

pore base and (e) single pore formation.6-7 

 

The free development of nanopore shown in Figure 2-1 only happens when the pores grow 

without the effect their neighbors. However, in the reality, the development of each pore is 

restricted by its neighboring nanopores due to the high pore density. When the two neighboring 

nanopores are completely separated with each other, the pores will free expand their outer wall 

until two walls merge with into a thicker combined wall 2dB. Due to both pore bottoms are 

perfectly hemispherical, the electric field at the joined position of the hemispheres (B) comes 

from both sides, which enhance oxidation rate at B. As a result, the joined position of 

neighboring barrier layers (B) will move down to a lower position (D) as shown in Figure 2-2b, 

which increase the oxide layer thickness at position D. Then, the dissolution rate at A and C will 

be relatively faster than the oxidation rate, and wall thickness between the neighboring 

nanopores will decrease from 2dB to 2dW. The final shape of the nanopore bottom is not perfectly 
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hemispherical, but has spherical angle 2θ smaller than 180º, which is confirmed by the SEM 

image of the nanopore bottom as shown in Figure 2-2d. And the oxidation rate still maintains the 

same at the whole oxide/metal interface. When the neighboring nanopores are close to each other 

(Figure 2-3a), the wall thickness between neighboring nanopores is small than 2dW. The electric 

field along BB’ is equal to EB, however, the electric field from B’ to any the position range from 

A to B is smaller than EB, because the oxide layer thickness there is larger than dB. The smaller 

electric field leads to the relative smaller dissolution rate than the oxidization rate the positions 

range from A to B. As a result, the wall thickness will increases from d to 2dW.   

 

 
Figure 2-2: Schematic drawing showing that (a) two pores have a separation larger than 2dB, (b) the pores 

move towards each other to achieve a wall thickness of 2dB, (c) pores move closer with a balanced 

curvature of 2θ. (d) SEM image of pore bottom in an AAO. 6-7 
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Figure 2-3. Schematic drawing of (a) two pores which are too close to each other and (b) their self-

adjustment to increase the wall thickness. 5 

 

When the neighboring nanopores are too close to each other, all the nanopores tend to 

expand their diameters and confine the development of their neighbors. In this case, the wall 

thickness still tend to increase to the critical value 2dW, but the small interpore distance limit the 

wall thickness to reach that critical value. In this case, some of the nanopores will terminate the 

growth to release more space to the expansion of other nanopores. When the interpore distance is 

very large, even after the fully expansion of the nanopores there still have un-anodized metal left, 

as discussed above, the dissolution rate of oxide layer at the edge of pore bottom will be 

increased relative to the center of pore bottom. As a result, the nanopore can splitting into two or 

even more nanopores to maintain the oxidation rate at all oxide/metal interface are the same. 

 

2.1.2. Anodization window and control the pore morphology  

For the self-organized anodization condition, ordered alumina nanopore arrays normally 

were fabricated through anodization in sulfuric acid at 25 V,8-9 oxalic acid at 40 V,10-11 and 

phosphoric acid at 195 V12-13 with the interpore distances of 63 nm, 100 nm, and 500 nm, 

respectively.  

Nielsch et al.14 found for the well-defined self-ordered porous alumina, r/Dinter always the 

same for different anodization conditions, where r is radius of nanopore and Dinter is interpore 

distance of neighboring nanopores. The porosity of a hexagonal nanopore array is given by  

                                                        (1-5) 
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Since r/Dinter is constant for self-ordered porous alumina, Nielsch et al.14 proposed the well-

known 10% porosity for the ordered self-organized alumina nanopore arrays independent of the 

specific anodization conditions.  

It is well known that the interpore distance of alumina nanopores is linearly proportional to 

the applied potential U with a proportionality constant k 2.5 nm/V: dinter=kU, where under 

optimum conditions dinter=2dB, where dB  is the thickness of the barrier. Therefore, the require 

applied potential for optimum self-ordering conditions can be wrote as:14 

                                                       (1-6) 

The diameter of the nanopore, 2r, is affected strongly by the dissolution rate of aluminum oxide 

layer, which is determined by the pH value in the electrolyte. The lower the pH, the smaller the 

applied potential threshold for the field-enhanced dissolution at pore bottom. Since r/dinter is 

constant for self-ordered porous alumina and dinter=kU, the low pH value leads to small radius of 

nanopore and small interpore distance, and small applied voltage is needed for the optimum self-

ordering conditions. 

Hard anodization is a novel method developed recently to fabricate anodic alumina 

nanopore membranes with high growth rates by employing a high applied voltage and a high 

current density.15-22 For example, hard anodization of alumina nanopores is carried out in oxalic 

acid at voltages of 100-150 V with current densities of 200-300 mA/cm2, and the growth rate of 

nanopore film is ~50-70 μm/h. For the hard-anodization process, the interpore distance and pore 

size are found to be linearly proportional to the anodization voltage, but the porosity of self-

ordered anodic alumina films is 3.3-3.4%,15 which is deviate from the 10% rule.  

Therefore, Su et al.5-6 utilized the equifield strength model to explain the porosity by the 

relative dissociation rate of water to dissolution of Al2O3. Consider the hexagonally ordered 

pores, for the growth of L length of nanopore at t, the whole pore bottom just moves down 

with the shape unchanged, the net change is the increase of L pore wall. Assuming all the 

oxygen anions created from dissociation of water migrate to the oxide/electrolyte interface, and 

contribute to the oxidation of aluminum, the total moles (N0) of these oxygen anions in the 

volume of the newly formed L length of nanopore are: 

                                       (1-7) 

where a is the length of hexagonal outer shape, r is the diameter of nanopore, and DO is the 
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density of oxygen anions in Al2O3. At the same time, oxygen anions are produced with the 

dissolution of Al2O3 by water at the oxide/electrolyte interface through reaction 1. The total 

molar number of aluminum dissolved within t is , where DAl is the molar 

density of Al3+ in Al2O3. According reaction 1, the total molar number of oxygen anions obtained 

by dissociation of water is , which should equal to the amount of oxygen 

increased in the alumina nanopore walls. Therefore, 

=         (1-8) 

Since DAl:DO=2:3, the porosity of alumina nanopores is  

                          (1-9) 

From this relation of porosity with relative dissociation rate of water, Su et al. point out that the 

10% rule has no special physical meaning, except that the porosity near 10% (when n=27) is not 

very sensitive to the variation of n. Moreover, with the increase of electric field and current 

density, the dissociation rate of water (n) will increase, and the porosity of alumina nanopore will 

decrease. Therefore, it should not be too surprising when Lee et al. applied high current density 

and applied voltage during hard anodization leads to very low porosity ~3.9%. From equation 9, 

this low porosity can be explained by increase the dissociation rate of water number n to 88. 

 
Figure 2-4. Porosity of AAO as a function of the relative rate of water dissociation at the 

oxide/electrolyte interface, n. 5  
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2.1.3. Pre-pattern Guided anodization 

Ordered self-organized porous alumina occurs only for a quite small anodization window 

with limited ordered domain sizes around just a few micrometers, and the interpore distances of 

the films are confined to several fixed values. To widen the applications of anodic porous 

alumina, different pretexturing techniques are used to fabricate an ideally nanochannel on AAO 

films with very large ordered domain sizes and provide controllable interpore distances. Using 

nanoimprint lithography (with SiC, Si3N4 or Ni mold),23-27 focused-ion-beam (FIB) 

lithography,28-32 and holographic lithography lithography33 to create an highly ordered concaves 

pattern on the Al surface, and then those concaves in turn guide the subsequent anodization of Al 

to generate highly ordered AAO templates, which completely eliminate the presence of domain 

boundaries and obtain large orderly AAO area. 

Combination of nanoimprint lithography or focused ion beam lithography with self-

assembly anodization obtains alumina nanopore arrays having a hexagonal, triangular, or square 

arrangement. Nanoimprint lithography and focused ion beam lithography produce hexagonal 

pre-patterns to guide the growth of highly ordered hexagonal nanopore arrays. Porous anodic 

alumina with a square arrangement of square nanopore shape can be prepared by using a square 

array of indentations.34-36  Similarly, porous anodic alumina nanopore with a graphite structure 

lattice of triangular pore shape also is synthesized by the guidance of graphite structure 

nanoimprinted concaves.36 

Nanoimprinted concave pattern on the electropolished aluminum enlarge the anodizaiton 

condition for ordered alumina nanopore. In order to obey the 10% porosity rule,14 self-assembly 

ordered nanopore arrays only synthesized under limited anodization condition, and the interpore 

distance is confined at several fixed values: 65, 100, 500 nm. However, under the guidance of 

imprinted nano-concave, the anodized nanopore remains the arrangement of pre-pattern with 

different interpore distance. Moreover, the interpore distance of the ordered alumina nanopore 

arrays can be reduced to 1/ 3 of the lattice constant of the master stamp, if anodized in particular 

applied potential to form a new pore at the centre of three pre-patterned concaves.37-39 Ordered 

PAA with 115 nm interpore distance is obtained by anodizing a 200 nm periodic master pre-

pattern at 46 V in oxalic acid. Similarly, an ordered 300 nm interpore distance nanopore 

arrangement is produced after the anodization of 500 nm interpore distance nano-imprinted 

concave pattern at 120 V in phosphoric acid. 
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Figure 2-5. SEM images of long-range-ordered anodic alumina with a) hexagonal and b) square 

arrangements of nanopores. c,d) tilt views of the cross sections.26 

 

2.1.4. AAO with branched structures and modulated internal diameters        

Since branched nanopores grown in anodic alumina oxide membranes are promising 

candidates to synthesis novel nanowires and nanotube, considerable attention has been paid to 

the fabrication of branched nanopores. Y-branched AAO channels was first fabricated by 

reducing the anodic voltage by a factor of 1/ .40 This is because that the interpore distance is 

proportional to the anodization voltage, thus suddenly decrease the applied voltage from 50 V to 

35 V result in two small pores branched from the bottom of stem pore. Similarly, after primary 

stem pores were fabricated by a typical two-step anodization process, the anodization voltage 

was reduced by a factor of 1/ n can obtain create n-branched nanopores (notated as 1 , where 

‘‘ ’’stands for the junction where the branching takes place, and n stands for the number of 

branches produced).41-43 Moreover 1 m tree-like nanopore arrays can be obtained by further 

reducing the anodization voltage by a factor of 1 m to generate the third layer of branced pores 

at the bottom of second layer of branched pores.41 However, in order to grow ordered the 

branched nanopores with hexagonal close-packed arrangement, n and m can only choose from 3, 
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4, and their common multiples and powers, such as 9, 12, and 16. Otherwise, disordered 

structures can still be generated by channel merging and splitting if prolong the anodization 

time.42 

When the nanopores grow on the aluminum surface with concave structure, bifurcation of a 

single pore into two similar diameter new pores has been observed.44-47 Due to the growth 

direction of nanopore perpendicular the concave surface, the space between neighbored 

nanopores increases. The pores must keep branching in order to maintain the same interpore 

distance. And the pore diameters stay almost constant because the anodization conditions have 

not been changed. This is different the above discussed branched nanopores due to the 

decreasing of applied voltage, which also decreases the interpore distances and the pore 

diameters. 

 
Figure 2-6. SEM image of alumina pore structures: (a) parallel pores on a planar surface; (b) diverging 

pores on a concave surface; (c) converging pores on a convex surface.44 

 

The conventional mild anodization in oxalic acid is conducted at a low voltage (40 V) with a 

small current density (<5 mA/cm2), and the film growth rate is only ~2 μm/h.11-12 The 

combination of conventional mild anodization and hard anodization process at different 

electrolyte has been exploited to tailor the anodic alumina nanopores with modulated pore 

structures and periodically changed diameters (Figure 2-7).15-18 Three-dimensional alumina 

nanopores with different pore periodicity and geometry are obtained by cyclic anodization 

through applying periodic oscillatory current density with different profiles, amplitudes, and 

periods to switch between mild anodization and hard anodization.18  
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Figure 2-7. Fabrication of AAO with multi-modulated pores by cyclic anodization. a–b) SEM image of 

AAO with double-modulated pores fabricated by a current density profile consisting of two cycles. c–d) 

SEM images of AAO with multi-modulated pores fabricated using a complex current density profile 

consisting of 10 cycles with different shapes. 18 

 

2.1.5. Application of AAO 

The most important application of AAO is serve as template to fabricate various 

nanostructures, such as nanodots,48-49 nanowires,50-54 and nanotubes.55-58 The morphology of 

AAO, such as pore diameter, interpore distance and aspect ratio, can be easily adjusted by the 

anodization conditions, which facilitate the ability to control morphology of obtained 

nanostructures by AAO template. 

Deposition of nanodot arrays with AAO template normally needs to transfer the AAO thin 

membrane to the substrate surface. For example, a 300 nm thick alumina nanopore membrane 

with 60 nm pore size havebeen used to deposit Fe nanodot arrays.48 First the alumina nanopore 

membranes was transferred onto MgO substrate as shown in Figure 2-8b; then a 15 nm thick Fe 

layer was deposited by electron beam on the alumina nanopore membrane; subsequently, the 
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alumina membrane was removed by 10% NaOH solution. This life-off process obtained Fe 

nanodot arrays with average diameter of 58 nm, which facilitate the research of magnetic 

characteristic at nanoscale. The main disadvantage of utilizing stiffness AAO membranes as 

mask to deposit nanodot arrays is large areas of the oxide shadow masks are not in contact with 

substrate. Voids will exist between the membrane and the substrate surface which leads to an 

inhomogeneous pattern transfer. Lee et al.49 proposed that use electrochemical deposition to 

replicate the AAO master by the flexible Au nanotube membrane, and then utilize flexible Au 

nanotube membrane as mask to deposit nanodots. The outer diameter of nanotube membrane is 

determined by the channel diameter of the porous alumina template, and the internal diameter of 

nanotube is determined by electrodeposition time. Due to the nanotube architecture and a thin 

interconnections layer at bottom of Au nanotubes, the gold membranes are extremely flexible 

and can excellently contact with the substrate topography. 

 
Figure 2-8: (a) Schematic of the porous alumina mask deposition technique; (b) top view of porous 

alumina membrane; (c) Fe nanodot array after the fabrication process.48 

 

The most common method to fabricate the nanowire arrays by AAO template is 

electrodeposition.50-52 First, free-standing AAO template with both end open is fabricated; then, 

one end of AAO template is physical deposited with conductive layer as electrode; eventually, 
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the conductive nanowires are obtained by fully filling the AAO template through 

electrodeposition method. Moreover, the nanowires are grown inside a porous anodic aluminum 

oxide template by chemical vapor deposition assisted by an electrodeposited metal catalyst at 

one side of AAO membrane.53-54 

Carbon nanotubes (CNTs) can be fabricated by applying porous anodic aluminum oxide as 

template.55-58 CNTs were fabricated by flowing a mixture of acetylene (5%) and nitrogen (100 

sccm) at 550 °C for 50 min. The carbon nanotubes grow at the wall of nanopore. The 

morphology of carbon nanotubes are determined by the AAO template, and thus were very 

homogeneous in diameter and length, well ordered, and almost perfectly aligned vertically with 

respect to the substrate. The field emission property of these ordered monodispersed carbon 

nanotube arrays shows current density higher than 1 mA/cm2, which meets the requirement for 

flat panel displays. 

Another method to fabricate nanotube arrays through nanoporous alumina template is 

introduce sol-gel into the nanopores and follow by dry process to form nanotube inside the 

alumina nanopore.59 For example, highly ordered TiO2 nanotubes were successfully fabricated 

by infiltrating the alumina nanopore with sol-gel mixture of Ti(OC3H7)4 and ethanol in a 3:1 

weight ratio, and then followed by drying the sol-gel at ambient environment with room 

temperature and approximately 54% relative humidity. Free-standing TiO2 nanotubes eventual 

obtained by selective chemical etching alumina template in a solution of 3 M NaOH for 13 min. 
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2.2. Anodic TiO2 nanotube arrays  

2.2.1. Formation of anodic TiO2 nanotubes and the mechanism 

Up to now, there are several methods have been exploited to fabricate TiO2 nanotubes, such 

as AAO template assisted methods (by electrodeposition,60 sol-gel process,59, 61 and atomic layer 

deposition methods62-63), hydrothermal method,64 sol-gel techniques without  templates,65-66 and 

electrochemical anodization method. Among these methods the electrochemical anodization 

method is the most common and well developed method to fabricate TiO2 nanotubes with self-

organized structures with controlled diameter, interval distance, and length.  

So far, self-organized anodic TiO2 nanotubes have been obtained from four different 

generations of electrolytes. First generation is the dilute HF aqueous electrolyte.67-69 For 

example, anodization of Ti foil in a two-electrode electrochemical cell with 0.5% HF aqueous 

solution at 20 V for 30 min leads to ordered TiO2 nanotubes. However, the rapid rate of TiO2 

dissolution by the HF acid limits the maximum achievable nanotube length to ~0.5 μm. In order 

to reduce the rate of TiO2 dissolution, the second generation electrolytes, buffered aqueous 

electrolytes (such as KF,70 NH4F,71 or NaF72 along with a buffer solution to control the pH) have 

explored to overcome that issue. As a result, the maximum length of TiO2 nanotubes can increase 

to 5 μm. The pH value of the electrolyte greatly affects the rates of oxidation and chemical 

dissolution, when the pH varying from 1 to 4.5, the maximum nanotube length increases from 

0.56 μm to 4.4 μm.73 Nevertheless, the water content in the aqueous electrolytes still leads to 

rapid chemical dissolution of the formed TiO2 nanotubes, which limits the formation of high 

aspect ratio nanotubes. Therefore, the third generation polar organic solvents such as 

formamide,74 ethylene glycol,75 and dimethyl sulfoxide76 are used with a fluoride-containing 

species (such as NH4F,77 HF76) to minimum the water content in the electrolytes. With organic 

electrolytes, the length of TiO2 nanotubes can be as long as several hundred of micrometers.78-80 

The maximum length of TiO2 nanotube arrays reported is over 1000 μm by anodizing thick Ti 

foils at 60 V in 0.6 wt % NH4F and 3.5% water in ethylene glycol for 216 h.81 The above three 

generations of electrolytes all contain fluoride to dissolve TiO2 barrier layer by formation of 

water dissolvable TiF6
2- during anodization. The fourth generation of electrolyte is non-fluoride 

based electrolytes (such as HCl,82 HCl/H2O2
83), which might leads to different mechanisms for 

the formation of TiO2 nanotubes. 
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Figure 2-9. (a) Cross-sectional SEM image of a 500 nm long first generation nanotube array sample 

prepared by HF based electrolyte at 20 V. Inset shows top-view image.68 (b) Cross-sectional SEM image 

of the freestanding TiO2 nanotube membrane. A close-up of nanotubes marked in a circle is shown as an 

inset. The scale bars in the main image and inset are 100 and 2 μm, respectively.79  

 

The development of the TiO2 nanotubes should be similar as anodic aluminum oxide 

nanopore as discussed above. During the anodization, Ti is oxidized into Ti4+ at the metal-oxide 

interface and migrates outwards under the applied electrical field. Meanwhile, O2- ions are 

incorporated in the oxide layer and migrate towards the metal–oxide interface. The TiO2 layer 

forms due to the interaction of the Ti4+ ions with the O2- ions in the electrolyte. The overall 

reactions for anodic oxidation of Ti can be expressed as:84-85 

Ti + 2H2O TiO2 + 4H+ + 4e-                     (1-10) 

At the same time, the TiO2 barrier layer dissolves under the reaction:85-86  

TiO2 +6F- + 4H+ TiF6
2- + 2H2O                   (1-11) 

The two reactions reach a balance at steady state anodization. At the beginning of the 

anodization, the surface of Ti is covered entirely with a dense and uniform anodic TiO2 layer, 

since active metal Ti is oxidized instantly at ambient condition. The large volume expansion 

from Ti to TiO2 (~1.95) result into great compressive stress at the top TiO2 layer, any defects 

such as impurities, dislocation, grain boundaries, nonmetallic inclusions, and the rough surface 

of the original oxide layer can lead to a pit growth as an initial step of pore growth. The 

distribution of the electrical field in the TiO2 layer, however, is strongly correlated with the 

surface morphological fluctuations (more pronounced fluctuations lead to more localized 
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electrical field). Due to the localized field-assisted dissolution of the oxide layer at the pit 

bottom, TiO2 nanopores grow at the pit locations and reach a steady-state. During the 

anodization, the diameter and interpore distance of TiO2 nanopores will self-organize to be 

proportional to the applied voltage: D=2fgrowthU,87-88 where fgrowth is the growth factor for anodic 

oxides, 2.5 nm V-1 for TiO2, and U is the applied potential. When the interpore distance of the 

two neighboring nanopores is smaller than D=2fgrowthU, the TiO2 nanopores tend to expand the 

diameter and repel their neighbors, and the interpore distance will increase according to the 

equifield strength model. When interpore distance of the neighboring nanopores is larger than 

D=2fgrowthU, and even when the nanopores are fully expanded, there are still un-anodized 

metallic Ti left between the nanopores, then a new nanopore will develop between them. As a 

result, the self-organized anodic titanium oxide will have nanopore close to each other with 

interpore distance around D=2fgrowthU. 

The mechanism for the formation of TiO2 nanotubes is still unknown, and the driving force 

for the formation of nanotubular but not nanoporous anodic titanium oxide arrays still remains an 

unsolved problem. Up to now, there are four different models trying to explain the nanotubular 

structures. First, Su et al. proposed that oxides at the junction areas suffer a high degree of 

localized dielectric breakdown, which produces a large number of voids at the inter-pore areas 

and separates the neighboring TiO2 nanotubes (Figure 2-10).89 For the non-aqueous glycerol 

solution with very low water content, the small localized dielectric breakdown leads to the 

formation of anodic TiO2 nanopores instead of nanotubes. Second, Grimes et al.67, 90 proposed 

that the un-anodized metallic Ti between neighboring pores can undergo the same oxidation and 

field assist dissolution process, thus voids develop between the nanopores, and the growth of 

these voids lead to the formation of gaps between the TiO2 nanotubes (Figure 2-11). However, it 

cannot explain why these voids leads to formation of gaps but not leads to the development of 

new nanopores. It also cannot explain why there will have un-anodized metallic Ti left between 

neighboring pores. Third, Schmuki et al.88, 91-92 attributed the nanotube separation to the 

dissolution of the fluoride rich outer shell of nanotube walls (Figure 2-12). According to the 

TEM structure of TiO2 nanotubes, the anodic TiO2 nanotube has double layer structure of the 

tube wall. Schmuki et al. proposed the outer shell of the tube wall is fluoride rich layer. Due to 

small radius F- ions compare to O2- ions, the diffusion rate of F- ions is faster than O2- ions, a 

significant amount of F- ions is present at the tube outer wall boundaries, which facilitates the 
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dissolution of the boundaries by forming water-soluble TiF6
2- complexes. The change from 

nanoporous to nanotubular TiO2 structure is dependent on the solubility of the cell boundaries. 

However, the formation of anodic TiO2 nanotubes in non-fluoride based electrolytes leads to the 

effect of fluoride rich outer shell into question. Fourth, Su et al.4, 93-94 proposed that, during 

anodization, the Ti substrate are anodized both by O2- ions to form the TiO2 inner shell and by 

OH- ions to form titanium hydroxide outer shell (Figure 2-13). The volume shrinkage due to the 

dehydration of the titanium hydroxide outer shell leads to the formation of gaps between the 

TiO2 nanotubes. They proposed that the outer shell of the tube wall is the titanium hydroxide. 

Because the temperature-dependent Fourier transform infrared (FTIR) spectroscopy show the 

anodic TiO2 nanotubes dried at 120°C have a peak at 1630 cm-1 and a broad band between 3000 

cm-1 and 3700 cm-1, respectively, which corresponding to the structural of OH-. The peak 

intensities decease with the thermal treatment at 200°C and disappear after thermal treatment at 

300°C. However, they cannot explain why the titanium hydroxide layer can form at the nanotube 

outer wall; and FTIR only prove the anodic TiO2 nanotubes contain hydroxide structure, it cannot 

prove the hydroxide accumulates at the tube outer shell. Therefore, the reason for the formation 

of gaps between the TiO2 nanotubes is still not resolved. 

 
Figure 2-10. Schematic diagram illustrating the formation of nano-porous anodic oxides when the degree 

of localized dielectric breakdown is low (a–c), and the formation of nanotubular anodic oxides with ridges 

between neighbouring tubes when the degree of localized dielectric breakdown is high (d–g). The arrows 

indicate the potential inward moving directions of oxygen anions. 89 
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Figure 2-11. (a) Growth of pores, (b) metallic parts between pores undergo oxidation and field assisted 

dissolution, (c) fully developed nanotubes with a corresponding top view.67, 90 

 

 
Figure 2-12. Schematic illustration of formation of nanotubes from a porous oxide layer by selective 

dissolution of fluoride rich layers at the cell boundaries of anodic porous layers.91-92 

 

 
Figure 2-13. (a) Two adjacent nanotubes move closer to each other by expanding diameter. (b) The 

expansion stops when they touch each other. (c) Volume shrinkage due to dehydration process of titanium 

hydroxide at pore outer shell obtains nanotubes. (d) The corresponding TEM image of such twin 

nanotubes.4, 93-94 
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2.2.2. Parameters influence the structure of anodic TiO2 nanotubes  

The growth of the anodic TiO2 nanotubes is based on the balance between the TiO2 

dissolution rate and TiO2 oxidation rate. As a result, the parameters that can affect the TiO2 

dissolution rate or TiO2 oxidation rate will influence the structures of the anodic TiO2 nanotubes, 

such as pH value, applied voltage, conductivity of electrolyte, water content, temperature, and 

anodization time. 

PH value of electrolyte affects both the behavior of the TiO2 oxidation rate and chemical 

dissolution.73,95 With the increase of pH the rate of chemical dissolution decreases. As a result, 

the TiO2 oxidation rate is faster than dissolution rate, and longer nanotubes can be formed in 

higher pH solution. For example, when anodize Ti foils at 25 V in the electrolyte solutions 

containing 0.1 M KF and different PH value, with pH increasing from strong acidity (pH <1) to 

weak acidity (pH 4.5), nanotube length increased from 0.56 μm to 4.4 μm.73  

The applied voltage influences the anodization rate, the TiO2 nanotube diameter, and the 

nanotube length. During the anodization, the diameter of self-organize TiO2 nanotubes is 

proportional to the applied voltage: D=2fgrowthU. Therefore, the diameter will increase with the 

increase of applied voltage. When applied voltage increase, the enlarged electric field increases 

both the oxidation and dissolution rates, the former is expected to increase faster than the latter.5 

This can be understood as follows. The inward oxygen ionic current j, which is related to the 

electric field E cross the barrier layer, determines the oxidation rate: kEejj �� 0 ,5 where j0 and k 

are material dependent constants. Therefore, the oxidation rate increases exponentially with the 

electric field. However, the dissolution rate of TiO2, which is affected by the electric field 

through polarization and impairment of the Ti-O bond, increase slowly as the electric field 

decreases. As a result, the increase of applied voltage leads to oxidation faster than dissolution 

rates, which leads to faster nanotube growth rate and longer nanotube length.  

The low conductivity of the organic electrolytes leads to the IR-drop effects, and the 

effective applied voltages of the electrode is Ueff=Uapplied-IR, where R is the resistivity of the 

electrolyte and I is the current.91 As a result, even though the diameter of the nanotubes is still 

linearly controlled by the applied voltage, different electrolytes (such as aqueous and non-

aqueous electrolytes) have different slope of voltage dependence as shown in Figure 2-14. 

During the anodization, the conductivity of the electrolyte changes, and thus the variations of the 

tube diameter are happened for longer anodization times.96 
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Figure 2-14. Voltage dependence of the tube diameter for different electrolytes: ○ water-based, ▼ 

glycerol/H2O 50:50, □ glycerol, ■ ethylene glycol.91 

 

Water content in the electrolyte affects the nanotube growth rate and the chemical etching 

speed of the nanotubes, which influences the morphology of anodic TiO2 nanotubes. The effect 

of water content is two-fold: it is required for the formation of oxide at tube bottom, but it also 

accelerates the dissolution of the nanotube layer. When Ti foil was anodized in anhydrous 

ethylene glycol with 0.2 wt% NH4F at 20 V, a minimum amount of 0.18 wt% water addition was 

required to form a well ordered TiO2 nanotubular arrays.97 When the water content is very low, 

the formation of ordered TiO2 nanoporous structures can be observed.98 For the glycerol 

electrolyte containing 0.2 M NH4F and differing water contents (1, 2.5, 5, 10, 25, and 50 vol%), 

the nanotubular structures can be formed. Moreover, with the increase of the water contents, the 

internal diameter, outer diameter, and barrier layer thickness are increased, while the length of 

the nanotubes is decreased.88 The enlarged internal diameter and the reduced of the tube length 

are ascribed to the faster increase of dissolution rate when water content increases. When the 

water content increases, the conductivity of organic electrolyte increases, and this weakens the 

IR-drop effect on the electrolyte. As a result, the outer diameter and barrier layer thickness are 

increased due to the increased applied voltage on the oxide layer.  

The temperature alters the ion diffusion rates during the anodization, and change the 

morphology of anodic TiO2 nanotubes. Ti4+ ions migrate from metal-oxide interface towards 

electrolyte, and O2- and OH- ions migrate from electrolyte-oxide interface towards the metal-
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oxide interface. The increase of temperature will facilitate the interaction of the Ti4+ ions with the 

O2- ions and increase the oxidation rate. Moreover, the high temperature also increases the 

hydrolysis rate of water to increase the concentration of O2- and OH- ions. The dissolution rate of 

the TiO2 oxide layer also is increased by the high temperature. As a result, the nanotube internal 

diameter and length will increase with the increase of temperature. But the interval distance 

maintain unchanged when temperature is varied. For example, when Ti was anodized in 0.5 wt% 

NH4F and 1 vol% HF ethylene glycol at 60 V for 1 h, the nanotube internal diameter and the 

nanotube length increased with the increase of the reaction temperature from -5 to 40 °C, from 

37 to 138 nm, and from 0.92 to 7.28 μm.95  

Anodization time also can influence the structure of the anodic TiO2 nanotubes.91, 95  The 

length of the nanotube increases with the anodization time. At the same time, the anodic current 

density decreases with the anodization time, because the local concentration of electrolyte at the 

tube bottom is decreased when the anodization time is prolonged. As a result, the increase rate of 

the nanotube length is reduced during the anodization. Moreover, the top layer of the as-formed 

TiO2 nanotubes is chemically dissolved by the electrolyte during anodization. When the 

anodization rate is balanced with the chemically dissolution rate of nanotubes, the length of the 

TiO2 nanotubes maintain the same even for longer anodization time. Due to the dissolution of the 

as-formed TiO2 nanotube wall and decrease of anodization rate at bottom, during anodization the 

diameter of the nanotube at the top increase and the diameter of nanotube at bottom decrease, 

and the V-shape of internal nanotube diameter forms.92, 99 

 

2.2.3. Ordered TiO2 nanotubes and advanced geometries 

For traditional one-step anodization in different electrolytes can only obtain disordered TiO2 

nanotube arrays. Similar to the anodic aluminum oxide, two-step anodization have been 

exploited to generate anodic TiO2 nanotubes with ordered arrangement.100-102 The long time first 

step anodization leads to self-organized TiO2 nanotubes at the bottom of tube. After peeling off 

the TiO2 nanotubes generated in first-step anodization, the well-ordered footprints of nanotubes 

serve as seeds to guide the growth of ordered TiO2 nanotubes during second-step anodization, 

which carried out at the same conditions with same electrolyte and applied voltage as first 

anodization. The electropolishing before the anodization can further increase the order of the 

TiO2 nanotube arrays.43 Modified two-step anodization was also exploited to obtain more 
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complicated structures. When the applied voltage in the second-step anodization was lower than 

in first-step anodization, lotus-root-shaped nanotubes with several smaller nanotubes contained 

in each footprints was obtained.102 

Bamboo-like TiO2 nanotubes can be obtained by voltage pulsing between two different 

levels. Alternating voltages in the same anodization electrolyte, with a sequence of high voltage 

(120 V for 1 min) and low voltage (40 V for 5 min), led to alternating growth of tubes and the 

formation of a compact layer.103-104 When the applied voltage suddenly reduces into small value, 

the electric field will be dramatically decreased, and the growth of nanotube will stop. Instead, a 

compact layer will grow at the outer wall nanotubes. As a result, TiO2 nanotubes with bamboo-

like features were achieved. The spacing between the bamboo rings can be controlled by 

changing of the holding time at 120 V, such as the spacing was reduced from 200 nm to 70 nm 

by reducing the holding time at 120 V from 2 min to 30 s. The bamboo ring thickness can be 

adjusted by changing the holding time at 40 V. 

When the anodization voltage was reduced from 120 V to 40 V and maintained at 40 V for a 

long period of time, the large truck nanotubes diverged into several small branched nanotubes. 47 

However, the fabrication of hierarchically branched TiO2 nanotubes with controlled branch 

numbers, nanotube diameters, and multiple layers have not been achieved. For anodic TiO2 

nanotubes, double-layer nanotube arrays with branched nanotubes growing underneath the truck 

nanotubes are obtained by anodization at the same applied voltage but in different electrolytes. 

For example, branched nanotubes were created by first anodization in a HF aqueous electrolyte, 

followed by anodization in a glycerol/NH4F mixture.105 Due to the different IR-drop effects of 

aqueous and organic electrolytes, the effective voltages on the Ti foils change, which change the 

diameter of the anodized nanotubes. However, the diameters of the branched nanotubes and the 

number of branches were hard to control.  

Double-walled TiO2 nanotubes have been achieved by thermally annealing the as-anodized 

TiO2 nanotube, whose oxide wall consists of two different regions: an outer fluoride-rich shell of 

the tube and the inner carbon-rich shell of the tube.92 When annealing the samples up to 500°C 

with a heating rate of 1 °C/s, the inner shell and outer shell separate into two clearly visible 

layers due to the thermally decomposition of the carbon-rich layer into nanoparticulated inner 

tube wall. The outer shell remains compact, while the inner shell becomes porous. At the 

meantime, the nanotube is converted into a crystalline anatase structure during annealing. The 
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structure of these double-walled TiO2 nanotubes is dependence on the annealing conditions, 

espectively on the temperature ramping speed and holding time.  

 
Figure 2-15. (a) TiO2 nanotubes generated in the second-step anodization, the inset is the enlarged 

image.45 (b) Bamboo-type tubes, grown under AV conditions, with a sequence of 1 min at 120 V and 5 

min at 40 V. (c) Tilted cross section of a double layer formed by one AV step, first at 120 V (6 h) and then 

at 40 V (2 h).47 (d) Double-walled TiO2 nanotubes annealed to 500 °C with a heating rate of 1 °C/s.92  

 

2.2.4. Annealing of TiO2 nanotubes 

The XRD measurement in Figure 2-16a shows the as-prepared TiO2 nanotubes are 

amorphous, and the anodized sample only have peak for Ti substrate.106-107 However, the 

annealing under oxidizing conditions in air or O2 can convert the amorphous into anatase or 

rutile structures.108 Detailed XRD investigations indicate that significant conversion of 

amorphous nanotubes into anatase begins at around 250 °C.50 With the increase of temperature, 

the concentration of anatase structure increases. At annealing temperatures above 450 °C, the 

rutile phase starts to appear, and the rutile peak intensities are increased with further increase of 

annealing temperature, which indicates the enhance of the quantity of rutile crystallized 

structures. Interestingly, when the annealing time is prolong from 2.5 h to 20 h, the anatase 

intensity significantly increase even annealing at 250 °C, which can be used to convert the 

amorphous nanotubes into anatase just with low temperatures. And the rutile structures also 
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appear when annealing at 350 °C for 20 h. Moreover, by annealing in O2-containing 

atmospheres, a considerable new rutile layers underneath the nanotube bottoms are formed by 

direct oxidation of the titanium substrate. The thickness of this rutile layer increase with the 

annealing temperature. At 300-450 °C this rutile layer typically is 20-100 nm, while it can reach 

micrometers thickness at higher temperature. 

 
Figure 2-16. (a) XRD patterns of 7 μm long TiO2 nanotubes annealed at different temperatures for 2.5 h 

annealing time. (b) Plot of the peak intensity for the anatase (1 0 1) and rutile (1 1 0) versus the 

temperature for 2.5 h and 20 h annealing.107 

 

The thermal annealing treatment not only affects the crystal structure but also affects the 

conductivity of the TiO2 nanotubes.50 By variation of the thermal annealing conditions the 

conductivity of the TiO2 nanotubes can be changed over several orders of magnitude. As shown 

in Figure 2-17, when temperature is low, resistance of the nanotube layers increases with the 

increase of annealing temperature, this can be attributed to the loss of incorporated water and 

fluoride. When the annealing temperature is higher than 250 °C, the resistance decreases rapidly 

due to the formation of crystal anatase structures. However, the conversion of TiO2 nanotubes 

into low conductive rutile structures at high temperature increases the electrical resistance. And 

the formation of additional rutile layer by direct oxidation Ti metal further increase the 

resistance. 
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Figure 2-17. Electrical resistance as a function of annealing temperature for 7 μm long nanotubes for 2.5 

h and 20 h annealing time. The inset shows the schametic of 2-point measurement.107 

 

The nanotube morphology also strongly depends on the ramping rate, and single-walled, 

double-walled, or fused membrane structures can be obtained for the TiO2 nanotubes anodized in 

ethylene glycol.92 As mentioned above, when annealing the as-formed TiO2 nanotubes at 500°C 

with a heating rate of 1 °C/s, the carbon-rich layer inner tube shell decomposited into 

nanoparticle layer, the double-walled tube obtained due to the separation of inner shell and outer 

shell. However, the annealing procedure with a heating rate of 25 °C/s leads to a single nanotube 

wall consist of crystallites with diameters in the range of 10–50 nm. Most remarkably, a more 

rapid heating rate of 50 °C/s result into to a complete fusion of TiO2 nanotubes into a highly 

ordered porous membrane.  

 

2.2.5. Filling and Decoration 

For TiO2 nanotubes, several methods for filling and decoration with different foreign 

materials (conductive metal, oxides, semcoductor) have been developed.  

Similar to the anodic aluminum nanopores, the versatile method should be electrodeposition 

of foreign materials inside the TiO2 nanotubes. However, the electrodeposition method is 

difficult to achieve for TiO2 nanotubes, due to the TiO2 is an n-type semiconductor and the 

surface and the bottom of the TiO2 nanotubes are equally conductive. 109-112 During 
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electrodeposition, the materials preferentially deposit at the entrance of the nanotubes, because 

this region is favored by diffusion. As a result, the deposition preferentially happens on top of the 

layers rather than at the bottom of the nanotubes, which leads to the clogging of the nanotubes 

before the insides can be completely filled. First method to overcome this issue is increase the 

conductivity of the tube bottom by the self-doping reduction of Ti4+ to Ti3+, and then 

electrodeposits conductive materials into the nanotubes.109-110  

Second method to overcome the electrodeposition issue is using the dipping and deposition 

technique as shown in Figure 2-18.111 The main reason of depositing materials at the entrance of 

the TiO2 nanotubes is that diffusion makes deposition at the bottom of the nanotubes less 

favorable than deposition at the entrance of the nanotubes. As a result, a thick layer of deposited 

materials (such as CdTe in this case) cover on the top of nanotubes before significant portion of 

the internal area is covered. Therefore, Seabold et al. 111 utilize capillary forces to fill the pores of 

the TiO2 tubes by dipping them in an electrolyte. The TiO2 electrode is then transferred into a 

new inert supporting electrolyte without any deposition ions. Immediate electrodeposition after 

immersion the TiO2 electrode into this electrolyte results in deposition of only occurs inside the 

nanotubes. The repeating time of this procedure can be used to control the thickness of materials 

deposited in the tubes.  

 
Figure 2-18.  Illustration of (a) the regular electrodeposition method and (b) the newly developed dipping 

and deposition technique. Inset 1 and 2 is the top and side view SEM image of deposited materials, 

respectively.111 
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Third method is the using a potential cycling technique.113 For example, electrodeposition of 

MoO3 in the TiO2 nanotube layers was carried out with a three electrode setup in 0.05M 

(NH4)6Mo7O24 via cycling from 0 to -0.7 V at a step rate of 0.02 V/s. It is very important to keep 

the potential at 0 V for 5 min to relax the electrolyte, and therefore the ion concentration inside 

the nanotube can increase to the same outside the nanotubes. As a result, the electrodepsition 

rates at the nanotube wall and bottom are always uniform, and homogenous MoO3 coating can be 

achieved. Moreover, the coating thicknesses are controlled by the number of cycles and the 

thicknesses range from a few nanometers to complete filling of the nanotubes can be obtained. 

Fourth approach is to obtain free-standing TiO2 nanotubes with both-end open, then deposits 

electrode on one side by e-beam evaporation or coating Ag sol, and follows with 

electrodeposition conductive materials into the nanotubes. 114-117 For the free-standing TiO2 

nanotubes, several methods have been used to modify the barrier layer at the tube bottom, for 

example, chemically dissolving the barrier layer through immersing only the closed bottom side 

of the membrane into 5 wt% NH4F-1M H2SO4 with the hold of a steel net;114-115 exposing the wet 

nanotube membrane closed side to HF vapors;116 covering the nanotube top by a protective layer 

and dissolving the barrier layer in a 0.5 wt% oxalic acid solution.117 

In addition to the electrodeposition method, the hydrothermal method has been successful 

used to decorate TiO2 nanotubes.118-119 Ultrasonic pretreatment of TiO2 nanotube with a nickel 

salt solution followed by hydrothermal process at 180 °C for 18 h in 0.1M Ni(Ac)2 aqueous 

solution can introduce the NiO nanostructure inside the nanotubes.118 On infiltrating TiO2 

nanotubes with TiCl4 solution followed by hydrothermal synthesis, a uniform dense layer of 10 

nm size TiO2 nanoparticles were formed on the side walls of TiO2 nanotubes.11 This infiltration 

process can be repeated several times to achieve a thick nanoparticle layer on the N nanotube 

walls. As a result, compared with bare TiO2 nanotubes, the surface area and dye loading can be 

significantly increased to improve the dye sensitized solar cell efficiency. 



31 
 

 
Figure 2-19. SEM images of TiO2 nanotubes grown by electrochemical anodization: (a) top view and (b) 

side view. Nanoparticle and nanotubes  mixed structure after one-cycle infiltration: (c) top view, (d) tilt 

view and (e) inside view of the split nanotubes; (f) Nanoparticle and nanotubes  mixed structure after two-

cycle infiltration.119 

 

The close space sublimation technique has been investigated to deposit semiconductor into 

the TiO2 nanotubes.120 As shown in Figure 2-20a, the anodized TiO2 nanotubes with the opening 

end facing down toward the CdS powder were placed in a semi-enclosed quartz tube, which 

located at the center of quartz tube furnace. The pressure was maintained at 500 Pa by vacuum 

pump. The temperature of the furnace was rapidly increased to 500 °C and held at 500 °C for 30 

min, then was naturally cooled down to room temperature. CdS sublimated at 500 °C and 

decomposed to Cd vapor and S2 vapor, which infiltrate into the TiO2 nanotubes. When the 

temperature decreases, the vapor mixture undergoes a fast condensation reaction process and 

recombines to form crystalline CdS nanocrystalline inside the TiO2 nanotubes. Figure 2-20c is 

the TEM image of the TiO2 nanotubes after the deposition of CdS nanoparticles, and it clearly 

shows that 20 nm CdS nanoparticles have been deposited along the tube. The high resolution 

TEM image in left inset indicates the CdS nanoparticles are well-crystallized with 0.358 nm 

spacing. 
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Figure 2-20. (a) Schematic of synthesis CdS nanoparticles inside TiO2 nanotubes by close space 

sublimation technique. TEM image of TiO2 nanotubes (b) before deposition and (c) after deposition of 

CdS nanoparticles.120 

 

2.2.6. Application of TiO2 nanotubes 

2.2.6.1 Conversion of TiO2 nanotubes 

In recent years, TiO2 nanotubes have been successfully transformed into ferroelectric 

nanotube MTiO3 (M=Sr, Ba, Pb) by hydrothermal treatment or annealing method (as shown in 

Figure 2-21). During the hydrothermal reaction, TiO2 nanotubes serve as the Ti source, and the 

M3(NO3)2 or M(OH)2 serves as the M source.121-126 Moreover, the TiO2 nanotube arrays serve as 

templates for their hydrothermal/annealing conversion to ferroelectric nanotube structures. For 

example, BaTiO3 nanotubes can be obtained by hydrothermal treatment of the TiO2 nanotubes in 

0.05 M barium hydroxide solution at 150  for 2 h.123  The Ti-O bonds on the TiO2 nanotubes are 

broken by hydrolytic attack to form soluble [Ti(OH)6]2-: TiO2 + 2OH- + 2H2O → [Ti(OH)6]2-, 

and SrTiO3 is formed by the reaction: Sr2+ + [Ti(OH)6]2- → SrTiO3 + 3H2O.122, 125 PbTiO3 

nanotubes not only synthesized by hydrothermal treatment in 0.001 M lead acetate solution 

(Figure 2-21a), but also fabricated by annealing method. For the annealing method, Pb nanowires 

are first electrodeposited into the TiO2 nanotubes and then the as-deposited samples are annealed 

in oxygen flow at 550  for 2 h.110 The reaction for formation of PbTiO3 nanotubes is given as:  

2TiO2 + 2Pb + O2 → 2PbTiO3      (1-12) 

The structure of ferroelectric nanotubes will be determined by the structure of TiO2 nanotubes, 

such as diameter, length, and interpore distance. These low dimension ferroelectric nanotube 

structures provide the opportunity to investigate the size influence on piezoelectric effect in 

nanoscale. The size constraint imposes additional stress on the nanotube that might influence the 

domain arrangement and piezoelectric effect. 
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Figure 2-21. (a) SEM image of anodic TiO2 nanotubes template grown at 20 V for 2 h. (b) SEM image of 

PbTiO3 nanotube arrays obtained by hydrothermal method.124 

 

2.2.6.2 Dye sensitized solar cells based on TiO2 nanotubes 

In 1991 Grazel and O’Reagan established a cheap and versatile dye sensitized solar cells 

(DSSC), which use TiO2 nanoparticulates coated with dye as photon-absorber layer. The 

principle of DSSC involves a dye that absorbs light in the visible range and thereby excites 

electrons from the HOMO to the LUMO level, followed by a rapid injection of the excited 

electron into the conduction band of TiO2. The electrons travel through the TiO2 layer to the back 

contact; meanwhile, the oxidized dye on the surface is regenerated by an I-/I3- electrolyte. 

For the dye sensitized solar cells, TiO2 nanotube arrays provide direct transport pathways 

and large internal surface area to improve the charge-collection efficiency by promoting electron 

transport and reducing recombination. Recombination rate of electron in nanotube films is 10 

time slower than it in nanoparticulate layers.127-128 The diffusion length of electron in 

nanoparticulate layers of DSSCs is around 0.9 μm,129 while the diffusion length of nanotube 

layers is larger than 20 μm.130 The enhanced optical absorption due to light-scattering effect and 

the transparent property of TiO2 nanotube film further increase the dye sensitized solar cells 

efficiency. Therefore, the TiO2 nanotube photoelectrodes are expected to significantly enhanced 

charge collection efficiency. The highest solar cell efficiencies today for pure TiO2 nanotube 

systems reach approximately 4% while for some mixed systems, around 7% has been reported. 

The crystal structures of the TiO2 nanotubes influence the solar cell performance. Typically 

the anatase phase of titania has the most efficient for solar cell performance, while the present of 

rutile phase will decrease the energy conversion efficiency due to the low electron mobility in 
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rutile compared with anatase. The efficiency of DSSCs increase with the increase of annealing 

temperature, due to the increase in crystal structure of anatase phase, which promote the 

connectivity between grains and improve in electron diffusion length and electron lifetimes. 

However, when annealing temperatures above 500  the efficiency decreases, due to the 

formation of high resistance rutile phase nanotube and a rutile layer underneath the nanotubes. 

Therefore, the optimum annealing temperature to obtain the highest energy conversion efficiency 

is around 400-450 . 

Aqueous HF based TiO2 nanotubes normally have very low efficiency due to the highly 

irregular tube wall structure, which will greatly decrease the electron lifetime. For organic 

solvent based TiO2 nanotubes, due to the increasing of the tube thickness and surface area, more 

dye can be adsorbed onto the nanotube wall surfaces, which increase in light harvesting 

efficiency. However, the electron diffusion length for the smooth TiO2 nanotube is around 20 μm. 

By considering all the factors, 16–25 μm is found to be the optimum tube length for attaining the 

highest efficiency. The diameter of TiO2 nanotubes also has significant effect on the solar cell 

performance. Smaller diameter indicate large surface area of tube wall, which increases the dye 

loading amount and increase the energy conversion efficiency. 

Conventional dye-sensitized solar cells can efficiently harvest photons in the 350-650 nm 

spectral range, but the narrow window of absorption spectrum also greatly limits the solar cell 

efficiency. To improve the efficiency, the light absorption window must be extended into the 

near-infrared region of sunlight without compromise of performance in the visible region. 

Recently, Grimes et al.131-133 utilized the Förster resonance energy transfer (FRET) to employ 

two organic dyes to enlarge the absorption range of window, which greatly enhance the dye-

sensitized solar cells performance. FRET introduces the donor material and acceptor material to 

absorb blue/green and the red/near-infrared part of the spectrum, respectively. When the donor 

dye is excited by sunlight, due to the dipole-dipole interaction, it can fluoresce and return to the 

ground state by nonradiatively transferring the energy to nearby acceptor dye through exchange 

of a virtual photon. As a result, the donor returns to ground state, while the acceptor obtains its 

excitation. Therefore, through FRET the acceptor dye can also utilize the blue/green part of the 

spectrum which it would otherwise be insensitive. As long as the donor and acceptor is within 

the Förster radius (such as several nanometers) and donor fluorescence spectrum overlap 

strongly with the acceptor absorbance spectrum, the energy can efficiently transfer, which 
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significantly avoid the direct contact of two organic dyes and the issue of relaxation for 

compatibility. Therefore, the FRET significant enhance the light harvesting and photocurrent 

generation of dye-sensitized solar cells.  

 

2.2.6.3 Conversion of carbon dioxide to Hydrocarbon Fuels 

Photocatalytic conversion of carbon dioxide and water vapor to hydrocarbons has been 

achieved by nitrogen-doped TiO2 nanotube arrays with cocatalyst Pt and Cu nanoparticles on the 

nanotube array surface.134-135 The conversion occurs by the following reaction: 

CO2 + 2H2O  CH4 + 2O2   (1-13) 

Hydrocarbon production rate of 111 ppm/cm2/h is obtained under outdoor sunlight of 100 

mW/cm2, which is ~20 times greater than the previously reported values.136-137 

In order to improve the yield rate of carbon dioxide conversion, it is important to use the 

following strategies. First, using high surface area TiO2 nanotube arrays, and wall thickness 

should less than or in the range of the minority carrier diffusion length to enhance the transition 

of photogenerated charge carriers to the surface species.  Second, modify the titania band gap to 

absorb and utilize the visible portion of the sunlight by nitrogen-doping. Nitrogen-doped TiO2 

was obtained in situ during anodization by NH4F, and then annealed with limited oxygen flow at 

460 or 600  for 3 h. The nitrogen-doped titania have the absorption edge at 540 nm, while the 

primitive 3.2 eV of anatase titania restricts excitation wavelengths to less than 400 nm. Third, 

distribute cocatalyst nanoparticles on the surface of nanotube array to adsorb the reactants and 

facilitate the redox process. Ultra-thin layers of cocatalyst Pt and Cu were deposited onto the 

crystalline TiO2 nanotubes through DC sputtering. Without an appropriate cocatalyst, the 

photocatalytic conversion of carbon dioxide for TiO2 nanotube arrays is very low. In the future, 

highly efficient photocatalytic TiO2 nanotube arrays might enable the use of flow-through 

photocatalytic membranes, where CO2 and water vapor enter one side of the nanotube array 

membrane with a fuel coming from the other side of membrane.  
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Figure 2-22. Schematic of flow-through photocatalytic membrane for CO2 conversion.134 

 

2.2.6.4 Photoelectrochemical water splitting 

Since Fujishima and Honda138 utilized TiO2 semiconductor photoanode for solar water 

splitting, the direct photocatalytic decomposition of water into hydrogen fuel has attracted wide 

interest for near 40 years. The water splitting reaction includes several steps: (i) light absorption 

and charge separation; (ii) charge transfer; (iii) charge transport; (iv) surface chemical reactions. 

There are two critical requirement for the photocatalyst: (i) the band gap should allow for light 

absorption and electronic excitation, and the absorbed energy should large than 1.23 eV to split 

water; (ii) the conductive band-edge position should higher than H2/H2O potential, and valence 

band-edge position should lower than H2O/O2 potential. As shown in Figure 2-23, titanium 

dioxide has a favorable band-edge positions and large band gap energy for water splitting.139 Due 

to high surface-to-volume ratios and excellent charge transport, TiO2 nanotube arrays can greatly 

enhance the light absorption and water splitting efficiency.83, 140 However, the wide band gap (3.2 

eV) of TiO2 lead to the absorption only limit to UV region, which accounts for only a small 

fraction (≈5%) of the solar energy compared to visible light (45%). An enormous effort has been 

focused on enhancing the visible light absorption of TiO2 nanotubes. Two versatile approaches 

are creation of impurity levels by doping deep into TiO2 the band gap141-143 and sensitization 

TiO2 nanotubes with small band gap semiconductors.144 On the other hand, it is equally 

important to enhance the electronic structure of TiO2 to reduce the electron-hole recombination 

TiO2 nanotube arrays 
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and facilitate the effective transportation of charge carriers.145 In order to increase the 

photoelectrochemical water splitting efficiency, annealing treatment of amorphous anodic TiO2 

nanotubes is needed to increase the crystal structure of TiO2 nanotubes.83, 144 

 
Figure 2-23: (a) Fundamental principle of photocatalytic water splitting for hydrogen generation.146 (b) 

Band positions of several semiconductors in contact with aqueous electrolyte at pH 1. The lower edge of 

the conduction band (red colour) and upper edge of the valence band (green colour) are presented along 

with the band gap in electron volts. 139  
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Chapter 3. Fabrication of Anodic Alumina Oxide  

Abstract:  

This chapter mainly focuses on applying the FIB lithography on guided anodization to 

achieve AAO arrays with different arrangements, pore diameters, and pore densities. First, FIB 

patterned concave arrays with hexagonal and square arrangements are created on electropolished 

Al surface to study whether FIB patterning can effectively guide the growth of AAO. By using a 

small FIB bombardment time, very shallow concaves can be created on Al surface, which opens 

the opportunity to study how deep the pre-patterned concave is needed for guided anodization. 

Under the pre-pattern guided anodization, AAO with different interpore distances can be 

achieved at the same anodization voltage, and AAO with the same interpore distance can be 

achieved at different anodization voltages. In the meantime, the interpore distance of the FIB 

patterns plays an important role in the guided anodization. Moreover, the ability of fabricating 

AAO with alternating-size and periodically nanopore densities are further investigated by the 

corresponding FIB patterns. 

 
3.1. AAO arrays created by FIB pattern guided anodization 

3.1.1. Introduction 

Self-organized porous AAO arrays in hexagonal arrangement have attracted great interest 

due to its potential as a template for the fabrication of various low dimensional nanostructures.50-

58 However, self-organized porous alumina occurs only in a very small anodization window with 

ordered domain sizes around just a few microns.8-13 

To increase the pore forming ability of AAO, different pre-texturing techniques, such as 

nanoimprint lithography,23-27 holography lithography,33 and FIB lithography,28-32 are used to 

fabricate regular nanopore arrays with larger and more ordered domain sizes. However, the first 

two techniques have inherent limitations. During nanoimprint lithography, a pressure of 50-100 

MPa is needed in order to transfer a pattern from a master mold to the Al surface. Since the 

technique is a contact method, any misalignment between the mold and the substrate can cause 

local pressure variation and residual stress and thus inhomogeneous pores or even defects. 

Although holographic lithography can pattern large areas, the resolution is restricted by the light 
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wavelength and the grating precision. The pore size and the inter-pore distance are difficult to 

control. 

Moreover, most studies have been directed towards uniformly ordered hexagonal porous 

anodic alumina patterns.23-33 Gradient diameter or alternating diameter nanopore arrays with 

designed interpore distances have not been achieved yet. For nanoimprint lithography, large area 

master molds with hexagonal patterns of pyramids in uniform diameter and height have been 

fabricated,23-27 but master molds with gradient or alternating diameter have not been possible yet. 

Focused ion beam lithography has the advantage of creating any nano-concave arrays with 

different arrangements and diameters. However, up to now, most studies focus on uniform 

diameter and equal interpore distance porous anodic alumina patterns, whether alternating size 

nanopore can be obtained by guided anodization are unknown. 

In this study, FIB lithography is used to create different concave patterns with different 

arrangements and concave sizes. The effects of these concaves in guiding the growth of the 

nanopores in the subsequent anodization are analyzed. The formation mechanism of different 

nanopore patterns is discussed. 

 

3.1.2. Experimental procedure 

High purity aluminum foils (99.999%, Goodfellow Corporation, Oakdale, PA) with 8 

mm×22 mm×0.3 mm size were used as the starting material. They were first smoothed by a 

Buehler specimen mounting press with 27.8 MPa pressure and then washed with ethanol and 

acetone. After that, they were annealed at 500°C for 2 hrs in high purity flowing Ar gas with 

5°C/min heating and cooling rates to recrystallize the aluminum foils and remove mechanical 

stress.  

For electropolishing, the annealed aluminum foils were degreased in ethanol and acetone for 

5 min, respectively, followed by DI water rinsing after each step. The aluminum foils were then 

immersed in a 0.5 wt% NaOH solution for 10 min with ultrasound in order to remove the 

oxidized surface layer. After that, the aluminum foils were electropolished in a 1:4 mixture of 

perchloric acid (60%-62%): ethanol (95%) (volume ratio) under a constant voltage of 12 V at 

room temperature with 500 rpm stirring speed for 5 min.  

A FIB microscope (Helios NanoLab 600 DualBeam, FEI Company, Hillsboro, OR) was 

employed to pre-pattern the Al surface before the anodization. The applied voltage was 30 keV. 
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The ion current was 28 pA. The ion beam scanned the pattern surface multiple times for each 

pore array. The beam dwell time at a specific location per scan was 3 μs. The total number of 

scans was set by trial and error based on the pattern quality. The FIB patterns and pore sizes 

were designed by the software Serif DrawPlus 4.0 (Serif, Nottingham, UK) using vector-enabled 

pixel images. Each pixel in the pore pattern designs was scaled to 1 nm in the actual FIB created 

patterns. There were only two contrasts in the pattern designs. The high contrast (white) part of 

the pixel images was designed to be removed and the low contrast (dark) part of the pixel images 

was designed to be retained. Different concave arrays were created by the FIB lithography. 

The FIB patterned Al foils were anodized in 0.3 M phosphoric acid under 20 mA constant 

current at 0°C for 5 min. The voltage stabilized at ~140 V after a few seconds of anodization. 

Pore opening was carried out in 5 wt% phosphoric acid at 30°C for 10 min. The porous anodic 

alumina patterns were characterized by scanning electron microscopy (Quanta 600 FEG, FEI 

Company, Hillsboro, OR).  

 

3.1.3. Results and discussion 

3.1.3.1 Highly ordered AAO by FIB pattern guided anodization 

Figure 3-1a show the AFM image of the FIB created concave pattern with 65 nm diameter 

and 60 nm depth. The interpore distance is designed at 350 nm in order to match with the 

subsequent anodization process: dinter=k×U =2.5×140 =350 nm.14 The concaves have 

homogeneous size, spherical shape, and hexagonal arrangement. After the anodization in 0.3 M 

oxalic acid at 140 V for 5 min, the FIB patterned concaves develop into hexagonally arranged 

spherical nanopores. The pore diameter is still around 110 nm and the interpore distance remains 

at 350 nm (Figure 3-1c). Even though one-step anodization in the oxalic acid cannot create 

hexagonal nanopore patterns, almost ideally ordered hexagonal nanopore patterns are made with 

the guidance of the FIB generated concaves on the Al surface. Figure 3-1c show the FIB created 

concave array with square arrangement and 350 nm interpore distance. After the anodization in 

0.3 M phosphoric acid at 140 V, the anodized alumina nanopores all develop at FIB patterned 

locations, and the arrangement maintain square as the FIB concave arrays. Moreover, the outer 

wall of the nanopore has square shape. 
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Figure 3-1. (a) AFM image of uniform hexagonal pattern created by FIB, and the inset is surface 

topology along the line in (a); (c) SEM image of FIB pattern with square arrangement; (b) and (d) are 

SEM images of the corresponding AAO after anodizing the patterns in (a) and (c), respectively.  

 

To understand the FIB guided pore growth process, the anodization process from the 

electropolished Al surface can be considered first. For the conventional anodization, uniform 

oxidation takes place on the entire Al surface and the alumina thickness is determined by the 

applied electrical field. The mechanical stress associated with the volume expansion of 

aluminum during the alumina formation lead to the repulsive forces between neighboring pores 

during the anodization process. This repulsive force in turn acts as the driving force to form self-

organized hexagonal pore arrays. At the same time, the electrical field drives ionic transport 

through the oxide barrier layer. Oxygen containing ions (O-2/OH-) migrate from the oxalic acid 

through the oxide layer to the Al; alumina dissolves into the oxalic acid electrolyte and induces 
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pore formation. Without any pre-defined pattern, the pores formed can only self-organize if the 

electropolished surface is ideally smooth. If any defect is present, even with only a few 

nanometer depth, pores will preferentially form and grow in those locations. This is why it is 

challenging to form ordered self-organized pores by anodization alone, the anodization window 

is narrow, and the hexagonal patterns are often disrupted by defects and grain boundaries.  

With the guidance of the FIB patterned concaves, pores preferentially grow at the concave 

locations because of the following reasons. First, the depth of the concaves exceeds the 

roughness variation of the Al surface. This leads to a higher electrical field at the 

oxide/electrolyte interface at the concave bottom. Second, the Ga+ implantation during the FIB 

patterning creates more active surface around each concave and promotes faster alumina 

dissolution, which is partially reflected from the effect of Ga+ irradiation on the volume 

expansion during the anodization.147 An Al-Ga alloy gel has been shown to react with water and 

generate alumina.147 During the FIB patterning, the Ga+ ions penetrate 25 nm into Al and play an 

important role during the anodization.148 Third, the Al layers around the FIB patterned concaves 

are likely amorphorized by the Ga+ ion bombardment, which will facilitate the anodization. 

 

3.1.3.2 AAO with alternating diameter 

The guiding effect of the alternating-sized concave patterns from the FIB pre-pattern guided 

anodization is also studied. FIB patterning has the advantage of designing any nano-concave 

arrays with different pore arrangement, pore diameter and interpore distance. 

Figure 3-2a shows the alternating-sized concave pattern created by the FIB with 65 nm and 

45 nm pore sizes and 200 nm interpore distance. After the anodization, alternating diameter 

pores grow and the interpore distance remains at 200 nm. The large pores have 105 nm diameter. 

The small pores are elongated in the direction perpendicular to the large pore connecting lines. 

The long axis of the small pores is 95 nm and the short axis is 50 nm (Figure 3-2b). The 

development of these pore sizes and shapes demonstrates unique opportunities in creating novel 

pore shapes and patterns by FIB guided anodization.  

In Figure 3-2, the interpore distance of 200 nm is smaller than that of the self-organized 

anodization, 350 nm. The oxide walls of the nanopores developed from the large and small FIB 

patterned concaves meet and restrict the full growth of each other. Because of the larger diameter, 

more Ga+ implantation, and aluminum amorphization, the nanopores developed from the FIB 



43 
 

patterned large concaves grow faster and have thicker oxide walls. The development of the 

nanopores from the small concaves is confined in limited space. Alternating diameter nanopore 

arrangement is thus obtained. The large concaves have six small concaves in a symmetrical 

distribution as neighbors. The small concaves, however, have four small concaves and two large 

concaves in an asymmetrical distribution as neighbors. Because the oxide layers of the large 

pores grow much faster, the oxide layers of the small pores come in contact with those of the 

neighboring large pores first. The oxide layer growth in the direction of the large pore connecting 

line is restricted and thinner than that in the direction perpendicular to the large pore connecting 

line. Therefore, the small concaves grow into elliptical nanopores. 

   
Figure 3-2. (a) Alternating FIB pattern with 200 nm interpore distance, the larger concave size is 65 nm 

and the smaller concave size is 45 nm, (b) after the anodization in 0.3 M phosphoric acid, the inset is the 

schematic of the pore shape and oxide wall shape development. 

 

Figure 3-3a shows the alternating-sized nanopore array by the FIB patterning with three 

different pore diameters: 80 nm, 65 nm, and 45 nm, respectively. The interpore distance is again 

200 nm. After the anodization, the pattern arrangement stays unchanged and the diameters of the 

nanopores grow to 105 nm, 90 nm, and 55 nm, respectively (Figure 3-3b). Alternating-sized 

nanopore arrangement with three different diameters is thus created. Similar to Figure 3-2, the 

shape of the small pores is not circular.  

The pore development process in Figure 3-3 can again be understood based on the equifield 

strength controlled oxide layer growth model. During the anodization, the large concaves grow 
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faster because of the more extensive FIB patterning (shown as white rings around the concaves 

in Figure 3-3a). Subsequently, large pores have thicker oxide layer and larger pore diameter (105 

nm). Even though the FIB patterned concaves are larger than those large concaves in Figure 3-2, 

the anodized pore sizes are the same because of the larger size neighbors (65 nm) in Figure 3-3a. 

Because of the symmetrical distribution of the neighboring concaves, the large concaves grow 

into circular pores (pore 1 in Figure 3-3b inset). The medium-sized concaves also grow faster 

than the small concaves and thus have a higher tendency to maintain the original pore shape even 

though their surroundings are not symmetrical (pore 2 in Figure 3-3b inset, 90 nm). For the small 

concaves, the surrounding condition is a little complicated as shown in Figure 3-3b inset. The 

small pore “3” is surrounded by four small pores and two medium-sized pores and grows into an 

elliptical shape, 83 nm in the long axis and 51 nm in the short axis, and elongate in the direction 

without the confinement of the medium-sized pores. The small pore “4” is surrounded by two 

small pores and four medium-sized pores and also grows into an elliptical shape that elongates in 

the direction of the small pores. 86 nm in the long axis and 58 nm in the short axis, The small 

pore “5”, restricted by two medium-sized pores “2” from the same side, grows into a cometary 

shape. Differently, the small pore “6” is surrounded by six small pores and has no medium or 

large pores to restrict its growth. Subsequently, it grows into a larger size (86 nm) than other 

small pores and the shape is circular. 

   
Figure 3-3. (a) Alternating FIB pattern with three different nanopore diameters: 80 nm, 65 nm, and 45 nm, 

the interpore distance is 200 nm. (b) Alternating FIB pattern after the anodization in 0.3 M phosphoric 

acid, the inset is the enlarged SEM image of (b) with different pores labeled. 
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The guiding function of gradient FIB concave patterns is also studied. Figure 3-4a shows the 

gradient diameter concave arrays produced by the FIB patterning with 200 nm interpore distance. 

The large concave size is 65 nm and the small concave size is 45 nm. After the anodization, the 

nanopores remain the hexagonal arrangement and the interpore distance stays at 200 nm. The 

anodized large and small concaves grow into circular pores with very similar diameters, 85 nm 

and 80 nm, respectively (Figure 3-4b). Similar to the pore “6” in Figure 3-3b, when a pore is 

symmetrically surrounded by six same diameter pores, it grows into a spherical shape and has the 

same oxide wall thickness. The diameter change can also be explained by the equifield strength 

model. The interpore distances for the large and small pores are the same. Both the large and 

small pores have the same oxide wall thickness as their neighbors. Since the thickness of the 

oxide barrier layer is determined by the anodization voltage, the oxide wall thicknesses of the 

large and small pores are similar. However, the small pores have a smaller size to start with. 

Subsequently, the anodized pores are slightly smaller than the large pores in the top region. The 

diameters of the nanopores along the boundary of the large and small pore regions are around 70 

nm and the pore shape is elliptical. This is because the FIB patterned concaves along the 

boundary is surrounded by four small concaves and two large concaves and the oxide layer 

growth is restricted in the direction of the large pores. 

   
Figure 3-4. (a) Gradient concave pattern produced by FIB patterning with 200 nm interpore distance, the 

larger concave size is 65 nm and the smaller concave size is 45 nm. (b) SEM image of the FIB pattern 

after the anodization. 
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3.1.4. Summary 

Highly ordered AAO arrays with both hexagonal and square arrangements have been 
successfully created by FIB pre-pattern guided anodization. Due to the preferential growth of 
nanopores at the FIB patterned locations, the anodized nanopore arrays have the same 
arrangement as the FIB pre-patterned concaves. With the guidance of the alternating-sized 
concaves, alternating diameter nanopore arrays with two or three different pore diameters are 
obtained. Due to limited space for the development of nanopores, after the anodization, the large 
concaves grow into large nanopores, while the small concaves grow into small nanopores. 
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3.2. Shallowest pre-pattern depth to guide the anodization 

3.2.1. Introduction 

In order to overcome limited ordered region of self-organized AAO, different pre-texturing 

techniques, such as FIB lithography and nano-indentation lithography with SiC or Ni nano-

molds, have been used to produce hexagonal patterns to guide the growth of highly ordered 

AAO.23-33 The depths of pre-patterned concave arrays by different pre-texturing techniques 

normally range from 5-50 nm.23-33 Some studies indicate that the patterned concaves should be 

deeper than 5 nm in order to effectively guide the growth of the nanopores during the 

anodization.30, 149-150 Otherwise, the Al foil surface roughness dominates the anodization 

behavior. However, how deep of pre-patterned concaves is needed for effectively guiding the 

growth of the nanopores during the anodization has nether been evaluated.  

In this study, the Al foils are first electropolished to minimum the surface roughness, and 

then the concave arrays with shallow depth are created by FIB lithography with small ion beam 

current and short bombardment time. The effect of FIB pre-patterned concave depth to the 

guidance anodization is investigated.  

 

3.2.2. Experimental procedure 

The annealed Al foils was degreased in ethanol and acetone and then the oxidized surface 

layer was removed by immersed in a 0.5 wt% NaOH solution for 15 min. Subsequently, the 

aluminum foils were electropolished in a 1:4 mixture of perchloric acid/ethanol (1/4 volume ratio) 

under a constant voltage of 12 V at room temperature with 500 rpm stirring speed for 5 min. A 

dual beam focused Ga+ ion bean microscope (FIB, FEI Helios 600 NanoLab, Hillsboro, OR) 

with 30 kV acceleration voltage, 9.7 pA current, and 1 μs dwell time was used to create shallow 

concaves on electropolished Al surface. It took 436 ms exposure time to create a 3 µm× 3 µm 

pattern with 125 nm interpore distance, as shown in Figure 3-1. The FIB patterned Al foils were 

anodized in 0.3 M oxalic acid at 50 V and 0°C for 30 min. Pore opening was carried out in 5 wt% 

phosphoric acid at 30°C. An atomic force microscope (Digital Instruments MultiMode SPM, 

Veeco Instruments Inc., Camarillo, CA) was used to measure the depth and diameter of the FIB 

patterned concaves. 
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3.2.3. Results and discussion 

Figure 3-5a shows the AFM image of the electropolished Al surface. It is very smooth. No 

defects (dents or reliefs) or dust particles are observed. Also, the surface is free of the stripes or 

hexagonal concave patterns reported in other studies. The square root mean roughness for the 

sample surface is ~1 nm for a 1 μm2 area (Figure 3-1b). Therefore, the main function of the 

electropolishing process is to provide a smooth Al surface for the subsequent anodization 

process. This smoothness/cleanness desirably offers the surface condition to study the FIB 

patterning effect on the pore pattern formation by the anodization. 

   
Figure 3-5. Electropolished Al foil surface: (a) AFM image, (b) surface topology along the line in (a). 

 

Figure 3-6a shows the AFM image of the FIB patterned concaves, and the surface topology 

in Figure 3-6b demonstrates the depth of the concaves is only 1.5 nm, which is just a little larger 

than the surface roughness of electropolished Al foils. The diameter of the concaves is 30 nm, 

and the interpore distance is 125 nm. The FIB patterned concaves with such shallow depth can 

still effectively guide the growth of anodized nanopores, and leads to the highly ordered AAO 

arrays with hexagonal arrangement.  

This high guiding effectiveness is attributed to the FIB patterned surface activity. For an 

electropolished aluminum surface, the anodized nanopore arrangement solely depends on the 

random fluctuation of surface potentials. This makes the anodized nanopore arrangement very 

sensitive to the anodization conditions and aluminum surface characteristics. The effective 

guidance of the 1.5 nm deep FIB patterned concaves indicates the importance of the Al surface 

properties before the anodization. For self-organized anodization, random depth concaves on the 
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aluminum surface leads to random nanopore arrangement. For the FIB patterned surface, there 

are three factors from the FIB concaves that are conducive for the anodized pore pattern 

development. First, the electrical field at the oxide/electrolyte interface of the concave bottoms is 

higher because of the higher curvature, this accelerates the anodization rate at the concave 

bottoms. For the FIB patterned shallow concaves, the diameter is 30 nm and the depth is 1.5 nm, 

the curvature at the concave bottom is ~1/80 nm-1, which is very large and leads to much higher 

electrical field, which can effectively enhance the oxidation rate by preferentially driving the 

oxygen anion dissolution. Moreover, the Ga+ implantation during the FIB patterning and 

amorphorization at FIB patterned location further enhance the development of nanopores from 

the FIB patterned sites. These three factors in combination overshadow the effect of random 

surface potential fluctuation during the anodization and play a dominant role in guiding the 

anodized pore growth. Stable pores thus preferentially form at the FIB patterned sites.  

 

 
Figure 3-6. (a) AFM image of the FIB pattern obtained at 30 keV, 9.7 pA, and 436 ms exposure time, (b) 

the inset is the surface topology along the line in (a); (c) SEM image of the FIB pattern after the 

anodization in 0.3 M oxalic acid under 50 V and 0°C for 30 min. 



50 
 

 

For the nano-indentation with SiC or Ni mold, the guiding effect comes from the concave 

curvatures and the mechanical stress. During the nano-indentation with these master molds, a 

pressure of 50-100 MPa is needed in order to transfer an effective pattern to the Al surface, and 

the depth of the patterned concaves is generally 20-50 nm. If the pressure is too small, the size 

and depth of the concaves are often non-uniform; and disordered anodized nanopore arrangement 

is formed. Moreover, the patterned concaves lack the increased surface activity from ion 

implantation and aluminum amorphorization.  

 

3.2.4. Summary 

This study is focused on understanding the effect of the FIB pre-patterned concave depth on 

pore evolution during anodization. Ordered hexagonal nanopore arrays can be successfully 

fabricated under the guidance of FIB patterned concaves with 1.5 nm depth. This extends the 

smallest depth of patterned concaves needed for effective guidance of anodized nanopore growth 

to a much smaller value. 
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3.3. Enlarged anodization window under FIB guidance 

3.3.1. Introduction 

For conventional self-organized nanopore arrays can only be fabricated under very narrow 

anodization window and the interpore distance is confined to several fixed values. In general, 

AAO is fabricated through anodization in sulfuric acid at 25 V,8-9 oxalic acid at 40 V,10-11 and 

phosphoric acid at 195 V,12-13 and the interpore distances are approximately 63 nm, 100 nm, and 

500 nm, respectively. Based on the 10% porosity rule, the interpore distance (dinter) is determined 

by applied voltage (U): dinter=kU. 14 Whether different interpore distance can be obtained at same 

anodization condition or same interpore distance can be obtained at different applied potential 

under the pre-pattern guided anodization have seldom studied.  

To examine whether of the FIB guided anodization can enlarge the anodization window, the 

anodization result of FIB pre-patterned concaves with different interpore distances at same 

applied voltage are examined; and the anodization result of same FIB pre-patterned concaves 

under different applied voltages are investigated.  

 

3.3.2. Experimental procedure 

After electropolishing, three hexagonal concave arrays were created on the same Al foil by 

FIB with same diameter (45 nm) but different interpore distances are created by Ga+ ion beam 

with 30 kV and 28 pA: dinter=350 nm (Figure 3-7a), dinter=250 nm (Figure 3-7c), and dinter=200 

nm (Figure 3-7e). The FIB milling condition is 30 kV applied voltage and 28 pA current. 

Subsequently, the FIB patterned Al foil was anodized in 0.3 M phosphoric acid under 20 mA 

constant current at 0°C for 5 min. The voltage was ~140 V after a few seconds of anodization. 

Pore opening was carried out in 5 wt% phosphoric acid at 30°C for 10 min. 

Some Al foils were patterned with hexagonal concave arrays, the interpore distance was 150 

nm, and the diameter of the concaves was 45 nm. The FIB patterned Al foils were anodized in 

0.3 M oxalic acid at 40~60 V and 0°C for 30 min, and in 0.05 M oxalic acid at 80 V and 0°C for 

30 min. Pore opening was carried out in 5 wt% phosphoric acid at 30°C. The cross section of the 

anodized nanopores was obtained in the FIB microscope by using 0.28 pA current to cut the 

patterned AAO. 
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3.3.3. Results and discussion 

As shown in Figure 3-7, after the anodization the FIB patterned concaves with different 

interval distance under 140 V, all of the anodized nanopore arrays maintain the original FIB 

patterned interpore distances while the pore diameters grow from 45 nm to 110 nm, 88 nm, and 

80 nm, respectively. Ordered hexagonal nanopore patterns with 350 nm interpore distance as 

well as 250 nm and 200 nm interpore distances are obtained. Self-organized anodization at 140 V 

without the guidance of the FIB patterns only form disordered nanopores with the interpore 

distance at ~350 nm. This enlarged interpore distance range and the different anodized pore sites 

have not been explicitly addressed before and can be understood as follows.  
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Figure 3-7. SEM images of FIB patterns ((a), (c), (e)) and the corresponding anodized nanopore patterns 

in 0.3 M phosphoric acid ((b),(d),(f)). The FIB patterns are designed with different interpore distances: (a) 

350 nm, (c) 250 nm, (e) 200 nm. 

 

For self-organized anodization, the electrical field balancing the aluminum oxidation rate 

and the oxide layer dissolution rate follows the following approximation:5, 15 the barrier layer 

thickness dB 1.3 nm/V, the interpore distance dinter 2.5 nm/V, the pore diameter 0.9 nm/V, 

and the oxide pore wall thickness dw 0.8 nm/V. Under the guidance of the FIB patterning, the 

pattern with 350 nm interpore distance meets the linear proportional relationship with the applied 

voltage: dinter =2.5 nm/V 140 V= 350 nm.14 There is enough space between two pores for the 

oxide walls to fully expand before impinging each other. The oxide pore wall thickness is ~120 

nm and can be observed clearly in Figure 3-7b, which also satisfies the relation dw 0.8 nm/V

140 V= 112 nm.  

As illustrated in Figure 3-8a, the oxide wall thickness between two neighboring nanopores is 

2dw and the barrier layer thickness dB =AA� is determined by the anodization voltage. The 

oxidation rate balances the dissolution rate at positions A and B. When the interpore distance is 

decreased (d < 2dw), the oxide walls of two neighboring nanopores meet each other before they 

are fully developed according to the equifield strength model (such as in Figure 3-8b).5-6 

However, the FIB patterned concaves, Ga+ implantation in aluminum, and aluminum 

amorphization during the FIB patterning are significant factors favoring nanopore growth at the 

FIB patterned sites. During the anodization, pores preferentially grow at the bottoms of the FIB 

patterned concaves. At the same time, the pores have a tendency to expand and the neighboring 
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walls of these pores approach each other until two alumina layers merge. Since all the nanopores 

develop at the same rate, the neighboring pores restrain the change of the interpore distance. For 

the 250 nm interpore distance pattern, assuming the diameter of the nanopores stays the same as 

in Figure 3-8a, then the wall thickness should decrease to 120 (350 250)/2=70 nm and the 

thickness along BB� is dB. However, the thickness from B� to any position in the range of A-B is 

larger than dB (Figure 3-8b), leading to a lower field strength. The field-assisted oxide 

dissolution rate in the area AB becomes slower than that at the position B and below. In order to 

balance the dissolution rate and the oxidation rate, the wall thickness between the pores increases 

by decreasing the nanopore diameters, as shown in Figure 3-8c. The cross section SEM image in 

the inset (2) of Figure 3-8b shows that when the interpore distance of the FIB patterned concaves 

decreases, the anodized nanopore arrays maintain the 250 nm interpore distance while the wall 

thickness increases to 82 nm and the diameter of the anodized nanopores decreases to 88 nm. 

The arc segment of the pore bottom also decreases and the barrier layer thickness stays at ~200 

nm for the 250 nm interpore distance pattern as shown in the inset (2) of Figure 3-7d, just as 

expected in Figure 3-8c.  

The same finding is true for even smaller interpore distance patterns. When the FIB 

patterned interpore distance further decreases to 200 nm, the diameter of the anodized nanopores 

is further reduced to 80 nm, the wall thickness increases from 82 (250  200)/2=57 to 60 nm, 

and the barrier layer is still around 200 nm (as shown in inset (2) of Figure 3-7f). This explains 

why the anodized nanopore diameter from the 200 nm interpore distance FIB pattern (Figure 3-

7f) is smaller than those from the 250 and 350 nm interpore distance FIB patterns (Figure 3-7b 

and 3-7d). When the interpore distance increases to larger than 350 nm, such as 425 nm, the 

space among the three neighboring pores is not large enough to develop a new pore; an ordered 

alumina nanopore array is still obtained with the guidance of the FIB pattern by increasing the 

pore diameter and decreasing the pore wall thickness. 
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Figure 3-8. Schematic drawing of (a) large interpore distance; (b) decreased interpore distance; (c) 

decreased nanopore diameter. 

 

On the other hand, the same FIB patterned hexagonal concave arrays with 150 nm interpore 

distance are anodized at different voltages: 40 V, 50V, 60 V, 80 V, 90 V, and 120 V. At 40-60 V 

the concentration of the oxalic acid electrolyte used is 0.3 M, and at 80-120 V the concentration 

of the oxalic acid electrolyte needs to decrease to 0.05 M. Otherwise, the anodization current 

would be too high and burning would occur on the aluminum surface.  

The SEM images of the nanopores after the anodization are shown in Figure 3-9. At the 

conventional self-organized anodization condition, ordered hexagonal nanopore arrangement 

with 150 nm interpore distance can only be created at 60 V because the interpore distance is 

linearly proportional to the applied voltage with a constant of 2.5 nm�V-1. With the FIB 

patterning, ordered nanopore patterns can be obtained from 50 V to 80 V anodization voltages 

(Figure 3-9). The patterned concaves, Ga+ implanation, and aluminum amorphorization are 

significant favorable factors influencing nanopore growth at FIB patterned locations. This 

enlarged anodization window, which has not been explicitly addressed before, is directly related 

to the FIB patterning.  

During the anodization, the thickness of the oxide layers depends on the applied voltage 

with a proportionality constant of ~1.25 nm�V-1. Around each pore, an oxide layer (shown as 

gray color in the schematic inset 1 in Figure 3-9) with 1.25×U nm outer radius forms (U is the 

applied voltage), 5-6,14 which prevents the creation of new pores inside the boundary. When the 

applied voltage is 40 V (< 60/ = 42V), the oxide layer has 50 nm outer radius around each pore 

(Figure 3-9a). The largest circle at the center of three neighboring pores is R=150 /  - 50= 36 

nm (inset 1 of Figure 3-9a). Although it is a little smaller than 50 nm, some nanopores can split 

into two nanopores at the beginning of the anodization (as shown in circle of Figure 3-9a inset 2). 
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As a result, the arrangement is changed, and the interpore distance is decreased to 105 nm.  

When the applied voltage is increased to 50 V (> 60/ = 42V), the oxide layer has 62.5 nm 

radius, the largest circle at the center of three neighboring pores, R=150 / – 62.5= 24 nm, is 

much smaller than 62.5 nm. Subsequently, there is not enough space left to form a new pore. As 

a result, the arrangement of the anodized nanopores maintains its hexagonal pattern, and the 

nanopores grow vertically.  

When the applied voltage is 80 V (<60× = 85V), the oxide layer has 100 nm radius, but 

the interpore distance of the FIB pattern is only 150 nm (Figure 3-9d).  This means the oxide 

layers of two adjacent pores overlap with each other (inset 1 of Figure 3-9d). If there is no 

guiding effect from the FIB patterning, the self-organized anodization at 80 V would form 

nanopore array with 200 nm interpore distance. Under the guidance and confinement of the FIB 

pattern with 150 nm interpore distance, nanopores form at the locations of the FIB patterned 

concaves and the growth of the oxide layer stops when it encounters the neighboring oxide layers. 

Therefore, the anodized nanopores at 80 V also maintain the hexagonal arrangement, and the 

nanopores grow vertically. 

However, when the applied voltage is further increased to 90 V (>60× = 85V), the large 

overlap of the neighboring nanopore oxide layers leads to large compressive stress, and the depth 

of the nanopores maintains 150 nm interpore distance is only 1.75 μm. With further development, 

some nanopores terminate the growth (as shown in the circle of Figure 3-9e inset 2), and the 

interpore distance is increased to 230 nm. If the applied voltage is 120 V, the oxide layer has 150 

nm radius, therefore, large compressive stress from the neighboring nanopores causes the 

termination of some nanopores occurs at 1.35 μm (as shown in the circle of Figure 3-9f inset 2), 

and the interpore distance is increased to 280 nm. 

Clearly, the FIB patterning affects the anodized pore arrangement by influencing the oxide 

layer growth and enables an enlarged anodization voltage window. The FIB pre-pattern guided 

anodization not only obtain different interpore distance of alumina nanopore arrays at same 

anodization condition, but also enable to create same interpore distance at different applied 

potential. 
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Figure 3-9. SEM images of anodized nanopore patterns with the same FIB pattern but different 

anodization condition. (a) 40 V, (b) 50 V, and (c) 60 V in 0.3 M oxalic acid at 0°C for 5 min. (d) 80 V, (e) 

90 V and (f) 120 V in 0.05 M oxalic acid at 0°C for 5 min. Insets 1 in all images are the schematic 

drawing of the oxide outer layers of corresponding nanopores, and insets 2 in all images are the cross 

section images of corresponding nanopores at  tilt angle. The circles in the insets show the branch and 

termination of the nanopore. 

 

3.3.4. Summary 

With the guidance of the FIB patterned concaves, the interpore distance range for ordered 
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porous anodic alumina enlarges. At 140 V in 0.3 M phosphoric acid, ordered hexagonal nanopore 

arrays with interpore distance from 200 nm to 350 nm can be fabricated. Moreover, hexagonal 

AAO arrays with 150 nm interpore distances have been obtained under the applied potential 

from 50 V to 80 V in oxalic acid. Therefore, FIB pre-pattern guided anodization greatly enlarges 

the anodization window to achieve ordered AAO arrays, which offers more capability to design 

the AAO template with different interval distance and arrangement.  
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3.4. Effect of FIB pattern interpore distance during guided anodization 

3.4.1. Introduction 

With the guidance of hexagonal pre-patterned concaves, all nanopores preferential develop 

at the concave sites. However, this effective guidance is based on the condition that the interpore 

distance for pre-patterned concaves match with the interpore distance of the self-organized AAO 

by the relation of: dinter=k×U.14 It also has been reported that the interpore distance of ordered 

alumina nanopore arrays can be reduced to 1/  of the lattice constant of the guiding patterns if 

the anodization window is such that a new pore forms at the centre of three patterned 

concaves.37-39 Ordered porous anodic alumina with 115 nm interpore distance was obtained by 

anodizing a 200 nm interpore distance pattern at 46 V in oxalic acid.38 Similarly, an ordered 300 

nm interpore distance nanopore arrangement was produced after the anodization of a nano-

indented concave pattern with 500 nm interpore distance at 120 V in phosphoric acid.39 

Therefore, the interpore distance plays an important role for the anodization result. In this section, 

I analyze the effect of dinter of pre-patterned concave arrays on AAO structure.  

 

3.4.2. Experimental procedure 

The Al foils are annealed in Ar atmosphere at 500ºC for 2 h, and then degreased in ethanol 

and acetone, followed by immersed in a 0.5 wt% NaOH solution to remove the oxide layer. 

Subsequently, the aluminum foils were electropolished in a 1:4 mixture of perchloric 

acid/ethanol (1/4 volume ratio) under a constant voltage of 12 V at room temperature with 500 

rpm stirring speed for 5 min. The concave arrays with different arrangements and different 

interval distances were created by dual beam focused Ga+ ion bean microscope (FIB, FEI Helios 

600 NanoLab, Hillsboro, OR). The acceleration voltage was 30 kV, the current is 28 pA, and the 

beam dwell time at a specific location per scan was 3 μs. For the concaves with uniform diameter, 

the total FIB milling time at each concave is 25 ms. For the concave arrays with alternating 

diameter, the designed diameter of large concave was twice of small concaves, thus the total FIB 

milling time for small concave and large concave was 25 ms and 100 ms, respectively. The FIB 

patterned Al foils were anodized in 0.3 M phosphoric acid under 20 mA constant current at 0°C 

for 5 min. The voltage was ~140 V after a few seconds of anodization. Pore opening was carried 

out in 5 wt% phosphoric acid at 30°C for 10 min. 
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3.4.3. Results and discussion 

Figure 3-10 shows the SEM images of the FIB patterns with different interpore distance 

after the anodization in 0.3 M phosphoric acid at 140 V for 5 min. As discussed in Figure 3-7, 

highly ordered AAO with interpore distance ranges from 200 nm to 350 nm can be obtained by 

FIB pre-pattern guided anodization. When interpore distance further increases to 400 nm, all 

nanopores still only grow at FIB patterned locations (Figure 3-10a). When the interpore distance 

increases to 500 nm, the nanopores develop at FIB patterned concaves have hexagonal outer 

shape (Figure 3-10c). However, new and small nanopores develop at the tri-junction center. 

When the interpore distance is further increased to 800 nm (Figure 3-10d), the nanopores initiate 

from the FIB patterned concave locations are fully expand the outer diameter into circle shape. 

And random nanopores develop between the neighboring nanopores, the small pore size and 

arrangement become irregular. 

   

 
Figure 3-10. AAO arrays under the guidance of the hexagonal FIB patterns. The interpore distances are 

(a) 400 nm, (b) 500 nm, and (c) 800 nm. 
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The pore size and arrangement can also be directly affected by the interpore distance.  As 

discussed in Figure 3-2, AAO with alternating-sized pores are created by the guidance of 

alternating-sized concave pattern with 65 nm and 45 nm pore sizes and 200 nm interpore 

distance. When the interval distance of same alternating-sized concave pattern is increased to 

350 nm (Figure 3-11a), the diameters of the anodic nanopores developed from the large and 

small concaves are very close, around 105 nm. Ordered hexagonal nanopore arrays with uniform 

pore diameter have been fabricated. The main difference is the oxide wall thicknesses around the 

large and small concaves, with the large concaves showing thicker oxide walls. This is believed 

to result from the more extensive growth of the oxide walls for the large concaves before being 

restricted by their neighbors.   

When the interpore distance of the FIB patterned concaves is increased to 500 nm (Figure 3-

11c), the diameters of the anodized nanopores developed from the large and small concaves are 

close to each other, around 125 nm (Figure 3-11d). The oxide wall shapes for both pore sizes are 

regular hexagonal. Since the interpore distance is much larger than 350 nm, the value required 

for self-organized anodization in this study, the oxide walls of each FIB patterned pores fully 

grow before coming in contact with those of the neighboring pores during the anodization. The 

un-anodized space at the junctions of three neighboring pores increases as the interpore distance 

increases. When the interpore distance is 500 nm, the junction space is large enough to develop a 

new pore. Since the junction space of the three neighboring pores is limited and the new pores 

form later during the anodization, the new pores have a smaller diameter (~70 nm).  
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Figure 3-11. (a) FIB patterned alternating-sized concaves with 350 nm interpore distance, (b) FIB pattern 

(a) after the anodization, (c) FIB patterned alternating-sized concaves with 500 nm interpore distance, (d) 

FIB pattern (c) after the anodization. 

 

Based on the above understanding, a variety of alternating diameter nanopore arrays with 

different arrangement of small and large pores can be obtained by designing different FIB 

concave patterns. Figure 3-12a shows the FIB patterned concaves with graphite lattice structure 

and the interpore distance is 250 nm. After the anodization, the anodized nanopores (large pores) 

remain the graphite lattice structure (Figure 3-12b). The shape of the anodized nanopores is not 

round but somewhat triangular because of the confinement from the three neighboring pores, as 

discussed in Figure 3-2b. Small and shallow pores form at the center of six neighboring large 

pores. In other words, the large pore locates at the center of triangle gravity of three small 

neighboring pores. When the interpore distance of the FIB patterned concaves is increased to 300 

nm (Figure 3-12c), alternating diameter nanopore arrays are obtained (Figure 3-12d). Again, the 

large pore locates at the center of the triangle gravity of three small neighboring pores; the small 

pore locates at the center of the hexagonal gravity of six large neighboring pores. The shape of 

the oxide walls developed from the FIB patterned concaves is triangular. The diameters of the 

large pores and small pores are 120 nm and 60 nm, respectively. The 120 nm large pore diameter 

is very similar to that in Figure 3-11c, considering the large interpore spacing with the missing 

sites. Different from Figure 3-11b, the small pores are more developed in Figure 3-12d. This is 

because the large interpore distance in Figure 3-12d allows the small pores to grow more before 

being confined by the oxide walls from the large pores. Because of the larger influence of the 

better developed small pores, the large pores are also more round compared to those in Figure 3-
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12b. Another difference is the more visible presence of the oxide wall boundaries shown in 

Figure 3-12d.  

   

   
Figure 3-12. FIB patterned concaves with graphite lattice structure and the interpore distance is: (a) 250 

nm, (c) 300 nm; (b) and (d) are the SEM images of the FIB patterns (a) and (c) after the anodization, 

respectively. The insert in (d) is the schematic of the alternating nanopore arrangement. 

 

Different from all the hexagonal patterns discussed so far, Figure 3-13a shows the FIB 

patterned concaves in rectangular arrangement with the short and long interpore distances at 200 

nm and 200 nm, respectively. After the anodization, the nanopores remain in the rectangular 

arrangement (Figure 3-13b), which is fundamentally different from the familiar hexagonal 

arrangement. Due to the asymmetrical confinement of the neighboring pores, the shape of the 

nanopores is not round. Small and very shallow pores form at the center of four neighboring 

large pores. This is because the interpore distance is small, the oxide walls of each FIB patterned 

pores contact with those of the neighboring pores before full development, thus there is no space 

left to grow new pores. When the short and long interpore distances are increased to 300 nm and 
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300 nm, respectively (Figure 3-13c), new small pores form at the center of the large pores and 

a new alternating diameter nanopore hexagonal arrangement is obtained (Figure 3-13d). The 

small pore locates at the center of the rectangle gravity of the four large neighboring pores, and 

the large pore locates at the center of the rectangle gravity of the four small neighboring pores. 

The diameter of the large pore is 125 nm, and the diameter of the small pore is 80 nm. The 125 

nm large pore diameter is similar to those in Figure 3-12d. The pores are round because of the 

symmetrical arrangement of their neighbors.  

   

   
Figure 3-13. FIB patterned concaves in rectangular arrangement, the long interpore distance is  times 

of the short interpore distance, and the short interpore distance is: (a) 200 nm, (c) 300 nm; (b) and (d) are 

the SEM images of the FIB patterns in (a) and (c) after the anodization, respectively. The insert in (d) is 

the schematic of the alternating nanopore arrangement. 

 

3.4.4. Summary 

The interpore distance of FIB pre-patterned concaves influence the validity of guided 
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anodization. When the interpore distance increases to 500 nm, there are new nanopores start to 

develop at the tri-junction center of hexagonal pattern. Moreover, the large interpore distance 

also sacrifices the successful guidance of alternating-sized concaves to produce alternating-sized 

AAO. Due to the large space for all concaves to grow, the nanopores develop from small 

concaves and large concaves have similar diameter. Small interpore distance restrict all 

nanopores follow the FIB patterned concaves even with graphite lattice structure or rectangular, 

while large interpore distance motivate new nanopores grow at the center of graphite lattice and 

rectangular patterns. 
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3.5. AAO with periodically pore density 

3.5.1. Introduction 

Most of the AAO research focuses on homogeneously distributed nanopore arrays; novel 

nanopore arrangements with periodically varying nanopore distribution have not been studied. 

The only exception is the fabrication of AAO with Moiré patterns by adjusting the rotation angle 

between two identical hexagonal nano-indented patterns.151 Moiré patterns are composite 

patterns when repetitive structures are superposed on each other at certain rotation angles. The 

superposed Moiré pattern has alternating high and low area specific nanopore densities, although 

the original patterns are simple patterns with uniform feature arrangements. Although a Moiré 

pattern has various interpore distances, the whole pattern still has long-range periodicity. There 

are many different ways to generate Moiré patterns, for such as by overlapping two similar 

patterns with a rotation angle, or by using different initial patterns such as square or graphite 

lattice arrangements. Up to now, the fabrication of AAO with these Moiré patterns under 

guidance of FIB concave patterns has not been studied yet.  

Several mathematical methods have been used to investigate the properties and periodicities 

of Moiré patterns.152-154 The spectral approach based on the Fourier transform theory is the most 

commonly used method.155-156 It has the benefit of analyzing the orientation and periodicity of 

Moiré patterns in both real and reciprocal spaces. The periodicity D of a Moiré pattern depends 

on the lattice constant of both the original patterns and the rotation angle. After applying Fourier 

transform to the reciprocal space, the fundamental frequency vector of a Moiré pattern in the 

reciprocal space is determined by the fundamental frequency vectors f1 and f2 from the first 

original pattern and f3 and f4 from the second original pattern: . 

The symmetry is the same in both real and reciprocal spaces, and the periodicity of the 

corresponding Moiré pattern in the direct space is given by D=1/f. 

In this study, focused ion beam patterned concave arrays created by overlapping two 

periodic patterns show the exceptional ability of guiding the subsequent anodization and 

fabricating porous anodic aluminum oxide with Moiré patterns, which have a wide range of 

interpore distances and area specific pore densities. The periodicity of the Moiré patterns can be 

predicted by the interpore distance of the initial patterns and the rotation angle. 
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3.5.2. Experimental procedure 

The annealed Al foils were electropolished in perchloric acid/ethanol electrolyte at 12 V 

with 500 rpm stirring speed for 5 min. Moiré patterns were created by overlapping two bitmap 

patterns with a rotation angle by overlapping two bitmap patterns with different interpore 

distances. Each bitmap size is 15 μm × 15 μm. The rotation angle is 5º, 10º, 22.6º, 36.9º, and 45º. 

The interpore distance of the concaves is 350 nm, 400 nm, and 500 nm. Moiré patterns were 

created by dual beam focused Ga+ ion bean microscope (FIB, FEI Helios 600 NanoLab, 

Hillsboro, OR). The acceleration voltage was 30 kV, the current is 93 pA, and the beam dwell 

time at a specific location per scan was 3 μs. The FIB milling time at each concave is 1.5 ms, and 

the total FIB milling for Moiré pattern is around 1 min. The FIB patterned Al foils were anodized 

in 0.3 M phosphoric acid under 20 mA constant current at 0°C for 5 min. The voltage was ~140 

V after a few seconds of anodization. Pore opening was carried out in 5 wt% phosphoric acid at 

30°C for 10 min. 

In order to observe the backside of the AAO, the un-anodized Al layer was removed in a 

saturated CuCl2 solution (99+%, Acros Organics, Pittsburgh, PA). PDMS with 3 mm thickness 

was poured onto the porous AAO before the reaction with saturated CuCl2 solution in order to 

handle the thin and fragile AAO membrane. The cross section of the anodized nanopores was 

obtained in the FIB microscope by using 0.28 pA current to cut the patterned AAO. 

 

3.5.3. Results and discussion 

Figure 3-14 shows the SEM images of the FIB patterned concave Moiré patterns and the 

corresponding anodized porous AAO. The FIB patterned concave Moiré patterns (shown in the 

insets 1 of Figure 3-14) are created by the superposition of two square concave patterns with 

identical interpore distance and a rotation angle . The interpore distance of the square concave 

arrays is 350 nm, and the rotation angle is (a) 5 , (b) 10 , (c) 22.6 , and (d) 36.9 , respectively. 

The diameters of the FIB patterned concaves are 45 nm, and the depths of those concaves are 10 

nm. After the anodization in 0.3 M phosphoric acid at 20 mA constant current for 2 min (the 

voltage at steady state is 140 V), the porous AAO with various Moiré patterns is created with the 

same arrangements as the FIB patterned concave arrays, and the periodicity of the Moiré patterns 

is: (a) 4.0 , (b) 2.0  (c) 1.24 , and (d) 0.78 , respectively. Moreover, all the Moiré 

patterns are still in 4-fold symmetry. The interpore distances within the Moiré patterns have 
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different values, such as 350 nm in circle 1 and 250 nm in circle 2 for Figure 3-14a. For the self-

organized porous AAO, the interpore distance is only dependent on the anodization voltage with 

a proportional constant of 2.5 nm/V, and it is difficult to obtain ordered arrays with different 

interpore distances. With the guidance of the FIB patterned concave arrays, ordered hexagonal 

AAO with different interpore distances is obtained at the same anodization condition. Similarly, 

the sophisticated Moiré patterns with various arrangements are fabricated here under the 

guidance of FIB patterned concave arrays. 

The long-range periodicity of the Moiré patterns can be understood as follows by the Fourier 

transform theory in the reciprocal space.155-156 For the Moiré patterns created by rotating two 

identical square patterns, f1=f2=f3=f4=1/d, f1 is perpendicular to f2, f3 is perpendicular to f4 (Figure 

3-14 insets 2). The frequency in the reciprocal space is determined by the fundamental 

vectors  and . Since fa is perpendicular to fb and |fa|=|fb|, the Moiré pattern 

has the long-range 4-fold symmetry, which has been observed in Figure 3-14. The periodicity of 

the Moiré pattern is: 

.                  (1) 

From this equation, the periodicities of the Moiré patterns in Figures 3-14a-d are calculated to be 

4.01 , 2.01 , 0.89 , and 0.55 , respectively. The first two values are in good 

agreement with the measured Moiré pattern periodicities (4.0  and 2.0 , respectively).  

If two identical square patterns are superimposed at a certain angle that arctan (m/n) and 

, where m, n, k are integers, then the fundamental frequency of the Moiré pattern 

in the reciprocal space is equal to zero. The periodicity of these Moiré pattern can be derived 

from another arrangement of the same square pattern with new fundamental frequency vector 

/ . In this view, after rotating  degree, the two new square patterns just 

overlap with each other, the composited pattern has same fundamental frequency vector 

/ . For example, when the rotation angle is 22.6  ( arctan (5/12), 

, see Figure 3-14c inset 2), the new lattice spacing of the square pattern in the reciprocal 

space is / , and the periodicity for this Moiré pattern is D= =

, which is in good agreement with the measured value in Figure 3-14c (1.24 ). 

Similarly, when the rotation angle is 36.9 ( arctan (3/4), , see 
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Figure 3-14d inset 2), the new lattice of the square pattern is / , as shown in the inset 3 

in Figure 3-14d. As a result, the periodicity for this Moiré pattern is D= =

, which is in good agreement with the measured value in Figure 3-14d (0.78 ). The 

reciprocal pattern has square arrangement, thus the composited Moiré pattern has 4-fold 

symmetry. 

 

 
Figure 3-14. SEM images of porous AAO with Moiré patterns created from overlapping square patterns. 

The corresponding FIB patterned concave arrays are shown in the insets 1. The interpore distance of the 

square patterns is 350 nm, and the rotation angle between the square patterns is: (a) 5 , (b) 10 , (c) 22.6 , 

and (d) 36.9 , respectively. The insets 2 are the corresponding frequency vector diagram in the reciprocal 
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space. The insets 3 in (c) and (d) are the schematic of a square arrangement from a different view of the 

original square pattern. The scale bars in all insets are 5 . 

 

After selectively removing the un-anodized aluminum with saturated CuCl2 solution, Figure 

3-15 shows the backside and cross section of the Moiré pattern from the square arrangements 

with 5  rotation angle as explained in Figure 3-14a. As discussed in Figure 3-14a, these Moiré 

patterns have different interpore distance, such as 350 nm in circle 1 and 250 nm in circle 2. The 

orientations of the square arrangements in circle 1 and circle 2 are different. After the 

anodization in 0.3 M phosphoric acid at 20 mA for 30 s, the thickness of the AAO is ~250 nm 

(the inset of Figure 3-15a), and the barrier layer clearly shows that both the square arrangement 

with 350 nm interpore distance (circle 1) and that with 250 nm interpore distance (circle 2) 

remain unchanged as in Figure 3-14a.  

When the anodization time prolongs to 2 min, the thickness of the AAO increases to 1  

(the inset of Figure 3-15b), and the periodic arrangement of the pores maintains the Moiré 

pattern. According to our previous work, ordered hexagonal porous AAO with 200 nm to 425 nm 

interpore distances can be fabricated under the guidance of FIB patterned concaves at the same 

anodization condition. Since the pores in the region near the circle 1 have very small interpore 

distance (175 nm as shown in Figure 3-15a), some pores terminate and change the arrangement 

into a square, just the same as in circle 1. Because most of the interpore distances range from 250 

nm to 350 nm, these nanopores grow vertically and maintain the sophisticated Moiré pattern 

arrangement when the pore depth is around 1 . The flat surface of the AAO backside shows 

that all the nanopores have similar pore depth of ~1 .  

When the anodization time further prolongs to 5 min, the depth of the nanopores increases to 

2.5  (the inset of Figure 3-15c), and the arrangement in circle 2 changes. The initial Moiré 

pattern arrangement moves into square arrays with 350 nm interpore distance, separated by some 

less organized pores at the quadrate junctions. Therefore, the Moiré pattern disappears. However, 

the pattern transformation process is different from the stable growth the hexagonal nanopore 

arrays with 200-425 nm interpore distances. Unlike the symmetric hexagonal confinement of the 

neighboring pores, the asymmetric pore arrangement in the Moiré pattern leads to asymmetric 

mechanical stress after the anodization. Therefore, the nanopores within the Moiré pattern are 

unstable when the pores grow deep. However, the arrangement does not change into totally 
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disordered. The square arrangement of the pores in circle 1 has the interesting effect of 

“aligning” the neighboring pores. As a result, the pores with interpore distance less than 350 nm 

tends to change the arrangement to the same as the pores in circle 1 with 350 interpore distance 

and square arrangement. 

  

 
Figure 3-15. SEM images of backside and cross section of porous AAO with Moiré patterns created from 

square pattern concaves, the interpore distance of the square pattern is 350 nm, the rotation angle is 5 . 

The anodization time in 0.3 M phosphoric acid at 20 mA is: (a) 30 s, (b) 2 min, and (c) 5 min. The insets 

in the images are the tilted views of the cross section of the corresponding porous AAO at 52  angle. The 

scale bars in all insets are 3 . 
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Moiré patterns can also be created by the superposition of two square patterns with different 

interpore distances. The insets 1 in Figure 3-16 show the SEM images of the FIB patterned 

concave arrays with the superposition of two different square patterns. The interpore distances of 

the two square patterns are 400 nm and 500 nm, respectively, and the rotation angle is (a) , 

(b) . The diameters of the concaves are 45 nm and the depths of the concaves are 10 

nm.12 After the anodization in 0.3 M phosphoric acid at 20 mA constant current for 2 min 

(Figure 3-16), the porous AAO maintains the same Moiré pattern arrangements as the FIB 

patterned concave arrays, and the periodicity is (a) 1.94  and (b) 3.09 . The periodicity of 

the Moiré pattern in Figure 3-16a is in good agreement with the theoretical value 

. The resulting Moiré pattern still has long range 4-fold 

symmetry. When the rotation angle is 45 > sin-1( = 23.6 , | |<| |, the 

fundamental frequency vectors change to  and , where fa fb 

and |fa|=|fb|=  (as shown in the inset 2 of Figure 3-16b). The corresponding AAO 

Moiré pattern still has 4-fold symmetry and the periodicity is = =3.04 , in good 

agreement with the measured value of 3.09 . 

 
Figure 3-16. SEM images of porous AAO with Moiré patterns created from overlapping two square 

patterns with different interpore distances (d1=400 nm and d2=500 nm). The corresponding FIB patterned 

concave arrays are shown in the insets 1. The rotation angle is (a) , (b) . The insets 2 are 

the frequency vector diagram in the reciprocal space. The scale bars in all insets are 5 . 
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3.5.3. Summary 

AAO with various Moiré patterns have been successfully fabricated by FIB guided 

anodization. The FIB patterned Moiré concave arrays are created by the superposition of two 

simple patterns with a rotation angle, such as hexagonal and square arrangements. Porous AAO 

Moiré patterns, with various interpore distances and alternating high and low nanopore area 

specific densities, are created and matched well with theoretical calculations. The maximum 

depth of the ordered nanopores for the AAO Moiré patterns is ~1 . With further growth of the 

nanopores, the Moiré pattern arrangement disappears. 
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Chapter 4. Nanoimprint and Soft Lithographic Molding 

Abstract:  

Nanoimprinting a prepolymer by AAO template has successfully synthesized vertically 

aligned and high aspect ratio h-PDMS nanorod arrays with Moiré pattern arrangements. 

Decreasing the surface energy of AAO template by using a proper demolding agent is critial to 

the release of the h-PDMS nanorods. Soft lithographic molding high solids loading ZnO 

nanoparticle suspension creates sub-micrometer rod arrays with an aspect ratio around 1. 

Ceramic micro-fabrication by soft lithography normally utilizes ceramic precursor solutions or 

sol-gel process. However, the low solids loading of the starting materials compromises the 

fidelity of soft lithography. In this study, well-dispersed, high solids loading ZnO nanoparticle 

suspensions are prepared by electrosterically stabilizing 20 nm ZnO nanoparticles. PDMS molds 

with different surface modifications are exploited to optimize the filling depth of the suspension 

into the mold cavities, producing ZnO sub-micrometer rods with the same dimensions as the 

mold features.  

 
4.1. Fabricate polymer nanorods by nanoimprint with AAO template 

4.1.1. Introduction 

In recent years, polymeric nanorod arrays have attracted increasing attention due to the 

potential applications as superhydrophobic surfaces,157 artificial adhesive structures,158 and soft 

lithography molds.159 Using porous AAO templates as molds to confine polymer melts and 

prepolymer solutions is a simple and versatile method to generate polymeric nanostructures.160-

162 As a rule, polymer melts and prepolymer solutions should have low surface energy and spread 

over the high surface energy alumina template pore walls and completely fill the nanopores.163 

When the temperature is cooled below the solidification temperature of the polymer, or when the 

prepolymer solution cross-links within the nanopores, polymeric nanorod arrays will form. 

However, synthesis of well-aligned and freestanding nanorods with small diameters and high 

aspect ratios is still difficult. Mechanically lifting off the polymeric nanorods from silanized 

porous templates is one method to overcome the aggregation of the polymeric nanorods.164-165 
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Using low surface energy organosilane to reduce the adhesion between the polymer nanorods 

and the pore walls can further help the release of the nanorods from a template.166 

Poly(dimethylsiloxane) (PDMS) is highly UV-transparent and has low Young’s modulus and 

surface energy, which allows it to be used as a soft lithographic molding material for conformal 

contact and easy release from the templates.167-168 However, its low Young’s modulus of ~1.5 

MPa limits the ability of achieving sub-100 nm fidelity.169-170 Hard poly(dimethylsiloxane) (h-

PDMS), which has short cross-linker lengths and high Young’s modulus of ~9 MPa, can 

overcome the low modulus problem and extend the resolution below 100 nm.171 Although h-

PDMS is brittle, composite molds can be made by using a thick backing layer of PDMS (~3 mm) 

to support a thin layer of h-PDMS (~30 ).172 For the h-PDMS replication of a silicon template 

with patterned nanoposts, the resolution is 80 nm. The bilayer composite mold further increases 

the resolution to 30 nm with phase-shifting photolithography.173 However, for h-PDMS 

replication of anodized nanopores, h-PDMS nanorod bending, lateral collapse (adhesion between 

neighboring polymeric rods when they are close to each other), and ground collapse (collapse of 

nanorods under their own weight or suface adhesion force from the substrate) are serious 

problems, even for low aspect ratio nanorods.174-177 In this study, highly ordered vertical h-

PDMS rod arrays with small diameters and high aspect ratios are investigated by nanoimprint 

with AAO template. 

 

4.1.2. Experimental procedure 

Prior to filling h-PDMS into AAO template, a monolayer of 1H, 1H, 2H, 2H-

perfluorodecyltrichlorosilane (97%, Sigma-Aldrich, St. Louis, MO) was self-assembled onto the 

AAO to yield a low energy surface to facilitate the detachment of the molded h-PDMS from the 

template. First, the porous anodic alumina was treated with aqueous hydrogen peroxide (30%, 

Acros Organics, Pittsburgh, PA) at 50  for 2 h, rinsed with water, and dried in air. Then, the 

porous anodic alumina was placed in a petri dish with a few drops of 1H, 1H, 2H, 2H-

perfluorodecyltrichlorosilane, followed by keeping it in an oven at 90  for 3 h and then at 130  

for 3 h.  

To prepare the h-PDMS nanorod arrays, 3.4 g of vinyl PDMS prepolymer (VDT-731, ABCR, 

Germany), 18 μl of Pt-containing catalyst (platinum-divinyltetramethyldisiloxane, SIP6831.2, 

ABCR, Germany), and one drop of modulator (2,4,6,8-tetramethyl-2,4,6,8-
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tetravinylcyclotetrasiloxane, 87927, Sigma-Aldrich, St. Louis, MO) were mixed. Then 1 g of 

hydrosilane prepolymer (HMS-301, ABCR, Germany) was added into this mixture and gently 

mixed. Within 3 min, the h-PDMS precursor was spin-coated onto the porous anodic alumina 

template at 500 rpm for 5 s and then at 1500 rpm for 1 min. After being cured at 60  for 30 min, 

a degassed perpolymer layer (~3 mm) of Sylgard 184 PDMS was poured onto the h-PDMS layer 

and cured for 2 h at 60 . The h-PDMS was carefully peeled off from the porous anodic alumina 

while still warm. The porous anodic alumina patterns and h-PDMS nanorod arrays were 

characterized by scanning electron microscopy (Quanta 600 FEG, FEI Company, Hillsboro, OR). 

The tilted views of the h-PDMS nanorods were obtained by the dual scanning electron 

microscope with 52  tilt angle. 

 

4.1.3. Results and discussion 

When the porous AAO Moiré patterns are used as molds for soft lithographic molding of 

polymer nanorod arrays, the rate of h-PDMS flow is determined by the surface tension, viscosity 

of the prepolymer, the size of the nanopores, and the depth of the nanopores. The time required 

for the h-PDMS to fill the anodic alumina nanopores can be estimated by:178-179 
22

cos c
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R
�

� 	
�                                     (4-1) 

where t is the time, �  is the viscosity of the h-PDMS, z is the depth of the nanopores to be filled, 

and R is the hydraulic radius (the ratio between the volume of the liquid in the nanopore and the 

area of solid/liquid interface; R is one-half of the nanopore radius), �  is the surface tension at the 

polymer-air interface, c	  is the contact angle between the h-PDMS and the anodic alumina 

nanopore mold. In a previous study,180  it has been shown that the viscosity �  of the uncured h-

PDMS prepolymer is 1 Pa·s, which is significantly lower than that of 3.74 Pa·s for the uncured 

Sylgard 184 and is more desired for the nanopore filling. In this study, the AAO nanopore depth 

is less than 1 μm. The diameter of the nanopores is around 80~120 nm. The surface tension �  of 

h-PDMS is around 22-25 mN/m.171, 181 The contact angle between the h-PDMS prepolymer and 

the porous anodic alumina is ~75°. Based on equation (12), complete filling of h-PDMS into the 

high surface energy AAO nanopores only takes ~18 ms. Spin coating the h-PDMS prepolymer at 

500 rpm for 5 s and at 1500 rpm for 60 s is long enough for the h-PDMS to completely fill the 
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nanopores. With 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane to minimize the adhesion 

between the pore walls and the nanorods formed inside the nanopores, the h-PDMS nanorod 

arrays can be easily peeled off from the AAO mold.   

For polymeric nanorod arrays, the limitations for achieving high aspect ratio and stable 

arrays are mainly bending, ground collapse, and lateral collapse.169, 182 When the diameter of the 

polymeric rods is micron-sized and well separated from each other, the gravity is the major force 

to induce bending and ground collapse.183 When the diameter of the polymeric rods is reduced to 

sub-micron and nanometers, surface adhesion from the substrate is the main force to induce 

bending and ground collapse.184 More importantly, when small diameter polymeric nanorods are 

close to each other, the adhesion of the neighboring nanorods, and thus lateral collapse, dominate 

over ground collapse and lead to lateral collapse.185 For the h-PDMS nanorod arrays fabribcated 

from the AAO templates, the diameter is small and the density is high. Therefore, the limitation 

for the nanorod array stability is mainly from the lateral collapse and is determined by the critical 

aspect ratio:182, 185 
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where E is the Young’s modulus of h-PDMS (~9 MPa), w is the lateral separation between 

adjacent h-PDMS nanorods, � is the surface tension of h-PDMS (22-25 mN/m), � is the 

Poisson’s ratio of h-PDMS, which is an insensitive facor in equation (4-2) and ranges from 0.3 to 

0.5,186 d is the diamter of the nanorods, and h is the height of the nanorods. If the aspect ratio 

exceeds the theretical critial value, the h-PDMS nanorod arrays would be unstable and lateral 

collapse would occur. 

Figure 4-1 shows the h-PDMS nanorod arrays with Moiré pattern arrangements after being 

peeled off from the AAO molds. The h-PDMS nanorod arrays in Figure 4-1a have the same 

diameter and arrangement as the AAO nanopore Moiré patterns in Figure 3-14b. The AAO mold 

in Figure 4-1a is anodized for 1 min, and the depth of the AAO nanopores is 500 nm. The tilted 

SEM image in the insert of Figure 4-1a shows that all the h-PDMS nanorods are separated from 

each other and no lateral collapse occurs. All the h-PDMS nanorods have the same length of 

~500 nm, which confirms the complete filling of h-PDMS into the AAO nanopores within the 

Moiré pattern. The h-PDMS nanorods in the low density region have 120 nm diameter and 230 

nm inter-rod distance, and the aspect ratio is 4.2; the h-PDMS nanorods in the high density 
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region have 80 nm diameter and 120 nm inter-rod distance, and the aspect ratio is 6.3. The 

predicted critical aspect ratio from equation (4-2) is, however, 1.7 and 1.9, respectively (as 

shown in Table 4-1). Even though the actual aspect ratio is larger than the theoretical critical 

value, the h-PDMS nanorods are still stable and maintain the vertical alignment. The main reason 

is believed to come from the low surface energy mold releasing agent used, which reduces the 

surface tension of the h-PDMS nanorods and increases the critical aspect ratio against the lateral 

collapse. When the depth of the AAO nanopores increases to 750 nm (anodized for 1.5 min, 

Figure 4-1b), the aspect ratio for the large diameter h-PDMS nanorods in the low density region 

increases to 6.3, and the h-PDMS nanorods are still stable and remain vertical alignment. For the 

thin h-PDMS nanorods in the high density region, the aspect ratio is 9.4, but bending and lateral 

collapse occur. When the h-PDMS nanorods are long, there also exist some missing nanorods in 

the pattern due to the breakage of the h-PDMS rods during the peeling off process. 

   
Figure 4-1. SEM images of h-PDMS nanorod arrays after demolding from porous anodic alumina 

template with square Moiré pattern, the interval distance is 350 nm, the rotation angle is 10 . (a) top view, 

the depth of the anodic alumina nanopore is 500 nm; (b) top view, the depth of the anodic alumina 

nanopore is 700 nm. The inserts are the tilt view of (a) and (b) under 52 . The scale bars in all inserts are 

2 . 
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h-PDMS rod dimensions Aspect ratio Lateral 
collapse 

Demolding process Refer
ence Diameter 

d (nm) 
Height 
h (nm) 

Spacing 
w (nm) 

Calcula
ted 
critical 
value 

Experime
ntal 
result 

Predic
ted 

Obser
ved 

45 140 55 1.7 3.1 Yes Yes Chemical etching 174
 

50 350 100 2.3 7 Yes Yes Peeling off without 
demolding agent 

175
 

50 900 100 2.3 18 Yes Yes 
200 318 200 2.8 1.6 No No Peeling off with 

demolding agent 
176

 

200 747 200 2.8 3.7 Yes Yes 
810 2430 670 3.6 3 No No 

Peeling off without 
demolding agent 

177
 

810 3400 670 3.6 4.2 Yes Yes 
920 1930 560 3.3 2.1 No No 
920 3860 560 3.3 4.2 Yes Yes 
80 500 120 1.7 6.3 Yes No 

Peeling off with 
demolding agent 

This 
study 

80 750 120 1.7 9.4 Yes Yes 
120 500 230 1.9 4.2 Yes No 
120 750 230 1.9 6.3 Yes No 

Table 4-1. Comparison of experimental results versus predicted stability against lateral collapse of h-

PDMS rods arrays from different studies.  

 

The current challenge for the polymeric nanorod arrays is achieving vertically aligned high 

aspect ratio rods. The dimensions, spacing, aspect ratio, stability, and demolding process for the 

synthesized h-PDMS nanorod arrays in the literature are list in Table 1. 174-175, 177, 187 In the other 

studies, the synthesized h-PDMS nanorod arrays with aspect ratio >1.7 show lateral collapse 

when the rod diameter is ≤ 200 nm. At ≥ 810 nm diameter, the critical aspect ratio increases to 

~3.6. In either case, the aspect ratio for the rod arrays is limited to < 4. Low surface energy mold 

releasing agent has been used,187 however, curved AAO surface creates a large shear force during 

the demolding process and the h-PDMS nanorods are not vertically aligned, which limits the 

highest achievable aspect ratio. Wet chemical etching method has been used to dissolve AAO and 

release h-PDMS nanorod arrays.174 However, the capillary force during the drying process leads 

to the bending and lateral collapse of the h-PDMS nanorods arrays. In this study, the low surface 

energy mold releasing agent decreases the surface tension of the h-PDMS nanorods and the AAO 
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surface is flat. Therefore, the high aspect ratio h-PDMS nanorod arrays are successfully 

fabricated (6.3 aspect ratio for the nanorods with 80 nm diameter). 

 

4.1.4. Summary 

The porous AAO is used as a template to fabricate h-PDMS nanorod arrays with the 

corresponding Moiré pattern. The self-assembled 1H, 1H, 2H, 2H-perfluorodecyltrichlorosilane 

serve as demolding agent to low the energy surface of AAO template, which facilitate the 

detachment of the molded h-PDMS from the template. Therefore, the h-PDMS nanorod arrays 

can be easily peeled off from the AAO mold. The diameter, density, and aspect ratio of the 

nanorods are determined by the dimension of porous AAO templates. Vertically aligned h-PDMS 

nanorods with aspect ratio 6.3 have been successfully obtained. 
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4.2. Synthesize of sub-micrometer rod by soft lithographic micromolding 

4.2.1. Introduction 

Soft lithography offers a novel and effective approach to create ceramic patterns with micro- 

to nano-structures.188-200 Microelectromechanical systems (MEMS) based on ceramic materials 

have been successfully achieved by soft lithography.192-195 Moreover, patterned sub-micrometer 

arrays of parallel lines and dots of different ceramic materials have been prepared by 

micromolding ceramic precursor solutions or sol-gels followed by annealing.196-199 The width of 

the ceramic features ranges from 100 nm198 to 600 nm197, and the height from 25 nm198 to 200 

nm197. However, the solids loading of the ceramic precursor liquids has a significant effect on the 

aspect ratio of the ceramic features.197-198 When the effective solids loading is low, even if the 

precursor liquid completely fills the patterns on the PDMS mold, shrinkage of the precursor 

liquid during solidification greatly reduces the height of ceramic features, which compromises 

the aspect ratio of the features. As a result, sub-micrometer ceramic patterns obtained using 

PDMS molds normally have an aspect ratio significantly smaller than 1. It is still a challenge to 

utilize the versatile and low-cost PDMS to fabricate sub-micrometer ceramic patterns with large 

aspect ratios while maintaining the fidelity of the patterns.  

On one hand, the hydrophobic nature of PDMS greatly limits the ability of aqueous liquids 

to fill the patterns on the mold, which compromises the fidelity of soft lithographic 

micromolding. On the other hand, the soft lithographic technique causes air to be trapped inside 

the patterns on the PDMS mold. However, the hydrostatic equilibrium and dynamic process of 

trapped air has not been studied. The effect of air diffusion on the fidelity of soft lithographic 

micromolding is unknown. For the micromolding liquid, colloidal suspensions of nanoparticles 

are preferred in order to increase the solids loading of the filling liquids, desirably to as high as 

40 vol%.189-191, 201-204 Electrostatic stabilization by adjusting the surface charge of the 

nanoparticles and steric stabilization by adsorbing polymer dispersants on nanoparticle surfaces 

can be utilized to overcome nanoparticle agglomeration and high suspension viscosity.202, 205-206 

However, the ability of the nanoparticle suspension to push the fabrication scale into the sub-

micrometer range needs to be further explored. 

In this section, I focus on the fabrication of ceramic sub-micrometer arrays by micromolding 

nanoparticle suspensions using PDMS molds. The important parameters required to obtain high 
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solids loading nanoparticle suspensions are studied. The effect of surface wetting on the filling 

depth of the suspension into the mold is examined, and its mechanism is discussed. The 

influence of solids loading on the fidelity of soft lithographic micromolding is analyzed. 

 

4.2.2. Experimental Procedures 

Commercial ZnO nanoparticles (Nanostructured & Amorphous Materials, Inc., Houston, 

TX) with a mean particle size of 20 nm and specific surface area of 50 m2/g were used. 

Suspensions of ZnO nanoparticles with different solids loadings (20 vol%, 30 vol%, and 40 

vol%) were prepared by ball milling ZnO nanoparticles in water. Poly(acrylic acid) (PAA, 

Sigma-Aldrich, St. Louis, MO) with an average molecular weight of 2000 and 63 wt% 

concentration (in water) was used as a dispersant. ZnO nanoparticles were added into dilute 

ammonium hydroxide (with initial pH value at 11) in 1 g increments along with 3.0 wt% PAA 

dispersant (on ZnO basis); the suspension was ball milled for 20 min following each addition. 

The zeta potential of the ZnO suspension was analyzed by dynamic light scattering 

(Zetasizer NanoZS, Malvern Instruments, Malvern, UK). The surface tension was measured by 

the Wilhelmy plate technique using a Cahn 2000 electrobalance with a filter paper plate at room 

temperature. The viscosity measurements of the suspensions were performed using a rheometer 

with cone-plate geometry (AR 2000, TA Instruments, New Castle, DE). 

In order to prepare the PDMS molds, a silicon master with different features was first 

created using a dual beam focused Ga+ ion beam microscope (FIB, FEI Helios 600 Nano Lab, 

Hillsboro, OR) with 30 kV accelerating voltage and 0.28 nA beam current. Subsequently, PDMS 

prepolymer (Sylgard 184; Dow Corning, Midland, MI) with base and curing agents at 10:1 ratio 

was cast on the silicon wafer. The silicon wafer and PDMS prepolymer were placed in a vacuum 

chamber and subjected to a pressure of 10 mTorr for 30 min to remove air bubbles, then moved 

into an oven at 100ºC for 60 min to solidify the PDMS. The pristine PDMS mold was separated 

from the silicon wafer and coated with a 5 nm gold layer to change the surface wetting 

characteristics. The gold layer was coated by Cressington sputter coater 208HR with thickness 

controller MTM-20 to detect the thickness. For the hydrophilic PDMS mold, 3 wt% Triton X-

100 (TX-100, C14H22O(C2H4O)n; Sigma-Aldrich, St. Louis, MO) was also added to the PDMS 

prepolymer to make it hydrophilic, which was then cast, degassed, solidified, and demolded in 

the same manner as the pristine PDMS. 
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The ZnO nanoparticle suspension was cast into the pristine PDMS molds, gold coated 

PDMS molds, and hydrophilic PDMS molds. The filled molds were put into a petri dish to dry 

under ambient conditions for 7 days. In order to maintain the humidity inside the petri dish 

during drying to avoid cracking, 1 ml of water was added to the petri dish. After the ZnO 

samples were dried, they were carefully separated from the PDMS molds. 

The contact angle of ZnO nanoparticle suspension on different PDMS molds was measured 

by a contact angle analyzer (FTA 125, First Ten Angstroms, Portsmouth, VA). The structures of 

PDMS molds and ZnO samples were characterized by scanning electron microscopy (SEM, 

Quanta 600 FEG, FEI Company, Hillsboro, OR). 

 

4.2.3. Results and discussion 

4.2.3.1 ZnO nanoparticle suspension 

The TEM image of the commercial ZnO nanoparticles in Figure 4-2a shows the size of ZnO 

nanoparticles ranges from 15 nm to 26 nm, and the average particle size is around 20 nm. In 

order to obtain high solids loading ZnO nanoparticle suspensions, the ionic properties of the 

liquid and ionic polymer dispersant can be used simultaneously. Both electrical double-layer 

repulsion and steric forces are present to overcome the agglomeration of nanoparticles. Figure 4-

2b shows the zeta potential of pure ZnO nanoparticle suspensions at different pH values, and the 

corresponding zeta potential of the suspensions with an additional 3 wt% PAA. When the pH 

value is above 9.0, the absolute value of zeta potential is greater than 25 mV, which facilitates the 

stability of the ZnO suspension. With the addition of 3 wt% PAA to the ZnO suspension, the 

absolute value of the zeta potential is increased over the entire pH range, which not only 

enhances the stability of the suspensions but also enlarges the pH window for stable suspensions.  

 
Figure 4-2. Zeta potential of ZnO nanoparticle suspensions with and without PAA as a dispersant. 
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Figure 4-3 shows the viscosity of ZnO nanoparticle suspensions with different amounts of 

dispersant and different solids loadings. Without any PAA as a dispersant, the viscosity of the 

suspension is high (from 85 Pas at 0.4 s-1 shear rate to 0.12 Pas at 1000 s-1 shear rate), and 10 

vol% is the maximum solids loading for a flowable suspension. If more ZnO nanoparticles are 

added into the suspension, the suspension will rapidly lose fluidity, and the viscosity will 

increase significantly.  

Desirably, the adsorbed dispersant layer plays an important role in creating steric repulsion 

between the ZnO nanoparticles, which increases the stability and decreases the viscosity of the 

suspension. Therefore, the viscosity of the 10 vol% nanoparticle suspension decreases 

significantly with increasing dispersant concentration and reaches a steady value after addition of 

3 wt% PAA. The viscosity of the suspension with 3 wt% PAA is ~1/100 of that of the suspension 

without a dispersant. The small difference in the suspension viscosity at 3 wt% PAA and 4 wt% 

PAA indicates that the maximum adsorption of dispersant on the ZnO nanoparticle surfaces may 

have been achieved at 3 wt% PAA. Increasing the amount of PAA to 8 wt% leads to an increase 

in the suspension viscosity and the formation of bubbles during ball milling. Moreover, with the 

steric stabilization by 3 wt% PAA, the ZnO nanoparticle suspension can reach as high as 40 

vol% solids loading while still retaining reasonable fluidity for soft lithographic micromolding, 

from 60 Pas at 0.4 s-1 shear rate to 0.086 Pas at 1000 s-1 shear rate, as shown in Figure 4-3. 

Due to the acidity of the PAA, the addition of the dispersant will decrease the pH value of 

the ZnO nanoparticle suspension. To obtain a suitable final suspension pH value so that the 

absolute value of zeta potential is > 25 mV, the initial pH value of the aqueous solvent is set to 

11, and the concentration of the PAA dispersant is fixed at 3 wt% based on ZnO weight. After 

dispersing the ZnO nanoparticles in the aqueous solvent, the resulting pH of the suspension with 

20 vol%, 30 vol%, and 40 vol% solids loading is 8.9, 8.7, and 8.6, respectively. According to the 

zeta potential curve of the suspensions with the dispersant in Figure 4-2, all these pH values can 

lead to large zeta potential values (around -40 mV) and stable suspensions. 
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Figure 4-3. Viscosities of ZnO nanoparticle suspensions with different amounts of PAA dispersant. The 

solids loading of ZnO nanoparticles is 10 vol% unless otherwise noted. 

 

4.2.3.2 Soft lithographic micromolding 

Figure 4-4a shows a typical tilt SEM image of the silicon master; the silicon rod arrays have 

a hexagonal arrangement with 750 nm diameter and 1:1 aspect ratio. Different types of PDMS 

molds (pristine PDMS, gold coated PDMS, and PDMS containing 3 wt% TX-100) prepared 

from the same silicon master have the same topography, as shown in the tilt SEM image of 

Figure 4-4b, which is the inverse of the silicon master: sub-micrometer pore arrays with 

hexagonal arrangement, 750 nm cavity diameter, and 750 nm cavity depth.  

 
Figure 4-4. SEM image of (a) silicon master and (b) PDMS mold at 52º tilt angle. 

 

 However, different PDMS molds have distinct wetting properties. As shown in Figure 4-5, 

the contact angles of ZnO nanoparticle suspension with pristine PDMS, gold coated PDMS, and 

PDMS containing 3 wt% TX-100 are 104º, 88º, and 76º, respectively. As a result, casting the 
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ZnO nanoparticle suspension on different PDMS molds leads to different filling depths inside the 

pores. After drying, the ZnO rods obtained from the pristine PDMS and gold coated PDMS 

molds have very small heights: ~150 nm and ~90 nm, respectively; the aspect ratio of the ZnO 

rods in both cases is much smaller than 1. However, the ZnO rods prepared using the hydrophilic 

PDMS mold containing 3 wt% TX-100 have good fidelity and maintain the 1:1 aspect ratio 

(Figure 4-5e). The hydrophilic PDMS mold allows the ZnO nanoparticle suspension to fully fill 

the pores, while the large contact angles of the pristine PDMS and gold coated PDMS molds 

hinder the suspension from filling the pores, thus compromising the fidelity of the resulting rod 

arrays.  

 

 

 
Figure 4-5. Contact angle of ZnO nanoparticle suspension on different molds: (a) pristine PDMS, (c) gold 

coated PDMS, and (e) hydrophilic PDMS containing 3 wt% TX-100; (b), (d) and (f) are 52º tilt SEM 
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images of the corresponding ZnO features after drying from the pristine, gold coated, and hydrophilic 

PDMS, respectively. 

 

I propose that the mechanism for the effect of surface wetting properties on the fidelity of 

soft lithographic micromolding is based on a combination of the hydrostatic equilibrium 

maintained in the pores and the dynamic diffusion of trapped air through the ZnO nanoparticle 

suspensions.  

For the pores on the PDMS mold with a diameter of 750 nm, the interface between the 

suspension and the mold forms a meniscus that is a portion of a sphere surface with 

radius R=d/2cosθ, where d is the diameter of the pore and θ is the contact angle. The pressure 

difference across this surface is: 

dR
p 	�� cos42

���
                             

(4-3) 

where �  is the surface tension of the suspension (59 mN/m). In order to maintain hydrostatic 

equilibrium, the induced capillary pressure is balanced by the liquid pressure from the ZnO 

suspension and the pressure from the compressed air trapped inside the pore. Therefore, the 

Young-Laplace equation can be written as:207-208

 
gh

aL
aP

dR
p �	��

�
�

���� 0cos42        (4-4) 

where a is the filling depth of the suspension into the pore, P0 is the atmospheric pressure 

(1.01×105 Pa) , L is the pore depth (750 nm) , �  is the suspension density (2.3 g/cm3), and h is 

the thickness of the suspension layer on the PDMS mold (2 mm). As a result, the filling depth of 

the suspension into the pore can be obtained: 

1
cos4

0 �
�

�

ghd
dP
La

�	�

                         (4-5) 

For the pristine PDMS, the 104º contact angle results in a calculated filling depth of a= –2.3 

μm, which means the ZnO nanoparticle suspension cannot penetrate into the PMDS pore at all. 

However, as shown in Figure 4-6a, the negative Laplace pressure causes the meniscus formed at 

the suspension/air interface to have a convex shape; thus, the formed ZnO arrays still have a 

height of
 

����� )sin1(cos2/sin 			 dRRa 46 nm (Figure 4-6a). According to equation (4-
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5), the contact angle for the gold coated PDMS is 88º, which means that the suspension can fill 

10% of the pore (75 nm), and the top surface of the ZnO pattern also conforms to the planar 

meniscus shape (Figure 4-6b).  The predicted heights are slightly smaller than the experimental 

values (46 nm vs. 150 nm and 75 nm vs. 90 nm), which will be explained later. Nevertheless, in 

both cases the small aspect ratio and the shape of the ZnO rods are consistent with the 

experiment results shown in Figures 4-6b and 4-6d.  

For the hydrophilic PDMS containing 3 wt% TX-100, according to equation (4-5), the 76º 

contact angle and positive Laplace pressure will cause the ZnO nanoparticle suspension to fill 

335 nm (45%) into the pore with a concave meniscus shape, as shown in Figure 4-6c. This 

prediction contradicts the experimental results shown in Figure 4-5e, which show that the 

suspension fully fills the pores on the hydrophilic PDMS mold.   

  

  
Figure 4-6. Schematics of the filling of ZnO nanoparticle suspensions into the pores on different molds: 

(a) pristine PDMS, (b) gold coated PDMS, and (c) hydrophilic PDMS containing 3 wt% TX-100; (d) 

diffusion of trapped air into the suspension on hydrophilic PDMS; (e) a pore on the hydrophilic PDMS 

mold fully filled with the suspension after the diffusion of trapped air. 

 

In order to understand the filling of the pores on hydrophilic PDMS, the dynamic process 

within the ZnO nanoparticle suspension cast on the elastomeric mold needs to be considered. 

Even though the high density suspension is on top of the low density air, the small diameter of 

the pore causes the gravitational force to be much smaller than the capillary force; thus, the light 
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air will not be pushed up by the heavy suspension as predicted by the Rayleigh–Taylor 

instability. Therefore, I focus on the dissolution and diffusion of trapped air through the ZnO 

nanoparticle suspension.  

According to Henry’s law, the dissolution of air in a liquid is directly proportional to the air 

pressure:  

PkC CPH �� ,
                                                

(4-6) 

where C is the concentration of dissolved air, kH,CP is the Henry’s law constant, and P is the 

pressure. Here, I can use Henry’s law constant of air in water (1.0×10-3 mol/L/atm) to estimate 

the time scale for diffusion. Assuming that the trapped air behaves like an ideal gas, the pressure 

of trapped air is )/(0 aLLPP ��� , where P0 is the atmospheric pressure. The concentrations of 

dissolved air at the suspension/trapped air interface and at the suspension/atmosphere interface 

are 3
0, 1074.1)/( ������ aLLPkC CPHS mol/L and 3

0,0 100.1 ����� PkC CPH mol/L, 

respectively. As a result, the concentration of dissolved air at different pore heights and times can 

be calculated as: 

)
4

()(),( 0 Dt
xerfCCCtxC SS ����

                     
(4-7) 

where x is the distance to the suspension/trapped air interface, D is the diffusion coefficient of air 

in the suspension, and t is time. The diffusion coefficient of air in water is 2.0×10-5 cm2/s. 

According to Figure 4-3, the viscosity of 40 vol% ZnO nanoparticle suspension is ~10 Pas, 

which is about 104 times of the viscosity of water (~1.0 mPas). Based on the Stokes-Einstein 

relation:  

�
 06 R
TkD B�

                                                              
(4-8) 

where �  is the viscosity of the suspension and R0 is the radius of air molecule, the diffusion 

coefficient of air in the ZnO nanoparticle suspension can be estimated to be around 2.0×10-9 

cm2/s.  

Due to the dissolution and diffusion of air, the volume of trapped air is decreased (Figure 4-

6d). In the meantime, the capillary forces keep the trapped air compressed in order to maintain 

the hydrostatic equilibrium. Therefore, the suspension/trapped air interface will continually move 

downwards until all the trapped air diffuses away (Figure 4-6d). As a result, the suspension fully 
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fills the pores on the hydrophilic PDMS (Figure 4-6e).  

The flux of diffusion at the suspension/trapped air interface can be written as: 

0|),()( ��� xdt
txdCDtJ

                                          
(4-9) 

The mass transfer of air diffusing through the suspension/trapped air interface can be calculated 

as:  

dtdtJm � ���
� 
�
0

2

4
)()(

                                           
(4-10) 

Therefore, it can be estimated that the time, � , to diffuse all of the trapped air  in a pore with 750 

nm diameter and 750 nm depth is only around 110 min. Since the suspension-filled patterns are 

allowed to dry for several days, this short diffusion time explains why the pores on the 

hydrophilic PDMS mold can be completely filled.  

For the pristine PDMS and gold coated PDMS, the diffusion of trapped air still facilitates the 

filling of the pores with the suspension, which explains why the experimental values are larger 

than the theoretical values calculated based on equation (4-5). However, the increase in the 

pressure of the compressed air is limited for the pristine PDMS and gold coated PDMS 

according to equation (4-10), and more than 100 hours are required for the trapped air to 

completely diffuse out of these pores. Moreover, during this extended period of time, the drying 

process increases the viscosity of the suspension, which further slows down the diffusion of 

trapped air from the pores in the pristine PDMS and gold coated PDMS molds. As a result, the 

ZnO nanoparticle suspension maintains the shallow filling depth inside the pristine PDMS and 

gold coated PDMS molds, which limits the aspect ratio of the obtained ZnO rod arrays.  

 

4.2.3.3 Versatility of soft lithographic micromolding 

FIB patterning enables this soft lithographic micromolding technology to create versatile 

ZnO rod features with controllable topographies. The advantage of the FIB lithography method 

is that various patterns with different arrangements, sizes, and shapes can be easily created on the 

silicon master by FIB bombardment. Besides the rod arrays with hexagonal arrangement and 

uniform size shown in Figure 4-4a, square arrangements of rods with different sizes and shapes 

have also been achieved, as shown in Figure 4-7a and Figure 4-7c. Under the guidance of the 

hydrophilic PDMS molds (with 3 wt% TX-100) obtained from these silicon masters, 
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corresponding ZnO rod arrays with 200 nm, 400 nm, 750 nm, and 1 μm diameters are fabricated 

(Figure 4-7b), and ZnO rod arrays with circular, pentagonal, square, and triangular shapes are 

realized (Figure 4-7d).  

When the diameter of the pores on the hydrophilic PDMS mold is decreased, it leads to 

increased capillary pressure and compressed air pressure, which facilitate the complete filling of 

the cavities on the mold. Theoretically, soft lithographic micromolding can successfully fill any 

cavities and create ZnO rods with very small dimensions. However, the diameter of the ZnO 

nanoparticles in the suspension limits the smallest possible dimensions of the ZnO rods. The 

diameter of 200 nm ZnO rods is only 10 times that of the ZnO nanoparticles (20 nm); if the 

diameter of the rods is further decreased, even fewer ZnO nanoparticles can fill in the pore, 

making it difficult to form an intact rod. Therefore, nanoparticles with an even smaller size are 

needed in order to obtain extra-fine ZnO nanorods. 

  

  
Figure 4-7. SEM images of FIB patterned silicon masters with (a) different sizes and (c) different shapes. 

(b) and (d) are 52º tilt SEM images of ZnO rods obtained from the hydrophilic PDMS molds fabricated 

from the  silicon masters shown in (a) and (c), respectively. 
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The effect of the solids loading on the fidelity of soft lithographic micromolding is also 

examined. Figures 7a and 7b show ZnO rods obtained from 20 vol% and 30 vol% ZnO 

nanoparticle suspensions, respectively.  Both sets of rods have the same height as ZnO rods 

fabricated from the 40 vol% suspension (750 nm), as shown in Figure 4-8e, and the shrinkage of 

the ZnO feature dimensions due to drying of the suspension can be ignored. However, there are 

many missing rods in the pattern obtained from the 20 vol% nanoparticle suspension, and the 

bottoms of the remaining ZnO rods also show evidence of fracture. During the drying process, 

water only evaporates at the suspension/atmosphere interface. There is no evaporation of water at 

the interface of the filled suspension and the mold pore wall. Thus, the dry ZnO rods should 

maintain the pore outline. When the solids loading is high (30 vol% and higher), the particle 

packing density is high enough to replicate the shapes of the mold features; however, low solids 

loading will lead to low packing density for the ZnO rods, which leads to fracture, missing 

features, and a loss of the fidelity of soft lithographic micromolding. Therefore, it is important to 

obtain high solids loading nanoparticle suspensions. 

   
Figure 4-8. SEM images of ZnO rod arrays fabricated by ZnO nanoparticle suspensions with different 
solids loading: (a) 20 vol% and (b) 30 vol%. 
 

ZnO has broad applications in the electrochemical, electronic, and optoelectronic fields, 

such as in dye sensitized solar cells and field emission devices. Therefore, I chose ZnO as a 

model material to fabricate sub-micrometer arrays by micromolding nanoparticle suspensions. 

Nevertheless, this soft lithography technique is a generic method that can be used to fabricate 

different sub-micrometer patterns, such as TiO2, Al2O3, ZrO2, and SiO2, as long as high solids 

loading nanoparticle suspensions can be obtained.  
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4.2.4. Summary 

ZnO sub-micrometer rod arrays with an aspect ratio around 1 have been successfully 

achieved by a soft lithographic micromolding approach. This generic method can create patterns 

with different feature arrangements, feature sizes, and feature shapes. The dimensions of the ZnO 

rods created range from 200 nm to 1 μm; circular, pentagonal, square, and triangular features 

have been obtained. The wetting property of the suspension on the PDMS molds significantly 

influences the aspect ratio of the ZnO rods. For the pristine PDMS and gold coated PDMS 

molds, large contact angles lead to small filling depths of the suspension into the pores. For the 

hydrophilic PDMS containing 3 wt% TX-100, the small contact angle and positive Laplace 

pressure cause the trapped air to be compressed, which further increases the dissolution and 

diffusion of trapped air through the ZnO nanoparticle suspension. After drying, ZnO rod patterns 

with dimension as same as the patterns on hydrophilic PDMS mold are achieved. Nanoparticle 

suspensions with high solids loading are required to maintain the fidelity of the features during 

soft lithographic micromolding; otherwise, missing sites and fractures occur and compromise the 

fidelity of the rod arrays.  
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Chapter 5. Anodic TiO2 Nanotubes and Their Applications 

Abstract:  

In recent years, anodic TiO2 nanotubes have attracted significant interest due to their great 

application potentials in energy conversion and storage, electrochromic devices, and sensors. 

However, the mechanism governing the formation of anodic TiO2 nanotubes is still uncertain, 

which hinders the engineering of optimized TiO2 nanotubular structures for specific applications. 

Moreover, the self-organized anodization alone can only produce randomly arranged nanotubes. 

In this study, dehydration of titanium hydroxide cell wall is proposed to understand the 

formation mechanism of anodic TiO2 nanotubes. FIB guided anodization is used to create highly 

ordered TiO2 nanotube arrays with different intertube distances and tube arrangements. 

Fundamentally different nanotube arrangements, such as square, oblique hexagonal, alternating-

sized patterns, and asymmetrical patterns are created. Hierarchically branched TiO2 nanotubes 

with tailored diameters and branch numbers are successfully achieved by adjusting the 

anodization voltage. Bamboo-type TiO2 nanotubes with large surface area are achieved by 

cycling high and low applied potentials. After thermal treatment in H2 atmosphere, the bamboo-

type TiO2 nanotubes show large specific capacitance and high water splitting efficiency. 

 
5.1. Growth mechanism of anodic TiO2 nanotubes 

5.1.1. Introduction  

Until now, the driving force for the formation of nanotubular but not nanoporous anodic 

TiO2 arrays still remains an unanswered question. Four different models have been proposed to 

explain the nanotubular TiO2 structures. First, Su et al. proposed that oxides at the junction areas 

suffer a high degree of localized dielectric breakdown, which produces a large number of voids 

at the inter-pore areas and separates the neighboring TiO2 nanotubes.89 Second, Grimes et al. 

claimed that the un-anodized metallic Ti between neighboring pores can undergo the same 

oxidation and field-assisted dissolution process, thus gaps develop between neighboring TiO2 

nanotubes.67, 90 Third, Schmuki et al. attributed the nanotube separation to the dissolution of the 

fluoride-rich outer shell of nanotube walls due to the higher migration rate of F– ions than O2– 

ions during the anodization.92, 98 Fourth, Su et al. proposed that the Ti substrate is anodized both 
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by O2– ions to form the TiO2 inner shell and by OH– ions to form a titanium hydroxide outer shell 

during the anodization; the volume shrinkage due to the dehydration of the titanium hydroxide 

outer shell leads to the formation of gaps between neighboring TiO2 nanotubes.6, 209 However, the 

mechanism for the formation of TiO2 nanotubes is still uncertain, which results in difficulty 

when designing TiO2 nanotube-related devices. 

In this study, the effect of OH– concentration in the electrolyte on anodic TiO2 

nanostructures is explored. A new pore separation mechanism based on the dehydration of 

titanium hydroxide is proposed to explain the evolution of anodic TiO2 nanostructures when OH– 

concentration is changed. The structural development of anodic TiO2 nanotubes after the 

anodization is examined in order to evaluate different formation mechanisms. Electrochemical 

impedance spectroscopy is used to monitor the structure of as-grown TiO2 nanotubes when 

submerged in electrolyte or dried in air. 

 

5.1.2. Experimental procedure 

High purity titanium foil (99.6+%, 0.2 mm thick, Goodfellow, Oakdale, PA) was sonicated 

in acetone, isopropanol, and methanol, and then electropolished in a freezing electrolyte (~1 ) 

composed of glacial acetic acid/perchloric acid (9/1 vol ratio) at 55 V with 800 rpm stirring 

speed for 2 min. The anodization was carried out in a two-electrode electrochemical cell in 

ethylene glycol electrolyte with 0.1 M NH4F and varying amounts of DI water or ammonium 

hydroxide with pH=11. The anodization in the electrolyte with 0.5 vol% DI water or ammonium 

hydroxide was carried out in a glovebox (OMNI-Lab system, Vacuum Atmospheres Company 

101965, Hawthorne, CA). The glovebox contained an atmosphere of purified N2, and the 

moisture and oxygen levels were maintained at less than 0.6 ppm. The anodization in the 

ethylene glycol electrolyte with 0.1 M NH4F and 10 vol% DI water was performed in ambient 

atmosphere at room temperature. The power supply for the anodization was Bertan 210-01R, and 

the applied potential during the anodization was controlled by LabView software.  

Electrochemical impedance spectroscopy (EIS) measurements were carried out using an 

electrochemical workstation (1480 multistat, Solartron Analytical) in 1 M KCl. EIS 

measurements of different TiO2 nanotubes (as-grown, submerged in the anodization electrolyte 

for different time, and dried in air for different time) were conducted in a frequency range of 100 

mHz to 100 kHz at a constant potential of 0.1 V and an AC voltage amplitude of 10 mV. The 
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structures of the anodized TiO2 nanotube arrays were characterized by scanning electron 

microscopy (SEM, Quanta 600 FEG, FEI Company, Hillsboro, OR). 

 

5.1.3. Results and discussion 

Figure 5-1 shows that the OH– concentration in the electrolyte plays a crucial role in whether 

self-ordered TiO2 nanotubes or nanopores are formed during the anodization. Anodization of 

titanium foil in anhydrous ethylene glycol electrolyte with 0.1 M NH4F and 0.5 vol% DI water 

leads to the formation of an anodic nanoporous TiO2 structure (as shown in Figures 1a and 1b). 

However, when the DI water is replaced by ammonium hydroxide with pH=11 while maintaining 

0.5 vol% concentration, nanotubular structures are produced instead of nanoporous structures, as 

shown in Figures 1c and 1d. The transition of TiO2 nanopores into nanotubes by increasing the 

OH– concentration in the electrolyte is difficult to understand based on the mechanisms that have 

previously been proposed for the formation of TiO2 nanotubes. The concentration of water in 

these two electrolytes is almost the same, while the main difference is the OH– concentration. If 

the formation of gaps between TiO2 nanotubes is ascribed to the dissolution of the fluoride-rich 

boundary by water, as proposed by Schmuki et al,92, 98 the dissolution rate of the boundary should 

not be different in those two electrolytes and both anodization processes should result in TiO2 

nanopores. The localized dielectric breakdown model suggests that the small localized dielectric 

breakdown in non-aqueous glycerol solution with very low water content should lead to the 

formation of anodic TiO2 nanopores instead of nanotubes.89 However, even if the OH– 

concentration is increased, as long as the water concentration remains very low, the localized 

dielectric breakdown should still be suppressed to a low degree such that only anodic TiO2 

nanopores form. The mechanism proposed by Grimes et al.67, 90 that anodization and further 

dissolution of protruded metallic Ti between nanopores also cannot explain why TiO2 nanopores 

are obtained in anhydrous ethylene glycol electrolyte with a low water content.   
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Figure 5-1. SEM images of anodic TiO2 nanostructures after 15 min anodization at 20 V in ethylene 

glycol electrolyte with 0.1 M NH4F and 0.5 vol% liquid: (a, b) DI water, and (c, d) ammonium hydroxide 

with pH=11. (a) and (c) are surface SEM images, (b) and (d) are cross section images. 

 

I propose that volume shrinkage during the dehydration of titanium hydroxide in the cell 

wall is the driving force for the separation of neighboring TiO2 nanotubes. During the 

anodization, the metallic Ti at the oxide/metal interface is anodized by both O2– and OH– ions, 

and the balance of the TiO2 dissolution and oxidation processes leads to the growth of 

nanoporous structures as shown in Figure 5-2a. The TiO2 barrier layer dissolves under the 

reaction: 

TiO2 +6F– + 4H+ TiF6
2– + 2H2O  (5-1) 

The cell wall and the bottom of the TiO2 nanopores are composed of a mixture of TiO2 and 

Ti(OH)4 based on the following reactions: 

H2O → H+ + OH–   (5-2) 
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OH- → H+ + O2–   (5-3) 

Ti + 4OH– → Ti(OH)4 + 4e– (5-4) 

Ti + O2–→ TiO2 + 2e–  (5-5) 

Fourier transform infrared (FTIR) spectroscopy of anodized TiO2 region shows a broad band 

between 3000 cm–1 and 3700 cm–1, which corresponds to structural OH–, while the FTIR 

spectroscopy of the region with un-anodized metallic Ti does not show any obvious peak 

between 3000 cm–1 and 3700 cm–1 (Figure 5-3). Therefore, FTIR spectroscopy demonstrates the 

existence of OH– in anodic TiO2 nanostructures. Subsequently, the titanium hydroxide can 

dehydrate into TiO2: 

Ti(OH)4 → TiO2 + 2H2O   (5-6) 

which leads to the volume shrinkage. At the cell boundary where two neighboring cell walls 

encounter each other, the volume shrinkage from the dehydration of titanium hydroxide leads to 

the separation of neighboring nanotubes, as shown in Figure 5-2b. At the oxide/metal interface, 

the dehydration of titanium hydroxide also results in the formation of gaps between the 

nanotubes and the metallic substrate, which might be the reason why anodic TiO2 nanotubes can 

easily be peeled off from the metallic Ti substrate by tape.  

 

Figure 5-2: Illustration of the nanotubular TiO2 formation process: (a) formation of TiO2/Ti(OH)4 cell 

walls; (b) dehydration of Ti(OH)4 in the cell walls creates gaps between neighboring nanotubes and gaps 

between the nanotubes and the metallic substrate. 
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Figure 5-3. FTIR spectroscopy of Ti sample in different regions: un-anodized metallic Ti region and 

anodic TiO2 nanotubular region. 

 

Low content of water in an electrolyte limits the amounts of OH– ions and O2– ions and leads 

to a slow formation rate of the TiO2/Ti(OH)4 cell wall, which makes Ti(OH)4 in the cell wall to 

dehydrate during the anodization. As a result, the volume shrinkage from the dehydration can be 

continually compensated by the volume expansion due to the anodization of Ti into TiO2 and 

Ti(OH)4. No gaps form between the neighboring cells, and anodic TiO2 nanopore structure is 

obtained. However, increasing the OH– concentration in the electrolyte by ammonium hydroxide 

accelerates the formation rate of Ti(OH)4 in the cell wall and enhances the rate of volume 

shrinkage during dehydration, which causes the transition of TiO2 nanopores into nanotubes.  

Based on the observation of double layer structure of TiO2 nanotube walls and the existence 

of OH– ions in anodic TiO2 nanotubes, Su and Zhou proposed that the TiO2 nanotubes have a 

titanium hydroxide outer shell, and the volume shrinkage of this outer shell leads to the 

generation of gaps.6, 209 However, they cannot explain why the titanium hydroxide layer can form 

at the nanotube outer wall. During the anodization, three anions migrate from the electrolyte to 

the oxide/metal interface: F–, O2–, and OH–. Due to the small size of F– compared to O2–, the 

migration rate of F– ions is almost twice that of O2– ions. This leads to the accumulation of 

fluoride at the boundary of the nanotubes. The outer shell of TiO2 nanotube walls should be a 

fluoride-rich layer, not a titanium hydroxide layer. Moreover, because of the smaller size and 

higher charge of O2– ions compared to OH– ions, O2– ions migrate faster than OH– ions. As a 

result, titanium hydroxide should distribute throughout the whole cell wall, instead of 

accumulating at the tube outer shell. Therefore, in our model, I propose that the cell wall of the 
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as-grown TiO2 nanostructure is composed of a mixture of titanium hydroxide and titanium oxide.  

The dehydration process of titanium hydroxide in the cell wall takes time to happen, thus 

examination of the structural evolution of anodic TiO2 nanostructures after the anodization is a 

good way to verify our Ti anodization model. Here, I introduce the EIS technique to in-situ 

monitor the structure evolution of the as-grown anodic TiO2 nanotubes after being submersed in 

the ethylene glycol electrolyte (with 10 vol% DI water and 0.1 M NH4F) or dried in air. The 

Nyquist plots of the EIS diagram in Figure 5-4 can be deconvoluted by complex non-linear 

fitting based on the equivalent circuit shown in the inset. RS is the serial ohmic resistance, which 

includes bulk material resistance and interfacial contact resistance. Parallel connection of Rb and 

Cb indicates the interface resistance and capacitance related to the space charge layer within the 

bulk TiO2, in which a constant phase element is used instead of the capacitance. The second loop 

consists of the interface resistance or charge transfer resistance Rct and double layer capacitance 

Qct, which indicates the process in the electrochemical double layer. W is Warburg impedance 

and is correlated with the ion transport process.210-211 From Figure 5-4, Rct decreases from 1200 

Ω∙cm2 to 225 Ω∙cm2 after immersion in the electrolyte for 30 min. Once the TiO2 nanotubes are 

dried in air, Rct becomes 69 Ω∙cm2 within 1 min. Further drying does not appear to be helpful 

because Rct is 46 Ω∙cm2 even after drying for 1 h.    

 
Figure 5-4. Nyquist plots of different TiO2 nanotubes: as-grown, submersed in anodization electrolyte for 

different time, and dried in air for different time. The inset shows the equivalent circuit for the EIS 

diagram. 
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Physically, the formation of gaps and the separation of neighboring TiO2 nanotubes may 

increase the electrochemical interface and relies on both the inner and outer surfaces of TiO2 

nanotubes for charge transfer, which causes the decrease of Rct in EIS. When submersion in the 

ethylene glycol electrolyte with 10 vol% DI water and 0.1 M NH4F, the titanium hydroxide in the 

cell wall of nanoporous TiO2 is slowly dehydrated to form the gap between TiO2 nanotubes. 

When drying the as-grown anodic TiO2 nanotubes in air, the titanium hydroxide can be rapidly 

dehydrated. Therefore, drying the as-grown anodic TiO2 nanotubes in air for 30 s has a similar 

EIS result as the TiO2 nanotubes submersed in electrolyte for 30 min. Moreover, the similar EIS 

features between the samples dried in air for 1 min and dried in air for 1 hour indicate the time 

scale for dehydration of titanium hydroxide is around 1 minute. As a result, when the as-grown 

anodic TiO2 sample is transferred into the SEM chamber for characterization, the dehydration of 

titanium hydroxide has already occurred, which explains why the evolution of anodic TiO2 

nanotubes after anodization has seldom been detected before.   

Moreover, the evolution of the EIS diagrams of the as-grown TiO2 nanotubes by submersing 

them in an electrolyte or drying them in air challenges the validity of other formation 

mechanisms of TiO2 nanotubes. Based on the localized dielectric breakdown model, as long as 

the anodization ceases, the localized dielectric breakdown should be suspended. As a result, there 

should be no variation in structure between the anodic TiO2 nanotubes during the submersion in 

the electrolyte and drying in air. If the formation of the gaps between the TiO2 nanotubes is 

ascribed to field assisted oxidation and dissolution of inter-tube metallic part as proposed by 

Grimes et al.,67, 90 there should be no change in anodic TiO2 nanotubes after the applied potential 

is turned off. The fluoride-rich wall splitting mechanism seems to be able to explain the changes 

observed in the EIS of TiO2 nanotubes when being submerged in the electrolyte, because the 

fluoride-rich wall undergoes dissolution in the electrolyte. However, no dissolution can take 

place during drying, thus it is hard to understand why the EIS diagram of the TiO2 nanotubes 

changes when being dried in air based on the fluoride-rich wall splitting mechanism. 

Interestingly, if there are gaps present between the neighboring nanotubes during the 

anodization, the electrolyte can directly contact the metallic substrate at the gap locations, which 

results in a larger electrical field at the gap locations than that in the bottom regions, leading to 

preferential anodization and growth of nanotubes at the gap locations. However, during the 

anodization the nanotubes always keep growing in the bottom regions of the tubes. This question 
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has never been addressed before by other anodization mechanisms. According to our titanium 

hydroxide dehydration mechanism, at the cell boundary of anodic TiO2 nanostructures the two 

neighboring cell walls just encounter each other, as shown in Figure 5-2a, so the electrical 

resistance is very large, which greatly reduces the electrical field at cell boundaries. Therefore, 

the electrical field at the cell bottom is larger than that at the cell boundary, which leads to the 

continuous growth of TiO2 nanostructures in the bottom regions. The gaps between the 

neighboring nanotubes are formed after the oxidation of metallic Ti due to the dehydration of the 

titanium hydroxide cell wall. 

The existence of gaps between the anodic TiO2 nanotubes and the metallic substrate after 

anodization is also examined in this study. After the anodization at 85 V in ethylene glycol with 

0.1 M NH4F and 10 vol% water for 8 min and drying the as-grown TiO2 nanotubes in air for 1 h, 

second-step anodization is carried out at 42.5 V for 3 h.  As shown in Figures 5a-5c, the second-

layer nanotubes all develop from the footprint of the first-layer nanotubes, and the first-layer 

nanotubes have closed tube bottoms. This indicates that during drying in air the dehydration of 

the Ti(OH)4 cell wall leads to the formation of gaps between the TiO2 nanotubes and the metallic 

substrate. Therefore, during the second-step anodization, the electrolyte can pass through the 

gaps and directly contact the metallic substrate underneath the first-layer TiO2 nanotubes. As a 

result, the second-layer nanotubes preferentially develop in the footprint of the first-layer TiO2 

nanotubes, as illustrated in Figure 5-5d. However, if the second-step anodization at a low applied 

voltage is carried out directly without drying in air, the second-layer nanotubes all develop at the 

junctions of neighboring first-layer nanotubes, not in the footprints of the first-layer nanotubes 

(Figures 5-5e and 5-5f). The backside SEM image in Figure 5-5g clearly demonstrates the newly 

formed second-layer nanotubes originiating from the junction locations of the first-layer TiO2 

nanotubes.  In this case, the continual anodization prohibits the formation of gaps between the 

TiO2 nanotubes and the metallic substrate, and the barrier layer is thinner at the junctions of 

neighboring first-layer nanotubes than that at the tube bottom, which will be discussed in next 

paragraph. As a result, during the second-step anodization at low applied voltage, the O2– and 

OH– ions can only migrate across the junctions of neighboring nanotubes, and the second-layer 

nanotubes grow at junction locations.  
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Figure 5-5. TiO2 nanotubes obtained by anodization at 85 V for 8 min followed by drying in air for 1 h 

and then anodizing at 42.5 V for 3 h: (a) cross section image, (b) surface image, and (c) backside image of 

the double-layer TiO2 nanotubes, (d) illustration of the double-layer TiO2 nanotubes. (e) cross section 

image and (f) backside image of the TiO2 nanotubes obtained by continual anodization at 85 V for 8 min 

and then at 42.5 V for 3 h; (g) backside image when the second-layer nanotubes initially develop;  and (h) 

illustration of TiO2 nanotubes in (e and f). In (d) and (h) the cyan color represents the first-layer TiO2 

nanotubes, and the green color represents the second-layer TiO2 nanotubes. 

 

5.1.4. Summary 

A new TiO2 nanotube formation mechanism based on volume shrinkage during the 

dehydration of titanium hydroxide cell wall is proposed. Increasing OH– concentration in the 

electrolyte leads to the transformation of nanoporous to nanotubular TiO2 structure. Consistent 

with the model of dehydration of the titanium hydroxide cell wall, the as-grown TiO2 nanotubes 

show structural evolution during submersing in an electrolyte or drying in air after the 

anodization, which is demonstrated by EIS measurement for the first time. The additional drying 

process between high potential anodization and low potential anodization demonstrates the 

existence of gaps between the anodic TiO2 nanotubes and the metallic substrate. 
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5.2. TiO2 nanotube arrays created by FIB pattern guided anodization 

5.2.1. Introduction 

Electrochemical anodization of titanium substrate is the most common method to generate 

TiO2 nanotubes. So far, anodic TiO2 nanotubes have been obtained from four different types of 

electrolytes: HF-based electrolyte,67, 69 aqueous weak acids with buffered electrolytes (such as 

KF, NH4F, or NaF),70-72 polar organic solvents and fluoride electrolytes (such as ethylene 

glycol/NH4F, dimethyl sulfoxide/HF),76-77 and non-fluoride based electrolytes (such as HCl, 

HCl/H2O2).82-83 Traditional one-step anodization can only create disordered TiO2 nanotube 

arrays. Two-step anodization,100-102 using better arranged concaves after the first-step anodization 

as guiding seeds, has been explored to achieve ordered TiO2 nanotubes. Similar to anodic 

alumina nanopores, it is difficult to rely on two-step anodization to attain hexagonal close 

packing for TiO2 nanotubes. Even in the best case scenario, the arrangement is only limited to 

hexagonal patterns, other important nanotube arrangement cannot be obtained. 

FIB lithography and nanoimprint lithography are two widely used patterning techniques to 

fabricate highly ordered porous anodic alumina with both hexagonal and square arrangements.23-

32 Moreover, alumina nanopore arrays with variable pore densities,212-213 such as Moiré patterns, 

have also been realized by FIB pattern guided anodization. It is of great interest if similar guided 

anodization strategies can be applied to titanium anodization. However, titanium has very high 

Young’s modulus (116 GPa) and no study has been reported in generating ordered nanotube 

arrays through patterning methods.  

In this study, FIB patterning is used to guide the anodization of TiO2 nanotubes. Highly 

ordered TiO2 nanotubes in hexagonal arrangement are achieved. TiO2 nanotubes in square and 

triangular shapes and arrangements are also made possible with the FIB guided anodization of 

square and graphite lattice concave arrays, respectively. Asymmetrical TiO2 nanotube arrays in a 

sunflower pattern are realized by the FIB guided anodization.  

 

5.2.2. Experimental procedure 

Titanium substrate (99.6+%, 0.2 mm thick, Goodfellow, Oakdale, PA) was first washed by 

acetone, isopropanol, and methanol in ultrasound for 10 min each, and then electropolished in 

freezing electrolyte (~1 ) of glacial acetic acid/perchloric acid (9/1 vol %) at 55 V with 800 rpm 
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stirring speed for 2 min. The guiding patterns for the anodization were created on the 

electropolished titanium surface by a FIB microscope (FEI Helios 600 NanoLab). The patterning 

ion beam current was 28 pA under 30 kV acceleration potential, and the ion exposure time at 

each patterned concave was 90 ms. The anodization was carried out in a two-electrode 

electrochemical cell in an electrolyte mixture of 0.1 M NH4F and 10 vol % H2O in ethylene 

glycol at room temperature with 2.7 mA constant current for 5 min. The voltage stabled at 88 V 

within 30 s. In order to separate the TiO2 nanotube layer from the metallic Ti substrate for 

backside examination, the anodic TiO2 foil was ultrasonically agitated in DI water/ethanol (1/9 

vol %) for 1 min, then immersed in 0.1 M HCl for 1 h. After rinsing with DI water and drying in 

nitrogen stream, the anodic nanotube layer was easily peeled off from the substrate by a tape. For 

morphological characterization of the samples, scanning electron microscope (Quanta 600 FEG, 

FEI) and atomic force microscope (Digital Instruments MultiMode SPM, Veeco Instruments 

Inc.) were used. 

 

5.2.3. Results and discussion 

5.2.3.1 Highly ordered TiO2 nanotubes 

For FIB patterning, ordered concave patterns with uniform diameter in hexagonal 

arrangement is created on the eletropolished titanium surface as shown in Figure 5-6a. The 

diameter of the concaves is 50 nm, and the depth of the concaves is 40 nm. The interpore 

distance is 250 nm. After the anodization, highly ordered TiO2 nanotube arrays with hexagonal 

arrangement are obtained (Figure 5-6b). There is a layer of TiO2 nanopores on the top surface, 

and all the nanopores grow at the sites of the FIB patterned concaves. The diameter of the 

nanopores is uniform, around 60 nm, and hexagonal pore outer walls are also seen on the 

surface. The tilted view of the backside of the TiO2 nanotube array (insert of Figure 5-6b) 

indicates that all the nanopores have developed into nanotubes with the hexagonal arrangement 

unchanged, and the free-standing nanotube arrays have hexagonal tube outer shape with 250 nm 

uniform intertube distance. Therefore, with the guidance of FIB patterned concaves on the 

eletropolished titanium surface, highly ordered TiO2 nanotube arrays with corresponding 

hexagonal arrangement are successfully fabricated. 
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Figure 5-6. (a) SEM image of FIB guiding pattern in hexagonal arrangement with 250 nm interpore 

distance. The insert 1 is AFM image of (a), and insert 2 is the surface topology along the line in insert 1. 

(b) Anodic TiO2 nanotube array after the FIB guided anodization, and the insert is the tilted view of the 

TiO2 nanotube backside. The scale bars in all the inserts are 1 . 

  

The FIB guidance capability for anodic TiO2 nanotubes is also explored for square 

arrangement. An ordered concave guiding pattern, with square arrangement and 250 nm 

interpore distance, is created on the titanium surface by FIB (Figure 5-7a). During the 

anodization, the concaves serve as the seeds to grow ordered TiO2 nanotubes with the same 

square arrangement (Figure 5-7b). The surface and backside SEM images show that the 

nanotubes have square outer walls with 250 nm edge length. There is a thin layer of nanopores 

on the top of TiO2 nanotube arrays, and all the nanotubes develop from the nanopores. The cross 

section illustrates the effective guidance of the FIB patterned concaves and the vertical growth of 

the nanotubes. With the FIB guidance, TiO2 nanotube arrays with the arrangement fundamentally 

different from self-organized hexagonal pattern are attained.  
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Figure 5-7. (a) SEM image of FIB guiding pattern in square arrangement with 250 nm interpore distance. 

(b) Anodic TiO2 nanotube array after the FIB guided anodization. The insert 1 and insert 2 in (b) are the 

backside and cross section views of the TiO2 nanotube arrays, respectively. All scale bars in the inserts are 

500 nm. 

 

Besides hexagonal and square outer tube shapes and arrangements, the fabrication of 

triangular TiO2 nanotube shape is also studied here. The FIB patterned concaves with graphite 

lattice arrangement and 225 nm interpore distance are used to guide the anodization development 

(Figure 5-8a). After the anodization, all the TiO2 nanotubes grow at the FIB patterned locations 

(Figure 5-8b). The backside and cross section views of the TiO2 nanotube arrays demonstrate 

that no tubes form at the centers of the graphite lattice structure. The growth of each nanotube is 

confined by the three neighboring nanotubes, thus the nanotube outer wall can only expand to the 

three neighboring centers of the graphite lattice structure (as shown in the insert of Figure 5-8a). 

As a result, anodized TiO2 nanotube array with triangular outer wall shapes in graphite lattice 

arrangement is obtained. 
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Figure 5-8. (a) SEM image of FIB guiding pattern in graphite lattice arrangement with 225 nm interpore 

distance. The insert in (a) is the schematic drawing of development of triangular nanotubes from graphite 

lattice structure. (b) Anodic TiO2 nanotube array after the FIB guided anodization. The insert 1 and insert 

2 in (b) are the backside and cross section views of the TiO2 nanotube arrays, respectively. All scale bars 

in the inserts are 500 nm. 

 

The mechanism of FIB pattern guided Ti anodization can be understood as follows. During 

the anodization, the local electrical field at the FIB patterned concave bottoms is large. The 

titanium oxidation and TiO2 dissolution rate are accelerated at these FIB patterned locations. 

Moreover, Ga+ implantation and titanium amorphization during the FIB bombardment also 

facilitate the development of the nanopores at the FIB patterned concaves. As a result, those 

concaves serve as seeds for the growth of the TiO2 nanopores. Self-organized titanium 

anodization only forms hexagonal nanotube arrangement in order to minimize the volume 

expansion stress. For the FIB guided anodization, the intertube distance can be accurately varied 

and the tube arrangement can be designed into different patterns.  

 

5.2.3.2 Effect of FIB pre-pattern interval distance  

FIB patterned concave arrays in hexagonal arrangement with five different interpore 

distances (dinter) are used to guide the anodization: 150 nm, 200 nm, 300 nm, 400 nm, and 500 

nm. Figure 5-9a shows a typical FIB patterned hexagonal array on the Ti foil with 300 nm 

interpore distance. The diameters are 50 nm and the depths are 40 nm for all the FIB patterned 

concaves (Figure 5-9a insert). The periodicity of the pores is excellent. Figures 5-9b-f 

demonstrate the anodic TiO2 nanotube arrays under the guidance of the hexagonal FIB patterns 
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with different dinter. After the anodization, a thin layer of ordered nanopore arrays develop at the 

FIB patterned positions. The backside and cross section views of the anodic TiO2 in the inserts of 

Figure 5-9 show that the nanopores grow into separated TiO2 nanotubes. The depths of the TiO2 

nanotube arrays are ~1.3 . 

When dinter of the FIB guiding pattern is 150 nm, all the TiO2 nanotubes grow at the FIB 

patterned concaves, thus the anodized TiO2 surface has ordered nanotube arrays (Figure 5-9b). 

However, with further growth, some nanotubes have enlarged outer diameters while some 

nanotubes terminate as shown in the middle point of the cross section (insert 2 of Figure 5-9b). 

As a result, the anodized TiO2 arrays have disordered arrangement at the tube bottoms with outer 

sizes ranging from 200-300 nm (insert 1 of Figure 5-9b). The tube outer wall shape is irregular 

polygon. 

When dinter is 200 nm, the bottom view shows that all the tubes maintain the hexagonal 

arrangement with slight outer size variation (Figure 5-9c). The tube outer wall shows hexagonal 

shape and the sizes are 180-220 nm. When dinter is further increased to 300 nm and 400 nm, both 

the anodized surfaces and the tube bottoms show highly ordered TiO2 nanotube arrays with 

uniform sizes and ordered hexagonal arrangement (Figure 5-9d and e). The tube outer wall 

shows ideally hexagonal shape. The top surface SEM images in Figure 5-9d and e also show 

hexagonal outer wall boundaries of the nanotubes. The tube bottom images in the inserts of 

Figure 5-9d and e show the outer sizes are around 300 nm and 400 nm, respectively, which are 

the same as the dinter of the FIB guiding patterns. The freestanding nanotubes are closely bound 

together, and the spaces between the tubes are very small. This demonstrates the exceptional 

capability of FIB patterning in guiding ordered TiO2 nanotube growth. When dinter = 400 nm, 

some new concaves form at the tri-junctions of the FIB guided nanotubes on the top surface 

(Figure 5-9e). However, these concaves terminate at the very surface and do not develop into 

new tubes. This is because the outer walls of the neighboring FIB guided nanotubes are close to 

each other, and there is no extra space left to develop new tubes.  

When dinter is increased to 500 nm, anodic TiO2 nanotubes develop not only at the FIB 

patterned sites but also at the tri-junctions of the FIB patterned concaves (Figure 5-9f). The 

newly formed tubes distribute randomly at the tri-junctions. The large dinter allows the FIB guided 

TiO2 nanotubes to fully expand the outer walls into circular shapes on the top surface. The 

nanotube bottoms in the insert of Figure 5-9f indicate that the shapes of these newly developed 



110 
 

tube walls are triangular, and the sizes are smaller than that of the FIB guided tubes. Moreover, 

due to the growth of these new tubes, the outer wall shapes of the FIB guided tubes also change 

into rhombus or pentagon, and the sizes of the FIB guided tubes decrease from 440 nm to 350 

nm. 
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Figure 5-9. (a) FIB guiding pattern in hexagonal arrangement with 300 nm interpore distance. The insert 

1 is the AFM image of (a), and the insert 2 is the surface topology along the line in insert 1. Anodized 

TiO2 nanotube arrays under the guidance of hexagonal FIB pattern with different dinter: (b) 150 nm, (c) 

200 nm, (d) 300 nm, (e) 400 nm, and (f) 500 nm. The first inserts in b-f are the backside view of the 

anodic TiO2 nanotube arrays. The insert 2 in (b) and (d) is the cross section of the anodized TiO2 

nanotubes. The scale bars in all the inserts are 500 nm. 

 

Even though the FIB patterned concaves can effectively guide the growth of the TiO2 

nanotubes in the beginning of the anodization, whether the highly ordered hexagonal nanotube 

arrays can maintain the arrangement in the depth direction is related to the applied potential. In 

general, the outer diameter of self-organized TiO2 nanotubes can be described by D=2fgrowthU,87-

88 where fgrowth is the growth factor for anodic oxides, 2.5 nm V-1 for TiO2, and U is the applied 

potential. This is the case when the TiO2 tubes are apart from each other, the growth of TiO2 

tubes does not influence the neighboring tubes, and the shape of the tubes is circular. For the 

anodization condition here, the applied potential is 88 V, thus 

. 

When the dinter of the FIB guiding pattern is 150 nm, much smaller than D of 440 nm, there 

is strong competition between the closely arranged nanotubes for outer wall growth, and the 

large volume expansion stress (volume expansion from Ti to TiO2 is the Pilling Bedworth ratio 

of 1.95)86, 214 enlarges the diameter of some tubes through terminating the neighboring tubes. As 

a result, the hexagonal nanotube arrangement cannot be maintained and changes into disordered 

tube arrays. When dinter is increased to 200 nm, the competition of the volume expansion of the 

TiO2 tubes decreases but still influences the pattern development. The hexagonal arrangement is 

maintained but with slight difference in tube outer sizes. When dinter is further increased to 300 

nm and 400 nm, the volume expansion stress between neighboring TiO2 tubes is small. 

Consequently, the anodized TiO2 nanotube arrays maintain the highly ordered hexagonal 

arrangement. Due to the confinement of the neighboring tubes, a tube stops expanding its outer 

diameter once meeting the neighboring tube walls, and the outer wall shape is hexagonal. In the 

case of dinter =500 nm (>D of 440 nm), even when the tubes fully expand into circular shapes, 

there is still enough space ( ) left at the tri-junctions of the FIB 

patterned concaves to develop new tubes. Furthermore, the development of the new tubes 
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changes the nanotube arrangement and dinter at the tube bottoms, which confines the diameter of 

the FIB guided tubes. 

 The interval distance of the FIB pre-patterned concaves also influences the anodic TiO2 

nanotube arrays with square arrangement. At the beginning of the anodization, ordered nanotubes 

with square arrangement form due to the square FIB pattern guidance. However, further 

development of the anodized tubes is related to the interpore distance. When dinter (150 nm) < D 

(440 nm), the tubes are close to each other, the large volume expansion stress from the 

neighboring tubes makes some tubes terminate and some tubes expand, thus the square 

arrangement changes into disordered arrangement with tube outer sizes ranging 180-280 nm. 

When dinter is 200 nm, the volume expansion stress from the neighboring tubes is reduced, and 

the square arrangement remains unchanged. However, the tube sizes are still not uniform because 

of the competition of the volume expansion from neighboring tubes (Figure 5-10c). When dinter is 

further increased to 300 nm and 400 nm, as discussed above, the volume expansion stress 

between neighboring tubes is small. The tubes expand equally and thus highly ordered TiO2 

nanotube arrays with square arrangement and square outer wall shape are obtained as shown in 

Figure 5-10d and e. At 400 nm intertube distance, some shallow pores form at the quadral-

junctions of the patterned concaves. However, these new pores terminate and do not develop into 

new tubes (Figure 5-10e). When dinter (500 nm) > D (440 nm), the TiO2 nanotubes expand into 

more circular shapes on the top surface, the un-anodized region at the quadral-junctions is 

approximately  in size. New tubes form at the quadral-junctions with 

diameters smaller than the FIB guided tubes (210 nm vs. 340 nm). Also, the guided nanotubes 

evolve into more circular shapes while the new tubes have almost ideal rhombus shapes. As a 

result, TiO2 nanotube arrays with square arrangement and alternating sizes are fabricated (Figure 

5-10f).  
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Figure 5-10. (a) FIB guiding pattern in square arrangement with 300 nm interpore distance. Anodic TiO2 

nanotube arrays with different intertube distance: (b) 150 nm, (c) 200 nm, (d) 300 nm, (e) 350 nm, and (f) 

400 nm. The first inserts in all the images are the backside view of the anodic TiO2 nanotube arrays. The 

insert 2 in (d) is the cross section of the tubes. The scale bars in all the inserts are 500 nm. 
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5.2.3.3 TiO2 nanotube arrays with more sophisticated arrangements 

In this study, not only the guidance of symmetrical FIB patterns (such as hexagonal and 

square structures) on anodic TiO2 nanotube formation is examined, but also the guidance of 

asymmetrical FIB patterns is explored.  

Figure 5-11a shows FIB patterned concave arrays with oblique hexagonal arrangement. 

There are three different interpore distances for the neighboring concaves: 200 nm, 250 nm, and 

300 nm as shown in the insert of Figure 5-11a. All the interpore distances are smaller than that of 

the free expanding TiO2 nanotubes (440 nm). The diameters of all the FIB patterned concaves are 

50 nm, and the corresponding depths are 40 nm. After the anodization, ordered nanopore arrays 

are developed on the top surface, and the arrangement stays unchanged (Figure 5-11b). The 

backside view of the anodic TiO2 in the insert of Figure 5-11b shows that the freestanding TiO2 

nanotubes are closely bound with each other. The shape of the tube bottoms is parallelogram, and 

the arrangement of the tube array remains oblique hexagonal. The center distances of the three 

neighboring tube bottoms remain at 200 nm, 250 nm, and 300 nm, respectively. However, if the 

three interpore distances of the oblique hexagon are decreased to 150 nm, 200 nm, and 250 nm, 

respectively, the anodized TiO2 nanotube array cannot maintain the oblique hexagonal 

arrangement but changes into disordered distribution. As discussed above for the hexagonal 

patterns, the intertube distance from 200 nm to 400 nm is suitable for maintaining regular 

arrangements during the anodization; for the square patterns, the intertube distance from 200 to 

350 nm can be maintained the square arrangements. Figure 5-11 shows that even for 

asymmetrical nanopore arrangement, nanotube arrays with intertube distance ranging from 200 

nm to 300 nm can be formed under the guidance of the FIB patterned concaves. 
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Figure 5-11. (a) FIB guiding pattern with asymmetrical arrangement and three different interpore 

distances: 200 nm, 250 nm, and 300 nm. The insert in (a) is the schematic of different interpore distances. 

(b) Anodic TiO2 nanotube arrays after the anodization. The insert in (b) is the backside view of the anodic 

TiO2 nanotube arrays, and the scale bar is 500 nm. 

 

Figure 5-12b shows the FIB guiding concave pattern, and Figure 5-12c shows the 

corresponding anodized TiO2 nanotube arrays with a sunflower pattern. Even though the TiO2 

nanotube arrays have asymmetrical nanotube arrangement, the backside view of the tube bottoms 

indicates that the FIB concave pattern can still effectively guide the growth of TiO2 nanotubes. In 

this case, the intertube distances of the TiO2 nanotube sunflower pattern range from 200 to 260 

nm. Similar to a sunflower (Figure 5-12a), the TiO2 nanotube sunflower is made up of nanotubes 

that are located at the pattern center, along with the nanotubes distributed outward in an optimal 

filling of the space. Each TiO2 nanotube settles into a position that has a certain rotation angle 

relative to the previous nanotube. The pattern can be mathematically described with polar 

coordinates: 215 

         (5-7) 

where r is the distance from the center of the sunflower to each nanotube, d is the distance of the 

nearest nanotube to the center nanotube (180 nm),  k is the seed number,  is the rotation angle 

of each nanotube, and  is 0.618 (decimal fraction of golden ratio) of a complete turn (222.5 ). 

Two sets of spirals can be identified for the TiO2 nanotube sunflower, one curving 

counterclockwise and the other clockwise. In Figure 5-12c, the TiO2 nanotube arrays can be 

either grouped into 55 counterclockwise spirals (insert 1 of Figure 5-12d) or 34 clockwise spirals 

(insert 2 of Figure 5-12d), which are two nearby Fibonacci numbers (the numbers in the 

sequence: an=an-1+ an-2, such as 0, 1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, 144, …). The fabrication of 

the TiO2 nanotube sunflower pattern demonstrates the significant potential of FIB guided 

anodization to design nano-devices in the future. 
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Figure 5-12. (a) Photograph of a sunflower head in nature, (b) SEM image of the FIB guiding pattern, (c) 

TiO2 nanotube arrays after the FIB guided anodization, (d) The backside view of the anodic TiO2 

nanotube arrays. The insert 1 and insert 2 in (d) are the schematic of counterclockwise spirals and 

clockwise spirals in the TiO2 nanotube sunflower, respectively. The circle with dashed line in (d) is 

schematic of the location of FIB guided TiO2 nanotubes. 

 
Another sophisticated pattern studied here is hexagonal arrangement with alternating-sized 

FIB concaves. The diameter of the small concaves is 50 nm, and the diameter of the large 

concaves is 100 nm (Figure 5-13a). The interpore distance is 250 nm. After the anodization, the 

top surface SEM image (Figure 5-13b) shows the anodic TiO2 nanotubes have almost the same 

inner diameter at ~65 nm, with the larger tubes showing a crater around the tubes. The backside 

view of the TiO2 nanotube arrays indicates that the tubes developed from the large FIB concaves 

have larger outer dimension (330 nm) and hexagonal shape; while the small tubes developed 

from the small FIB concaves have elongated hexagonal shape with the long axis at 265 nm and 
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the short axis at 170 nm. The larger size and more regular hexagonal shape of the larger tubes are 

believed to result from the larger diameter, more Ga+ implantation, and titanium amorphization 

of the larger FIB concaves, which makes the corresponding nanotubes grow faster and 

experience less constraint from the neighboring tube volume expansion, and thus have thicker 

oxide walls. The small concaves have four small concaves and two large concaves as neighbors 

to start with. The oxide layer growth in the direction connecting the large tubes is restricted, thus 

the oxide layer is thinner than that in the direction perpendicular to the connecting line of the 

large tubes. As a result, the small concaves grow into small tubes with elongated hexagonal 

shapes. 

 

Figure 5-13. (a) FIB guiding pattern in hexagonal arrangement with alternating concave diameters, the 

interpore distance is 250 nm, and the diameters are 50 nm and 100 nm, respectively. (b) Anodic TiO2 

nanotube arrays after the anodization. The insert in (b) is the backside view of the anodic TiO2 nanotube 

arrays, and the scale bar is 500 nm. 

 

5.2.3.4 Self-compensating effect 

The self-compensating effect of anodic TiO2 nanotubes is another interesting finding for FIB 

guided anodization. A concave array with graphite lattice arrangement is created by the FIB 

patterning (Figure 5-14a). The interpore distance for neighboring concaves is 250 nm, with 50 

nm concave diameter and 40 nm depth. After the anodization, the TiO2 nanotubes not only grow 

at the FIB patterned concaves, but also at the centers of the graphite lattice structure due to the 

self-compensating effect. As a result, hexagonal arrangement of TiO2 nanotubes with alternating 

sizes is obtained even though the FIB guiding concaves are purposely designed with missing 

sites in the hexagonal pattern center (Figure 5-14b). The cross section shows the development 
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and vertical growth of the patterned and new tubes with alternating tube outer wall sizes (insert 2 

in Figure 5b). The fundamental reason can still be traced back to the constraining effect of the 

oxide layers. For the current pattern design, the distance from each concave to the center of the 

graphite lattice structure is 250 nm, which is larger than D/2=fgrowthU=220 nm. After the oxide 

layer fully expands in the direction of graphite lattice structure center, there is still enough space 

left for new tubes to develop at the centers of graphite lattice structure. However, other locations 

are effectively prevented from the anodization by the oxide layers. Moreover, due to the 

confinement of the FIB guided nanotubes, the size of the newly formed nanotubes is smaller than 

that of FIB guided nanotubes, while the hexagonal shape is maintained for both tube sizes. The 

self-compensation phenomenon, which tolerates the existence of missing concaves for the FIB 

patterning, is an important advancement in fabricating highly ordered and alternating-sized 

hexagonal TiO2 nanotubes.  

 
Figure 5-14. (a) FIB guiding pattern in graphite lattice arrangement with 250 nm interpore distance. (b) 

SEM image of TiO2 nanotube arrays after the anodization. The insert 1 and insert 2 are the backside view 

and cross section of the TiO2 nanotube arrays, respectively. The scale bars in all inserts are 500 nm. 

 

5.2.4. Summary 

Highly ordered hexagonal anodic TiO2 nanotube arrays have been successfully obtained by 

the guidance of FIB patterned concaves. More importantly, under the FIB guided anodization, 

square nanotubes with square arrangement and triangular nanotubes with graphite lattice 

arrangement have also been obtained. The intertube distance for ordered hexagonal arrangement 

ranges from 200 nm to 400 nm, while for square arrangement it ranges from 200 nm to 350 nm. 
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When the intertube distance is below the guiding range, the anodized tubes initially grow at the 

locations of the FIB patterned concaves, however, some tubes terminate while other tubes grow 

larger, and the arrangement changes into disordered when the anodization continues. When the 

intertube distance is increased above the guiding range, new tubes develop at the junctions of the 

FIB patterned concaves. More sophisticated TiO2 nanotube arrays, such as oblique, alternating-

sized hexagonal patterns, and sunflower structure, have been successfully created by the FIB 

guided anodization. Missing sites from the graphite lattice structure guiding pattern can be self-

compensated during the anodization to form ordered hexagonal TiO2 nanotube arrays with 

alternating-sized diameters. FIB patterning is proved to be an effective method to fabricate 

highly ordered and novel TiO2 nanotube arrays. 
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5.3. Fabricated different TiO2 nanotube structures 

5.3.1. Introduction 

Two-step anodization method has been used to achieve highly ordered TiO2 nanotubes.100-102, 

105 After peeling off the TiO2 nanotubes generated in the first-step anodization, the well-ordered 

footprints of the initial nanotubes serve as the seeds to guide the growth of ordered TiO2 

nanotubes during the second-step anodization. A modified two-step anodization has also been 

exploited to obtain more complicated structures. When the applied voltage in the second-step 

anodization was lower than that in the first-step anodization, lotus-root-shaped nanotubes with 

several smaller nanotubes contained in each footprint were obtained.95, 102 

Different types of multi-branched anodic aluminum oxide nanopores have been fabricated by 

adjusting the anodization voltage.40-43 For anodic TiO2 nanotubes, double-layer nanotube arrays 

with branched nanotubes growing underneath the truck nanotubes are obtained by anodization at 

the same applied voltage but in different electrolytes. For example, one double-layer array was 

created by first anodization in a HF aqueous electrolyte, followed by anodization in a 

glycerol/NH4F mixture.105 However, the diameters of the branched nanotubes and the number of 

branches were hard to control. Alternating voltages in the same anodization electrolyte, with a 

sequence of high voltage (120 V for 1 min) and low voltage (40 V for 5 min), led to alternating 

growth of tubes and the formation of a compact layer.103-104 As a result, TiO2 nanotubes with 

bamboo-like features were achieved. When the anodization voltage was reduced from 120 V to 

40 V and maintained at 40 V for a long period of time, the large truck nanotubes diverged into 

several small branched nanotubes.103 However, the fabrication of hierarchically branched TiO2 

nanotubes with controlled branch numbers, nanotube diameters, and multiple layers have not 

been achieved. And the mechanism for the formation of bamboo-type TiO2 nanotubes is 

unknown. 

In this paper, a modified two-step anodization method is used to fabricate hierarchically 

TiO2 nanotubes. The approach utilizes the well-ordered footprints of the nanotubes from the first-

step anodization to create ordered truck TiO2 nanotube arrays. During the second-step 

anodization, the applied voltage is systemically reduced by a factor of 1/  to generate n-

branched TiO2 nanotubes. This method demonstrates to be a generic method to fabricate multiple 

layers of hierarchically branched nanotubes by varying the applied voltage in multiple steps with 

n
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different 1/  factors. The combination of reducing and increasing anodization voltages in 

sequence is further explored to fabricate sophisticated TiO2 nanotube structures. The mechanism 

for fabrication of bamboo-type TiO2 nanotubes is also explored. 

 

5.3.2. Experimental procedure 

TiO2 nanotube arrays were prepared by using a modified two-step anodization process. The 

anodization was carried out in a two-electrode electrochemical cell in ethylene glycol electrolyte 

containing 0.1 M NH4F and 10 vol % DI water at room temperature. The first-step anodization 

was performed under either 85 V or 42.5 V applied voltage for 1 h; then, the formed anodic TiO2 

nanotube arrays were peeled off by a tape. The second-step anodization was performed under the 

same conditions as the first-step to form the truck nanotubes, and then the anodization voltage 

was decreased by a factor of 1/ n  or increased by a factor of n to fabricate hierarchical TiO2 

nanotube arrays. For the bamboo-type TiO2 nanotubes, the anodization was carried out at cycling 

the applied potential between 85 V for 3 min and 42.5 V for 20 min.  

 

5.3.3. Results and discussion 

5.3.3.1 n-branched nanotubes 

Figure 5-15a shows the voltage-time and current-time curves during the anodization in 

ethylene glycol electrolyte containing 0.1 M NH4F and 10 vol% DI water at room temperature. 

The applied voltage is first maintained at 85 V for 8 min, and the current density decreases from 

14 mA/cm2 to 6 mA/cm2 in 50 s due to the formation of a TiO2 barrier layer at the concave 

bottom. The increase in current density from 6 mA/cm2 to 9 mA/cm2 in the next 1 min indicates 

the development of TiO2 nanotubes. Then, the applied voltage is slowly reduced by a factor of 1/

3  from 84 V to 49 V with a decreasing rate of 15 V/min. At the same time, the current density 

also decreases to 0.2 mA/cm2. Finally, the applied voltage is maintained at 49 V for 1 h; the 

current density first increases to 2 mA/cm2 in 4 min and then is maintained at 2 mA/cm2.   

Figures 5-15b and c show that the anodized TiO2 nanotubes have branched structures. The 

surface structures of the large truck TiO2 nanotubes (top region) and small branched TiO2 

nanotubes (bottom region) in Figure 5-15c clearly reveals the corresponding trifurcation of a 

truck nanotube into three small branched nanotubes.  The white line contours of branched 

n
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junctions in Figure 5-15d show that a large truck nanotube diverges into three small branched 

nanotubes and demonstrate the development of branched nanotubes as 31� structure ( n�1 , 

“� ” stands for the junction where the branching takes place, and n stands for the number of 

branches produced). The diameter of the truck TiO2 nanotubes is 260 nm, and the diameter of the 

branched nanotubes is 155 nm. The lengths of the truck and branched TiO2 nanotubes are 2.3 μm 

and 2.1 μm, respectively. The increase in the current density from 0.2 mA/cm2 to 2 mA/cm2 

when the applied voltage changes to 49 V implies the growth of small branched nanotubes.  

 

 
Figure 5-15. (a) Voltage-time and current-time curves during the second-step anodization. (b) SEM image 

of branched TiO2 nanotubes after the anodization. (c) Surface image of the truck nanotubes (top region) 

and branched nanotubes (bottom region). (d) Highlight branching junctions in the circle of (b) by white 

line contours. (d) Schematic illustration of 31� branched TiO2 nanotubes. 

 

The slow decreasing rate of the applied voltage from 85 V to 49 V is very important. If the 

applied voltage suddenly reduces from 85 V to 49 V, the current density will decrease to ~0 

mA/cm2 for the entire anodization time, and no branched nanotube structures can be formed. This 

can be understood as follows. When the Ti foil is anodized under a high applied voltage of 85 V, 

the oxide barrier layer at the nanotube bottom is thick, because the oxide barrier layer thickness 

at the bottom of the TiO2 nanotubes is determined by the applied voltage: 87-88 
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R=fgrowthU                                        (5-8) 

where fgrowth is the growth factor for anodic oxides, and U is the applied voltage. The inward 

oxygen ionic current j, which is related to the electric field E across the barrier layer, determines 

the oxidation: 5 

kEejj �� 0                                        (5-9) 

where j0 and k are material dependent constants. When the applied voltage is decreased, the 

oxidation rate will decrease exponentially due to the reduced electric field across the barrier 

layer. At the same time, the local chemical micro-environments at the bottom of the nanotubes 

are unchanged. Therefore, the TiO2 dissolution rate decreases slower than the TiO2 formation 

rate.93 As a result, the thickness of the oxide barrier layer decreases. When the applied voltage is 

reduced by a factor of 1/  from 85 V to 49 V, the barrier layer thickness needs to reduce by a 

factor of 1/
 
before the further growth of TiO2 nanotubes.  Otherwise, the thick barrier layer 

will lead to a small electric field, which is unable to drive the O2- anion migration for the TiO2 

nanotube growth.  

The oxidation of Ti will generate H+ ions:  

Ti + 2H2O TiO2 + 4H+ + 4e-                     (5-10) 

which affects the dissolution rate of the TiO2 barrier layer under the reaction:  

TiO2 +6F- + 4H+ TiF6
2- + 2H2O                   (5-11) 

If the applied voltage is slowly reduced at the rate of 15 V/min, the oxidization will create 

enough H+ ions to dissolve the barrier layer to the critical thickness. This ensures that the electric 

field is high enough to drive the anions to further nanotube growth. However, if the applied 

voltage suddenly reduces from 85 V to 49 V, the electric field will be too small and the oxidation 

will almost stop. As a result, there are not enough H+ ions to reduce the barrier layer thickness 

and the nanotube growth terminates. 

The influence of voltage drop on the electrolyte during the anodization should also be 

considered. Some studies show that the low conductivity non-aqueous electrolytes, such as 

ethylene glycol solvent, will lead to large voltage drop on the electrolyte during the 

anodization.91 As a result, the actual voltage value on the Ti sample is much smaller than the 

applied voltage. However, during the anodization in this work, when the applied voltage is 85 V 

3

3
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and 49 V, the voltage drop on the anodization electrolyte is 1.43 V and 0.74 V, respectively. In 

both cases, the voltage drop value is less than 2 % of the applied voltage. This can be ascribed to 

the addition of 10 vol% DI water in the ethylene glycol solvent, which increases the conductivity 

of the electrolyte. Therefore, voltage drop effect of the electrolyte is minor here, and can be 

neglected. 

According to the literature, the outer diameter of the TiO2 nanotubes is determined by the 

applied voltage: D=2fgrowthU.87-88 The growth factor for TiO2 in the literature is 2.5 nm/V.  

However, this value only represents the situation that all nanotubes can fully expand the outer 

wall, and there is no restriction from the neighboring nanotubes. As a result, the nanotubes have 

perfect cylindrical outer shape. However, for the self-organized TiO2 nanotubes here, the 

neighboring nanotubes limit the free expansion of the TiO2 nanotube outer wall; the outer 

diameter is restricted by neighboring nanotubes, and the effective growth factor reduces from 2.5 

nm/V to 1.5 nm/V. When the applied voltage is 85 V and 49 V, the outer diameter of the TiO2 

nanotubes is 260 nm and 155 nm, respectively. Since the outer diameter of the TiO2 nanotubes is 

proportional to the applied voltage, when the applied voltage is reduced by a factor of 1/ , the 

outer diameter is also reduced by a factor of 1/ . As a result, the cross section area of the 

nanotubes is reduced by a factor of 1/3. Because the truck and branched nanotubes fully filled 

the top and bottom layers, a large truck nanotube diverges into three small branched nanotubes 

with the same size based on the equal-area model. 4-6 

Different types of branched ( n�1 ) TiO2 nanotube structures can be obtained by reducing 

the applied voltage in a controlled manner. As shown in Figure 5-16a, when the applied voltage 

is first kept at 85 V for 8 min, then slowly decreased by a factor of 1/ 2 to 60 V with the 

reducing rate at 15 V/min, and finally maintained at 60 V for 1 h, the anodized TiO2 nanotubes 

have 21�  (or Y-branching) structures (Figure 5-16a). The inset 2 of Figure 5-16a clearly shows 

the bifurcation of one large truck nanotube into two small branched nanotubes, and the reduction 

ratio of the diameter from 260 nm to 175 nm is 1/ , which satisfies the reduction ratio of the 

applied voltage.  

Similarly, when the applied voltage is slowly reduced by a factor of 1/2 from 85 V to 42.5 V 

with 15 V/min reducing rate, as shown in Figure 5-16b, the diameter of the branched nanotubes 

(125 nm) is reduced to half of the truck nanotube diameter (260 nm). As a result, the cross 

3

3

2
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section area of the branched nanotubes is 1/4 of the truck nanotube, and the anodized TiO2 

nanotubes have 41�  structures (Figure 5-16b).  

When the applied voltage is small, it takes a longer time to reduce the barrier layer to the 

critical thickness, thus the voltage reducing rate should be much slower. When the applied 

voltage is reduced by a factor of 1/3 from 85 V to 28 V, it should first be reduce from 85 V to 

42.5 V at 15 V/min, then from 42.5 V to 28 V at 8 V/min. As a result, the diameter of the 

branched nanotubes is 90 nm, which is around 1/3 of the diameter of the truck nanotubes (265 

nm). Thus, the cross section area of the branched nanotubes along the direction perpendicular to 

the depth direction is 1/9 of that of the truck nanotube. As shown in the schematic illustration in 

the insert 1 of Figure 5-16c, the anodized TiO2 nanotubes have 91�  structures, and the nine 

branched nanotubes are closely packed with each other. However, from the cross section SEM 

image in Figure 5-16c, I can only see the three branched nanotubes, because these three branched 

nanotubes appear in the front of the other six branched nanotubes and block the observation of 

all nine branched nanotubes.  

In general, as long as the applied voltage stays in the anodization window that forms TiO2 

nanotubes, slowly reducing the applied voltage by a factor of 1/ n will lead to n�1 branched 

TiO2 nanotubes, and the diameters of the branched nanotubes will be reduced to 1/ n  of the 

truck nanotube diameter. 
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Figure 5-16. SEM images of anodized n�1 branched TiO2 nanotubes: (a) 21�  structure, (b) 41�  

structure, and (c) 91�  structure. The inset 1 of all images is the corresponding schematic structure, and 

the white line contours in the inset 2 of all images highlight the branching junctions in the circle of the 

corresponding SEM image. 

 

5.3.3.2 Hierarchically branched nanotubes with multi-layers 

More interestingly, after the truck TiO2 nanotubes diverge into multiple branches, further 

furcation of the branched nanotubes can lead to hierarchically branched nanotubes with 

sophisticated multi-layer structures ( mn ��1 ). This can be realized by reducing the applied 

voltage in multiple steps with factors of 1/  and 1/ m  consecutively. As shown in Figure 5-

17a, when the applied voltage is first reduced by a factor of 1/ 3 from 85 V to 49 V for 1 h, and 

then further reduced by a factor of 1/ 2  from 49 V to 35 V for 1 h, the primary truck first 

diverges into three small branched nanotubes, and then each of the three branched nanotubes 

further subdivides into two even smaller nanotubes ( 231 �� ). By the same token, a 

combination of two Y-branching layers results in 221 ��  branched TiO2 nanotubes when the 

applied voltage is reduced by factors of 1/  and 1/  consecutively (Figure 5-17b). 

Continuing this approach, more sophisticated TiO2 nanotube structures can be fabricated. Figure 

5-17c shows hierarchically branched TiO2 nanotubes with four layers ( 2221 ��� ) created by 

reducing the applied voltage by a factor of 1/  three times, and the white arrows in Figure 5-

17c and the insert 2 show the location of three branching layers. For 2221 ���  branched TiO2 

nanotubes, the applied voltage is first maintained at 85 V for 8 min, then reduced to 60 V at 15 

V/min for 30 min, further reduced to 42.5 V at 15 V/min for 1 h, and finally reduced to 30 V at 8 

n

2 2

2



127 
 

V/min for 1 h. The length of each branched TiO2 nanotube layer is dependent on the anodization 

time and can be easily adjusted. As a result, by reducing the applied voltage in multiple steps 

with different 1/  factors, different types of multi-layer branched TiO2 nanotubes can be 

obtained. 

 

 
Figure 5-17. SEM images of multiple layers of branched TiO2 nanotubes: (a) 231 ��  structure, (b) 

221 ��  structure, and (c) 2221 ���  structure. The inset 1 of all images is the corresponding 

schematic structure, and the white line contours in the inset 2 of all images highlight the branching 

junctions in the circle of the corresponding SEM image. 

 

All the above discussed hierarchically branched TiO2 nanotubes with multi-layer structures 

are fabricated through decreasing the applied voltage in steps. Differently, the structure of 

anodized TiO2 nanotubes can be gradually changed when the applied voltage is continuously 

reduced. In Figure 5-18a, the Ti foil is first anodized at 85 V for 2.5 min to form truck TiO2 

n
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nanotubes.  When the applied voltage is gradually reduced from 85 V to 30 V as shown in Figure 

5-18a, the outer diameter of the anodized TiO2 nanotubes continually decreases from 260 nm to 

95 nm. Unlike the branched TiO2 nanotube structures shown in Figures 1-3, where furcation 

occurs at the same depth of the truck TiO2 nanotubes, bifurcations in this case occur at different 

height of the truck TiO2 nanotubes (Figure 5-18b). Moreover, the diameters of the nanotubes at 

the same depth are also different. Therefore, tree-like nanotube arrays are achieved with the 

branching junctions at different depths of the nanotubes, as highlighted by white line contours in 

Figure 5-18c; some nanotubes have 221 �� structures while others have 2221 ���

structures.  

 
Figure 5-18. (a) Voltage-time curve when the applied voltage gradually decreases from 85 V to 30 V. (b) 

SEM image of the branched TiO2 nanotubes. (c) Highlight branching junctions in the circle of (b) by 

white line contours. 

 

The reason for the formation of these tree-like TiO2 nanotubes can be understood as follows. 

In the situation that nanotube wall can fully expand, the growth factor fgrowth is 2.5 nm/V, and 52 

V can maintain the 260 nm nanotube diameter. For the self-organized TiO2 nanotube arrays is 

this study, the restriction from the neighboring nanotubes confines the free expansion of the 

nanotubes, which limits the growth factor fgrowth to 1.5 nm/V. When the applied voltage is 

decreased, all the nanotubes grow under the guidance of truck nanotubes, but the diameters do 

not immediately reduce with the decrease of the applied voltage. As the tubes grow deeper, the 

applied voltage decrease causes the restriction from the neighboring nanotubes to diminish, and 

the growth factor increases. At the same time, the thickness of the oxide barrier layer at the 

bottom of each nanotube reduces. When the applied voltage decreases to 85/ =60 V, which is 2
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before the growth factor fgrowth increases to 2.5 nm/V at 52 V, the truck nanotubes split into small 

two nanotubes as discussed before. However, not all the nanotubes split, due to the slight 

variations in the local chemical micro-environment at each nanotube bottom, such as chemical 

concentration, temperature, or structural imperfections, the barrier layer thickness of the 

nanotubes are slightly different. The barrier layer thicknesses of some truck nanotubes reach the 

critical value first, and the branched nanotubes form and grow. The growth of these branched 

nanotubes causes their diameters to expand and occupy some space from their neighboring 

nanotubes. Therefore, the diameters of their neighboring nanotubes decrease. In order to decrease 

the diameter by a factor of 1/ for bifurcation, the applied voltage and barrier layer thickness 

need to be further reduced before branching occurs for these nanotubes. As a result, the 

diameters of the nanotubes at the same depth are also different, as shown in Figure 5-18b. The 

combination of different diameters and different barrier layer thicknesses leads to competitive 

growth of the branched nanotubes. The splitting of the nanotubes at different height of the 

nanotubes results in tree-like TiO2 nanotube arrays. Moreover, as soon as the applied voltage is 

reduced to a small enough value for bifurcation, branching will occur, while 31�  and 41�  

branching need even smaller applied voltage and seldom occur in here.  

 

5.3.3.3 TiO2 nanotube superstructures with branching and termination 

While all the results so far are on different types of n�1 branched nanotubes, TiO2 

nanotubes with 1�n  structures are also examined (“ � ”stands for the junction where the 

enlargement and termination occur).  As shown in Figure 5-19a, double layer TiO2 nanotubes are 

obtained through a modulated two-step anodization. The Ti foil is first anodized at 42.5 V for 1 

h, and then the anodic TiO2 nanotubes are peeled off by a tape. The second-step anodization is 

carried out at 42.5 V for 1 h, and then the applied voltage is increased to 85 V within 5 s and 

maintained at 85 V for 8 min. When the voltage is increased, merging of several small nanotubes 

into a large nanotube does not occur. Instead, some nanotubes enlarge their diameters by a factor 

of 2 from 130 nm to 255 nm, which the increase of applied voltage by a factor of 2; while the 

growth of some nanotubes terminates due to the restriction from the enlarged neighboring 

nanotubes. The increase of tube diameter by a factor of 2 leads to the increase of cross section 

area by a factor of 4. As a result, the enlargement and termination of the nanotubes lead to TiO2 

nanotubes with 14 �  structure. 

2
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The increase of the applied voltage does not need to be kept at a slow rate as explained 

before for the applied voltage decrease. This is because as long as the applied voltage increases, 

the accelerated oxidation rate can increase the barrier layer thickness to the critical value, and the 

nanotube growth will not stop. However, when the applied voltage decreases, it needs to be slow 

enough to generate H+ ions to decrease the barrier layer thickness, otherwise the nanotube 

growth will stop.  

   
Figure 5-19. (a) SEM image of anodized TiO2 nanotubes with 14 � structure when the applied voltage 

increases from 42.5 V to 85 V. (b) SEM image of anodized TiO2 nanotubes with 141 �� structure when 

the applied voltage decreases from 85 V to 42.5 V, and then increases to 85 V. The inset 1 of both images 

is the corresponding schematic structure, and the white line contours in the inset 2 of both images 

highlight the branching junctions in the circle of the corresponding SEM image. 

 

The mechanism of the enlargement and termination of the nanotubes can be understood as 

follows. When the applied voltage is increased, the enlarged electric field leads to the oxidation 

rate to be faster than the dissolution rate. Therefore, the oxide barrier layer thickness of the TiO2 

nanotubes increases. Due to the competition of neighboring nanotubes, only the TiO2 nanotubes 

that increase the barrier layer thickness quickly can grow and enlarge their diameters. The 

diameter increase of these nanotubes consumes the space underneath their neighbors. When the 

diameter is increased by a factor of , the cross section area of the corresponding nanotube 

will increase by a factor of n. As a result, due to the limited space available, only 1/n of the 

nanotubes enlarges their diameters, while other nanotubes have to terminate, and TiO2 nanotubes 

with 1�n  structure are created.  

n
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By combining the n�1 branched nanotubes with the 1�n  TiO2 nanotubes, anodized TiO2 

nanotubes with 11 �� n  superstructures are also achieved. Figure 5-19b shows the anodized 

TiO2 nanotubes with 141 ��  superstructure, which is obtained by anodization at 85 V for 8 min, 

followed by anodization at 42.5 V for 1 h, and finally at 85 V for 8 min. When the applied 

voltage is decreased, the large truck nanotubes with 255 nm diameter diverge into four small 

branched nanotubes with 130 nm diameter. When the applied voltage is increased, some 

nanotubes enlarge their diameters from 130 nm to 250 nm by a factor of 2, while other nanotubes 

terminate the growth. Therefore, the anodized TiO2 nanotubes with 141 ��  supetstructure are 

successfully fabricated. 

 

5.3.3.4 Bamboo-type TiO2 nanotubes 

After anodization at 85 V in ethylene glycol with 0.1 M NH4F and 10 vol% water for 8 min, 

second-step anodization at 42.5 V for 30 min leads to the formation of thick hemispherical layers 

covering both the bottoms and junctions of TiO2 nanotubes (Figure 5-20a). Reducing the applied 

potential decreases the electrical field across the tube bottom, which significantly suppresses O2– 

and OH– migration rate across the barrier layer at the tube bottom. The slow formation rate of 

Ti(OH)4 at the bottom of the anodic TiO2 layer allows dehydration to happen during the 

anodization, thus the volume shrinkage from the dehydration of Ti(OH)4 can be compensated by 

the volume expansion from the anodization of Ti into TiO2 and Ti(OH)4. As illustrated in the 

inset of Figure 5-20a, a hemispherical barrier layer is formed at the bottom of each TiO2 

nanotube, which also covers the junctions of neighboring TiO2 nanotubes. After the formation of 

the hemispherical barrier layer, if the applied voltage is recovered to 85 V, the TiO2 nanotubes 

can continuouly grow along the stems of the nanotubes, which leaves the thick barrier layer at 

the junctions of the neighboring nanotubes  as a ‘bamboo-ring’ after the anodization. As a result, 

cycling the applied potential between 85 V and 42.5 V leads to the formation of bamboo-type 

TiO2 nanotubes, as shown in Figure 5-20b. 
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Figure 5-20. (a) SEM image of TiO2 nanotubes obtained by anodization at 85 V for 8 min and then at 

42.5 V for 30 min, and the inset is the illustration of the formation mechanism of the thick barrier layer. 

(b) SEM image of bamboo-type TiO2 nanotubes obtained under cycling applied potential at 85 V for 3 

min and at 42.5 V for 30 min. The inset is the illustration of the correponding TiO2 nanostructures. 

 

5.3.4. Summary 

A generic method is demonstrated to fabricate hierarchically branched TiO2 nanotubes by 

adjusting the anodization voltage. The number of branches and the diameter of branched 

nanotubes are determined by the applied voltage, which can be decreased by a factor of 1/ to 

generate n�1 branched nanotubes from a truck nanotube, resulting in the diameter of the 

branched nanotubes as 1/  of the truck nanotube. If the applied voltage is further decreased by 

a factor of 1/ m , each of the branched nanotubes further subdivides into multiple smaller 

nanotubes ( mn ��1 ). Continuing this approach, four layers of branched TiO2 nanotubes with 

kmn ���1  structures are created. On the other hand, when the anodization voltage is 

increased by a factor of , some nanotubes enlarge the diameter to  times of the truck 

nanotubes, while other nanotubes terminate the growth. As a result, TiO2 nanotubes with 1�n  

structures are obtained. A combination of the n�1 branched nanotubes with the 1�n  TiO2 

nanotubes leads to anodized TiO2 nanotubes with 11 �� n  structures. Cycling the applied 

potential between high value and low value leads to the formation of bamboo-type TiO2 

nanotubes. 

  

n

n

n n
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5.4. Application of TiO2 nanotubes in energy conversion and storage 

5.4.1. Introduction 

Supercapacitors have attracted a great deal of attention due to their potential for energy 

storage, which results in a higher power density than batteries and a higher energy density than 

conventional dielectric capacitors.216 Based on charge storage mechanisms, supercapacitors can 

be classified into: (a) electrical double layer capacitors (EDLCs), which store charge by rapid 

adsorption/desorption at the electrode surfaces, and (b) pseudo-capacitors, in which charge is 

stored and released by Faradaic reactions on electrode materials. Pseudo-capacitors usually have 

a higher energy density than EDLCs, but they have relatively poor cycling stability because the 

electrodes undergo electrochemical reactions during the charge/discharge process.217 EDLCs are 

based on reversible physical adsorption of ions without any chemical reactions, thus have long 

lifetimes but suffer from low capacitance.218 Major strategies for enhancing the capacitance of 

EDLCs include increasing the surface area, electrical conductivity, and inter-connectivity of 

active materials.219 Due to the large specific surface area and direct pathway for charge transport 

in TiO2 nanotubes, making TiO2 nanotubes into an electrode might offer an opportunity to 

improve the capacitance of EDLCs. However, the semiconducting nature of TiO2 limits the 

electrical conductivity and impedes specific capacitance in the charge-discharge process.220   

Suitable semiconductor to serve as photoanodes for photoelectrochemical water splitting 

should have the following characteristics: (a) chemical stability both under illumination and 

dark; (b) bandgap larger than 1.23 eV; (c) conduction band edge more negative than H+/H2 

reduction potentials and valence band edge more positive than O2/OH- oxidation potentials; (d) 

good conductivity for charge separation and migration.221 Since the discovery of photocatalytic 

splitting of water on a TiO2 electrode in 1972 by Fujishima and Honda,138 due to excellent 

resistance to photocorrosion and suitable band edge position, enormous efforts have been 

devoted to varous types of TiO2 photoanodes.83, 94, 106, 141-144, 222-223 Because the conduction band 

edge potential of TiO2 is insufficiently negative to activate hydrogen reduction, an externally 

applied bias voltage is required to decompose water. Anatase TiO2 with a bandgap of 3.2 eV and 

rutile TiO2 with a bandgap of 3.0 eV result in the TiO2 only absorb UV light.221 Many researches 

have demonstrated that doping TiO2 with non-metal elements (such as N, B, F, S, C) or metal 

elements (such as Fe or Nb) or coupling with narrow band gap semiconductors (CdS, CdTe, 
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CdSe, NiO, and SrTiO3) can enhance its light absorption in visible light region.83, 94, 106, 141-144, 222-

223 Compared with TiO2 nanoparticle film, TiO2 nanotube arrays have larger specific surface area 

and fewer interfacial grain boundaries, which promote charge transport and water splitting 

efficiency. However, the low electrical conductivity of TiO2 limits the charge separation and 

migration.  

In this study, I focus on optimize the specific surface area and improve the inter-connectivity 

of TiO2 nanotube arrays by creating bamboo structures, and improve the electric conductivity of 

TiO2 nanotube arrays to facilitate the charge separation and migration for both supercapacitors 

and photoelectrochemical water splitting.  

 

5.4.2. Experimental procedure 

High purity titanium foil (99.6+%, 0.2 mm thick, Goodfellow, Oakdale, PA) was sonicated 

in acetone, isopropanol, and methanol, and then electropolished in a freezing electrolyte (~1 ) 

composed of glacial acetic acid/perchloric acid (9/1 vol ratio) at 55 V with 800 rpm stirring 

speed for 2 min. The anodization in the ethylene glycol electrolyte with 0.1 M NH4F and 10 

vol% DI water was performed in ambient atmosphere at room temperature. The power supply for 

the anodization was Bertan 210-01R, and the applied potential during the anodization was 

controlled by LabView software. For the bamboo-type TiO2 nanotubes, the anodization was 

carried out at cycling the applied potential between 85 V for 3 min and 42.5 V for 20 min, cycle 

number is 10 times. For smooth TiO2 nanotubes, the anodization was carried out at 85 V for 30 

min. After the anodization, the TiO2 nanotubes were annealed in H2 atmosphere at 400 ºC for 1 h 

with 5 ºC/min heating and cooling rates. 

Cyclic voltammetry (CV) and galvanostatic charge-discharge (CD) measurements were 

carried out using an electrochemical workstation (1480 multistat, Solartron Analytical) in 1 M 

KCl. CV tests were carried out in a voltage range of 0 to 0.8 V at various scan rates (from 10 to 

1000 mV/s). Galvanostatic charge-discharge (CD) measurement was performed under a constant 

current density of 100 μA/cm2. Photoelectrochemical J-E measurement was performed in 1 M 

KOH by Solartron Analytical system. Typical three-electrode system was utilized for testing the 

photoelectrochemical anode, in which Pt served as counter electrode and Ag/AgCl as reference 

electrode. Illumination source was from a 150 W Xenon lamp (Oriel, 6256). 
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5.4.3. Results and discussion 

Compared with the smooth TiO2 nanotubes obtained by applying a constant voltage, the 

bamboo-type TiO2 nanotubes created by cycling applied potential offer a large surface area and 

inter-connectivity between the nanotubes, which leads to the great promise as supercapacitor 

electrodes. In order to further improve the electrical conductivity of  TiO2 nanotubes to overcome 

the semiconducting nature of TiO2, the as-grown TiO2 nanotubes undergo thermal treatment in 

H2 atmosphere at 400ºC for 1 h, which should introduce oxygen vacancies and greatly increase 

electrical conductivity. Figure 5-21 shows the supercapacitor performance of different types TiO2 

nanotubes: as-grown bamboo-type nanotubes, as-grown smooth nanotubes, H2 treated bamboo-

type and smooth nanotubes. The specific capacitance is proportional to the area under the CV 

curve, as shown in Figure 5-21a; the performance of as-grown bamboo-type nanotubes is twice 

that of as-grown smooth TiO2 nanotubes, and the thermal treatment in H2 atmosphere enhances 

the specific capacitance by around seven times. Figure 5-21b shows that H2 treated bamboo-type 

TiO2 nanotubes have large specific capacitance with 2.0-3.4 mF/cm2 at scan rates between 10 

and 1000 mV/s. Moreover, H2 treated bamboo-type TiO2 nanotubes have 6-14 times higher 

specific capacitance than as-grown bamboo-type TiO2 nanotubes. Compared to smooth TiO2 

nanotubes, the performance of H2 treated bamboo-type nanotubes increases by 60-80 % at 

different scan rates. Because a long cycle life is among the most important criteria for a 

supercapacitor, an endurance test for H2-treated bamboo-type nanotubes has been conducted 

using galvanostatic charging-discharging cycles at 100 μA/cm2. The first and last 10 charging-

discharging cycles are shown in the inset of Figure 5-21c. During the 5000 cycles, the specific 

capacitance fluctuates slightly. After 5000 cycles, the capacitance retention is around 96%, which 

indicates that the H2-treated bamboo-type TiO2 nanotubes have high chemical stability. 
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Figure 5-21: (a) CV curves of different types of TiO2 nanotubes in 1 M KCl at a scan rate of 50 mV/s; (b) 

calculated specific capacitance at different scan rates; (c) cycle performance of H2 treated bamboo-type 

nanotubes at current density of 100 μA/cm2, and the inset is the first 10 and last 10 charge and discharge 

cycles.  

 

Figure 5-22 shows the performance of photoelectrochemical water splitting for different 

types of TiO2 nanotubes. Bamboo-type TiO2 nanotubes display larger photocurrent density than 

smooth TiO2 nanotubes, and H2-treated TiO2 nanotubes display larger photocurrent density than 

as-grown TiO2 nanotubes. Photoelectrochemical efficiencies can be evaluated through the 

equation: 

0

0

100% ( )p rev bias aocj E E E
I
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  (5-12) 

where jp is the photocurrent density, 0 1.23revE � V is the standard state reversible potential for the 

water splitting reaction, Ebias is the bias potential at which jp is measured, and Eaoc is the bias 

potential at open circuit (-0.4 V). The maximum photoelectrochemical efficiencies of H2-treated 

bamboo-type, H2-treated smooth nanotubes, as-grown bamboo-type nanotubes, and as-grown 

smooth nanotubes are 2.96 %, 1.10 %, 0.38 %, and 0.11 %, respectively. Compare to smooth 

TiO2 nanotubes, the bamboo structure leads to increase of photoelectrochemical efficiency by 

around 3 times for both H2 treated and as-grown nanotubes. Compare to as-grown TiO2 

nanotubes, H2 treated leads to increase of photoelectrochemical efficiency by 7.8 times and 10 

times for bamboo-type and smooth nanotubes, respectively. As a result, due to the large specific 

surface area and enhanced electric conductivity, the H2-treated bamboo-type TiO2 nanotubes 

have high photoconversion efficiency.  
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Figure 5-22: (a) J-E curves and dark currents and (b) photoconversion efficiency of different types of 

TiO2 nanotubes. 

 

5.4.4. Summary 

In order to increase the performance of the anodic TiO2 nanotubes in energy conversion and 

storage, I focused on increase the surface area, inter-connectivity, and electrical conductivity of 

TiO2 nanotubes. The bamboo-type TiO2 nanotubes produced by cycling applied voltage can 

increase the specific surface area and inter-connectivity of tubes, and the thermal treatment in H2 

atmosphere increase the electrical conductivity of TiO2 nanotubes. As a result, the bamboo-type 

TiO2 nanotubes shows higher supercapacitors and water splitting efficiency than smooth TiO2 

nanotubes, and the H2 treated TiO2 nanotubes shows higher supercapacitors and water splitting 

efficiency than as-grown TiO2 nanotubes. The H2 treated bamboo-type TiO2 nanotubes are the 

excellent candidate for energy conversion and storage. 
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Chapter 6. Influence of Concave Depth and Surface 

Curvature on TiO2 Nanotubes and AAO 

Abstract:  

Vertically aligned TiO2 nanotubes and AAO have been obtained by pattern guided 

anodization with uniform concave depths. There are some studies about the effect of surface 

curvature on the growth of Al2O3 nanopores. However, the surface curvature influence on the 

development of TiO2 nanotubes is seldom studied. Moreover, there is no research about the effect 

of heterogeneous concave depths of the guiding patterns on the anodized TiO2 nanotubes and 

AAO characteristics. In this study, focused ion beam lithography is used to create concave 

patterns with heterogeneous depths on flat surfaces and with uniform depth on curved surfaces. 

For the former, bending and bifurcation of nanotubes/nanopores are observed after the 

anodization. For the latter, bifurcation of a large tube into two smaller tubes occurs on concave 

surfaces, while termination of existing tubes occurs on convex surfaces. For curved surface, the 

growth direction of all TiO2 nanotubes is perpendicular to the local surface. At the edge of the Ti 

foil where two facets meet, the nanotube growth direction is bent, resulting in a large stress 

release that causes the formation of cracks. 

 

6.1. Effect of FIB patterned concave depths 

6.1.1. Introduction 

In recently years, several patterning techniques have been utilized to fabricate highly 

ordered TiO2 nanotubes and Al2O3 nanopores.23-33 Besides the hexagonal arrangement of the self-

organized alumina nanopore arrays, square arrangement, gradient and alternating diameter 

arrangements, as well as asymmetrical Moiré patterns have been obtained through pre-pattern 

guided anodization. Ordered concave arrays are first created on the electropolished aluminum 

surface. Due to the high electrical field at the concave bottoms, the anodized nanopores 

preferentially develop at the pre-patterned locations, even when the arrangement of the 

nanopores deviates from the self-organized hexagonal pattern. Up to now, all the pre-patterned 

concaves have the same depth, and the depth ranges from 5 nm to 50 nm.23-33  
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However, the effect of heterogeneous concave depths of the guiding patterns on the growth 

of TiO2 nanotubes and Al2O3 nanopores has not been studied. Moreover, the development of 

Al2O3 nanopores at the boundary of pre-patterned region and none patterned region has also not 

investigated before. In this section, the formation mechanisms of TiO2 nanotube and Al2O3 

nanopores under heterogeneous concave depths are investigated. 

 

6.1.2. Experimental procedure 

The guiding patterns for the anodization were created on the electropolished Ti and Al 

surfaces using a FIB microscope (FEI Helios 600 NanoLab). The patterning ion beam current 

was 28 pA under 30 kV acceleration potential. In order to create concave arrays with 

heterogeneous depths, the FIB bitmap was overlapped by a serial of bitmaps. The depth of 

concave was determined by how many bitmaps overlapped at that point. More bitmaps 

overlapped at that point, longer FIB milling time, and deeper of the concave depth. The cross 

sections of the anodized nanopores were obtained in the FIB microscope using 0.28 nA current to 

cut the anodized porous structures. Before cutting the TiO2 nanotubes or Al2O3 nanopores, the 

surfaces were coated with a layer of Pt to protect the anodized structures. For morphological 

characterization of the samples, scanning electron microscope (Quanta 600 FEG, FEI) and 

atomic force microscope (Digital Instruments MultiMode SPM, Veeco Instruments Inc.) were 

used. 

 

6.1.3. Results and discussion 

6.1.3.1 Effect of heterogeneous FIB patterned concave depths 

Figure 6-1a shows the FIB patterned concave arrays with different depths on the 

electropolished flat titanium surface. The concaves are arranged in a hexagonal pattern with 350 

nm interpore distance. The depth of the concaves is shown in the inset AFM image of Figure 6-

1a. The depths of concaves on the left and right sides are uniform, around 8 nm, while the depths 

of concaves in the center gradually change from 15 nm to 36 nm. 

Figure 6-1b shows the anodized TiO2 nanotube arrays after the anodization in the electrolyte 

mixture of 0.1 M NH4F and 10 vol% H2O in ethylene glycol at 85 V with 15 mA/cm2 constant 

current for 12 min. The TiO2 nanotubes only develop at the FIB patterned locations and the 

hexagonal arrangement is maintained. The cross section of the TiO2 membrane in Figure 6-1c 
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indicates that the nanotubes are covered by a thin layer of TiO2 nanopores, and all the nanotubes 

initiate perpendicularly to the surface (region I). With further anodization, the cross section 

shows that the TiO2 nanotubes developed from the FIB patterned gradient concave depth region 

curve outwards, labeled as 1, 2, 3, 4 in Figure 6-1c. Moreover, the outer diameters of the tubes 1 

and 2 increase from 350 nm to 430 nm when the TiO2 nanotubes grow deeper (region ). With 

the further development of the nanotubes, the large nanotube 1 branches into two small tubes 

(region ). The two branched nanotubes also increase in diameter, and then further diverge into 

four even smaller tubes (region ). Therefore, tree-like nanotubes form. On the other hand, the 

TiO2 nanotubes developed from uniform concave depth in the left and right regions grow 

perpendicularly to the surface (only the left region is shown in Figure 6-1c). For nanotube 4, 

which is located at the boundary between the uniform and gradient FIB concave depth regions, 

the outward bending is obvious with a decreasing diameter. The tube growth finally terminates 

when tube 4 encounters neighboring vertical nanotube 5.  

   
Figure 6-1. (a) SEM image of FIB patterned concaves with different pore depths on electropolished 

titanium surface. The inset 1 is AFM image of (a), and inset 2 is the surface topology along the line in 

inset 1. (b) Surface SEM image of the corresponding anodized TiO2 nanotube arrays. (c) Cross section of 

the anodized TiO2 nanotubes. 

 

The above nanotube curving and terminating phenomena can be explained by equifield 

strength theory. Electric field is the driving force for the growth of the nanotubes in the anodic 

TiO2 membrane, and the direction of the electric field significantly influences the growth 

direction of the nanotubes. At the initial stage of the anodization, the electric field is 

perpendicular to the Ti surface; the enhanced oxidation and dissolution rates along the electric 
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field direction cause the nanotubes to grow perpendicularly to the surface. Due to the large 

electric field at the FIB patterned concaves, the nanotubes preferentially grow there. Therefore, 

the arrangement of the nanotubes at the beginning is still hexagonal. The anodized TiO2 

nanotubes have a double-layer wall; the inner layer is TiO2 and the outer layer is lower density 

Ti(OH)4.93 During the anodization, the decomposition of Ti(OH)4 leads to separated TiO2 

nanotubes. 

When the FIB patterned concaves have different depths, the TiO2 nanotube growth has a 

different scenario. As illustrated in Figure 6-2a, tube α, which is located at the center, is deeper 

than tube β, so the electric field at the joint position A is the combination of the electric field 

from tube α (EBA) and tube β (ECA). The combined electric field direction at A is shown in Figure 

6-2a by an arrow. Therefore, the oxidation rate at A is much faster than at any other position on 

the bottom of tube β due to O2- migration from both sides at location A. As a result, the joint 

position A moves downwards and outwards in the direction of the electric field. This leads to the 

growth direction of tube β to bend. Similarly, due to the depth difference between tube β and 

tube γ, the grow direction of tube γ is bent (Figure 6-2b).  

As the thickness of the oxide layer at position A increases, the electric field decreases. 

Although both the oxidation and dissolution rates are reduced as the electric field is decreased, 

the former is expected to reduce faster than the latter.5 This can be understood as follows. The 

inward oxygen ionic current j, which is related to the electric field E across the barrier layer, 

determines the oxidation rate: 5 
kEejj �� 0                                        (6-1) 

where j0 and k are material dependent constants. Therefore, the oxidation rate decreases 

exponentially with the electric field. However, the dissolution rate of TiO2, which is affected by 

the electric field through polarization and impairment of the Ti-O bond, decreases slowly as the 

electric field decreases. As a result, the dissolution rate of the oxide layer at positions B and C is 

faster than the oxidation rate at position A, which leads to a reduction of the wall thickness at 

position C and an increase in the inner diameter of tube α (Figure 6-2b). In region I of Figure 6-

2a tube α is deeper than tube β, and there is no confinement from neighboring tubes, the electric 

field cross the tube wall also drives the migration of O2- ions to oxidize the tube wall, enabling 

tube α to expand its outer diameter. Due to the outward bending of nanotube β, more space is 

available for tube α to further increase its diameter, and the intertube distance also increases. 
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Similarly, due to the depth difference of tube β and tube γ, tube β also increases its diameter 

during the anodization. However, the diameter can only increase to a critical value:87, 224 

UfD growth�� 2max                                       (6-2) 

where fgrowth is the growth factor for anodic oxides, 2.5 nm/V for TiO2, and U is the applied 

potential. Since the applied potential in this study is 85 V, the critical diameter value is Dmax= 

2×2.5×85= 425 nm, which agrees with the experimental value of 430 nm in Figure 6-1c. When 

the diameter of tube α reaches this critical value (Figure 6-2c), the oxidization rate balances the 

dissolution rate at the wall and bottom of tube α, and the tube outer diameter should remain 

unchanged. However, due to the large combined electric field from two neighboring tubes at the 

junction position A′, the nanotube growth rate is faster than at the center of the tube center E′. As 

a result, tube α diverges into two small tubes α1 and α2 as shown in Figure 6-2d. Since the 

diameters of both tube α1 and α2 are smaller than the critical value, they increase accordingly 

until the same critical value is reached again during the anodization.  

The situation at the boundary between the uniform and gradient depth FIB concave regions 

is a little different. The volume expansion during the TiO2 anodization generates large 

compressive stresses in the film (volume expansion from Ti to TiO2 follows the Pilling Bedworth 

ratio of 1.95).86, 214 In the uniform FIB concave depth region (as shown in Figure 6-1c), the large 

compressive stress restricts the bending of nanotube 5 at the boundary, and causes it to grow 

vertically to the surface throughout the anodization. As a result, nanotube 5 decreases in diameter 

so that nanotube 4 can bend. Nonetheless, the available spatial volume for TiO2 nanotube growth 

is limited; finally, nanotube 4 ceases to grow. At the same time, nanotube 5 continues to grow in 

the depth direction, even when it encounters nanotube 3. Further growth of nanotube 3 is also 

restricted by nanotube 5 and eventually terminates. 
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Figure 6-2. The schematic of bending and branching of anodized nanotubes developed from FIB 

concaves with different depths.  

 

The influence of different FIB guided concave depths on the development of anodized Al2O3 

nanopores is also explored. Similarly, the electropolished and flat Al surface is patterned with 

FIB concave arrays. The arrangement of the concaves is hexagonal and the interpore distance is 

350 nm. The depth of the concaves is shown in the insert of Figure 6-3a. There are three regions 

in which the concave depths gradually change from 8 nm to 53 nm, and the concave depths in 

the regions between them are uniform (~8 nm).  

After the anodization in 0.3 M phosphoric acid at 20 mA/cm2 constant current for 5 min, the 

anodized pores grow at the FIB patterned locations and remain in the hexagonal arrangement 

(Figure 6-3b). The cross section in Figure 6-3c is obtained by FIB cutting. Prior to the cutting, 

the surface is covered by a layer of Pt to protect the Al2O3 nanopores; this is why the top surface 

has a metal layer covered on the Al2O3 nanopores. Similar to the anodic TiO2 nanotubes, the 

cross section image indicates that the nanopores bend and some nanopores also diverge into two 
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nanopores in the region with gradient FIB concave depths.  

However, there are three differences between the anodized Al2O3 nanopores (Figure 6-3) 

and TiO2 nanotubes (Figure 6-1). First, the TiO2 nanotube growth direction in the uniform FIB 

concave depth region is perpendicular to the surface, while the Al2O3 nanopore growth direction 

in the uniform FIB concave depth region also bends. Second, unlike the vertical TiO2 nanotube 

growth direction at the beginning stage as shown in Figure 6-1c region I, the growth direction of 

the Al2O3 nanopores bends at the beginning of the anodization (Figure 6-3c). Third, after the 

anodization, the Al2O3 surface is uneven, and protrudes in the regions with gradient FIB concave 

depths (Figure 6-3c). These differences can be understood by the difference in the Young’s 

moduli between anodic TiO2 nanotubes and Al2O3 nanopores. The Young’s modulus of porous 

materials can be estimated by: 12 

)1( 2pEE bulk ��                                          (6-3) 

where Ebulk  is the Young’s modulus of bulk oxide material, and p is the porosity of the anodized 

structure. The porosities of anodic TiO2 nanotube film and Al2O3 nanopore film can be 

calculated from the diameter (120 nm for TiO2 nanotubes and 80 nm for Al2O3 nanopores) and 

interval distance (350 nm) of the features; the result is 14.2% and 6.3% porosity, respectively. 

Ebulk for bulk TiO2 and Al2O3 is 283 GPa and 41 GPa, respectively.12, 225 As a result, the Young’s 

moduli are calculated to be 208 GPa and 36 GPa for TiO2 nanotubes and Al2O3 nanopores, 

respectively. However, since both anodized TiO2 nanotubes and Al2O3 nanopores are amorphous, 

the Young’s moduli are actually much smaller than the calculated values. Direct compression 

measurement of an individual as-anodized amorphous TiO2 nanotube shows that the Young’s 

modulus is 23-34 GPa.226-227 Although there has been no direct experimental result of Young’s 

modulus for amorphous Al2O3 nanopores, it is expected to be much smaller than that of the TiO2 

nanotubes. The large Young’s modulus of anodic TiO2 causes the nanotubes in the region with 

uniform FIB concave depth to resist the bending effect from the gradient FIB concave depth 

region, and thus maintain the vertical tube growth direction. However, the anodic Al2O3 

nanopores bend in the region with uniform FIB concave depth because of the smaller Young’s 

modulus. The bent nanopores increase the growth rate of their neighbors, which causes the pores 

near the gradient FIB concave depth region to grow faster than those located further away from it. 

Moreover, the difference in the growth rate leads to different volume expansion, and eventually 

causes the anodized Al2O3 to have a convex surface in the deeper nanopore region. 
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Figure 6-3. (a) SEM image of FIB patterned Al concaves with different pore depths. The inset 1 is AFM 

image of (a), and inset 2 is the surface topology along the line in inset 1. (b) Surface SEM image of the 

anodized Al2O3 nanopore developed from different pore depths. (c) Cross section of the anodized Al2O3 

nanopores.  

 

6.1.3.2 Edge effect of FIB pattern during the anodization 

Figure 6-4 shows the cross section of the anodized nanopores at the boundary with and 

without FIB patterning guidance after the anodization in 0.3 M oxalic acid at 50 V for 5 min. The 

FIB pattern was generated at 9.7 pA for 6 s of ion beam exposure time. Some interesting 

phenomena can be discussed as follows.  

First of all, the growth rate of the anodized nanopores with the FIB patterning is much faster 

than that of the nanopores without the FIB patterning. The depth of the nanopores with the FIB 

patterning is 2.2 μm while that without the FIB patterning is only 500 nm; the latter is  less than 

a quarter of the former. This is because the Ga+ implantation at the FIB patterned region creates 

more active surface and accelerates the anodization rate. Additionally, at the beginning of the 
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anodization the FIB patterned region already has nano-concaves, the nanopores grow 

immediately at the bottom of the concaves because of the electrical field assisted anodization. 

For the un-patterned region, a smooth and uniform alumina layer forms first, the electrical field 

and the anodization rate are low, and pores need to stabilize before a self-organized pattern can 

be developed. These two factors cause the anodization rate at the FIB patterned sites four times 

faster than that at the un-patterned sites.  

 
Figure 6-4. SEM image of AAO regions with and without FIB patterning guidance. 

 

Another observation is that the growth direction of the anodized nanopores in both FIB 

patterned and un-patterned regions is vertical; however, the growth direction of the nanopores at 

the boundary bends to the un-patterned region. This phenomenon is observed most clearly at the 

bottom of the alumina barrier layer. The maximum nanopore bending angle, which is about 35°, 

happens at the boundary center of the FIB patterned and un-patterned regions. In the FIB 

patterned region, the nanopore bending angle decreases to 20° at locations 500 nm away from the 

boundary, and decreases to 5° at locations 1 μm away from the boundary. In the un-patterned 

region, the bending angle remains at 35° at locations 1 μm away from the boundary, and 

decreases to 10° at locations 5 μm away from the boundary. This can be understood by equifield 

strength model, which uses the balance between the electric field enhanced oxide dissolution rate 

and oxygen anion migration rate to explain the self-adjustment of pore diameter and arrangement. 

As discussed above, the patterned and un-patterned nanopores have different depths at the 

beginning of the anodization (Figure 6-5a). The nanopore βI induced by the FIB patterning is 

deeper than the un-patterned nanopore αI, the oxidation rate at the joint position B of the 
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nanopores is much higher than at any other position because oxygen anions migrate from both 

sides. The joint position B moves down to the lower position D more quickly. As a result, the 

thickness of the oxide layer at position D increases, the dissolution rate of the oxide layer at 

positions A and C is faster than the oxidation rate at position D, leading to a reduction of the 

oxide layer thickness and a faster growth rate for nanopore αI This explains why the nanopore αI 

is deeper than the nanopore αII, and the depth of the nanopores from the boundary to the un-

patterned region decreases. Due to the marked difference in depth for nanopores and , the 

oxidation rate at B of nanopore βI is faster than that in other directions, and the nanopore βI 

bends to the position of D. During the anodization, each pore experiences diameter increase and 

thus restricts the growth of the neighboring pores. The repulsive force from the bending of 

nanopore βI restricts the growth direction of nanopore αI, making it bend to the position of D�. 

The depth difference between nanopores αI and βI is the largest among all the pores, therefore 

nanopore  has the largest bending angle. Since the nanopores αI and αII have the same depth in 

Figure 6-5a, they have intermediate depth difference after the anodization (Figure 6-5b), the 

nanopore αII has a medium bending angle. For the nanopores βI and βII, the depth difference is 

small, therefore the nanopore βI only bends a small angle. The nanopore bending effect weakens 

fast in the FIB patterned region. This edge effect from the FIB pattern guidance has not been 

reported before.  

   
Figure 6-5. (a) Schematic drawing of two deep FIB patterned nanopores and two shallow un-patterned 

nanopores; (b) schematic drawing showing the bending of the nanopores during the anodization.  

 

Moreover, the height of the nanopore arrays in the FIB patterned region is ~300 nm higher 

than that of the un-patterned region. In our study, it has been observed that this height difference 
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increases with the FIB exposure time. The reason for this might be the volume expansion from 

aluminum oxidation to alumina during the anodization. The nanopores with the FIB patterning 

guidance grow faster and experience more volume expansion and repulsive forces. Subsequently, 

the surface in the FIB patterned region is higher. The longer the FIB exposure time, the larger the 

anodization rate difference.  This leads to more difference in the volume expansion and height 

between the FIB patterned and un-patterned regions. When the interpore distance is increased, 

the oxide wall of the nanopores can fully expand before meeting that of the neighboring pores. 

As a result, the oxide walls of the anodized alumina nanopores bulge out like a volcano.  

 

6.1.4. Summary 

The growth of anodized TiO2 nanotubes and Al2O3 nanopores has been investigated with 

FIB patterned heterogeneous concave depths on a flat surface. The growth direction of the 

nanotubes/nanopores is not perpendicular to the flat surface but bends due to the heterogeneous 

concave depths. The change in the growth direction increases the diameter and interval distance 

of the nanotubes/nanopores, and leads to bifurcation and termination of the nanotubes/nanopores 

during the anodization. The equifield strength theory is used to explain the mechanism of the 

above phenomena. For the FIB concave guided pattern development, there exists an edge effect. 

The nanopores developed from the FIB patterned concaves grow faster than those without the 

guidance of the FIB patterning. The nanopore growth direction bends away from the FIB pattern 

at the boundary of patterned and un-patterned regions. Therefore, in order to create highly 

ordered TiO2 nanotubes and Al2O3 nanopores, the depth of pre-patterned concaves must have the 

uniform depth.  
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6.2. Influence of the surface curvature on the anodization 

6.2.1. Introduction 

For the effect of surface curvature, there are some studies on the growth of anodic Al2O3 

nanopores, and the mechanism of the Al2O3 nanopore formation on non-planar surface are 

proposed in these publications.45-47, 228 However, the effect of a curved surface on the growth 

direction, diameter, and intertube distance of TiO2 nanotubes has not yet been investigated. Most 

studies of TiO2 nanotubes up to now are focused on flat Ti foils. The growth direction of the TiO2 

nanotubes is parallel to each other and perpendicular to the flat surface. The diameter and the 

intertube distance of the nanotubes are the same throughout the anodic TiO2 membrane and are 

only varied by the anodization conditions, such as electrolytes and applied voltages. For some 

applications of TiO2 nanotubes, the non-planar substrate is demanded, it is important to 

understand the mechanism of TiO2 nanotubes development on curved surface. 

In this section, the growth of TiO2 nanotubes on curved Ti surfaces (concave and convex 

surfaces) and Ti surfaces with different shapes (such as Ti foils with rectangular and triangular 

cross sections) is also studied.  
 
6.2.2. Experimental procedure 

For the feature creation using the FIB microscope, Serif Drawplus 4.0 software was used to 

design the features first. The patterns were designed with varying contrast. During the feature 

creation, the feature shapes were produced on the Ti surfaces after the FIB microscope imported 

the feature designs and directed the ion beam movement accordingly. In order to create different 

surface curvature, the patterning ion beam current was 0.28 nA under 30 kV acceleration 

potential. The image contrast difference dictates the material removal amount on the Ti surfaces. 

The Ti material in the bright area was removed. The material in the dark area was left intact. The 

material in the gray area had partial material removal in-between. This created different features 

with varying curvature on the Ti surfaces. Subsequently, concave arrays with uniform depth and 

hexagonal arrangement were created by FIB microscope with 28 pA beam current and 30 kV 

acceleration potential. The anodization was carried out in a two-electrode electrochemical cell at 

85 V in ethylene glycol electrolyte containing 0.1 M NH4F and 10 vol% DI water at room 

temperature for 12 min. The cross sections of the anodized nanotubes were obtained in the FIB 

microscope using 0.28 nA current to cut the anodized porous structures. Before cutting the TiO2 
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nanotubes, the surfaces were coated with a layer of Pt to protect the anodized structures. 

 

6.2.3. Results and discussion 

FIB patterned concave arrays with different concave depths lead to different depths of 

anodized nanotubes/nanopores, which changes the electric field direction at the tube/pore bottom 

and the tube/pore growth direction. Based on this understanding, another method to change the 

electric field distribution is to develop nanotubes/nanopores directly on a curved surface. The 

electric field should be perpendicular to the tangential line of each individual point along the 

curved surface, and lead to the anodized nanotubes/nanopores to bend accordingly instead of 

growing in parallel. 

Figure 6-6a shows FIB patterned concaves with uniform 8 nm depth on a grooved Ti surface. 

The arrangement of the concaves is hexagonal, and the interpore distance is 350 nm. The width 

of the groove is 6.75 µm, the length is 8 µm, and the depth gradually changes from 0 to 1 µm.  

After the anodization, all the anodized TiO2 nanotubes grow at the locations of the FIB 

patterned concaves and retain the hexagonal arrangement. The cross section image in Figure 6-6c 

shows that the tube growth direction in the grooved region is bent and perpendicular to the 

curved surface. The reason for this is that the growth direction of the nanotubes is determined by 

the electric field, which is perpendicular to the curved surface. The TiO2 nanotubes underneath 

the concave surface bend outwards and lead to an increase in the intertube distance with the 

growth of the tubes. With further increase in the intertube distance, some nanotubes branch into 

two tubes, as shown in circle 1 of Figure 6-6c. The nanotubes underneath the convex surface 

bend inwards, which leads to a reduction in the intertube distance with the growth of the tubes. 

As a result, some tubes terminate growth in order to compensate for the reduced spatial volume 

(as shown in circle 2 of Figure 6-6c). Consequently, the anodized tubes are not parallel to each 

other, but are perpendicular to the surface. Depending on the curvature, branched nanotubes are 

obtained at the concave surface, and nanotube termination is observed at the convex surface. 

The development of the Al2O3 nanopores on a curved surface is also studied. Figure 6-6d 

shows anodized Al2O3 nanopores on a grooved Al surface with the guidance of FIB patterned 

concaves. The FIB patterned concaves have 8 nm uniform depth and 350 nm interpore distance. 

After the anodization, the anodized nanopores remain in the hexagonal arrangement. The cross 

section in Figure 6-6e shows that all the nanopores grow perpendicularly to the Al surface. 



151 
 

Therefore, the nanopores under the concave surface bend outwards, and the interpore distance 

increases with the growth of the nanopores. Some nanopores diverge into two pores, as discussed 

in Figure 6-2, when the interpore distance is large enough. 

   

   

Figure 6-6. (a) Ti grooved surface with FIB patterned concaves in hexagonal arrangement, viewed at a 

�52  tilt angle. The FIB patterned concaves have uniform depth. (b) Surface and (c) cross section SEM 

images of the corresponding anodized TiO2 nanotubes. Circle 1 shows the bifurcation of the nanotubes 

under the concave surface. Circle 2 shows the termination of the nanotubes under the convex surface. (d) 

Surface and (e) cross section SEM images of the anodized Al2O3 nanopores on grooved Al surface with 

uniform FIB patterned concave depth. 

 

In order to illustrate more clearly about the growth of the nanotubes and nanopores on a 

curved surface, the development of TiO2 nanotubes on electropolished Ti foils with rectangular 

and triangular cross sections is examined. The rectangular Ti foil, shown in Figure 6-7a, has a 

190 µm×70 µm cross section. After the anodization, the anodic TiO2 nanotubes grow 

perpendicularly to the Ti surface on all of the facets as shown in the enlarged images in Figure 6-

7a. The diameter of the TiO2 nanotubes is 250 nm, and the length is 2.6 µm. Due to the 90° 

rotation of the neighboring Ti foil facets, the growth direction of the nanotubes also rotates 90° 
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from the nanotubes grown on the neighboring facet. Moreover, cracks appear at the edge of two 

neighboring facets, as shown in the four corner inserts of Figure 6-7a and in Figure 6-7b.  

The fundamental process for the crack formation can be understood as follows. During the 

anodization, the large volume expansion from Ti to TiO2 leads to a large compressive stress on 

the anodic TiO2 film. The linear elastic strain at the Ti/TiO2 interface is given by: 12 

13
exp �� V�                                           (6-4) 

where Vexp is the volume expansion factor 1.95, so the elastic strain is around 0.25. Due to the 

large Young’s modulus of the anodized TiO2 nanotubes mentioned above (23-34 GPa), the 

compressive stress at the anodic TiO2 film is around 5.75-11.0 GPa. Therefore, the volume 

expansion during the anodization leads to large compressive stresses in the TiO2 nanotube layer. 

If the compressive stress exceeds the critical stress that the TiO2 nanotube layer can sustain, 

cracks will form. For the four planar facets of the Ti substrate, the TiO2 nanotubes can expand 

the volume vertically and laterally, the compressive stress can be dissipated effectively. 

Therefore, no cracks are generated on the planar facets. However, for the nanotubes growing 

along the edge, the volume expansion is spatially restricted because of the nanotube convergence. 

As a result, a large compressive stress is created along the edges and leads to the formation of 

cracks.  

The curvature of the surface strongly influences the compressive stress at the edges. A larger 

change in the nanotube growth direction between two neighboring facets will result in a larger 

compressive stress along the edges, and thus lead to more severe cracking. Figure 6-7c shows the 

anodic TiO2 nanotubes developed on a Ti foil with a triangular cross section. All the nanotubes 

grow perpendicularly to the surface. The large curvature at the edge of the triangular Ti foil 

generates a large compressive stress. As a result, a large crack forms along the edge, which has a 

nearly 90° inclined angle from the two sides of the crack.  
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Figure 6-7. (a) Cross section SEM images of anodic TiO2 nanotubes grown on an electropolished 

rectangular Ti foil after being cut along its cross section. The eight inserts are the enlarged images of the 

TiO2 nanotubes at different facets and edges, and they show that all TiO2 nanotubes grow perpendicularly 

to the surface. (b) SEM image of a crack at the edge of anodized Ti foil, and the insert is the enlarged 

image of the crack. (c) SEM image of anodic TiO2 nanotubes grown on a Ti foil with triangular cross 

section. The scale bars in all inserts are 2 µm. 

 
6.2.4. Summary 

The surface curvature and geometric shape of the anodization surface also affect the 

development of the TiO2 nanotubes. The TiO2 nanotubes grow perpendicularly to the local 

surface. Bifurcation and termination of the nanotubes occur on concave and convex surfaces, 

respectively. The growth directions of the TiO2 nanotubes at neighboring facets change and lead 

to cracks along the edge due to large compressive stress release. This study not only understand 

the development of TiO2 nanotubes on the curved surface and under the guidance of 

heterogeneous concave pattern, but will also open opportunity in the applications where the 

substrates are demanded to be curved, such as sensor, catalysis, optic fiber, and so on. 
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Chapter 7. Application of FIB on Nanoscale sculpting and 

Three-dimensional Analysis 

Abstract:  

FIB sculpting can selectively close and re-open the anodic TiO2 nanotubes. Under a 30 kV 

Ga+ beam, TiO2 nanotubes are closed with a 65 nm shield layer covering the top entrance when 

the ion dose is larger than 1.2×1017 ion/cm2; under a 5 kV Ga+ beam, the shield layer is removed 

and the closed tubes are re-opened. An ion-induced viscous flow model has been proposed to 

explain the influence of Ga+ ion beam flux, substrate temperature, initial tube diameter, ion beam 

dwell time, and the incidence angle of the ion beam. Three-dimensional (3D) reconstruction by 

FIB cutting and SEM imaging offers an opportunity to directly and quantitatively observe the 

pore evolution to understand the sintering process. Utilize the 3D reconstruction, the evolution of 

pore volume, pore-solid interfacial area, pore shape, pore connectivity, and pore number during 

the two-step sintering of ZnO nanoparticles are investigated.  

 

7.1. Selective FIB sculpting of and mechanism understanding 

7.1.1. Introduction 

Ion beam sculpting can induce mass transport along the bombarded surface and result in the 

closing of nanopores or the formation of self-organized nanostructures (such as ripples and 

nanodots), which may allow the modification of the top surfaces of TiO2 nanotubes.229-230 

Several models, such as adatom diffusion model and viscous flow model, have been proposed to 

understand the ion beam sculpting process. According to the adatom diffusion model,231-234 the 

ion beam mobilizes the adatoms on the bombarded surface so that they can independently diffuse 

along the surface until they are annihilated at the edge of the pores, which leads to shrinkage of 

the pore area. This model provides a good quantitative prediction of the relationship between 

nanopore closing rate and ion beam flux, flux pulsing, and substrate temperature. At the same 

time, the viscous flow model is based on ion-stimulated anisotropic deformation and explains the 

dependence of closing rate on initial nanopore diameter, which is difficult to be understood by 

adatom diffusion.235 However, the viscous flow model is challenged by the effect of ion beam 
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flux and substrate temperature on ion beam sculpting. So far, the mechanism of ion beam 

sculpting remains unclear. Even with such uncertainty at the fundamental level, the focused ion 

beam (FIB) has been explored as a method of sculpting the surface of nanostructures.31-32, 236-237 

The most important advantage of FIB sculpting is the precise control of exposure locations. 

Modification of the top surface of TiO2 nanotubes may present the opportunity to load multiple 

dyes into dye sensitized TiO2 nanotube solar cells and to fabricate flow through TiO2 nanotubes 

for solar fuel. However, whether or not FIB sculpting can be used to selectively modify TiO2 

nanotube surfaces is unknown.  

In this study, highly ordered TiO2 nanotube arrays with a uniform diameter are first created 

by FIB patterning guided anodization, they are then sculpted with a focused Ga+ beam with 

energy ranging from 2 kV to 30 kV. The effects of the Ga+ ion beam flux, substrate temperature, 

initial tube diameter, dwell time, and incidence angle on the FIB sculpting process are explored. 

Also, different mass transport mechanisms, such as sputter erosion, ion-enhanced viscous flow, 

surface adatom diffusion, swelling, and redeposition are examined. Finally, the mechanism of the 

FIB sculpting is proposed. 

 

7.1.2. Experimental procedure 

In order to obtain highly ordered TiO2 nanotube arrays, pre-patterned concave arrays with 

180 nm interpore distance were created under the radiation of a 30 kV Ga+ beam by the dual 

beam FIB (FEI Helios 600 NanoLab, Hillsboro, OR). The anodization was carried out in a two-

electrode electrochemical cell in an ethylene glycol electrolyte containing 0.1 M NH4F and 10 

vol % DI water at room temperature. After the 20 minute anodization under a constant 60 V 

applied potential, the foils were rinsed with DI water several times and dried in a nitrogen 

stream. The anodized TiO2 nanotube arrays were bombarded by different Ga+ beam energies 

ranging from 2 kV to 30 kV. The ion beam flux was changed from 0.61 to 18.82 ions∙cm-2∙s-1; the 

substrate temperature was changed from 93 K to 300 K; the initial diameter of the TiO2 

nanotubes ranged from 70 nm to 115 nm; the dwell time of the ion beam at each spot ranged 

from 1 μs to 60 μs; the ion beam incidence angle was changed from 0° to 52°. The substrate 

temperature effect was carried out by Quanta 200 3D dual beam FIB (FEI Company, Hillsboro, 

OR).  
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7.1.3. Results and discussion 

7.1.3.1 Effect of ion beam energy during FIB sculpting 

Highly ordered TiO2 nanotube arrays with a uniform diameter of 80 nm and hexagonal 

arrangement are obtained by FIB patterning guided anodization. A thin layer of ordered 

nanopores covers the top of the TiO2 nanotube arrays,238-239 thus in this study I use the pore area 

to monitor the FIB sculpting of the TiO2 nanotube arrays. After the anodization, these highly 

ordered TiO2 nanotube arrays are sculpted by FIB with 30 kV Ga+ ions. During this process, the 

area and diameter of the TiO2 nanotubes decrease with an increase in the ion dose, as shown in 

Figure 7-1a. The TiO2 nanotubes are eventually closed when the ion dose is larger than 0.9×1017 

ion/cm2. Figure 7-1b shows the changes in the thickness of the shield layer, which covers the 

entrance of the TiO2 nanotubes after the tubes are closed. The shield layer thickness increases 

from 0 nm to 42 nm under 0.9×1017 ion/cm2 exposure, and stabilizes at a thickness of 65 nm and 

an ion dose larger than 1.2×1017 ion/cm2. When the energy of the Ga+ ion beam is decreased, the 

cross section area shrinkage rate for the TiO2 nanotubes also slows: under the sculpting at the 

same ion dose of 6.0×1017 ion/cm2, the TiO2 nanotube area shrinks to 0, 2800 nm2, 4400 nm2, 

and 4900 nm2 for 30 kV, 16 kV, 8 kV, and 5 kV, respectively (Figure 7-1c). However, the TiO2 

nanotubes with initial diameters of 80 nm cannot be completely closed under the Ga+ ion 

sculpting beam with an energy ranging from 5 kV to 16 kV. The eventual diameter of the 

bombarded TiO2 nanotubes increases with a reduction of Ga+ beam energy from 60 nm to 75 nm 

when the acceleration voltage decreases from 16 kV to 8 kV. 
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Figure 7-1. (a) Shrinkage of pore area and (b) change in the shield layer thickness with an ion dose under 

30 kV Ga+ ion beam sculpting at 1.75 ions∙cm-2∙s-1 beam flux; the insets in (a) and (b) are the 

corresponding SEM images of the surface and cross section of the bombarded TiO2 nanotubes at different 

ion dose; (c) shrinkage of pore area under different Ga+ ion beam energies.  

 

FIB sculpting causes not only sputter erosion of surface material but also lateral mass 

transport along the bombarded surface. For high energy ion beam sculpting, the lateral mass 

transport dominates the sculpting process and leads to closing of TiO2 nanotubes; while sputter 

erosion plays a dominant role in the low energy ion beam sculpting. Therefore, the TiO2 

nanotubes cannot be completely closed as shown in Figure 7-1c. In this study, once the TiO2 

nanotube surfaces are closed by the bombardment of 30 kV Ga+ ion beam, further ion beam 

exposure with low kinetic energy Ga+ ion is explored to open the shield layer. As illustrated in 

Figure 7-2a, when the closed TiO2 nanotubes are exposed to16 kV and 8 kV Ga+ ion beams, the 

thickness of the shield layer decreases rapidly and eventually stabilizes at 33 nm and 27 nm, 
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respectively. However, sculpting at16 kV and 8 kV Ga+ ion beams cannot open the closed TiO2 

nanotubes. Under the exposure of 5 kV and 2 kV Ga+ ion beams, even though the reduction rate 

of the shield layer thickness slows down, the shield layer can be completely removed to finally 

re-open the closed TiO2 nanotubes. The SEM image in the inset of Figure 7-2b shows the re-

opening process of the closed TiO2 nanotubes and the reduction of the shield layer thickness 

under 5 kV Ga+ ion sculpting. The nanotubes are re-opened to a diameter similar to the initial 

tube diameter of 80 nm when the ion dose is larger than 4.5×1017 ion/cm2. 

 
Figure 7-2. (a) Change in shield layer thickness under different Ga+ beam energies; (b) shield layer 

thickness of TiO2 nanotubes at different ion dose under 5 kV Ga+ beam sculpting, and the insets 1 and 2 

are the surface and cross section SEM images of bombarded TiO2 nanotubes at different ion doses, 

respectively. 

 

7.1.3.2 Selective closing and re-opening of TiO2 nanotubes 

Selective closing and re-opening of TiO2 nanotubes can be achieved through the 

combination of FIB patterning and ion beam sculpting. The advantage of FIB patterning is that 

the exposure can be controlled at selective regions by importing designed patterns. Figure 7-3a 

shows highly ordered TiO2 nanotubes in a hexagonal arrangement, with an intertube distance of 

180 nm and an internal tube diameter of 80 nm. After selective exposure to a 30 kV Ga+ ion 

beam with 1.2×1017 ion/cm2 ion dose at alternating strip locations, Figure 7-3b demonstrates the 

sculpted TiO2 nanotube arrays with alternating closed and open TiO2 nanotubes. If selectively 

sculpted TiO2 nanotube sample is further uniformly bombarded by 30 kV Ga+ ion beam with 

another 1.2×1017 ion/cm2 dose, all the TiO2 nanotubes can be closed (Figure 7-3c). Based on 

Figure 7-1b, the shield layer thickness is 65 nm. Subsequently, selective exposure of the closed 

TiO2 nanotubes under 5 kV Ga+ ion beam with 5.0×1017 ion/cm2 dose at specific locations can 
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re-open TiO2 nanotubes at any desired patterns through  the control of the ion beam sculpting 

locations in the FIB patterning. For instance, one line and two lines of TiO2 nanotubes are 

successfully re-opened by ion beam line scan with 180 nm and 360 nm widths, respectively 

(Figure 7-3d). Selectively opening one, two, and three neighboring TiO2 nanotubes is also 

accomplished by controlling the diameter of the ion beam spot (Figure 7-3d).  Similarly, opening 

the TiO2 nanotubes in a 5 μm × 3 μm rectangular area can be easily achieved by selective ion 

exposure (Figure 7-3e). Moreover, the opened TiO2 nanotubes can be selectively closed again by 

30 kV Ga+ beam sculpting, as shown in Figure 7-3f. Therefore, FIB patterning with alternating 

ion beam energy has the capability to selectively close and open the anodized TiO2 nanotubes. 
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Figure 7-3. (a) Anodized TiO2 nanotubes; (b) selectively closed TiO2 nanotubes under 30 kV Ga+ ion 

beam sculpting with a 1.2×1017 ion/cm2 exposure dose; (c) further uniform exposure of the entire sample 

with another 1.2×1017 ion/cm2 dose to close all of the nanotubes; (d) and (e) selective opening of the 

closed TiO2 nanotubes by a 5 kV Ga+ beam with a 5.0×1017 ion/cm2 dose; (f) selective re-closing of the 

opened TiO2 nanotubes under a 30 kV Ga+ beam sculpting with a 1.2×1017 ion/cm2 exposure dose. 

 

7.1.3.3 Mechanism of FIB sculpting 

The fundamental mechanism for the closing and re-opening of the TiO2 nanotubes during 

FIB sculpting has been studied. I propose that the FIB sculpting is ascribed to the balance 

between ion-induced viscous flow and ion sputter erosion, while surface adatom diffusion, 

anisotropic deformation, atomic displacement, and redeposition have negligible effects on the 

closing and re-opening of the TiO2 nanotubes. 

The ion-induced viscous flow model can be understood through stress relaxation during 

local thermal spikes induced by a collision cascade at ion beam bombarded regions. During FIB 

sculpting, ions transfer energy from the projected particles to the target by nuclear collision and 

electronic excitation, which leads to increased local temperatures and a corresponding decrease 

in viscosity. According to the thermal spike theory, the relationship between the temperature 

distribution in cylindrical coordinates and the bombarded spot is: 240-241 
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where Fd is the energy deposited into the track per unit length, κ is the thermal conductivity of 

TiO2 (11.7 W/m/k), ρ is the density of TiO2 (3.8 g/cm3), C is the heat capacity of TiO2 (57.12 

J/mol/K), t is the relaxation time, r is the related distance to bombarded spot, and TS is the 

substrate temperature.225 When the temperature under the beam spot reaches the critical flow 

temperature (equal to the melting temperature of TiO2, Tm= 2113 K),225 the stress can be 

completely relaxed by viscous flow. Ion radiation enhances fluidity and leads to the flux-

dependent viscosity, η: 240-241  

rad
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where f is ion beam flux, and ηrad is dependent on Fd and TS but independent of f (see supporting 

information). The ion-induced diffusion coefficient, based on viscous flow, can be obtained by 

the Stokes-Einstein relationship:  
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where kB is the Boltzmann’s constant, T is the local temperature for viscous flow, and R0 is the 

radius of one TiO2 molecule (0.25 nm). 

The evolution of cross-sectional profile of TiO2 nanotube entrance under FIB sculpting is 

shown in Figure 7-4. When the FIB bombards the tube edge, local thermal spike at A0 results in 

formation of viscous flow along the tube internal wall. Due to temperature gradient from hot 

spike A0 and cold substrate B1, more materials accumulate near the local spike, which leads to the 

growth of extruded tip A1 with h1 width. With further sculpting, viscous flow moves along the 

instantaneous substrate A1B1. Similarly, the temperature gradient from A1 to B1 causes faster the 

mass growth rate at A1 than B1, which leads to more pronounced tip A2 and more curved surface 

A2B2. Under the same amount of viscous flow, the volume of the extruded tip formed each time 

is the same, which means the area profile B0A1B1, A1A2B2B1, A2A3B3B2, and A3A4B4B3 is the same 

as shown in Figure 7-4. However, more curved surface A2B2 (compared to A1B1) leads to smaller 

width for the extruded tip (h2 is less than h1). This means the extruded tips both grow inwards 

and rotate downwards during the FIB sculpting. When the extruded tips developed from the 

edges of a tube encounter with each other at the tube center, the TiO2 nanotube can be 

completely closed. Further ion-induced viscous flow and sputter erosion smooth the shield layer 

and make its thickness uniform.  

 
Figure 7-4. Illustration of the evolution of TiO2 nanotube profile under FIB sculpting. 
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For high ion beam energy sculpting, such as at 30 kV, the ion-induced viscous flow 

overcomes the sputter erosion, thus the TiO2 nanotubes can be closed. When the Ga+ beam 

energy is decreased, based on Monte Carlo simulation by SRIM,242 the energy deposited into the 

track per unit length Fd is reduced. Fd is 1.89 kV/nm, 1.6 kV/nm, 1.27 kV/nm, 1.06 kV/nm, and 

0.71 kV/nm for 30 kV, 16 kV, 8 kV, 5 kV, and 2 kV Ga+ beam sculpting, respectively. According 

to Equation (7-1), the temperature for local thermal spikes will significantly decrease when the 

Ga+ beam energy is reduced, as shown in Figure 7-5. However, the temperatures at local thermal 

spikes under 16 kV and 8 kV Ga+ beam sculpting are still slightly higher than the critical flow 

temperature (Tm= 2116 K), thus the ion-induced viscous flow still plays an important role and 

results in the failure of opening the closed TiO2 nanotubes, as shown in Figure 7-2a. For 5 kV 

and 2 kV Ga+ beam sculpting, the temperatures at local thermal spikes are much lower than the 

critical flow temperature. Therefore, the ion-induced viscous flow is suspended, and the sputter 

erosion dominates the low energy FIB sculpting process, which re-opens the closed TiO2 

nanotubes under 5 kV and 2 kV Ga+ beam sculpting (as shown in Figure 7-2b).   

 
Figure 7-5. Temperature distribution in cylindrical coordinates related to bombardment spot for 30 kV, 16 

kV, 8 kV, 5 kV, and 2 kV FIB sculpting.  

 

Different parameters (such as ion beam flux f, substrate temperature TS, initial tube diameter 

d0, ion beam dwell time DT, and ion beam incidence angle θ) can affect the closing rate of TiO2 

nanotubes under 30 kV FIB sculpting. The ion-induced viscous flow mechanism agrees with the 

influences of these parameters on FIB sculpting.  

As shown in Figure 7-6a, it takes 8.3×1016 ion/cm2 dose to close 80 nm TiO2 nanotubes 
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under 0.61 ions∙cm-2∙s-1 flux, while it only takes 4.5×1016 ion/cm2 dose to close the same TiO2 

nanotubes under 18.82 ions∙cm-2∙s-1 flux. When the ion beam flux is increased, the ion-induced 

viscosity η decreases based on Equation (7-2), which enhances both viscous flow and mass 

transport rates based on Equation (7-3). Therefore, the closing rate of the TiO2 nanotubes should 

accelerate under a large f, agreeing with the experimental results about the flux effect in Figure 

7-6a. 

  

  
Figure 7-6. Influence of (a) ion beam flux f, (b) initial tube diameter d0, (c) substrate temperature TS, (d) 

dwell time DT and incidence angle θ of ion beam on the closing rate during 30 kV FIB sculpting. 

 

Interestingly, as shown in Figure 7-6b, the closing rates of TiO2 nanotubes are sensitive to 

the initial tube diameter d0. At the same instantaneous diameter, the nanotubes that start with a 

larger d0 close more slowly. For the nanotube with d0=80 nm, after the diameter shrinks to 65 nm 

under a 1.5×1016 ion/cm2 dose, it needs another 6.0×1016 ion/cm2 dose to close the tube. 

However, for the nanotube with d0=65 nm, it only needs 3.7×1016 ion/cm2 dose to close the tube. 

Moreover, when d0 is 115 nm, the TiO2 nanotubes cannot be closed even with a prolonged ion 

dose. This phenomenon can be explained by the reduction in the inwards mass transport rate due 
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to the rotation of an extruded tip. As shown in Figure 7-4, the bottom of the extruded tip becomes 

more curved during the FIB sculpting, thus the incremental width of the extruded tip under the 

same amount of viscous flow is decreased: h4<h3<h2<h1. For the nanotube with d0=65 nm, it just 

experiences FIB sculpting, the initial incremental width (h1) of the extruded tip under viscous 

flow is large (Figure 7-7a); for the nanotube with 65 nm instantaneous diameter and 80 nm initial 

diameter, the instantaneous tube edge has a curved profile due to the development of the tip, thus 

the mass transport occurs both inwards and downwards, which reduces the initial incremental 

width (h1′) of the extruded tip: h1′ <h1 (Figure 7-7b). Therefore, the closing rate of a nanotube 

with d0=65 nm is faster. If d0 is increased to 115 nm, more extruded tip rotation leads to the 

incremental width of the extruded tip further decreases to 0, which suspends the inwards mass 

transport and the viscous flow only moves in the downwards direction. In this case, the 

nanotubes stops shrinking and cannot be closed by the FIB sculpting (Figure 7-7c).  

  

  
Figure 7-7. Illustration of the evolution of TiO2 nanotube profile under FIB sculpting with different initial 

diameter d0 and substrate temperature TS: (a) d0=65 nm, (b) d0=80 nm and instantaneous diameter d′= 65 

nm, (c) d0=115 nm, (d) TS=300 K, and (e) TS=93 K. 
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When TS is cooled from 300 K to 93 K, the minimum ion dose to close 80 nm TiO2 

nanotubes decreases from 7.5×1016 ion/cm2 to 2.2×1016 ion/cm2, thus the closing rate increases 

(Figure 7-6c). The low TS enlarges the temperature gradient from the thermal spikes to the 

substrate, thus accelerates the freezing rate of viscous flow when it moves along the 

instantaneous surface. Under the same amount of viscous flow, more mass accumulates at the 

extruded tip A1′ and the distance from B0′ to B1′ is decreased: B0′B1′<B0B1 (Figure 7-7d and 7-

7e). For the areas B0′A1′B1′ and B0A1B1 to be equal, the width of the extruded tip h1′ should be 

larger than h1. As a result, low substrate temperature increases the inward mass transport rate and 

the closing rate of the TiO2 nanotubes. On the other hand, due to the high temperatures at the 

local thermal spikes under the FIB sculpting, the decrease in TS only slightly influences the ion-

induced diffusion coefficient Dvicous (Figure 7-8), which means the effect of TS can be neglected. 

Figure 7-6d shows that a longer dwell time of FIB sculpting at each pixel (which means a 

slower scan rate) leads to a slower closing rate of the TiO2 nanotubes. The explanation is that the 

longer dwell time at each spot could increase the substrate temperature underneath the local 

thermal spikes and decrease the temperature gradient from the local spikes to the substrate; 

therefore, as discussed above, a smaller temperature gradient leads to a slower closing rate. 

However, short dwell time enables the substrate underneath the local thermal spikes to recover 

the low temperature more quickly and thus facilitates an increase in the freezing rate of the 

viscous flow and accelerates the closing rate of the TiO2 nanotubes. 

The incidence angle, θ, of the ion beam also affects the FIB sculpting process. For normal 

incidence angle (θ=0°), the ion-induced viscous flow can close the TiO2 nanotubes as discussed 

above. However, when θ is increased to 30°, the TiO2 nanotubes cannot be closed and the 

diameters remain at 48 nm under 1.35×1017 ion/cm2 dose (Figure 7-6d). When θ is increased to 

52°, the TiO2 nanotubes still cannot be closed, remaining at a diameter of 55 nm. This effect can 

be understood through the balance between the ion-induced viscous flow and the ion sputter 

erosion. Experimental results and SRIM simulation reveal that the ion sputter yield rate increases 

with an increasing θ.242-244 Meanwhile, the tilted incidence angle enlarges the projected beam 

spot at the sample surface, which decreases the beam flux and leads to the reduction of the ion-

induced viscous flow. As a result, sputter erosion dominates over the ion-induced viscous flow at 

a large θ, and the TiO2 nanotubes cannot be closed. This is similar to the tube opening process at 
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low ion beam energies, where the sputter erosion dominates the ion beam sculpting, and the 

shield layer on the closed TiO2 nanotube surface is removed to open the tube. 

The viscous flow model proposed by Aziz et al. is based on anisotropic deformation235. 

However, anisotropic deformation only occurs when electronic stopping (the energy transferred 

by the ion to the target electrons) dominates over nuclear stopping (the energy transferred by the 

ion to the target nuclei) at mega-electron-volt ion energies.245-247 Because the focused Ga+ beam 

energies in this study ranges from 2 kV to 30 kV, electronic stopping only accounts for a small 

ratio of the total collision cascades. Therefore, the anisotropic deformation is negligible, and I 

propose that the ion-enhanced fluidity is the driving force for viscous flow.  

Adatom diffusion model was established by Golovchenko et al. to explain noble gas ion 

sculpting.231-234 The annihilation of mobile adatoms at the edges of the pores leads to the closing 

of the nanopores. The characteristic distance of adatom diffusion before annihilation, Xm, 

depends on the ion flux f and surface diffusivity D: 231-234 
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where �  is the cross section for adatom annihilation by an impinging ion, trap�  is the average 

distance between surface defects that might trap an adatom, D0 is a material dependent prefactor, 

and Ea is the activation energy for surface diffusion (0.8 eV).248 A typical value for the prefactor 

D0, 10-3 cm2/s, is used to estimate the surface diffusivity.233 According to the adatom diffusion 

model, the influences of different parameters on the FIB sculpting are as follows. First, adatom 

diffusion length Xm should decrease with an increase in f, which indicates that the closing rate 

decreases when f increases. Second, the thermally activated surface diffusivity D decreases 

exponentially with TS as shown in Figure 7-8, and low TS is expected to freeze the adatom 

diffusion and reduce the closing rate. Third, the closing rate should be independent of the initial 

diameter of the nanotube. However, all these expectations based on the adatom diffusion model 

contradict the experimental results in Figure 7-6, which demonstrates the negligible effect of 

adatom diffusion on the FIB sculpting.  
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Figure 7-8. The relation of ion-induced diffusion coefficient (Dviscous) and thermal activated surface 

diffusivity (D) with substrate temperature, which is calculated based on Equation 3 and 5, respectively. 

 

The atomic displacement or amorphization due to ion beam induced damage and the 

additional volume increase by Ga+ ion implantation lead to swelling of the bombarded surface. 

Normally, the surface expansion due to swelling is less than the ion penetration depth.249-250 For 

the exposure of the TiO2 surfaces by 30 kV Ga+ ion, the Monte Carlo simulation by SRIM shows 

that the ion penetration depth is 15.9 nm;242 thus, swelling will be limited to 16 nm, which is too 

small to close the 80 nm TiO2 nanotubes. Moreover, the swelling effect should be independent of 

the ion flux, substrate temperature, and dwell time of the ion beam, which contradicts the 

experimental results shown in Figure 7-6. Therefore, the swelling effect can be neglected during 

the FIB sculpting. 

Redeposition during ion beam bombardment is a result of reduced collisional mean free path 

between collisions of sputtered particles because of the intensified local pressure by introduction 

of sputtered target materials.251-252 Under the same instantaneous ion dose, a single slow scan 

leads to a larger localized pressure than a repeated fast scan. Therefore, a slower scan (or longer 

dwell time) should cause more redeposition and accelerate the closing rate. However, the Ga+ ion 

beam sculpting in this study shows a reduced closing rate corresponding to an increase in the 

dwell time. Hence, redeposition is not the mechanism for mass transport during the FIB 

sculpting.  

The selective closing and re-opening of the TiO2 nanotubes can be utilized to modify the 

surface of the TiO2 nanotubes. The combination of this technique with electrodeposition can 
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allow for the selective growth of different conductive materials into different regions of the TiO2 

nanotubes. Moreover, selectively closing and re-opening TiO2 nanotubes presents an opportunity 

to load multiple dyes into dye sensitized TiO2 nanotube solar cells to increase the light 

absorption window and the solar cell efficiency. The opening process under low energy ion beam 

sculpting provides an approach to remove the barrier layer of freestanding TiO2 nanotubes to 

obtain TiO2 nanotubes with two open ends. 

 

7.1.4. Summary 

Highly ordered TiO2 nanotube arrays have been selectively closed under the sculpting of a 

30 kV focused Ga+ beam; meanwhile, the closed TiO2 nanotubes can be re-opened by reducing 

the energy of the Ga+ beam to 5 kV. The closing rate of the TiO2 nanotubes increases with a 

larger ion beam flux. Reducing the substrate temperature to as low as 93 K does not freeze the 

lateral mass transport; on the contrary, the closing rate of TiO2 nanotubes is increased when the 

substrate cools down. The FIB sculpting efficiency is sensitive to the initial diameter of the TiO2 

nanotubes: smaller initial tube diameters can be closed more quickly, but the tube cannot be 

closed if the initial diameter is too large. Long dwell time and large incidence angle of the ion 

beam decrease the closing rate. I propose that the balance between ion-induced viscous flow and 

sputter erosion is the mechanism for closing and re-opening of the TiO2 nanotubes under the FIB 

sculpting. This model is consistent with all of the experimental observations. 
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7.2. Understanding sintering characteristics by FIB-SEM 3D analysis 

7.2.1. Introduction 

It is believed the pore shrinkage is accompanied with density increase during sintering, 

which leads to the formation of closed pores and eventual pore removal. However, quantitatively 

analysis of the evolution of pore network is difficult. Traditional methods, such as BET and 

mercury porosimetry techniques, analyze the size, distribution and surface area of pores relying 

on gas or liquid to penetrate into the pores, which are only suitable for open pores.253-256 The 

failure of gas or liquid penetration into close pores means that these methods cannot monitor the 

pore evolution during the sintering process. Moreover, these methods cannot evaluate the pore 

shape and connectivity.  

3D reconstruction by focused ion beam cutting/scanning electron imaging (FIB-SEM) has 

recently been developed to analyze various electrodes of solid oxide fuel cells.257-260 SEM cross 

section image created by FIB cutting can effectively differentiate different materials and pores in 

the electrodes. Utilizing the 3D FIB-SEM reconstruction, a variety of solid oxide fuel cell 

microstructural parameters have been quantified, such as triple-phase boundary (TPB) density, 

TPB length, volume porosity, particle size, phase connectivity, phase tortuosity, and surface area. 

FIB-SEM tomography offers an opportunity to directly analyze the microstructural evolution 

during sintering.  

In this paper, I describe the 3D microstructure reconstruction by FIB-SEM tomography to 

understand pore evolution during the two-step sintering of ZnO nanoparticles. Sample linear 

shrinkage and weight loss at different temperature are examined by dilatometry and 

thermogravimetric analysis (TGA) to identify suitable temperatures for first and second step 

sintering. Key microstructural parameters including the relative density, surface area of ZnO 

matrix, pore shape, pore connectivity, and pore number are measured by 3D reconstruction. 

 

7.2.2. Experimental procedure 

ZnO green samples were prepared as discussed in 4.2.2. Subsequently, ZnO green samples 

were sintered at different conditions. The linear shrinkage of the ZnO samples at different 

temperatures with 5ºC/min heating rate was measured by a dilatometer (Model 1600D, The 

Edward Orton JR. Ceramic Foundation, Westerville, OH). Weight loss of ZnO samples was 
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carried out by a simultaneous TGA/DSC unit (449 C Jupiter, Netzsch Instruments N.A. LLC., 

Burlington, MA). Two-step sintering was carried out by first heating the sample to 1000ºC with 

5ºC/min heating rate and maintaining at 1000ºC for 1 min, and then decreasing the temperature 

to 850ºC with 100ºC/min cooling rate and keeping at 850ºC for different time. 

The microstructures of the sintered ZnO samples were characterized by FIB-SEM three-

dimensional analysis. First, the sintered ZnO sample was mounted on a FIB sample holder by 

graphite conductive adhesive and then sputter coated with a 10 nm gold layer to increase the 

conductivity. Second, a platinum protective layer with 1 μm thickness and 10 μm×10 μm size 

was deposited on the ZnO surface at 0° tilt angle in order to avoid the milling of ZnO surface 

structure and waterfall artifact during the FIB cutting. Third, three regular cross sections on 

different sides of the sample were obtained in order to create a ZnO protruding tip with 5 μm×5 

μm size. Fourth, platinum protective layers with 1 μm thickness were further deposited on the 

left and right sides of the ZnO protruding tip at 52° tilt angle, which significantly increased the 

conductivity of the ZnO sample during the FIB milling. Fifth, a nanopore array with 200 nm 

interpore distance and ~500 nm depth was created on the platinum protective layer at the top 

surface of the protruding tip, which was used as markers for three-dimensional analysis. Sixth, as 

the FIB milled away the material at the front of the ZnO protruding tip, a series of 2D cross 

section SEM images were continuously acquired. The slice to slice distance was 10 nm, and the 

milling current was 93 pA. Finally, the 2D cross section SEM images were aligned and stacked 

to form the 3D microstructure of the sintered ZnO samples by Amara software. 

 

7.2.3. Results and discussion 

7.2.3.1 Densification and 2D microstructure observation 

In order to identify proper temperatures for the first-step and second-step sintering, 

dilatometry and TGA were carried out to analyze the shrinkage and weight loss during sintering. 

The relative density of the green samples is 44%. As shown in Figures 7-9a and b, there are 

~1.4% shrinkage and 5.4% weight loss at 450ºC, and these changes are due to the decomposition 

of PAA and evaporation of water. Rapid linear shrinkage occurs when the temperature is 

increased to >850ºC, reaches 16% at 1000ºC, and stabilizes at ~24.5% at 1100ºC. Based on the 

linear shrinkage curve, the lowest temperature to activate densification should be around 850ºC. 

Thus 850ºC is chosen as the second-step sintering temperature, which should allow densification 



171 
 

through grain boundary diffusion while still being not high enough to activate grain growth. 

Assuming that the shrinkage is isotropic during sintering, we can calculate the relative density of 

the ZnO samples at different temperatures based on the dilatometry and TGA data, as shown in 

Figure 7-9c. The relative density is 44% before 850ºC, and increases rapidly after 850ºC. The 

relative densities at 1000ºC, 1100ºC, and 1200ºC are 69.9%, 96.0%, and 98.1%, respectively. 

The density measured after 1000ºC sintering is 66%, which is very close to the calculated value 

in Figure 7-9c. In order to achieve a critical density value of 75% before the second-step 

sintering, the ZnO green sample is heated to 1000ºC and maintained at 1000ºC for 1 min during 

the first-step sintering. The density at this state is measured to be 75%. 

 

  

 
 

Figure 7-9. (a) Dilatometry curve of the ZnO sample, (b) TGA curve of the ZnO sample, (c) calculated 

relative density of the ZnO sample based on the dilatometry and TGA data. 
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As shown in Figure 7-10a, the grain size for the green sample is almost the same as the ZnO 

nanoparticle size, which is around 20-30 nm. After the first step sintering at 1000ºC for 1 min, 

the grain size increases to 90-400 nm while the relative density increases to 75%. The rapid 

increases in ZnO density and grain size at 1000ºC demonstrate that both grain boundary 

migration and grain boundary diffusion are active at 1000ºC. When the second step sintering at 

850ºC is carried out for 2 h, 5 h, 20 h, and 50 h, the relative density increases to 83%, 91%, 96%, 

and 97%, respectively. At the same time, the SEM image in Figure 7-10e shows that the grain 

size is only slightly enlarged to 150-580 nm after 50 h of sintering at 850ºC. This means during 

these periods grain boundary migration is minimal. If the temperature for the second step 

sintering is increased to 900ºC, after 5 h of sintering some grain sizes increase to as large as 1.1 

μm, as shown in Figure 7-10f. Therefore, the second step sintering at 850ºC effectively avoids 

the grain growth and while still keeping the grain boundary diffusion active to densify the ZnO 

samples. 
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Figure 7-10. SEM images of ZnO samples at different sintering stages: (a) green sample; (b) after first-

step sintering at 1000ºC; (c-e) after second-step sintering at 850ºC for 2 h, 5 h, and 50 h, respectively; (f) 

after second-step sintering at 900ºC for 5 h. 

 

7.2.3.2 3D microstructure reconstruction 

The 2D SEM images are difficult to show the evolution of pores during the sintering 

process. Therefore, here I introduce a 3D microstructure reconstruction method to analyze the 

evolution of pore connectivity, pore size, pore number, and pore shape. The SEM-FIB duel beam 

system is used to collect a series of 2D cross section SEM images with 10 nm interval distance. 

The electrical conductivity of the sample surface plays a crucial role in determining whether high 

quality 2D images can be obtained or not. As shown in Figure 7-11a, FIB cutting can be used to 

create a cross section surface in the region of interest, and then a corresponding SEM image can 

be obtained at the backside wall of the cut. Even though the top surface is coated with a platinum 

layer, the electrical conductivity is low. Positively charged Ga+ ions mill the sample during the 

FIB cutting, and negatively charged electrons sculpt the sample during the SEM imaging. If the 

electrical conductivity of the sample surface is low, serious charging will occur at the milled 

region, which leads to sample drifting under ion beam and electron beam, as shown in Figure 7-

11b. In this case, it is hard to maintain the same distance between the slices during the FIB 

cutting. Here, I first create a protruding tip by FIB, and then coat a thick platinum protective 

layer to cover both the top and side surfaces of the protruding tip. As a result, during the FIB 

cutting, the side and top surfaces of the examined region are always covered by a conductive 

platinum layer to maintain good electrical conductivity and overcome the charging issue. Thus, I 

can greatly decrease the interval distance between the slices of FIB cutting to 10 nm. Moreover, 
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a nanopore array with 200 nm interpore distance is introduced on the top surface of the 

protruding tip to monitor the distance between each cutting. It takes 20 cuts to go from one row 

of nanopores to the next row of nanopores, which confirms that the distance between each 

cutting is 10 nm. Because the focused ion beam has a Gauss distribution and the minimum ion 

beam spot is 30 nm for 30 kV and 93 pA condition, it is difficult to obtain slice interval distance 

less than 10 nm.  
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Figure 7-11. (a) FIB cutting with a dent in the region of interest; (b) drifting of FIB cutting locations; (c) 

new sample preparation method by creating a protruding tip; (d) coating the side and top surfaces by a 

thick platinum protective layer and creating a nanopore array on the top surface of the protruding tip to 

monitor the FIB cutting quality; (e) cross section image with waterfall artifact when a platinum layer on 

the top surface is thin; (f) cross section image with a thick platinum protective layer on the side and top 

surfaces of the protruding tip. 

 

If the thickness of the platinum protective layer is less than 300 nm, then some vertical 

artifact lines are developed at the cross section (Figure 7-11e), this waterfall artifact is one of the 

main issues affecting the quality of cross section SEM images. I find that a platinum protective 

layer with a thickness larger than 1 μm is necessary in order to effectively avoid the waterfall 

artifact. For the protruding tip with a thick platinum layer on the side and top surfaces, good 

quality SEM cross section images can be achieved, as shown in Figure 7-11f. 

After obtaining 150 slices of 2D cross section SEM images, the Amira software is used to 

align the slices and crop the interested region into 3 μm × 3 μm areas. Subsequently, 3D 

microstructure reconstruction of the ZnO samples is achieved by stacking all the slices together 

with 10 nm interval distance, as illustrated in Figure 7-12a. Figure 7-12b shows the 3D 

reconstruction result of the ZnO sample after the first step sintering, the blue (darker in print) 

color represents the pores inside the sample, and the red color (light in print) represents the ZnO 

matrix. The ZnO matrix blocks the observation of pore structures inside the sample. In order to 

distinguish all the pores, each pore can be labeled by a different color and extracted from the 

ZnO matrix, as shown in Figure 7-12c. The pore volume is very high and the pores are 

interconnected with each other. Except for several isolated pores at the edge, a large open pore 

dominates. The reason for the isolated pores at edge locations is due to the spatial limitation of 

3D reconstruction in 3 μm × 3 μm × 1.5 μm volume, which artificially cuts out their connection 

with other open pores. This indicates that after the first-step sintering the ZnO sample has high 

pore volume and the pores are interconnected with each other to form a large open pore. 
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Figure 7-12: (a) Illustration of 3D microstructure reconstruction by stacking slices together, in order to 

clearly demonstrate the illustration, we show the SEM images every 10 slices; (b) 3D mcirostructure of 

ZnO sample after the first step sintering; (c) 3D structure of pores for the ZnO sample after the first step 

sintering.  

 

7.2.3.3 3D microstructure understanding 

Figure 7-13 shows the 3D reconstruction result of pore evolution in the ZnO samples after 

different times of second step sintering. Both size and shape of the pores present change during 

sintering process. With the increase of second-step sintering time, pore shrinkage causes large 

interconnected open pores (as shown in Figure 7-12c) to break into many small pores. After 2 h 

of second-step sintering, the pore number increases to 49, but some of the pores are still 

interconnected and open (Figure 7-13a). When the sintering time is increased to 5 h and 20 h, the 

pore number further increases to 66 and 96, respectively, while more and more closed pores 

forms. Figure 7-13c shows many small isolated pores for the ZnO sample after 20 h of second-
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step sintering. Moreover, the pore size has a large range. Even though the ball milling sample 

preparation greatly break up the agglomerates, any minor variations in the original particle 

packing or particle-size are exaggerated during the pore growth process, which leads to a range 

of pore sizes present during intermediate stages of sintering; at the same time, spaces between 

agglomerates and occasional larger voids further enlarge the pore size distribution.  

Prolonging the sintering time to 50 h leads to the disappearance of some small isolated 

pores, thus the pore number decreases to 33. At the same time, it is hard to remove large isolated 

pores even with very long sintering time. According to the sintering theory, the pore stability is 

related to the number of surrounding grains and ratio of pore size to grain size. For the large 

pores, due to high number of surrounding grains and large ratio of pore size to grain size, the 

pores not only remains stable but grow. Most of the sintering theory assume the isolated pores 

have spherical shape, however, the 3D reconstruction result clearly shows that the pore shape is 

irregular even after sintering at 850°C for 50 h. 
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Figure 7-13. 3D structure of pores for the ZnO samples after second step sintering for different times: (a) 

2 h, (b) 5 h, (c) 20 h, and (d) 50 h. The volume of the reconstruction region is 3 μm × 3 μm × 1.5 μm, the 

same as in Figure 7-12. 

 

Based on the 3D reconstruction data, relative density, pore volume, pore-ZnO matrix 

interfacial area, and pore number can be quantitatively obtained and are summarized in Figure 7-

14. With the increase of the second step sintering time from 0 h, to 2 h, 5 h, 20 h, and 50 h, the 

total pore volume in the 3 μm × 3 μm × 1.5 μm reconstruction space decreases from 3.65 μm3 to 

2.39 μm3, 1.34 μm3, 0.60 μm3, and 0.57 μm3, respectively, which indicates that the relative 

density of the ZnO samples increases from 72.9% to 82.3%, 90.0%, 95.6%, and 95.8%, 

respectively. The relative density from 3D reconstruction is consistent with the experimental 

results, as shown in Figure 7-14a, which indicates the reliability of this 3D reconstruction 

method.  

The traditional methods to measure pore volume, such as BET and mercury porosimetry 

techniques, can only detect open pores because gas or liquid cannot penetrate into isolated pores. 

Here, the FIB-SEM 3D reconstruction method enables evaluation of pore structures for both 

open pores and isolated pores. Therefore, it is an excellent tool to measure the changes of pore-

grain interfacial area during sintering. As shown in Figure 7-14b, the total interfacial area in the 

reconstructed region dramatically decreases from 85.7 μm2 to 48.8 μm2, 34.2 μm2, 14.3 μm2, and 

11.5 μm2 after 2 h, 5 h, 20 h, and 50 h of second-step sintering, respectively. At the early stage of 

second-step sintering, the ZnO sample has a higher porosity, the mean diffusion distance is small. 

This leads to significant shrinkage and segmentation of pores, which is accompanied with rapid 

increase of relative density and decrease of pore-solid interfacial area. When densification 

occurs, many pores become isolated from grain boundaries, and the diffusion distance between 

pores and a grain boundary becomes large, thus the rate of sintering decreases, which decelerates 

the increasing rate of relative density and decreasing rate of pore-solid interfacial area. 
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Figure 7-14. (a) Experimental and 3D reconstruction density results for the ZnO samples at different time 

of second step sintering; (b) 3D reconstruction results for interfacial area and pore volume and (c) pore 

number at different time of second step sintering in 3 μm × 3 μm × 1.5 μm sample volume.  

 

7.2.4. Summary 

In this study, I utilize FIB-SEM 3D reconstruction to understand the microstructure 

evolution of sintered ZnO samples, especially during the two-step sintering. The linear shrinkage 

measurement by dilatometry shows a rapid shrinkage starting from 850ºC. New FIB cutting 

method, which introduces a protruding tip with thick platinum protective layer covering both the 

top and side surfaces, overcomes the drifting issue and waterfall artifact for the FIB cutting, and 

improves the FIB cutting resolution to 10 nm. Based on the 3D reconstruction, the relative 

density, pore volume, pore-ZnO matrix interfacial area, pore shape, pore connectivity, and pore 

number have been achieved. With increase in second-step sintering time, the relative density of 

the ZnO samples increases. During the sintering, the pore volume decreases changes the 
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interconnected open pores to isolated-closed pores; at the same time, the pore number first 

increases due to the formation of closed pores, and then decreases due to the disappearance of 

the small closed pores. Due to densification and the formation of isolated pores, the diffusion 

distance between pores and grain boundaries increase, which slow down the shrinkage rate of 

pore volume and decreasing rate of pore-solid interfacial area. 
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Chapter 8. Conclusion 

8.1. Conclusion 

In this dissertation, I focus on the growth of anodic alumina nanopores and TiO2 nanotubes 

and their applications. First, highly ordered AAO arrays with different structures are achieved by 

FIB pre-pattern guided anodization. During the anodization, the electric field at the FIB 

patterned concaves is large, thus facilitate the development of nanopores at the FIB patterned 

locations. The FIB patterned concave with only 1.5 nm depth can efficiently guide the growth of 

nanopores. FIB lithography has the advantage to create concave arrays with various 

arrangements, interpore distances, and diameters, which enables AAO arrays with corresponding 

structures. With the guidance of the FIB patterned concaves, the anodization windows are 

increased, and this offers more capability to design the AAO template with different interval 

distance and arrangement. Hexagonal AAO arrays with interpore distances ranging from 200 nm 

to 350 nm can be fabricated at 140 V in 0.3 M phosphoric acid; hexagonal AAO arrays with 150 

nm interpore distances can be obtained under the applied potential ranging from 50 V to 80 V in 

oxalic acid. As a result, AAO with Moiré pattern, which has various interpore distances and 

alternating high and low nanopore area specific densities, is successfully fabricated by FIB 

guided anodization. However, when the interpore distance of FIB patterned concave increases to 

a large value, new nanopores start to develop at the tri-junction centers of the FIB pattern. 

Vertically aligned and high aspect ratio h-PDMS nanorod arrays with Moiré pattern 

arrangements have been synthesized by nanoimprinting a prepolymer with the AAO template. 

The key to release the h-PDMS nanorods without bending and ground collapse is to introduce a 

low surface energy AAO template through a polymer monolayer. For the ceramic micro-

fabrication by soft lithography, there are two important steps. First, a high solids loading 

nanoparticle suspension is prepared through both electrostatic stabilization and steric 

stabilization. Second, a hydrophilic PDMS mold surface is created by adding 3 wt% TX-100. 

The large capillary force between the suspension and the PDMS mold surface enables the 

suspension to fully fill the features on the mold, and the high solids loading is required to 

maintain the fidelity of the features during soft lithographic micromolding.  
In this dissertation, I discovered two important phenomena, which challenge the validity of 

existing formation mechanisms of anodic TiO2 nanotubes. First, increasing OH– concentration in 
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the electrolyte leads to the transformation of nanoporous to nanotubular TiO2 structure. Second, 

the as-grown TiO2 nanotubes show structural evolution during the submersion in an electrolyte 

or drying in air after the anodization, which is demonstrated by EIS measurement for the first 

time. Based on this, dehydration of titanium hydroxide cell wall is proposed to understand the 

formation mechanism of anodic TiO2 nanotubes. Combining the FIB lithography with 

electrochemical anodizationcan create not only highly ordered TiO2 nanotube arrays but also 

TiO2 nanotube arrays with different arrangements, interpore distances, and diameters. TiO2 

nanotube arrays with branched structure and bamboo-type structure have been fabricated by 

adjusting the anodization voltage. 

Bamboo-type TiO2 nanotubes produced by cycling applied voltage show large specific 

surface area and inter-connectivity, and thermal treatment in H2 atmosphere increases the 

electrical conductivity of the TiO2 nanotubes. As a result, the bamboo-type TiO2 nanotubes 

demonstrate larger supercapacitors and higher water splitting efficiency than smooth TiO2 

nanotubes, and the H2 treated TiO2 nanotubes demonstrate larger supercapacitors and higher 

water splitting efficiency than as-grown TiO2 nanotubes. H2 treated bamboo-type TiO2 nanotubes 

are an excellent candidate for energy conversion and storage. 

The surface curvature and heterogeneous concave depths influence the growth direction of 

TiO2 nanotubes and alumina nanopores. In order to investigate these effects, I used FIB 

lithography to create nanopores with heterogeneous depths on flat surfaces and with uniform 

depth on curved surfaces. Bending and bifurcations of nanotubes/nanopores are observed under 

the pattern guidance with heterogeneous depths. For the curved surface, the growth direction of 

all TiO2 nanotubes is perpendicular to the local surface; bifurcation of a large tube into two 

smaller tubes occurs on concave surfaces, while termination of existing tubes occurs on convex 

surfaces. This study also opens an opportunity in the applications of AAO and TiO2 nanotubes 

where curved substrates are needed.  

The mechanism of focused ion beam sculpting on anodic TiO2 nanotube surface is studied, 

and an ion-induced viscous flow model has been proposed to explain the influence of Ga+ ion 

beam flux, substrate temperature, initial tube diameter, ion beam dwell time, and the incidence 

angle of the ion beam. The anodic TiO2 nanotubes can be selectively closed by 30 kV Ga+ beam, 

and be re-opened by 5 kV Ga+ beam.  

Pore evolution (such as the change of pore volume, pore-solid interfacial area, pore shape, 
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pore connectivity, and pore number) during the two-step sintering of ZnO nanoparticles is 

investigated by a 3D reconstruction method. During the process, FIB cutting and SEM imaging 

produce a series of cross section images with constant interval distance; these images are stacked 

together to provide a direct and quantitative observation of pore evolution during sintering. In 

order to overcome the drifting issue and waterfall artifact during the FIB cutting, a protruding tip 

with a thick platinum protective layer covering both the top and side surfaces is used in this 

study. This decreases the interval distance between FIB cuts to 10 nm and improves the z-

direction resolution for 3D reconstruction to 10 nm. 
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8.2. Future work 

Further research can focus on the following topics: 

1, Fabricate ordered AAO directly on Si substrates with no barrier layer between the AAO 

with Si substrate. One possible method is to use the highly conductive Si wafer as a substrate, 

and deposit Al onto the Si wafer by electron deposition or thermal deposition. Because the Si 

substrate has high electrical conductivity, the anode can directly contact with the backside of the 

Si substrate during the anodization. Subsequently, two-step anodization can be carried out to 

form ordered AAO on the Si substrate. After the entire Al has been anodized, the electric field at 

the pore bottom is large; this will facilitate the dissolution of the barrier layer and form AAO 

structure on the Si substrate with two open ends. Then, electrodeposition, chemical vapor 

deposition, pulsed laser deposition, sol-gel, or other techniques can be applied to grow nanowires 

inside the AAO template. After dissolving the AAO template with NaOH, free standing 

nanowires can be formed on the Si substrate. During drying the large capillary force might lead 

to collapse and agglomeration of the nanowires, in this case supercritical drying or freeze drying 

should be introduced to avoid this issue. 

2, Further increase the supercapacitors and photochemical water splitting efficiency of 

devices using TiO2 nanotube arrays. The first approach would be to modify the bamboo-type 

TiO2 nanotubes with Fe2O3 nanoparticles by dip coating in a Fe(NO3)3 solution, or MnO2 

nanoparticles by dip coating in a Mn(NO3)2 solution. The second approach would be to introduce 

an N-dope the bamboo-type TiO2 nanotubes through thermal treatment under NH3 atmosphere. 

The third approach would be to electrodeposit the bamboo-type TiO2 nanotubes with Fe, Ni, or 

Nb to increase the performance in energy related applications. 

3, Explore focused ion beam sculpting technique on different substrates, such as 

semiconductor and metal, oxide materials. This method is to use the influence of Ga+ ion beam 

flux, substrate temperature, initial pore diameter, ion beam dwell time, and the incidence angle of 

the ion beam to investigate the focused ion beam sculpting mechanism. Moreover, the 

mechanism of electron beam sculpting and ion beam sculpting should be studied in future.  

4, Improve the quality of cross section SEM image for 3D reconstruction to not only clearly 

differentiate pore and grains but also identify the grain boundaries. In this case, the 3D FIB-SEM 

reconstruction can simultaneously demonstrate the grain evolution and pore evolution during 

sintering, which will enable the investigation of the mechanism of sintering process.  
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