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Nanopore/Nanotube Pattern Formation through 
Focused Ion Beam Guided Anodization 

 
Zhipeng Tian 

 
Abstract 

 
Anodization is a kind of method that can produce oxide layer in a large area and 

on flexible shaped metals. In some specific conditions, anodic oxide layers exhibit 

interesting nanopore/nanotube structures. In this work, focused ion beam patterning 

method is introduced to general anodization, aiming to make highly ordered anodic 

porous alumina and titania nanotubes. 

Focused ion beam guided porous anodic alumina is carried out by pre-designing 

hexagonal and square guiding patterns with different interpore distances on well 

electropolished Al foil before anodization. After anodization, the guiding interpore 

distance is found to affect the new pores’ locations and shapes. Two important elements, 

electrical field and mechanical stress, are discussed for the development of the guiding 

pores and the generation of new pores. Based on the proposed pore growth mechanism, 

novel patterns, non-spherical pores, and large patterns across the grain boundaries are 

successfully produced.  

The research on focused ion beam guided anodic titania nanotubes begins with 

surface polishing. The influence of four polishing conditions, as-received, chemically 

polished, mechanically polished, and electropolished samples, are investigated. A 

polished smooth sample provides a desired surface for focused ion beam guided 

anodization. Hexagonal guiding patterns with different interpore distances are created on 

Ti surface. Ordered nanotube arrays are produced, and the structure of the anodized 

guiding pattern is identified. 
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Chapter 1 Introduction 

1.1 Anodizaition 

1.1.1 Introduction to anodization 

 Anodization is a traditional process to grow oxide layer on metal surface. The 

procedure is carried out in an electrochemical cell, including an anode (positive 

electrode), a counter electrode, the electrolyte in between the two electrodes and outer 

power source. The above four parts compose a series circuit. Usually, the power source is 

a DC power to keep one electrode positive potential always. Typical electrochemical cell 

also equipped with a third electrode called "reference electrode" to identify the applied 

voltage precisely.  

 In the anodization set up, the object metal/alloy is installed at the anode. The 

counter electrodes are usually Pt, carbon, or other alloys that are not reactive with the 

electrolyte, so the process is also called anodizing.  

 The electrochemcial cell set up can be used in different ways. In some occasions, 

metals are set as the counter electrode. They react with the electrolyte and are lost, and 

then go to the anode. This process is called galvanization. If no chemical reaction 

happens at both two electrodes, but just using the electrical field to move the charged 

particles/colloids in the electrolyte and adhere to the electrode, it is called 

electrochemical deposition. 
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1.1.2 Application of anodization 

 Anodic oxide layer is different from the thermal created oxide layer on metal, 

which should be treated at a high temperature, and usually at low vacuum or in some 

protective gas environment. Anodization can conveniently generate uniform oxide layer 

in large area. By adjusting the electrical field distribution, anodization can also apply to 

metal/alloy with versatile surface shapes, like curved surface. Besides that, the thickness 

of anodic oxide layer can be conveniently controlled by oxidation current and time.  

Because of this advantage, anodization method has been widely chosen in the 

industry. The major application is to generate a condensed oxide layer on the metal/alloy 

surface to provide better properties than bare metal. This anodic oxide layer can increase 

the corrosion resistance and wear resistance. Anodization has been applied to Al, Ti, Mg, 

Ta, Nb, W, Hf, and Zr metal until now. Besides the pure metal, oxide layer can also be 

generated on the surface of Al and Ti alloys like TiAl, TiNb and TiZr, even more 

complex alloys like Ti6Al7Nb and Ti6Al4V. 

 

1.1.3 Previous work on anodic film 

 Anodization has beem applied to several kinds of metals and metal alloys. 

Researchers found out that in some specific anodization conditions, novel morphologies 

formed on the anodic surface, like pores or tubes, instead of a condensed oxide layer. 

This section will focus on the anodic surface morphologies for different specimens and 

anodic conditions.  
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1.1.3.1 Anodic metal with novel morphologies 

 Al metal is most common used for anodization. Besides that, some other metals 

are also suitable for anodization and make nanostructure. Table 1 summarizes the 

anodization conditions and resultant morphologies for different metals in particular 

electrolytes and applied voltages. 

 

Table 1 Anodization conditions and morphologies for metals 

Metal Applied voltage Electrolyte Morphology 

Al 

~ 25 V [1] Sulfuric acid Nanopores 

~ 40 V [2] Oxalic acid Nanopores 

~ 195 V [3] Phosphoric acid Nanopores 

Ti 

~ 20 V [4] HF Nanotubes 

~ 60 V [5] Ethylene/fluoride Nanotubes 

~ 20 V [6] Glycerol/fluoride Nanotubes 

Ta 20 V [7] H2SO4/HF Nanopores 

Nb 20 V [8] H2SO4/HF Nanopores 

W ~ 40 V[9] NaF Nanopores 

Hf ~ 50 V [10] H2SO4/NaF Nanopores 

Zr 20 V [11] (NH4)2SO4/NH4F Nanotubes 

Sn ~ 12 V [12] Oxalic acid Nanopores 
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Among the above metals, Al and Ti have been researched most for their versatile 

preparation conditions in different electrolytes. The size of Al2O3 nanopores is sensitive 

to the applied voltage. Besides that, the change of electrolyte in the component, 

concentration, PH, current density and temperature will also affect the final Al2O3 

morphology. 

 

1.1.3.2 Anodic alloys 

 Anodic oxide layer on the alloy surface can increase the corrosion resistance. 

Once again, anodizing in some specific conditions will obtain some novel surface 

morphology. Table 2 summarizes the anodization conditions and resultant morphologies 

for different alloys in particular electrolytes and applied voltages. 

 

Table 2 Anodization conditions and morphologies for alloys 

Metal Applied voltage Electrolyte Morphology 

TiAl ~ 40 V [13] H2SO4/HF Nanotubes 

TiNb 20 V [14] NaH2PO4/HF Nanotubes 

TiZr 20 V [15] (NH4)2SO4/NH4F Nanotubes 

Ti6Al7Nb 20 V [16] (NH4)2SO4/NH4F Nanotubes 

Ti29Nb13Nb4.6Zr ~ 15 V [17] (NH4)2SO4/NH4F Nanotubes 
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Compared with Table 1 and Table 2, most of the anodic metals (besides Ti and Zr) 

will get a porous structure in specific anodization conditions. Ti and Ti alloys tend to 

grow nanotube structure. All the electrolytes used to generate nanotubes contain fluoride 

ions. Though some publications have tried to explain the phenomena of nanotube 

formation, the inherent mechanism why anodic Ti and Ti alloy tend to generate nanotube 

morphology is still unclear. 

 

1.2 Focused ion beam 

1.2.1 Introduction to focused ion beam 

 Focused ion beam, a technology that focuses high voltage accelerated liquid ions 

to bombast target area, has become one of the popular methods designing various types 

of nanostructures. Several kinds of liquid ions have been used as ion sources, including 

Al, As, Au, B, Be, Bi, Cs, Cu, Ga, Ge, Er, Fe, H, In, Li, Ni, P, Pb, Pd, Pr, Pt, Si, Sn, U 

and Zn [18], among which the Ga+ is one of the most common used ion source to carry 

out patterning/etching/milling process. Compared to electrons, ion atoms are over 1000 

times heavier, which can directly hit other atoms out. At the same accelerate voltage 30 

KV, Electrical beam can only generate secondary electrons, but ion beam can "write" 

nano-patterns or produces nano-structures on the target materials directly. One advantage 

of the ion beam fabrication is its un-contact patterning without any mask. By moving the 

target under pre-design program, the ion beam can conveniently generate a large area of 

patterns, larger than 500 µm × 500 µm. 
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 Several elements govern the ion beam effects. They are ion beam current, 

accelerate voltage, dwell time and pixel spacing. The ion beam current can change from 1 

pA to 10 nA. Small ion beam current also means tiny ion beam spot. At 1 pA ion bean 

current, the focused ion spot size can be less than 5 nm. Accelerate voltage controls the 

ion etching or implantation depth. Dwell time, pixel spacing, pass number, and ion dose 

are all equipment parameters. Dwell time defines how long the ion beam spot stops at one 

point in each pass. Pixel spacing is the distance between two ion beam hit centers. Pass 

number indicates how many times the ion beam goes through the whole pattern. Ion dose 

is the total amount of the ions that hit the target materials. It is determined by ion current, 

dwell time, and pass number. Ion dose per pixel/spot is one important parameter that 

quantifies the ion beam effect.  

 Figure 1-1 shows a real FIB equipment. Figure 1-1 (a) is a picture of the Helios 

NanoLab 600 dual beam FIB. “Dual beam” means not only ion beam, but electron beam 

is equipped inside. The e-beam can conduct Pt deposition, at the same time act as a SEM. 

Those two guns in Figure 1-1 (b), ion beam gun (Ⅰ) and e-beam gun (Ⅱ) have an angle 

of 52°. When ion beam is milling on the target material, image can be taken by e-beam at 

an angle of 52°. In this case, dual beam FIB could supervise in-situ growth. 
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1.2.2 Reaction between ion beam and materials 

 The reaction between ion beam and the solid materials can be classified by the 

nature of the interactions. 

 Milling is understood as the elastic collision of physical sputtering when the ion 

bombardment on the target materials happens. Sputtering occurs due to a series of elastic 

collision when the incident ions transfer momentum to the target materials in the collision 

region. If the solid atoms receive enough kinetic energy that beyond the surface binding 

energy, they will eject as sputtered atoms out of the surface. In general situation, the 

sputtered atoms will deposit onto the substrate again, which is called redeposition. 

Redeposition is one of the reasons that cause the milling patterns to become "V" shaped 

or reverse pyramid in depth direction. 

 Inelastic interaction between incident ions and target atoms during the ion 

bombardment will generate phonons, plasmons (in metal) and secondary electrons. Here 

secondary electrons are what we commonly use to take images. Besides secondary 

electrons, secondary ions will also generate in the ion beam bombardment region. Images 

taken by the secondary ions provide different types of information, compared to the 

secondary electron imaging. Ion beam can only penetrate very shallow depth. Take 30 

KV accelerated Ga+ ions for example, the penetration depth limited to tens of nanometers, 

therefore the secondary ion beam image directly reflect the surface information within the 

ion beam collision area. 
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1.2.3 Nano-fabrication under focused ion beam 

 Direct writing is one of the FIB nanofabrication technologies. It focuses the ion 

beam directly onto the substrate and creates pattern. The ion beam spot size determines 

the resolution. There are many reports on making nano-scale pores, lines and layered 

structures.  

 Since the focused ion beam stream has a Gauss distribution, the pores are not 

column like, but reverse pyramid liked structure, or so-called V shape. In this case, FIB 

cannot make high aspect ratio nano-pores. Typically, under 30 KV accelerate voltage, the 

aspect ratio of the pore length and diameter will not exceed five [19]. Lee et al [20], 

investigated the FIB patterned nano-pore shape under AFM. The FIB patterned pore 

diameter is less than 20 nm. They also reported rings appear on the edge of each FIB 

drilled pores. These rings are higher than the substrate. It is the redeposition of target 

materials and the swelling due to the amorphization effect. Researches have filled in the 

FIB patterned pores on the GaAs substrate with In metal, making use of this pyramid 

liked probe as the atomic force microscope tip [21].  

 FIB direct writing contains two kinds of operations. One approach is using a very 

strong ion dose to remove atoms from the target, which is called etching or milling. 

Another approach is to deposit other atoms on the target, which is called ion beam 

induced deposition. This process can deposit useful materials on almost any chosen target 

in nano-scale precision. For a practical example in this thesis, we pumped in 

methylcyclopentadienyl platinum trimethyl precursor gas using a tiny tube very near the 

bombardment area. The Pt organic precursor gas was split by high energy ion beam, 

leaving Pt metal on the target surface. This Pt layer can provide good conductivity to 
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prevent charging, at the same time, protects the surface. If the area is not hit by ion beam, 

not such deposition will happen. In this case, ion beam induced deposition is also a kind 

of method to build nano-structure on the surface. 

  

1.3 Objective: ion beam guided anodization 

 For general anodic nanopores/nanotubes, their arrangement is random. In other 

words, the only advantage we make use of is large surface area, which is enough for 

many applications. However, in some occasions we need to avoid local effect, like 

nanostructured capacitor, or want to control the location precisely, such as hard disk 

storage, ordered structure is necessary.   

 Much effort has been provided to generate well-arranged nanopore arrays using 

guiding effect, like nano-imprint [22] and lithography [23]. The reports on ordered 

porous structure mostly concentrate on anodic alumina. Some phenomena have been 

observed for the ordered anodic alumina, such as light propagates through 2D photonic 

crystal [24]. 

 In this study, the FIB patterning function and the anodization process are 

combined together, making highly ordered nanopore/nanotube arrays. Besides that, the 

nanoporous structure is expected to be controllable.  
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Chapter 2 Ion beam guided anodic aluminum oxide 

2.1 Introduction to porous anodic aluminum oxide 

 Anodic aluminum oxide (AAO) is originally applied to passivate and to protect Al 

from corrosion and abrasion. However, under some specific anodization conditions, like 

anodizing in specific acids with a certain range of applied voltage, nano-scaled porous 

structure is obtained, instead of a condensed oxide layer. This large area structured 

surface leads AAO to many applications as catalysis supports or as templates. 

Researchers have developed many ways to control the AAO morphology, pore diameter, 

porosity, and length by varying the growing environments. Porous AAO is popular 

chosen as template to make nano-pillars. 

 

2.1.1 Porous anodic aluminum oxide under different electrolytes 

 Selecting the electrolyte is the first step when doing anodization. It has been 

found that porous AAO can be formed in sulfuric acid, oxalic acid, phosphoric acid, and 

some mixed acid solutions only in narrow anodization reaction windows, which means in 

different electrolytes the optimized applied voltage or current density are different.  

 

2.1.1.1 Porous anodic aluminum oxide under sulfuric acid 

 Anodization under sulfuric acid needs the smallest applied voltage (~ 25 V) to 

generate relative good arranged pore arrays.[1, 2] Among all the electrolytes, AAO 

generated in the sulfuric acid has the largest porosity due to its smallest interpore distance 
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and thin pore walls. At ~25 V, the interpore distance is ~ 65 nm. In previous work, 

researchers have varied the applied voltage around 25 V (from 20 V to 27 V) to 

investigate the best self-organized pore arrangement [3]. They found that for sulfuric acid, 

the pore arrangement was very sensitive to the applied voltage; even small change can 

clearly affect the anodized pore arrays. The stable anodization in sulfuric acid is usually 

difficult to maintain when the applied voltage goes beyond 27 V because of an 

occurrence of breakdown or “burning” effect [4]. When “burning” effect starts, the 

current density tremendously increases and the total anodic template is destroyed in the 

electrolyte under a high electric field. To solve the problem, constant current method was 

carried out, which confines the largest current density to avoid “burning” [5, 6].  

 

2.1.1.2 Porous anodic aluminum oxide under oxalic acid 

 A relative ordered AAO porous structure is obtained in the oxalic acid electrolyte 

at ~ 40 V applied voltage. The interpore distance of AAO is approximately 100 nm at this 

given voltage. Different from such narrow anodization window in the sulfuric acid 

electrolyte, the applied voltage can vary from 30 V to 80 V for oxalic acid.[7-9] In this 

case, the interpore distance has a range of 70 - 140 nm. In this voltage range, better 

arranged pores, though not perfect periodic porous structure can be created, compared to 

other applied voltage. However, the electrolyte concentration should be slightly changed 

according to the applied voltage. Zhao et al [10], have discussed anodization conditions 

in the oxalic acid and the correlated results; the oxalic acid concentration is 0.3 M for 30 

V, 0.4 M for 40 V, and 0.5 M for 50 V. If anodizing Al foil in 0.5 M oxalic acid at 60 V, 

the surface will burn and finally get Al2O3 nanowires. When oxidizing in the oxalic acid, 
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very large aspect ratio pores was obtained. In Masuda et al’s work, the aspect ratio was 

over 150 and a pore density of 1010 cm-2 was obtained [9].   

 

2.1.1.3 Porous anodic aluminum oxide under phosphoric acid 

 Anodization in the phosphoric acid electrolyte is also commonly chosen for AAO 

fabrication. The applied voltage is the largest in phosphoric acid within all of the 

electrolytes. The applied voltage range that has been used is from 120V to 195 V.[11, 12] 

In this voltage range, the interpore distance varies from 300 nm to 500 nm. It exhibits that 

preparing AAO in the phosphoric acid can best tolerate the applied voltage change. The 

reason why this can happen has not been clearly understood. However, some research 

work has made use of the voltage tolerance and created novel structure. Lee et al, used a 

big/small alternated anodization voltage to modulated the nanopore morphology and 

successfully obtained a bamboo liked AAO pores [13]. Too large current density needs to 

be avoid when anodizing Al foil in the phosphoric acid [14], which sometimes results in 

local destroy, or “burning” [15].  The “burning” effect is similar to which was reported 

for the sulfuric acid. In this case, constant current anodization is chosen to avoid “burning” 

[16]. 

 

2.1.1.4 Porous anodic aluminum oxide under mixed acids 

 Instead of anodizing in the above three traditional electrolytes, researchers also 

tried to do anodization in a multiple acids mixture electrolyte or multiple electrolytes. 

Some novel porous AAO structures have been reported. Rauf et al [17], got a layered 
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structure by anodizing Al foil successively in the sulfuric acid and oxalic acid. An 

interface appears clearly when changing the electrolyte. The connection between the two 

electrolytes and the initial of the second layer were discussed. Electrolytes composed of 

sulfuric acid/oxalic acid mixture have also been investigated.[18, 19] However, the use of 

mixed acids electrolytes is not popular. One reason to choose this kind of mixture is to 

cover the anodization voltage range which is not suitable for any single acid. In 

Shingubara et al’s work [18], they use a 32 V applied voltage, which is higher than 

optimized voltage in the single sulfuric acid but lower than that in the single oxalic acid. 

 

2.1.2 Application of anodic aluminum oxide template  

 AAO template has been widely used as the catalyst support, largely due to its 

relatively stable nature, and a great range of large surface area and porosities, which are a 

benefit to many catalytic applications.  

 With a melting point as high as 2072 °C, AAO shows relative stability at a very 

high temperature when working as a catalytic substrate. To fully understand the 

possibility of working at a high temperature, Lippens et al. [20], studied the phase 

transform of Al2O3 from room temperature to very high temperature, started from 

boehmite and pseudo-beohmite. Starting from boehmite, it will transform to γ-Al2O3 at 

450 °C, then δ-Al2O3 at 600 °C, (θ+α)-Al2O3 at 1050 °C, α-Al2O3 at 1200 °C. Started 

from pseudo-boehmite, the first phase transform starts at 300 °C to γ-Al2O3, then δ-Al2O3 

at 900 °C, (θ+α)-Al2O3 at 1000 °C, α-Al2O3 at 1200 °C. Other work also reported the 

change of surface area and the porosity of Al2O3 with the temperature [21]. Those 
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researches provided basic experimental results supporting the application of Al2O3 in the 

area of catalysis. One example is to use alumina supported metal as the catalysts in the 

thermal reforming of methane [22]. the working temperature is as high as 1000 °C. 

 Benefit from the development of nano-scaled template fabrication, some well-

arranged AAO has been used as 2D photonic crystals.[23, 24] In these works, other 

materials, especially metals or those with specific refractive indexes were filled inside the 

AAO pores. After melting the AAO, the rest of nano-pillar arrays can be studied as the 

2D photonic crystals. However, these nano-pillar arrays were not perfectly periodic 

structures due to the non-perfect AAO pore arrangement, as well as non-perfect filling 

into the nanopores. The 2D photonic crystal does not have a sharp tip reflection spectrum 

but expands to ~ 100 nm [25]. However, the well-ordered AAO has presented its 

potential application to the photonic crystal. For other applications in the optics area, one 

interesting application is to fill polymers in the AAO pores. AAO molded polymer arrays 

can optimize its surface antireflection property.[26-29] 

 

2.2 Guided anodization 

 Guided anodization is to make shallow holes on the metal surface before 

anodization. In the anodization process, the guided holes trend to react fast with the 

electrolyte and develop quickly, so that the deeper anodic pores can grow following the 

guiding patterns. However, materials have their intrinsic characteristics in nature. Not all 

the anodic pores will generate according to the guiding pattern. The guiding function has 

a limited effective range which has to match the material’s inherent nature. One example 
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is to create shallow stripes, concaves, or both kinds of features on the Al surface from 

different electropolishing conditions before the anodization.[30] These shallow surface 

features are generally on the scale of several nanometers. However, they have not been 

proven effective in guiding pore development.[31] 

 

2.2.1 Nano-indentation and nano-imprint guided anodization 

 Two major methods to make ordered pores are nano-indentation and nano-imprint. 

Both of them are contact patterning methods. Nano-indentation is to indent shallow holes 

on the Al foil surface using AFM probe.[32, 33] For this method, the indenter tip greatly 

influences the pore shape and depth. Load variation and tip wear/deformation create 

different pore sizes. Often times, only triangle pores can be produced. Mold nano-imprint 

is another popular method to make guiding holes on the Al foil using SiC[9, 34] and 

Si3N4[35, 36] molds. Figure 2-1 is a sketch of nano-imprint guided anodization [7]. 

Typically, the molds need to have enough mechanical strength for imprinting, high 

quality surface smoothness, and sufficient resolution. In Asoh et al’s work [7], single 

crystal SiC warfare was used as the mold substrate. After e-beam etching/lithography, 

nano-scale round convex array was made on the mode. The mold will imprint concave 

array on Al surface as the guiding pattern. For the mold nano-imprint method, any 

misalignment between the mold and the substrate can cause local pressure variation and 

thus inhomogeneous pores or even defects. Due to the resolution, it is difficult to indent 

the pattern with an interpore distance less than 50 nm using the mold nano-imprint.  
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to 1200 grit SiC polishing paper. After that the sample was polished successively by 5 

µm, 1 µm, 0.1 µm, and 0.03 µm Al2O3 aqueous suspensions until mirror reflection.  

Electropolishing is carried out in an electrochemical cell the same as anodization. 

The NaOH treated Al foils were electropolished in a mixture of perchloric acid and 

ethanol (volume ratio 4:1) for 6-8 minutes at a constant voltage of 12 V to obtain a mirror 

reflect surface. The polished samples were kept in ethanol or acetone for further use.   

 

2.3.3 Focused ion beam condition 

 A FIB microscope (Helios NanoLab 600 Dual Beam, FEI Company, Hillsboro, 

OR) was employed to pre-pattern the Al surface before the anodization. The applied 

voltage was 30 KeV. The ion current was 9.7 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 3μs . 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 7 

(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. In Figure 2-5, 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. Hexagonal and square pore patterns were created by 

the FIB lithography. The interpore distances were 250-800 nm. This FIB patterning 

approach had the advantage of reproducing any designed pore patterns but the image file 

size could be extremely large, especially if a large pattern area was involved. It also took 

a long time to create the pore patterns. In consideration of this, another method was used 
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2.3.4 Anodization condition 

The anodization was process at 0 °C in a 0.3 M phosphoric acid electrolyte via a 

constant current method for 6 minutes. The current density was 20 mA/cm2. After the 

anodization, pore widening was carried out in 5 wt% phosphoric acid at room 

temperature for 30 minutes. 

 

2.4 Results and discussion 

2.4.1 Surface morphology 

2.4.1.1 Polishing effect 

 Figures 2-6 are SEM images of the Al foil surface before and after polishing. The 

as-received sample (Figure 2-6(a)) presents a rough surface.  Figure 2-6(b) shows the 

mechanically polished and then electropolished sample. Random dark spots caused by 

mechanical polishing cannot remove which prevents mechanical polishing from further 

study.  
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mosaic and subsequently small pore pattern to form. For the hexagonal pore pattern from 

the FIB lithography, the hexagonal mosaic appears when the interpore distance is ~350 

nm (Figure 2-11(b)); small pores appear when the interpore distance is ~ 500 nm (Figure 

2-11(c)). When the interpore distance increases to 800 nm, the small pore size and 

arrangement become irregular (Figure 2-11(d)). This means the guiding function of the 

FIB patterns needs to be considered with the anodization condition. For the phosphoric 

acid electrolyte, the naturally occurring pore distance is 300-500 nm.[11, 15] The FIB 

guided anodization can extend the interpore distance of an ordered pattern to both the 

smaller and the larger interpore distance directions. However, random pores form when 

the interpore distance is too large. 

Figure 2-12 shows the square FIB patterns after the anodization. For Figures 2-

12(a) to (c), the interpore distances are again 250 nm, 350 nm, and 500 nm respectively, 

an anodized result of Figures 2-10(a) - (c), correspondingly. After the anodization, the 

original square pore patterns remain the same as those from the FIB lithography. The 

pore size has grown from 50 nm to ~110 nm. The pore shape is more spherical. The 

white rings around the FIB patterned pores have also substantially diminished. This 

means the FIB patterned pores are effective in guiding the square pore pattern 

development, which is fundamentally different from the self-organized hexagonal pore 

pattern observed for pure anodization and opens exciting new areas for the FIB guided 

anodizaion. There have been reports on square pore pattern creation by nano-indentation 

and mold imprint guided anodization.[1, 48, 49] However, the pore pattern quality has 

much to be desired and the fundamental mechanism is not understood. 
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of small pores with the same square arrangement. As the interpore distance increases to 

350 nm (Figure 2-12(b)), the square cell around each pore becomes more visible. The 

small pores at the corners of each square cell grow larger. Again, this shows the unique 

and versatile capability of the FIB guided anodization that has not been known so far. 

The square patterns, especially the meshed large and small pore sizes, represent exciting 

possibilities in patterning. When the interpore distance increases to 500 nm (Figure 2-

12(c)), the small pores grow but their size and shape start to become irregular. Even 

though the growth of the small pores is still restricted in-between the FIB patterned large 

pores, multiple, instead of one, pores start to appear at some locations. This again 

indicates that the guiding function of the FIB patterned pores has an effective range. In 

this study, the interpore distance range for effective square pattern guidance is 200-400 

nm. 

 Comparing the hexagonal patterns (Figures 2-11) and the square patterns (Figures 

2-12), it can be observed that for the square patterns the interpore distance shifts to 

smaller values for the cell around each pore to appear, for the new small pores to form, 

and for the small pore packing to become irregular. The 200-400 nm effective interpore 

distance range for the square patterns overlaps to a certain extent with the 300-500 nm 

hexagonal pattern interpore distance. The fundamental cause is explained in the next 

section. 
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2.4.2 Mechanism of FIB guided anodization 

2.4.2.1 Introduction to pure anodization 

This study shows that the FIB patterned pores and the smaller pores from the 

anodization only can be meshed into well-organized and more sophisticated patterns after 

the anodization. The well-meshed large and small pore patterns can be created for both 

the hexagonal and square patterns. To understand this process, pure anodization should 

be examined first. Figure 2-13 shows the chemical reaction scheme of the pore formation. 

The Al metal acts as the anode and loses electrons at the metal/oxide interface: 

                  Al → Al3++3e-                  (1) 

The Al3+ ions move from the metal layer to the electrolyte while the O2- ions move in the 

reverse direction under the electrical field. The Al3+ and O2- ions react and form the 

alumina barrier layer: 

                 2Al3++3O2- → Al2O3                 (2) 

At the oxide/electrolyte interface, the oxide layer dissolves:  

                Al2O3+6H+ → 2Al3++3H2O                         (3) 

For a given applied voltage, the continuous loss of Al at the metal/alumina interface and 

of Al2O3 at the alumina/electrolyte interface generates a steady anodization process and 

the pores grow deeper with time. For the self-organized pore growth by anodization alone, 

the electrical and mechanical stress fields around the pores are widely accepted as two 

major factors in dictating nanopore pattern formation [49-51]. 
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O2- ions originated from water at the oxide/electrolyte interface and migrate into the 

barrier layer. More AlOx forms in the barrier layer [52]. The AlOx outer layer, sometimes 

aluminum hydroxide, at the oxide/electrolyte interface dissolves to maintain charge 

neutrality. Al3+ ion loss to the electrolyte is a prerequisite for the AlOx barrier layer 

growth. For the pore growth front, there are four layers to be considered from the 

electrolyte to the Al metal: the Gouy-Chapman layer in the electrolyte near the 

oxide/electrolyte interface, the Helmholtz layer at the oxide/electrolyte interface, the 

growing oxide barrier layer, and the metal layer extending far into the Al (Figure 2-13) 

[53]. Faster ejection of Al3+ ions into the electrolyte and O2- migration to the metal/oxide 

interface facilitate pore surface oxidation and pore growth. The oxide layer is generally 

O2- deficient because of the slow O2- diffusion.  

Based on the field-enhanced oxide dissolution theory[54-58], the pore bottom ion 

dissolution and diffusion are the main events during the steady state anodization. As a 

result, preferential dissolution of AlOx and pore growth mainly occur at the pore bottom. 

The voltage across the four layers from the electrolyte to the metal can be expressed as: 

                                   (2.1) 

 

VG, VH, VO, and VM are the respective voltages across the Gouy-Chapman layer, the 

Helmholtz layer, the growing oxide layer, and the metal layer. VH and VM are related to 

the pH of the electrolyte and the metal resistivity. They do not change significantly with 

the anodization. VH can be expressed as:[52] 

                                              )(VH pH
e
kTα−≈                                                 (2.2) 

In Eq. (2.2), k is Boltzmann constant, T is temperature, e represents the unite charge of a 

single electron, and α is a constant. VO, however, increases significantly with the 

anodization time due to the oxide layer thickness increase. Since the overall applied 

MOHGE VVVVV +++=
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voltage V is mostly constant, VG is sufficiently high at the beginning of the anodization. 

This ensures intense transport of the electrolyte ions to the oxide layer across the Gouy-

Chapman layer. As VO increases, VG decreases and the ion transfer slows down. The 

formation of the oxide layer also slows down. If the pore bottom are assumed to have a 

hemispherical shape, the electrical field around the pores generated by charge Q can be 

approximately described as [59]:  

                                                          
L
QE

πε2
1=                                                             (2.3) 

E is the electrical field at the point of interest. L is the distance between the charge center 

and the examined point. ε is the effective permittivity of the material: 
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ε1 and ε2 are the dielectric permittivity of Al2O3 and Al respectively. R1 is the pore 

diameter and R2 is the distance from the pore center to the oxide barrier layer outer 

boundary. The derivation of Eq. (2.4) is given in the appendix. As Eq. (2.3) shows, the 

electrical field diminishes from the pore center to the barrier layer outer boundary. The 

pore growth in the direction perpendicular to the pore walls completely stops when the 

oxide layer is thick enough to reach VG = 0.  This is why the oxide barrier layer has a 

limited thickness and the interpore distance of pure anodization has a strong relationship 

with the applied voltage, which is 2.5 nm/V [11]. 

When the FIB patterned concaves are present, ion diffusion across the flat Al 

surface is much slower because the Al on the flat surface has much fewer defects and no 

foreign ion implantation compared to the surrounding areas of the concaves patterned by 
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the FIB. As the anodization continues, the pore growth rate in the pore diametrical 

direction decreases and reaches zero as is describe before. The applied voltage controls 

the thickness limitation of the barrier layer. In the pore depth direction, the continuous 

loss of Al at the metal/alumina interface and the dissolution of Al2O3 at the 

alumina/electrolyte interface reach a balance, generating a steady state anodization so that 

the pores grow deeper with time. 

 

2.4.2.3 Mechanical stress effect 

During the anodization, the Al material undergoes a series of changes under the 

electrical field, including the oxidization of the Al matrix to AlOx. The mechanical stress 

field mainly comes from the volume expansion of Al to AlOx due to the oxidation of the 

Al metal. The molar volume expansion can be expressed as: 

                                                        
Al

Al

AlO

AlO
m

MM
V

x

x

ρρ
−=                                                (2.5) 

Vm is the molar volume expansion of Al to AlOx. MAlOx and MAl are the molecular 

weights of AlOx and Al respectively. ρAlOx and ρAl are the densities of AlOx and Al 

respectively. Vm equals to about 2.75 cm3/mol when x is 1.5. For a specific anodization 

condition, the total amount of Al anodized can be estimated by measuring the Al3+ 

concentration in the electrolyte, +3
aqAl , and relating this value to the total amount of 

oxidized Al calculated from the charge flow during the anodization ( ∫= IdtAltot 31 ). 

The volume expansion ξ can be determined by: 
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∫
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                                    (2.6) 
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WF  is the weight fraction of Al3+ ions in AlOx.[55] Based on Eq. (2.6), the volume 

expansion for a specific anodization condition can be calculated. For the self-organized 

pores to form, a force promoting the medium range order must exist in addition to the 

force promoting the short range order. It has been proposed that ξ should be ~0.2 for the 

medium range force to be effective.[55] This means a fairly large volume expansion is 

needed for the anodized pores to arrange. Even though this reported value might have a 

large error, the volume expansion ξ can be expected to be around 0.05 ~ 0.1. 

During the anodization, the temperature around the pores increases because of the 

chemical reaction heat generated at the pore-electrolyte interface. This induces thermal 

stress because of the thermal expansion coefficient difference between Al and AlOx. 

Since the heat can be dissipated fairly quickly in the electrolyte, the temperature increase 

is believed to be less than 20°C [60]. For simple estimation, thermal volume expansion ξT 

can be described as: 

                                             Taa OAlAlT Δ×−= )(3
32

ξ                                                     (2.7) 

αAl and αAl2O3 are the linear thermal expansion coefficients of Al and Al2O3 respectively. 

Ala  is 22.4 × 10-6 K-1 (Ref. [61]) and 
32OAla  is 7.2 × 10-6 K-1 (Ref. [62]). ξT is about 8.52 × 

10-4 K-1 when the temperature increase is 20°C. This value is much smaller than the 

volume expansion ξ from Al to Al2O3. Therefore, the thermal stress effect from the 

temperature increase can be ignored. 

In addition to the oxidization during the anodization, the amorphization of Al 

crystalline phase and the implantation of the Ga+ ions during the FIB patterning cause 

additional mechanical stress even before the anodization [63]. The effective range for this 

stress is around 24 nm from the ion beam bombardment center [64]. However, the exact 
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magnitude is FIB patterning condition related (ion dose, accelerating voltage, etc) and 

difficult to quantify because of the short range in the Al matrix.  

In combination, the mechanical stress σM around the FIB patterned concaves can 

be expressed as: 

                                              GaATM σσσσσ ξ +++=                                                  (2.8) 

σξ is volume expansion stress, σT is temperature induced stress, σA is Al amorphization 

stress, σGa is Ga+ ion implantation induced stress. Even though the magnitudes of σA and 

σGa are unclear, σ substantially contributes to the preferential oxidation and dissolution of 

Al around the FIB patterned concaves into the electrolyte.  

In addition to the mechanical stress field around each FIB patterned concave, the 

anodization is also affected by the ion diffusion across the Al/AlOx interface. The 

amorphization of the Al crystalline phase and the implantation of the Ga+ ions during the 

FIB patterning facilitate the ion diffusion because of the creation of easy diffusion paths. 

An Al-Ga alloy is also believed to react with water and generate Al2O3 [65]. The more 

active Al matrix contributes to the more dominating guiding function from the FIB 

patterned concaves, which can effectively guide the pore growth and pattern development 

during the anodization.  

As mentioned above, since the ion diffusion is along the electrical field direction, 

the mechanical stress field has the same direction as the electrical field. Previous research 

indicated that the volume expansion of aluminum to alumina generates a repulsive force 

to the neighboring pores and promotes the formation of self-ordered patterns.[52] In 

addition, the ion implantation and Al amorphization from the FIB patterning also 

introduce stresses that are conducive to the patterned pore growth. The edges of the 
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patterned pores are active sites for the anodization. This explains why all the FIB 

patterned pores grow to a similar size (Figures 2-11 and Figures 2-12). The guiding effect 

of the FIB patterned pores is so effective that the square patterns from the FIB 

lithography can further develop into square pore arrays during the anodization. 

 

2.4.2.3 FIB patterned pore characteristics 

To describe the FIB guided pore pattern evolution process, two terms need to be 

defined first. The first term is the effective pore boundary, the shallow area in Figure 2-

14, which represents the oxide barrier outer layer from each pore. The second is the 

terminal pore size, the dash circle in Figure 2-14, which represents the pore diameter 

when a pore stops growing without any constraining effect from its surroundings.  
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distance is larger than that of the pseudo terminal pore size condition but less than that 

allowing for the classical formation of new pores on the Al surface (Figure 2-11(a) and 

Figure 2-12(a)), the effective pore boundaries from adjacent pores may just overlap or are 

only slightly apart. Stripes in hexagonal and square patterns form depending on the pore 

pattern involved. The slightly separated effective pore boundaries may even allow new 

pore formation (Figure 2-11(b) and Figure 2-12(b)). When the interpore distance is much 

larger than that of the terminal pore case, the effective pore boundaries never overlap. 

Random pores form and grow in-between the FIB patterned pores (Figure 2-11(d) and 

Figuer 2-12(c)). For the anodization of square patterns at 20 mA/cm2 current density in 

0.3 M phosphoric acid at 0°C, the interpore distance should be < 150 nm to avoid 

effective pore boundary appearance and < 350 nm to avoid random pore formation. The 

terminal pore size is about 450 nm. For hexagonal pore patterns, the interpore distance 

should be < 250 nm to avoid effective pore boundary appearance and < 500 nm to avoid 

random pore formation.  The terminal pore size is almost the same as that of the square 

patterns. 

As observed, the interpore distance range for the new pore formation and meshing 

is 400-600 nm for the FIB patterned hexagonal pore arrays while it is 300-450 nm for the 

FIB patterned square pore arrays. These ranges look different and seem to indicate a shift 

to the smaller interpore distance values for the square pore patterns. A closer examination 

of these two types of patterns, however, reveals that the critical distance is the longest 

spacing for the two neighboring pore centers in a cell (Figure 2-15). “d” is the distance 

from a new small pore to a closest neighboring large pore and can be calculated for a 

given interpore distance “D” and arrangement of the large pores. For the hexagonal 
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pores is shown by FIB cutting of the square pattern with 350 nm interpore distance 

(Figure 2-16). 

Figure 2-16(a) is from the pattern cross-sectioned about 250 nm deep while 

Figure 2-16(b) is from the pattern cross-sectioned nearly 2.5 µm deep. It can be seen that 

the square pore pattern arrangement is well maintained. In Figure 2-16(a), new, small 

pores form and mesh well with the large pores. The small pores reside in the symmetrical, 

quadral junction centers of the electrical field and the mechanical stress field. The small 

pores disappear when the sample is cross-sectioned to 2.5 µm deep and only the FIB 

patterned large pores can be seen (Figure 2-16(b)). This indicates that the FIB patterned 

pores develop first and grow deeper than the newly formed small pores. The exact pore 

depth difference is a function of the FIB patterned concave size and depth and the 

anodization condition. Another phenomenon is that the FIB patterned pores mostly grow 

in the vertical direction based on the field-enhanced oxide dissolution theory discussed 

before. The anodized pore size is not much larger than the FIB patterned concave size, 

115 nm vs 60 nm. More importantly, the pore growth direction is not vertical but tilts 

outward at the pattern edges. This can be understood as follows. With the FIB pattern 

guiding effect, the pores in the patterned area develop first and faster than those in the 

surrounding un-patterned areas. The different pore depth growth rates induce unbalanced 

volume expansion at the pattern edges, which generates outward mechanical stress from 

the involving pore centers. The unbalanced mechanical stress causes the pores near the 

edges to tilt away from the pattern. For the specific anodization condition in Figure 2-16, 

the mechanical stress field affects not only the pores along the pattern edges but also four 

or five pores into the pattern. Another observation related to the mechanical stress field is 
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that the patterned surface is higher than the surrounding un-patterned area at about 40 nm 

(Figure 2-16(b)). A similar phenomenon was reported for the nano-indentation 

method.[32] The height difference is believed to result from the Al armophorization and 

Ga+ implantation from the FIB patterning, the corresponding mechanical stress field 

difference, and the surface volume expansion difference at the initial anodization stage 

when the anodization rate at the patterned area is much higher than that at the un-

patterned area. Figure 2-16(c) shows the oxide barrier layer along the pore walls and at 

the pore bottoms. The pore diameter at the pore bottom is about 115 nm, the same as that 

at the top. It confirms that uniform diameter pores can be generated using the FIB guided 

anodization. 
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example to demonstrate such an advantage is the pore formation and growth across a 

grain boundary. In this study, a 10 µm × 10 µm FIB patterned hexagonal pore array 

(Figure 2-19(a)), which crosses a grain boundary, has been created using the beam spot 

exposure method. The total FIB exposure time is 60 s and the interpore distance for the 

hexagonal pattern is 250 nm. The arrow indicates the location (slightly tilted left to right 

from the image top to the bottom) where the grain boundary goes through the FIB pattern. 

Figure 2-19(b) shows the FIB guided anodization results. Outside the FIB patterned area, 

pores trend to generate along the grain boundary. The local stress and defects 

accumulates along the grain boundary may be the force triggering the pore growth. 

However, the patterned areas retain well organized pore arrangement after the 

anodization. The grain boundaries in the region do not have an obvious effect on the 

growth of the FIB patterned pores. The actual mechanism is still unclear. It is highly 

possible that the stress cause by Ga+ ion implantation and Al surface amorphization can 

overcome the grain boundary stress. 
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insert shows elongated guiding concaves created by the FIB patterning. The interpore 

distance for the ellipses is 350 nm. The concave size is 150 nm in the long direction and 

50 nm in the short direction. The white rings around the FIB patterned concaves are the 

amorphorized and Ga+ implanted Al regions. After the anodization in 0.3 M phosphoric 

acid with 20 mA/cm2 current density for 6 mins at 0°C, the anodized Al layer around the 

FIB patterned concaves also shows an elliptical shape (Figure 2-20(a)); the pore size 

increases to 250 nm in the long direction and 80 nm in the short direction. The oxidized 

barrier layer thickness is about 135 nm. During the anodization, the elliptical pores grow 

under the guidance of the FIB patterned concaves. The electrical and mechanical stress 

fields guide the pore development. The local Al amorphization and the Ga+ implantation 

activate the patterned concave surfaces and govern the initial growth of the FIB patterned 

pores. More importantly, the electrical field and the mechanical stress field due to the Al 

volume expansion exist in elliptical shapes to direct further pore growth. Since the pore 

centers are in a square arrangement and the interpore distance is 350 nm (the upper limit 

to avoid new pore formation), the effective pore boundaries appear but no new pores 

form. Figure 2-10(b) shows the new pore formation in-between the elongated pores after 

the anodization. The FIB patterned concave size is 100 nm in the long direction and 50 

nm in the short direction. The FIB pattern interpore distance is 350 nm. The anodized 

pore size is about 140 nm in the long direction and 70 nm in the short direction. With the 

continued growth of the large pores during the anodization, new pores not only form but 

also grow in a unique direction. The new pores in Figure 2-20(b) are at the quadral 

junctions of the elongated pores and the pore growth direction is 90° from the long 

direction of the original elongated concaves. The distribution of the oxide barrier layers 
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mainly caused by the difference in the FIB patterned concave sizes. The FIB patterned 

pore size in Figure 2-20(a) is 150 nm while it is only 100 nm in Figure 2-20(b) in the 

long axis direction. The length of the FIB patterned pores in the short axis direction is 50 

nm for both Figures 2-20(a) and (b). As a result of the different concave sizes in the long 

direction, the geometries of the electrical field and the mechanical stress field and the 

growth of the oxide barrier layers around the pores are different. The electrical field 

defines the pseudo terminal pore size. The mechanical stress field along the oxide barrier 

layer growth direction and the amorphorized and Ga+ implanted layer outside the pores 

dictate the new pore shapes and the growth direction. As a result, non-spherical pores are 

created by the pre-defined, FIB patterned elliptical pores. Because of the shorter long axis 

dimension, there is some space for new pore formation in Figure 2-20(b). New pores 

grow almost perpendicular to the long axis direction and also have elongated shapes. The 

phenomenon in Figure 2-20 again proves that the FIB patterning can guide the pore 

arrangement, pore shape, and new pore formation. Both spherical and non-spherical pore 

shapes can be created. The interpore distance and the FIB patterned concave shapes need 

to be jointly considered for the FIB guided pore development. 

 

2.4.3.2 Novel pattern design 

Based on the above results, more exciting pore shapes and patterns can be created 

by controlling the FIB patterned concave shapes and the interpore distance. This can be 

achieved either by limiting the interpore distance to a small value so that no new pores 

can be generated, or by controlling the location and shape of the FIB patterned concaves 

so that new pores form and grow under the guidance of the FIB patterning. This offers a 

versatile approach of creating different pore shapes and unique pore patterns. An 
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2.5 Conclusion 

 This chapter discusses FIB guided anodization. Hexagonal and square pore 

pattern arrays at various interpore distances are successfully created by FIB lithography 

guided anodization. Depending on the interpore distance and pore arrangement, the FIB 

patterned arrays can grow as patterned, periodic cell patterns can appear around the 

patterned pores, or small pores can appear and grow at the conjunctions of the oxide 

layers of the surrounding pores. The new, small pores mesh with the FIB patterned large 

pores well when the interpore distance is within a certain range. The guiding role of the 

FIB patterned pores is also demonstrated for large area anodization across grain 

boundaries.  

The fundamental mechanisms for the new findings are discussed. Two important 

fields determine the existing pore growth and new pore formation: electrical field and 

mechanical stress field. The electrical field defines terminal pore size and pore growth 

rate. New pores form when the interpore distance of the guiding patterns is larger than 

that required for the pseudo terminal pore size. Mechanical stress field affects the pore 

arrangement and the oxide layer growth direction. As a combined result of the above two 

elements, non-hexagonal pore arrangement, non-spherical pores, and controlled meshing 

of the FIB patterned pores and newly anodization pores are achieved. The formation of 

the small pores can predict, as well as their shapes and locations.  
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Chapter 3 Ion beam guided anodic titania 

3.1 Introduction to anodic titania 

Titanium oxide is a multi-functional material that has been widely used as 

photocatalysts,[1, 2] hydrophilic/hydrophobic substrates,[3, 4] and sensors.[5, 6] In 

recent years, interest has increased tremendously because of the extraordinary photo 

response of TiO2 under ultraviolet light [7]. 

 Anodic TiO2 is generated by anodizing Ti metal and Ti alloys. The morphology of 

anodic TiO2 is quite different from anodic alumina. Instead of growing a porous surface, 

anodic TiO2 gives a nanotube outlook. In this section, anodic TiO2 is discussed. 

 

3.1.1 Anodization under different electrolytes 

 Similar to anodic alumina, researchers have already tried to grow TiO2 nanotubes 

in different electrolytes. They can be categorized as acid based electrolytes and neutral 

electrolytes. 

 

3.1.1.1 Andization under acid electrolytes 

 The first developed electrolytes are acid electrolytes. The Ti metal is very stable 

to many acids, only HF can successfully create TiO2 nanotubes. Usually, the anodization 

is carried out at room temperature [8].  Using HF based electrolyte, the suitable applied 

voltage is limited, ~ 20 V. Sometimes the nanotube length is less than 1 µm [9]. Previous 

work indicated that the ultimate nanotube length is controlled by the formation of the 
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TiO2 at the metal bottom and the dissolution of the as-formed TiO2 top tip in the HF 

electrolyte [10]. Short nanotube length means a high solution rate of TiO2 in the fluoride 

acid. The TiO2 dissolve rate can slow down by carefully controlling the PH value and 

getting a length up to micron scale. In Macak et al’s work, they obtaind a tube length 

approximately 2.5 µm [11].  

 

3.1.1.2 Anodization under neutral electrolytes 

 Nanotubes’s length with only hundreds of nanometers greatly confines their 

further applications. As a good photo-electric response material, the length in some 

occasions needs to be over than 10 µm. To increase the nanotube length and aspect ratio, 

anodizaition in the neutral electrolyte has been developed. Instead of aqueous acid 

solution, neutral solutions, such as glycerol,[12, 13] ethylene,[14, 15] have been used, 

and NH4F was added instead of HF. These kinds of neutral electrolytes have high 

viscosity, as a result greatly slow down the dissolving rate of the TiO2 nanotube tips. 

Under this condition, TiO2 nanotube length > 100 µm [16, 17] have been successfully 

synthesized with very large aspect ratio. Research has tried to apply this long length TiO2 

nanotube to the water photo-catalysis and dye-sensitized solar cell [17]. It is very 

interesting that the TiO2 nanotubes generated in the neutral electrolytes have very smooth 

walls along the whole tube [18]. Anodization carried out in the neutral electrolyte can 

tolerate a large range of applied voltage variations. By alternating a sequence of 120 V 

and 40 V applied voltage, a bamboo-shaped nanotube arrays was obtained [19].  

Researchers are continuously optimizing the component of the neutral electrolyte, like the 
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influence of the water content on the anodic TiO2 morphology [20]. The water content 

can influence the nanotube density and tube wall formation. 

 

3.1.2 Application of TiO2 nanotubes 

 TiO2 is more chemically stable than Al2O3. It will not react with a lot of acids, 

even strong acids such as HCl and HNO3. It can endure a high temperature. Moreover, 

TiO2 has interesting photo-induced properties, which results in its application in multiple 

areas.  

Except for a large geometric surface area, TiO2 nanotubes have been reported to 

enhance electron collection and transfer along the orientated tubes in dye-sensitized solar 

cells.[21, 22] TiO2 nanotube layers perform a very high quality electrochromic property 

with fast switching speed.[23, 24] The Ag particle modified TiO2 nanotubes array shows 

a significantly improved photochromic performance [25]. Better ion diffusion through the 

nanotube hole may be one important reason. As described above, TiO2 has strong photo-

induced hydrophilic/hydrophobic property. TiO2 nanotubes give more variables for 

wettability control, as a result lead to super-hydrophilic/hydrophobic surface.[4, 26] For 

porous AAO, researchers have found some methods to open the bottom end of the pores, 

so that liquid, air can flour through the membrane [27]. Uniform sized nano-porous 

membrane can act as particle filter. A free-standing TiO2 nanotube layer can also be 

prepared by opening the close end of the nanotubes. The photo-catalytic character of 

TiO2 has widened the application of this free-standing porous membrane. For a practical 

example, the methylene blue in the solution can be totally decomposed when it goes 
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through the UV light explored TiO2 nanotube membrane [1]. Compared to nanoparticles, 

TiO2 nanotube shows better photocatalytic activity [2], and this performance will enhance 

a lot when depositing noble metals (Ag or Au) onto the tube walls [28], or introducing 

external electrical bias [29]. As we know, TiO2 is biocompatible. By investigating the 

interaction between the TiO2 nanotube layers and living cells, it has been discovered that 

some stem cell shows differences in adhesion, spreading, and growth [30]. Carefully 

develop the TiO2 based bio-technics may lead to novel application in our daily life in a 

desired manner. 

To sum up, the TiO2 nanotube has exhibited its practical value in a wide area, and 

has shown a brilliant future.  

 

3.1.3 Ordered titania nanotubes 

Once again, if an application just bases on the large surface area, we do not need 

an ordered structure. However in some occasions, an ordered structure may give other 

interesting property. For the light absorption of highly ordered TiO2 membrane under 

visible light, simulation work indicates that longer nanotubes have better absorption when 

the light wavelength is between 380 nm and 435 nm. For those that propagate through the 

nanotube arrays with a wavelength between 435 nm and 600 nm, decrease the tube 

diameter will significantly increase the light absorption [31]. Of course, ordered structure 

can avoid the influence of local effects. 

Compared to ordered AAO template, highly ordered anodic TiO2 nanotubes are 

less reported. Researcher has not developed any direct “guiding” method to make ordered 
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TiO2 nanotube. The chemically stable nature of Ti may be one reason. The formation of 

highly ordered anodic porous alumina benefits from a nearly "perfect" surface before 

anodization. The Al foil can be annealed to remove the mechanical stress and 

electropolished in a perchloric acid and ethanol mixture to obtain a surface roughness less 

than 1 nm [32].  In comparison, most of the published studies on TiO2 nanotubes use 

commercial Ti foils directly and have not addressed the effect of the surface roughness on 

anodization. Surface conditions and their influence on the formation of nanotubular TiO2 

structures have been reported [33]. However, Ti surface roughness was not quantified. 

One method that has been chosen is to make use of the material’s inherent nature. 

When anodizing for quite a long time under very stable applied voltage, due to the self-

organization of the electrical field, the nanopore/nanotube trend to approach a hexagonal 

arrangement. This phenomenon has been observed in both AAO and anodic TiO2. 

Researchers have developed a second time anodization method. After a long time 

anodization, the first layer is peeled off from the substrate, leaving relatively ordered 

concaves. During the second anodization under the same condition, these concaves act as 

the seeds that guiding the following pore/tube formation. This method is called secondary 

anodization [34]. However, the electrical self-organization process is very slow. 

Sometimes, we need to repeat several times to get an acceptable result. 

The disadvantages of this indirect “guiding” effect are evident. It is time 

consuming; needs a very stable power source; more important, it cannot overcome the 

influences of the defects and dislocations. 
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3.2 Experimental section 

Anodic TiO2 was generated on 100 µm thick and 99.99% pure Ti foils 

(Goodfellow Corporation, Oakdale, PA). The Ti foil was first cut to 1.6 cm × 0.2 cm in 

size and then cleaned successively in acetone, isopropanol, and methanol for 5 minutes 

each.  

The chemical polishing electrolyte was composed of 40 wt% hydrofluoric acid, 

hydrogen peroxide, and deionized water with a volume ratio of 1:6:3. The cleaned Ti foil 

was immersed into the electrolyte for 1 minute at room temperature.  

Mechanical polishing was carried out on a grinding polisher using micron sized 

diamond/oil mixture (Leco Corporation, MI) as the polishing agent. The mechanical 

polishing was first done at 3 μm for about 40 minutes, then at 0.5 μm for roughly an hour, 

and finally at 0.1 μm for about 2 hours to obtain a uniform mirror surface. The polishing 

times varied depending on different initial Ti surface conditions.  

For electropolishing polishing, the electrolyte was composed of glacial acid and 

perchloric acid with a volume ratio of 9:1. The electropolishing of the titanium foils was 

performed in a two-electrode configuration. The Ti foil was used as the anode and the 

platinum mesh was used as the counter electrode. The electropolishing was conducted at 

40 V constant voltage at 5 °C for 1 minute using a DC power source.  

 The anodization was carried out in the same two-electrode configuration at 0 °C 

in a 0.1 M NH4F ethylene glycol solution (10 vol% DI water) at 100 V for 10 mins.  

 The surface morphologies of the anodized samples were evaluated using a 

scanning electron microscope (SEM, Quanta 600 FEG, FEI Company, Hillsboro, OR). 
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The surface roughness was measured by an atomic force microscope (AFM, Veeco 

metrology group, MA, USA). The AFM measurement area was 10 µm × 10 µm. 

 

3.3 Results and discussion 

3.3.1 Polishing effect 

3.3.1.1 Different polishing conditions 

Figure 3-1 shows Ti foil surfaces at different polishing conditions. The as-received Ti 

sample (Figure 3-1(a)) has rough tracks with small cracks randomly distributed on the 

surface. The surface height varies widely in different regions. AFM measurement (Figure 

3-1(b)) shows that the roughness is 46.3 nm. After the chemical polishing in a HF/H2O2 

mixture for 1 minute (Figure 3-1(b)), the surface morphology improves drastically and 

shows a reticulated texture "divided" into small regions from less than one micron to 

several microns in size. Although the AFM measurement indicates that chemical 

polishing can smooth each local region and get rid of the rough tracks and cracks on the 

Ti surface, the surface height variation actually increases and the roughness is 69.3 nm. 

The boundaries between the local regions are the highest points on the surface. It is 

highly possible that the Ti surface consists of Ti grains in different crystallographic 

orientations. The differences of chemical etching rates on differently orientated Ti grains 

cause the textured surface. Still, the large surface height variation is surprising and could 

imply some uneven chemical attack. Mechanical polishing, on the other hand, creates a 

flat surface, even though tiny shallow scratches are found on the surface (Figure 3-1(c)). 
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3.3.1.2 Polishing effect on anodization 

 Figures 3-2 shows the surface morphologies of anodized Ti foils with respect to 

the four polishing conditions described above, respectively. The as-received Ti foil 

(Figure 3-2(a)) shows non-uniform nanotube formation after the anodization. The surface 

is made up of regions varying in height. Patches of oxidized layers cover the TiO2 

nanotubes. The nanotube outer diameter is ~130 nm and the inter-tube distance is ~200 

nm. The wall thickness is ~35 nm. 

The chemically polished Ti surface (Figure 3-2(b)) still shows a textured surface 

with sloped grains similar to those of the original chemically polished surface. 

Surprisingly, no nanotubes but nano-pores appear on the surface. The pore size and the 

inter-pore distance are not uniform. To further identify the microstructure beneath the 

surface, the cross-section of the same sample is shown as an insert in Figure 3-2(b). TiO2 

nanotubes clearly grow under the oxidized surface layer. The top oxide layer is ~200 nm 

thick. The inner tube diameter is ~ 65 nm. Wall thickness is ~ 90 nm. The inter-tube 

distance is ~245 nm. 

The mechanically polished Ti foil exhibits a flat surface and uniform TiO2 nanotubes 

form after the anodization. The tubes are randomly arranged and their shapes are not 

perfectly round. The inner tube diameter is ~50 nm and the inter-tube distance is ~100 

nm. The wall thickness is ~25 nm. Compared to Figure 3-2(a), both the tube diameter and 

the inter-tube distance are reduced by ~40%. 

Figure 3-2(d) shows the anodization result of the electropolished Ti sample. Similar 

to Figure 3-2(b), a thin porous layer remains on the top of the TiO2 nanotubes. Before this 
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2 2 2Ti+2H O TiO +2H→ ↑                        (1) 

Gas generation was observed at the beginning of the anodization. In this step, the 

current density is high. As the anodization going on, the gas generation slows down and 

finally stops. In the following anodization, TiO2 nanotube continues to develop. Ti and O 

ions diffuse through the electrolyte/substrate interface under the electrical field and form 

oxide barrier layer around the nanotubes under the reaction: 

4+ -
2 2Ti +4OH TiO +2H O→                       (2) 

As the same time, the TiO2 barrier layer graduate dissolve in the electrolyte by 

reacting with F-, forming [TiF6]2-: 

- + 2-
2 6 2TiO +6F +4H [TiF ] +2H O→                  (3) 

The growth and dissolve of the oxide layer reach a balance for stable anodization. At 

a certain point, when the voltage drop in the horizontal oxide layer direction becomes 

equal to the applied voltage, the oxide layer growth stops. Moreover, when the nanotube 

walls contact with each other, they will also stop growing in the horizontal direction. 

However, at the nanotube bottom, reaction (2) and (3) will process continuously, so that 

the nanotube will grow deep into the Ti substrate in the vertical direction for long time 

anodization. When the nanotube walls fully develop, the current densities drop quickly 

and stay at a much lower constant value, which mainly reprresents the stable anodization 

carrying out at the nanotube bottom. The stable current densities for the samples are ~17 

mA/cm2, ~10.5 mA/cm2, ~5 mA/cm2, and ~6.5 mA/cm2 for the as-received sample, the 

chemically polished sample, the mechanically polished sample, and the electropolished 
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sample, respectively, which reflects the stable anodization conditions needed for the 

vertical nanotube growth. For the horizontal direction, the pore size and arrangements are 

believed to be balanced, and no tube size or morphology change is expected. At the tube 

bottom, the oxide layer continues to dissolve. Nanotubes only grow vertically. This 

explains why all the polished samples have nearly the same current density at the steady 

state. For the as-received sample, the current density continuously decreases during the 

entire anodization process. This is likely because the random oxide layer patches 

influence the electrical field distribution during the anodization. The TiO2 nanotubes do 

not distribute uniformly across the surface and the Ti underneath the oxide patches 

anodizes continuously. In this case, the current density trends to decrease with the 

anodization time and a stable anodization state might request extra time to establish.  
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Based on the data, the tube wall thickness decreases exponentially with the initial current 

density increase. The exponent is ~0.4. These differences can be explained as follows. 

During the anodization, the oxide layer forms at the very beginning. A smaller current 

density induces a slower rate of TiO2 formation and dissolution. The oxide layer cannot 

be effectively removed because of the slow ion exchange and transport. Based on the 

results, it seems that the absence of the surface layer (mechanically polished followed by 

as-received, electropolished, and chemically polished) is the leading factor for nanotube 

formation and growth. This leads to thicker TiO2 nanotube walls. However, the current 

densities and the tube wall thickness don’t correlate with the surface roughness. After the 

applied voltage is balanced by the voltage across the oxide layer, nanotube diametric 

growth stops and similar tube inner diameter results while the inter-tube distances are 

different. 

To further investigate the influence of the surface roughness on the TiO2 growth, 

especially for the tube bottom barrier layer, a layer of anodic nanotubes was peeled off 

from the Ti substrate for the as-received sample (Figure 3-4(a)), chemically polished 

sample (Figure 3-4(b)), mechanically polished sample (Figure 3-4(c)), and 

electropolished sample (Figure 3-4(d)). As seen in Figure 3-1, both as-received and 

chemically polished samples have uneven, mildly modulated surface textures. The curved 

bottom barrier layer (Figures 3-4(a) and 3-4(b)) in different local regions reflects this. 

The mechanically polished and electropolished samples have flat surfaces to start with 

and the bottom barrier layers after the anodization (Figures 3-4(c)) and 3-4(d)) are also 

flat.  
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sized nanotube bottom barrier layer. Tracking back to the nanotube top surface, region A 

should be concave and region B should be convex. The Figure 3-4(b) insert is the cross-

section of the anodized nanotubes started from curved chemically polished Ti surface. It 

is clear that the nanotubes generated from the concave regions have a little larger 

nanotube bottom size. This means a concave surface is beneficial for large nanotube size 

formation. Figure 3-5 also sketches the barrier layer constraining effect. As schematically 

shown in Figure 3-5, the nanotubes generated from the concave area grow deeper than 

those form the convex area. The barrier layer of the deeper nanotubes confines the 

growth of the shallower nanotubes. Figures 3-4(c) and 3-4(d) show the flat nanotube 

bottom surfaces from the mechanical polishing and electropolishing conditions. The 

nanotube sizes in Figure 3-4(c) vary from ~200 nm to ~300 nm. Figure 3-4(d) shows 

more uniform nanotube size distribution at ~ 250 nm. 

 One interesting phenomena is shown for the mechanically polished sample Figure 

3-4(c). The size of the bottom barrier layer is larger than that of the top nanotube. The 

bottom barrier layer size varies from 200 nm to 300 nm, while the top outer nanotube 

diameter is only ~100 nm. That means that not all the nanotubes appear on the top 

surface can fully develop. The insert in Figure 3-4(c) indicates that after anodizing for 

around 500 nm deep, the narrow sized nanotubes (point out by an arrow) become wide 

and keep this size grow into the substrate. This phenomena may be similar to the anodic 

porous alumina, at a given applied voltage, the interpore distance is 2.5 nm/V [36], which 

is determined by the material intrinsic characteristic. The anodic TiO2 nanotube may have 

similar property. Even though the initial nanotubes have small tube size, the stable 

anodization will grow at a larger nanotube size. However, the nanotube widen 
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mechanism is still unclear. It can be a random process deduced from the bottom the 

uneven nanotube size distribution. 

 To sum up this part, as-received and chemically polished samples do not have 

uniform nanotube size due to their curved surface. Mechanically polished sample does 

not have even nanotube size because the differences between nanotube initiation and 

stable anodization. Only electropolished sample has better nanotube size distribution. 

 

3.3.2 FIB guided anodization 

 The polishing effects on the anodic morphologies are discussed in the above 

section. A desired smooth surface is obtained via electropolishing. In this part, FIB 

guided anodization is applied to the electropolished Ti sample, so as to investigate the 

guiding effect of the anodic TiO2 and to create ordered nanotube arrays. 

 

3.3.2.1 FIB guiding patterns 

 Figures 3-6 shows the FIB patterns in different interpore distances: (a) 200 nm, (b) 

250 nm, (c) 300 nm, and (d) 350 nm, respectively. The morphologies are similar to the 

FIB patterned pores on the Al surface, white rings appear around each pores, a result of 

Al amorphization and the implantation of the high atomic number Ga+. Though the 

surface roughness is lower than 6 nm, we can still see many shallow concaves on the Ti 

surface. There is no such pattern on the well electropolished Al surface (roughness < 

1nm).  
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3.4 Summary and further directions 

 In this chapter, four different surface polished samples, as-received, chemically 

polished, mechanically polished, and electropolished samples, are investigated for the 

influence of the polishing effect on the anodic TiO2 nanotube morphologies. The as-

received and mechanically polished samples show clear nanotube morphologies. For 

chemically polished and electropolished samples, a condensed oxide layer lies on top of 

the nanotube. Of all these polishing methods, electropolishing provides a desired smooth 

surface for guided anodization. Hexagonal pore arrangements with different interpore 

distances are pre-patterned on the electropolished Ti surface. They can further develop 

into the substrate and the arrangements keep well. As a result, ordered TiO2 natotube 

arrays are created by a direct FIB guided anodization. They may contribute to novel 

applications. FIB guided anodization is also proved again to be an effective guiding 

method. 

 Further work will be carried out based on the achieved results. Nanotube 

development mechanism under guided anodization is still unclear. Other variables, such 

as FIB patterning condition, applied voltage, anodization time, electrolyte optimization, 

can be tried to fully understand the guided anodization process. Elements that have a 

major effect on the anodization should be clarified. We can try guiding patterns other 

than hexagons to reveal the relationship between guiding and self-organization effect. 
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Chapter 4 Summary and future work 

4.1 Summary of current work 

 In this study, FIB guided anodization is introduced and discussed.  The guiding 

effect is investigated in porous AAO and anodic TiO2 nanotubes. Ordered periodic 

porous AAO is synthesized successfully. Electrical field and mechanical stress are two 

important elements that govern the anodization process and final result. For a given 

voltage, interpore distance is one important parameter for guided anodization. By 

carefully varying the interpore distance, new small pores can be generated and their 

locations and shapes are able to be predicted. It provides a potential practical way to 

create more complex patterns. The guiding process may even overcome the grain 

boundary effect. Ordered TiO2 nanotubes can also be obtained via FIB guided 

anodization. Different polishing conditions are discussed for their influences on the 

anodic morphologies. Of all of them, the electropolishing provides a desired smooth Ti 

surface for further FIB guiding works. Layered structure is found and discussed when 

obtaining a cross-section by cutting though the anodic TiO2 substrate. Experimental 

results prove that FIB guided anodization is an effective direct guiding method in this 

research area. 

 

4.2 Suggestion for future work 

 Based on the obtained experimental results, I suggest that some further work can 

be done. The guided anodization mechanism, especially the formation of the anodic TiO2 
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nanotubes needs to be clarified. More variables, such as applied voltage, anodization time, 

and electrolyte optimization, can be tried.  

 Since nanopore/nanotube membrane arrays with ordered structure are successfully 

prepared, other work that relate to this structure can be done, such as using ordered AAO 

as a template, filled in with other materials. The light scattering/reflection through an  

nanostructured surface can be investigated. 
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Appendix: 

Derivation of effective dielectric permittivity 

A column capacitor model can be used to calculate the effective dielectric 

permittivity ε. ε1, ε2 represent the dielectric permittivity of Al2O3 and Al respectively. R1 

is the pore diameter and R2 is the distance from the pore center to the oxide barrier layer 

outer boundary. Assuming the composition of the inner oxide layer side (R1) is pure 

Al2O3 and that of the outer oxide layer side (R2) is pure Al; the composition between R1 

and R2 is AlOx (0<x<1.5), changing linearly from Al2O3 to Al with R; ( ) changes 

linearly from the inner ring  to the outer ring : 
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Let εεε == 21 , which means a homogeneous dielectric material: 
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So the effective dielectric permittivity can be obtained as follows: 
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