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DETACHMENT OF NANOPOROUS ANODIC ALUMINA MEMBRANES FROM
ALUMINIUM SURFACE

SUMMARY

In nanoscale size, many materials start to behave in different ways. They can become much
stronger, or conduct more electricity; opaque substances can become transparent, solids
become liquids at room temperature or insulators become conductors. This often occurs
because of their increasing surface to volume ratio because of their decreasing size.

Recent progresses on nanomaterials have made porous nanostructures a particularly
interesting class of materials for both scientific and technological explorations. Because of
their intricate nanostructures, extremely big surface-volume ratio, low dimensionality and
interplay among constituents, they often exhibit new and enhanced properties than bulk
materials. There are commercially avaible processes and materials available in the market
both for producing and marketing nanoporous structures. Anodic oxidation (anodization) of
aluminium in nanoporous form is one the most widely used process for producing nano
sized templates.

Anodization is an electrochemical process using for growing an oxide layer on certain
metals — aluminium, niobium, tantalum, titanium, tungsten, and zirconium. At certain
conditions of anodization process —generally in acidic solutions-, it is possible to fabricate
this oxide layer as a self-ordering porous structure.

Due to their low—cost and easy fabrication, nanoporous membranes like nanoporous anodic
alumina are commonly using for the fabrication of very high aspect ratio structures. The
ratio of the thickness of membrane and diameter of the pores can be very large in NPAA.
This property makes NPAA very suitable for fabrication of nanostructures such as
nanowires and nanorods. Nowadays, although several companies commercially produce
NPAA membranes for research and industrial applications, researchers prefer to produce
their AAO membranes themselves thus there is a contiuning effort in developing the
methodology of AAO membrane production. There are basically two routes for the
production of free standing AAO membranes:

1. Chemical processes based on selective dissolution of left behind metallic aluminum
after the anodization process

2. Electrochemical detachment process which relies on local rapid dissolution of barrier
layer and metallic aluminum below.

Although the chemical processes based on selective dissolution is very well known the
requirement of highly toxic chemicals makes it a difficult process for applications.
Elecrochemical detachment method is a more environmentally friendly alternative to
chemical dissolution process in which dissolution of the remnant aluminum is not required.

XiX



However the role of anodic oxidation parameters on the character of the detached film has
not been systematically investigated

The aim of this study to investigate the parametric relations in the electrochemical
detachment process. The method used, is based on two-step anodization for obtaining self-
ordered nanoporous aluminium oxide membranes and then detaching the membrane by
using of perchloric-ethanol mixture from the aluminium surface. The role of anodic oxide
structure obtained by the application of different anodization voltages, strirring speed and
time on the detached film character.

The results of the study demonstrated that the anodic oxide character affected the barrier
layer perforation morphologies, which eventually leads to the detachment of the film.

XX



NANOPOROZ ANODIK ALUMINA MEMBRANLARIN ALUMINYUM
YUZEYINDEN AYIRILMASI

OZET

Nanoteknoloji gectigimiz yiizyilin en onemli gelismelerinden biri kabul edilmektedir.
Nanoteknoloji sayesinde insanoglu yeni miithendislik uygulamalar1 i¢in ¢ok 6nemli bir alani
control edebilir hale gelmistir. Nano kelimesi kdken olarak Latinceden gelir ve ‘clice’
anlamma gelir. Kelimenin tanimmdan da anlayabilecegimiz {izerine nano teknolojinin
alanina maddenin kii¢iikk boyutlular1 girer. Yani nanometre bir 6lgii birimidir ve metrenin
milyarda biridir. Bir metreyi aklimizda canlandirmak pek sorun olmayacaktir ¢iinkii giinliik
yasantimizda uzunlugu genelde metre iizerinden hesaplariz. Ama bir kilometre veya bir
milimetre biraz daha zor olacaktir ve metrenin milyarda biri kolay kolay aklimizda
canladirabilecegimiz bir sey olmayacaktir. Bu nedenle bu noktada bilimsel bir yontem
olarak karsilastirma daha uygun olacaktir. Bir nanometre (nm) genelde yaklagik 10 atomun
uzunlugudur (1 atom 1-4 angstrom c¢apindadir), DNA 2 nm, viriisler 100 nm, bakteriler
1000nm (1 mikrometre), kan hiicreleri 2-5 mikrometre, sa¢ telinin ¢ap1 100 mikrometre,
ignenin bagi ise 1 mm’dir.

Nanoteknolojinin 6zel olmasinin yani 1-100 nm arasindaki boyutun 6zel bir anlam
icermesinin sebebi malzemelerin bu boyut arasinda olagandis1 6zelliklerinin  vuku
bulmasidir. Nano boyutta birgok malzeme normalden farkli davraniglar gosteriyor. Daha
saglam olabiliyorlar veya daha fazla iletken olabiliyorlar; opak maddeler transparan, katilar
oda sicakliginda sivi olabiliyor veya yalitkanlar iletken hale gelebiliyorlar. Bu genellikle
maddenin kiigiilen boyutuyla birlikte biiyliyen yiizey-hacim oranindan kaynaklaniyor. Nano
boyutta malzemelerin niteliksel olarak gosterdikleri farklilar i¢in altin 6nemli bir Grnektir.
Altinin bir kiilge altinla, bir gram ve nokta kadar bir altin ayn1 kimyasal ve yaklasik fiziksel
ozellikleri gosterir; yani parlak sar1 renklidir, elektrigi ve 1s1y1 iyi iletir vs. Ama altin1 daha
kii¢iiltiip nanometre diizeyine getirdigimizde olaganiistii bir durum ortaya ¢ikiyor ve altin
mavi, pembe veya diger renklerde olabiliyor ve bunula birlikte diger tiim 6zellikleri de
boyutuyla beraber degismeye basliyor.

Nanoteknoloji ilgi alan1 olan maddenin yaklasik 100 nm’den daha kiigiik boyutlar1 genel
olarak maddenin niteliinin degismeye basladig1 boyut olarak kabul edilir ve biz bu alana
(0.1-100 nm) maddenin kuantum 6zelliklerinin ag1ga ¢iktig1 alan diyoruz. Nano teknolojinin
ugraslarindan biri maddenin kuantum o6zelliklerinin ortaya ¢iktigi 1-100 nm araliginda
aragtirmalar yapmaktir. Tabii arastirmakla kalmasi hayatlarrmizda pek bir seyi
degistirmezdi, nano teknoloji bununla beraber bu boyutlardaki maddeyi kontrol ve manipiile
edebilmemizi ve bu boyutlarda ortaya ¢ikan olagandist Ozellikleri proseslere
uygulayabilmemizi saglar.
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Atomsal diizeydeki malzemelerin amaca yonelik yapilandiriimalarinda ve bu kadar kiigiik
boyuttaki 0zel goriingiilerden yararlanma birgok alanda yeni imkanlarmn dogmasima Yol
acmustir. Bu alanlardan bazilar1 sunlardir: Enerji, ¢evre teknigi, IT- Bransi, Tip, Eczacilik vs.
Atomsal diizeyde kimya, biyoloji ve fizik arasinda sinir yoktur.

Nanobilim yeni malzemeler iiretmenin yaninda, yeni malzemeler iiretebilmek i¢in gerekli
olan uygulamalar1 tiretebilmemizi de sagliyor. Nanomalzemeler konusunda elde edilen son
gelismelerle birlikte poroz nanoyapilar1 hem bilimsel hem teknolojik arastirmalar igin ilging
bir malzeme simifi haline getirdi. Nanoporoz yapilar, girintili ¢ikintili yapilari, asir1 derece
biiylik yiizey-hacim oranlari, kiiciik boyutlar1 ve igeriklerin karsilikli etkilesimi nedeniyle,
cogunlukla bulk vyapilara gore yeni ve geliskin oOzellikler gosterirler. Nanoyapili
malzemelerin hem tiretimi hem de pazarlamasi i¢in prosesler ticari olarak bulunmaktadir.
Aliminyumun nanoporoz formda anodik oksidasyonu (anodizasyon) nanoboyutlu kaliplarin
iiretilmesinde en yaygin olarak kullanilan yontemlerden biridir.

Anodizsyon, aliiminyum, niyobyum, tantalyum, titanyum, tungsten, zirconyum gibi belli
metallerin {izerinde oksit tabakasi biiylitmek amaciyla kullanilan elektro-kimyasal Dbir
yontemdir. Anodizasyon prosesinin belli kosullarinda —genellikle asidik ¢ozeltilerde-, bu
oksit tabakasini kendiliginden diizenlenen poroz yapi olarak elde etmek miimkiindiir. Bu
tezde bu poroz yapmnin morfolojik 6zellikleri izerinde calisiimistir.

Aliminyumun poroz anodize yapis1 kendiliginden diizenlenebilir altigenler seklinde
dizilirler. Iki adim anodizasyon islemi ile elde edilen anodik aliimina yapisal olarak gok
diizgilin bir dizilime sahiptir. Anodize yapilar por ¢ap1, porlar aras1 mesafe, duvar kalinlig1 ve
membran kalinlig1 gibi anodizasyon kosullarina ve birbirlerine gore degisen bir¢ok yapisal
ozellige sahiptirler. Bu Ozelliklere etki eden parametleri anodizasyon potansiyeli, siiresi,
sicakligi, karistirma, kullanilan ¢6zelti olarak sayabilirz. Bu calismada bu parametrelerin
morfolojik yapiya etkileri incelenmistir.

Diisiik maliyeti ve kolay liretimleri nedeniyle, nanoporoz anodik aliimina gibi nanoporoz
membranlar ¢ok yiiksek en-boy oranli yapilarm iiretimi i¢in yaygin olarak kullanilirlar.
NPAA’larda pore cap1 ile membranin kalinlig1 arasindaki oran ¢ok yiiksek olabilir. Bu
Ozellik nedeniyle NPAA, nanoteller ve nanocubuklar gibi yapilarin iiretimi i¢in ¢ok
uygundur. Bugiinlerde, NPAA membranlar birkag sirket tarafindan arastirma ve endiistriyel
uygulamalar i¢in ticari olarak tretiliyorlar. Okside yapiy1 aliiminyum iizerinde biiyiitmek
kolay bir yontemken NPAA membranlar1 aliminyum {izerinden ayirma islemi bu konuda
calisma yapan bir ¢cok bilim grubu uzun surely olarak mesgul etmis bir problemdir. Bugiin,
NPAA membranlar1 ayirma isleminde kullanilan iki tane yontem vardir;

1. Anodizasyon prosesi ardindan kimyasal olarak selektif ¢dzme ile aliiminyum
metalini elde etme.

2. Bariyer tabakasmi hizlica ¢Oozerek geriye metalik aliiminyumu birakan
elektokimyasal ayirma prosesi.

Selektif ¢dzmeye dayanan kimyasal ¢ok iyi bilinen bir yontem olmasina ragmen proses i¢in
gerekli kimyasallarim yiiksek toksik olmasu prosesi uygulmam i¢in zorlastiran bir
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etken.Elektrokimyasal ayirma yontemi, kimyasal ¢6zme prosesine gore daha ¢evre dostu bir
alternatiftir ve ayrica kimyasal ¢ézmede oldugu gibi kalan aliiminyumun c¢oziilmesini
gerektirmez. Bunun yaninda elektrokimyasal ayirma yontemi ¢ok daha hizli ve basit bir
yontemdir. Bu nedenle bu tezde -elektrokimyasak aywrma yoteminin Ozellikleri
incelenecektir. Biraz once verilen avantajlara ragmen anodik oksidasyonun parametrelerinin
ayrilan film tizerindeki etkisi sistematik olarak heniiz incelenmemistir.

Bu c¢alismanin hedefi elektrokimyasal ¢6zme islemindeki parametrik iligkilerin
incelenmesidir. Bu c¢alisma kendiliginden diizenlenen nanoporoz aliiminyum oksit
membranlarm elde edilmesi ve daha sonra membranm perklorik-ethanol karigimi
kullanilarak aliiminyum yiizeyinden ayirilmasma dayaniyor. Ayrilma filminin karakteri
tizerindeki anodik oksit yapmin rolii, degisik anodizasyon voltaji, karistirma hizi ve zamani
kullanilarak 6l¢iilmiistiir.

Bu calismanm sonuglart anodik oksit yapmin karakterinin bariyer katmanin morfolojisini
etkiledigini ve bununda kaginilmaz olarak ayrilan filmin yapisini degistirdigini gostermistir.
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1. INTRODUCTION

Nanotechnology is an advanced technology involving the fabrication and use of
devices so small that the convenient unit of measurement is nanometers. This
technology, which is being used since the ancient times, continues to surprise
researchers nowadays with every single unveiled findings (Url-1).

The discovery of anodic oxidation began at the last century and firstly it used
cosmetic purposes and anticorrosion applications as a protective surface. Anodic
oxidation used for obtaining barrier layers in early products. Then hexagonal porous
structure discovered in the early 80°s. Although anodization once done on aluminium
for surface protection, with the discovery of this self-ordered structure, scientists
started to use this unique material for nanotechnological applications (Choi, 2004).

For anodization process scientist used many different anodization baths according to
the needs. Anodization studies shows that anodization parameters and electrolyte are
changing the morphology of the porous structure. Bengough and Stuart’s patent in
1923 was a break-through in anodic oxidation field which provided a way to protect
Al and its alloys against corrosion by anodizing in chromic acid bath (Choi, 2004;
Huh, 2007).

Although there are many papers, research is still continuing to enhance and optimize
the anodization process. Especially after the developments made in scanning electron
microscopy, researches on these topics showed a great increase. O’Sullivan and
Wood researches took great attention in this field, which was an important step for a
better understanding of oxidation morphology and mechanism (O’Sullivan, 1970;
Choi, 2004).

Another important discovery about anodization was Masuda and Fukuda’s report

about an ordered pore arrangement in an anodic aluminium oxide (AAO). AAO



template gains a wide use accept in nanotechnology area after their work. AAO
template is an ideal mold because it possesses many desirable characteristics,
including tunable pore dimensions, good mechanical property, and good thermal
stability (Masuda, 1995).

Moreover, especially for metal nanowires, the nanoporous anodic alumina (NPAA)
membrane is a cheap and high yield technique that allows producing large arrays of
metals nanowires by the electrodeposition. NPAA has ordered hexagonal cells and
every cell contains a cylindrical pore at its center. The pore diameter, cell size and
barrier layer thickness can be controlled by anodizing voltage and the depth of pore
by anodizing time (Hamrakulov et al., 2009).

After recent developments on well-ordered surface, state of the art NPAA with
honeycomb architecture is mainly used as a template for the production of one-

dimensional nanomaterials.

After obtaining stable NPAA membranes and optimizing the fabrication process,
companies begin to offer NPAA products for the synthesis of nanostructures. Product
of Whatman Company, Anopore membranes are one of the good examples of this.
Figure 1.1 shows the structure and the pore shape of Anopore membrane and table
1.1 shows the properties of Anopore membrane by theirs types. According to
Whatman company, these membranes can be used in filtration and degassing, ultra
cleaning of solvents, gravimetric analysis, liposome extrusion, scanning electron
microscopy studies, bacterial analysis by epifluorescence light microscopy,
micrometer and nanometer filtration and metal nanorods formation applications (Url-
2).

Figure 1.1: The structure and the pore shape of Anopore membrane (Url-2).



Table 1.1: Properties of Anopore Membranes by their types (Url-2).

Typical Data - Anopore Inorganic Membranes

Anodisc 13 Anodisc 25 Anodisc 47
Average membrane thickness 60 pm 60 pym 60 pm
Membrane diameter 13 mm 21 mm 43 mm
Membrane type Anopore aluminum oxide Anopore aluminum oxide Anopore aluminum oxide
Support ring material None Polypropylene Polypropylene
Construction process None Thermal weld Thermal weld
Protein adsorption Low Low Low
Burst strength 65 to 110 psi 65 to 110 psi 65 to 110 psi
Maximum zervice temperature 400°C 40°C £0°C
Porosity 25 to 50% 2510 50% 25to 50%
Autoclavable Y88 Mo No
Refractive index 16 18 18

While the number of membrane products is increasing and production process
becomes regular, the number of research papers is increasing constantly. One of the
main research areas is the use of these membranes as a template for controlled

production of the nanostructures.

Improvements in the area of one-dimensional nanomaterials attracted very wide
attention due to the unique properties and potential application in the ultrahigh-
density magnetic memories, optoelectronic devices and micro sensors. A general
approach of nano-fabrication that utilizes the self-organized, highly ordered NPAA
membrane as template, combined with electrodeposition or sol-gel method, is
employed to synthesize vastly different nanoarrays, such as metal, semiconductor

and conducting polymer (Zhou et al., 2007).






2. NANOPOROUS ANODIC ALUMINA

2.1 Definition

Anodizing is an electrochemical process, which is performed to form a protective
oxide layer on the surface of a metal. An oxide film can be grown on certain metals —
aluminum, niobium, tantalum, titanium, tungsten, and zirconium. It is a method to
grow a controlled oxide layer rather than a naturally formed metal oxide. The finish
product of anodizing process is called anodic oxide (Fig. 2.1). This oxide layer can
be used for enhancing corrosion resistance or wear resistance for increasing surface
hardness or even obtaining a different appearance. Utilizing this process allows us to
use a metal in applications for which it might not otherwise be suitable for the area of
use. (Url-3; Choi, 2004)
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Figure 2.1: TEM picture of anodic alumina (Zheng et al., 2001).



Anodization of aluminium as a surface finish offers wide range of advantages such as
increasing the durability, corrosion and wear resistance and decorative appeal.
Moreover, low cost and ease of fabrication makes it a highly preferable material for

these applications.
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Figure 2.2: (a) Idealized structure of anodic porous alumina and (b) a cross-sectional
view of the anodized layer (Sulka, 2006).

Because of the nature of aluminium metal, during anodization, porous anodic
aluminium oxide (AAQ) forms on it. While the anodized aluminum has been used as
anticorrosion or decoration coating to improve the mechanical and corrosion
properties of aluminium, the nanoporous anodic aluminium (NPAA) is now widely
employed in nanoscience and nanotechnology as membrane for its self-ordered
uniform cylindrical pore size and pore density (Han, 2011). NPAA has been
extensively used as template, mask, or host materials to synthesize various
nanostructures in the form of nanopores, nanowires, nanotubes, and nanodots, which
are all functional materials for developing nanoscale devices. Fig. 2.2 shows
idealized structure of AAO and a cross-sectional view of the anodized layer. At
surface, there are hexagonal cells and cylindrical pores inside the cells. At cross-
section, we can see tube-shape structure and barrier layer, pore diameter, wall
thickness and interpore distance. This porous structure can be produced on a wide

surface. Depending on the production method, it can be highly ordered.



Porous structure also creates a possibility to use AAO as templates for filling them
with different materials such as Nickel, Silver, Gold etc. (Choi, 2004) utilizing
different coating methods for filling the pores.

The two-step anodization process for obtaining self-ordered alumina nanostructures
was mentioned for the first time in 1995. This improvement has led to an increase on
the usage of these materials as membranes due to its easy and relatively low cost
(Moldavan, 2011; Hagelsieb, 2007).

Anodization is a very simple oxidation process employed in a two-electrode
electrochemical cell consisting of an anode (aluminium or aluminium alloy), a
cathode (stainless steel or platinum), DC or AC power supply and an electrolyte. To
obtain nanoporous membranes by anodization, the process was carried out on the
experimental setup (Fig. 2.3), composed of electrical source (1), measurement
devices (2), thermometer (3), reference electrode (4), Al substrate (5), thermo
insulating outer vessel (6), Cu spiral (7), mechanical stirrer (8), anodizing tank (9),
cathode (10). By applying direct current, a controlled growth of oxide layer on
surface of the anode is achieved where the surface is in contact with the electrolyte.
Anodic oxide structure is not applied onto the surface as a film. Unlike
electroplating, it is a surface finish, which originates from the base metal itself by
turning the metal into its oxide (e.g. Al to Al,O3). As in case of anodic aluminium
oxide (AAO), the oxide layer is fully integrated with aluminium underneath, which
prevents it from being peeled or chipped. (Hagelsieb, 2007; Choi, 2004; Pasaoglu,
2011; Lee, 2010; Moldovan, 2011).

During anodization of Al, AAO is formed as a result of oxidation reactions which
will be discussed later. Unlike the rest of the surface treatments such as
electroplating, anodizing takes place on the interchange surface between aluminium

and aluminium oxide, this grows inwards aluminium.

Aluminium is a unique metal among the rest of the metals those can be anodized,
(e.g. niobium, tantalum, titanium, tungsten) since either a thick non-porous oxide or a
coating consisting of pores in nano-scale can be achieved by anodizing. The anodic
alumina oxide (AAQ) structure, which has nano pores thus also named as

nanoporous anodic alumina (NPAA)



Figure 2.3: Schematic representation of the experimental setup (Moldovan, 2011).

There are two different oxide types can be grown on aluminium depending on the
electrolyte used during anodization. Nonporous (barrier) oxide film grows in
solutions that alumina has very low solubility, such as solutions containing borate,
phosphate or tartrate compounds. pH of the electrolyte should be between 5 and 7
for such a formation. In case of using an electrolyte in which aluminium oxide has
limited solubility, porous oxide film can be obtained with simultaneous formation-
dissolution reactions. Dilute sulphuric, oxalic or phosphoric acids can be used for
such oxide film production (Hagelsieb, 2007; Choi, 2004). In this study, we will be
mainly focused on porous type AAO.

Anodization is an electro-chemical process and during the anodization there occur
reactions between anode, cathode and electrolyte. In a typical anodizing process, an
aluminum plate is connected to the anode of a DC source. A weak acid solution is
used as electrolyte. The cathode can be made from any conductive material that is

chemically inert in the electrolyte used. When applying potential, hydrogen ions are



reduced in order to form hydrogen gas at the cathode and aluminum is oxidized into
Al*® cations. Some of these cations are dissolved in the electrolyte, and a part forms
an oxidic layer on the metal surface. For further reaction, oxygen-containing anions
are supplied by the electrolyte (Moldovan, 2011). The main reactions of anodization
IS;

2Al + 3H,0 ==> Al,03 + 3H;

This is the sum of the separate reactions at each electrode. The reactions at the anode
occur at the metal/oxide and oxide/ electrolyte interfaces. The ions that make up the
oxide are mobile under the high field conditions. At the metal/oxide interface the

inward moving oxygen anions react with the metal:
2Al + 307 ==> AlL,O; + 6¢

At the oxide/electrolyte interface outward moving aluminum cations react with

water:
2A1" + 3H,0 ==> AlLO; + 6H"

(In case of aluminum dissolution into the electrolyte during porous film formation,

the anodic reaction is:

2Al1 ==> 2A1" + 6¢)

The reaction at the cathode is hydrogen gas evolution:
6H" + 66" ==> 3H,

The so formed AAO can be sealed to increase its corrosion resitance by plugging the

pores. Sealing is generally conducted in hot water.
The sealing reaction can be written as:

Al,O3 + 3H,0 ==> 2AIO0H*H,0 (Url-3)

2.2 Two-Step Anodization

In 1995, Masuda and Fukuda discovered that anodic alumina oxide could exhibit
self-ordered porous structure in case of anodizing for long durations in 0.3M oxalic
acid. They reported that the pores arranged regularly formed a honeycomb structure.
After this breakthrough point of AAO fabrication, many scientists began working on

AAO and this effort end up with the development of two-step anodization process.
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Two-step anodization provided production of AAO with highly ordered nano-pores.
Thus, anodization of aluminium became a greater point of interest especially for
those who are working in nanotechnology field (Masuda,1995; Choi, 2004; Lee,
2010).

A Preoxidation

Removal of oxide

B
S

C 2M anodic oxidation

i

Figure 2.4: Two step anodization steps a) Electropolished surface, b) First
anodization, ¢) Oxide removal, d) Second anodization (Yuan, 2004).

Porous structure starts to form in the first anodization step; however, the pore
structure that is obtained from first step anodization is not in the ordered form (Fig.
2.4). Pores start to grow inwards aluminium base in random directions until all the
tube bottoms are at the same level, parallel to each other and first anodization process
ends up with this structure. After the first anodization step, oxide layer should be
etched in order to grow highly ordered porous structure with a second anodization
step. By removing this oxide, a pre-pattern is produced on aluminium (Fig. 2.4).
Finally a second anodization, which is basically the same as the first one, is
performed to produce a surface consisting of well-ordered nano pores (Fig. 2.5 and
Fig. 2.6) (Zhao, 2007; Sulka, 2006; Lee, 2011; Choi, 2004; Ko et al., 2006).
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600 nm 500 nm

Figure 2.5: FEG-SEM image of two-step anodized AAO structure with 30 nm pore
diameter obtained in 0.3 M oxalic acid solution with 15 °C and 40 V: (a)
side and top view, (b) macroscopic distribution of pores in a random
fashion (Ko et al., 2006).

Masuda and Fukuda performed two-step anodization in 0.3M oxalic acid bath first
time. Since then, as mentioned previously, two-step anodization became a point of
interest. There are many different electrolyte for using anodization process and each
electrolyte has own voltage and temperature properties. As an example; Sulphuric
acid is suitable for potentials between 5 ~40V while oxalic acid can be used within a
range of 30 -120V and phosphoric acid is capable of handling potentials varying
between 80 -200V.
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Figure 2.6: STEM image of AAO structure: (a) AAO structure after the second
anodization step (no widening; diameter: about 30 nm); (b) an enlarged
image of (a); (Ko et al., 2006).

Many research groups proved the relation of voltage with AAO layer thickness.

Figure 2.7 shows influence of voltage upon AAQ layer thickness within time. It is

clear that increase in voltage end up with increase in AAO layer thickness.
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Figure 2.7: Influence of voltage upon AAO layer thickness (Patermarakis, 2007)
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Many scientists used different electrolyte according to the porous structure required.
Lee and colleagues used both oxalic acid and phosphoric acid for the production of
AAO with various pore diameters. Sulka performed two-step anodization in
sulphuric acid (20% wt) at low temperatures (~1°C) at potentials between 15 and
25V. It should be noted that each type of bath used has its own potential range. Zhao
was one of the researchers who also preferred sulphuric acid bath. Working
temperature of the first step anodization varied between 0 and 30°C. (Masuda, 1995;
Zhao, 2007; Sulka, 2006; Lee, 2011; Choi, 2004).

Table 2.1 shows electrolyte types these used in anodization process for obtaining

nanoporous structure.

Table 2.1: Major acid components of typical electrolyte types used to produce porous
oxide layer on an aluminum substrate (Poinern, 2011).

Main Acid wused in | Molecular Formula Concentration Pore Size
Electrolyte (M) Range (nm)
Acetic CH:CO-.H 1 Not specified
Citric HO,CCH;(OH)(CO;H)CH,CO-H | 01102 90 to 250
Chromic H>CrOy 0.3, 044 17 to 100
Glycolic CH,(OH)CO,H 1.3 is

Malie HO,CH>CH(OH)CO-H 0.15t0 0.3 Not specified
Malonic CH,(CO:H)» 01to5 Not specified
Oxalic C,H,04 0.2t 0.5 20 to 80
Phosphorie HiPO, 0.04t01.1 30 to 235
Sulfuric H,S0, 0.18t0 2.5 12 to 100
Tartaric HO,CCH(OH)CH(OH)CO:H 0.1to3 Not specified

In anodization process there are many different parameters such as electrolyte type,
concentration of electrolyte, temperature, voltage, stirring speed, these have effect on
properties of NPAA, such as pore diameter, interpore distance, wall thickness,

membrane thickness.

2.2.1 Pore diameter

Pore Diameter is one of the important parameter in NPAA membrane fabrication,
because pore diameter has direct influence on NPPA membrane applications, such as
nanowire and nanorod fabrication. One of the most important application areas of
NPAA membranes is nanostructure fabrication. For nanostructures, sizes of pores are

very important, because it affects the electrical and magnetic properties of the
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material. Since of NPAA membranes have very wide adjustable properties, many

scientist worked on the optimization of the NPAA membrane fabrication process.

Because the pore diameter determines radius of the obtained nanostructures that is
planned to be used as NPAA template for fabrication, it is an important parameter.
Generally, for the anodic porous alumina structure, the pore diameter is linearly
proportional to the anodizing potential multiplied with proportionality constant Ap
(approximately 1.29nmV™) where D, is a pore diameter (nm) and U denotes the

anodizing potential (V) (2.1);
Dp=ApxU (2.1)

Fig.2.8 shows the anodization parameters these have influence on pore diameter
(O’Sullivan, 1970).

Electrolyte -
concentration Solution pH \

Ancdizing Widening
potential / ‘ diameter time /

Anodizing /

time

Figure 2.8: Parameters these have influence on pore diameter (Sulka, 2008)

According to Fig. 2.8, increasing in anodizing potential and time, electrolyte
concentration and widening time, increase pore diameter and increasing in solution

pH, decrease pore diameter.

14



Other two parameters that effect on the pore diameter are electrolyte temperature and
stirring speed of electrolyte. Pore diameter increase with increasing temperature and
decrease with increasing stirring speed.

The dependence of the diameter on the voltage is not sensitive to the electrolyte. The
literature about NPAA membranes generally examines areas; near top surface or pore
bottoms. Anodizing time has a little effect on the diameter of pores in the inner oxide
(Keller, 1953; Thompson, 1997).

The reason of a higher diameter of pores observed in a region close to the film
surface is irregular initial growth of the pores during the very early stages of pore
development, and their further reorganization in a hexagonal arrangement. It should
be noted that an enhanced chemical dissolution of oxide, resulting in the
development of widened pores, might occur also during anodizing at a sufficiently
high temperature, or in strong acidic solutions (Thompson, 1983; 1997).

The acidic electrolyte etch along the cell walls, and especially in the outer oxide
layer, increases the diameter of pores measured at the surface of the anodic film
(Wood, 1968).

According to early studies about nanoporous anodic alumina, scientist belived that
pore diameter was independent of the forming potential (Keller, 1953). However,
later studies have reported anodizing potential or current density have influence upon

the pore diameter as a parameter (Paolini, 1965).

The pore diameter for anodizations conducted at a constant anodizing potential can

be calculated as follows (2.2):
Dp=D¢—2XW=D;-142xB=D;-2xWyxU (2.2)

where D is the cell diameter, interpore distance (nm),Wis the wall thickness (hm), B
is the barrier layer thickness (nm), and Wu is the wall thickness per volt (nm/V)
(O’Sullivan, 1970).

For potentiostatic conditions of anodization, wall thickness divided by the anodizing
voltage gives the thickness of oxide-wall per applied volt (Wu). The empirical
dependence of pore diameter on the anodizing potential or the ratio of anodizing
potential to a critical value of the potential (Unx) has been reported by Palibroda
(Palibroda,1984) (2.3):
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Dp =4.986 + 0.709 x U = 3.64 + 18.89 x U / Umax (2.3)

Obviously, the temperature of the electrolyte and the stirring speed of electrolyte in
the electrolytic cell affect the pore diameter. Figure 2.9 shows the effect of
electrolyte temperature on anodization.
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Figure 2.9: Effect of electrolyte temperature on anodization (Li, 1998)
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At higher temperatures of anodizing (e.g., near room temperature) a significant
acceleration of chemical dissolution of the outer oxide layer, especially in a strong
acidic solution is expected. On the other hand, low stirring speed of the electrolyte
during anodizing under the constant anodizing potential causes a significant increase
in the local temperature at the inner oxide layer, and the recorded current density
increases (Li, 1998). As a result of the increasing local temperature, a chemical
dissolution of oxide in the inner layer, as well as the electrochemical formation of
anodic oxide layer, are accelerated. The effect of electrolyte stirring on a pore

diameter is shown schematically in Figure 2.10.

The datas from experiments show that electrolyte temperature and electrolyte
concentration have influence upon pore diameter. For instance, the pore diameter has
been found to depend on temperature for the constant potential anodizing in a
phosphoric acid solution (O’Sullivan). With increasing the temperature of the

electrolyte, an increase in pore diameter in the outer oxide layer has been noted. At
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the same time, a decrease in pore diameter in the inner oxide layer has been

observed.
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Figure 2.10: Effect of stirring on the pore diameter of nanostructures obtained by
anodization of aluminum (Sulka, 2008)

According to O’Sullivan and Wood, electrolyte concentration does not significantly
influence the pore diameter (O’Sullivan, 1970). On the other hand, studies that are
more recent suggested that the pore diameter decreases with decreasing pH of the
solution (Parkhutik, 1992) and temperature (Sulka, 2007). A decrease in pore
diameter with increasing concentration of the acidic electrolyte can be attributed to

decreasing pH.

The other parameter about pore shape is its formation. Nanoporous structures form
by force of self-ordering and pores are forming in a hexagonal shape. In a number of
studies the geometry of hexagonal formation are investigated.. Sui reported the
differences in the geometry of AAO that are obtained in two different electrolytes;

oxalic acid and sulfuric acid (Sui, 2001).

A summary of the influence of anodizing parameters on the pore diameter of a
nanostructure formed under potentiostatic conditions is presented schematically in
Figure 2.8. Therefore, a significant variation in pore diameter determined for similar

anodizing conditions and electrolytes is reported in the literature.

Interpore distance is another important parameter for NPAA. Interpore distance is the
sum of pore radius and wall thickness (W). However, the parameters affecting pore
raidus and wall thickness are not the same, so we should examine interpore distance

seperatly from these parameters.
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Table 2.2: Geometric parameters of the hexagonal pore array (Sui, 2001)

Sample Hexagonal array Averaged angle Averaged hexagonal Pore density

percentage value area (Jum’) (pores /cmn’)
Sulfuric acid anodized = 66 1201497 0012 26X10°
Oxalic acid anodized =100 1200456 0.04 12X 10°

2.2.2 Interpore distance

It is commenly accepted that the interpore distance (Dc)of anodic porous alumina is
linearly proportional to the forming potential of the growth of anodic porous alumina
with a proportionality constant Aof approximately 2.5nm V™ (Nielsch, 2002) (2.4):

D.=Acx U (2.4)

According to Keller et al., the cell diameter can be calculated precisely from the

following equation (2.5):
Dc=2xW+ Dp=2WUXU+Dp (25)

Experiments from O’Sullivan and Wood show that the wall thickness is about 71%
of the barrier layer thickness (B) (O’Sullivan, 1970). Taking into account this fact,

the following expression can be proposed (2.6):
D.=1.42xB + Dy (2.6)

Hwang showed the dependence of anodizing potential on interpore distance (Hwang,
2002). For anodization in oxalic acid conducted under anodizing potential ranges
between 20 and 60 V, a the linear relation existed between anodizaiton potential (U)

and interpore disteance (Dc) (2.7):
Dc=-5.2+275xU (2.7)

Some reaches point out that anodization temperature has little or no effect on
interpore distance at the constant (O’Sullivan, 1970). Hwang reported that for oxalic
acid anodization process, electrolyte temperature the interpore diameter is
independent for interpore distance (Hwang, 2002). Contrary to this, for self-
organized anodizing in sulfuric acid, an influence of temperature on interpore
distance has been observed (Sulka, 2007).

18



O’Sullivan and Wood showed that increasing the concentration of electrolyte
decreases the interpore distance. In the case when anodizing is carried out in
phosphoric acid at constant current density, increasing the temperature of anodizing
as well as increasing the electrolyte concentration causes a decrease in the interpore

distance in nanostructures (O’Sullivan, 1970).

2.2.3 Wall thickness

There are several studies in the literature on the calculation of wall thickness (W).
Sulka reported following equation (2.8):

W = (Dc — Dp) /2 (28)

According to Sullivan and Wood, the wall thickness built during anodizing in
phosphoric acid is related to the barrier layer thickness (B) as follows (O’Sullivan,
1970) (2.9):

W=071xB (2.9)

According to another study that report the relationship between wall thickness and
barrier layer in oxalic acid anodization the proportionality between wall (W) and
barrier layer thickness (B) varies slightly with anodizing potential in the range of 5 to
40 V. For anodizing potentials between 5 and 20 V, a relationship between Wand B
with a proportionality constant of about 0.66 has been observed, while for higher
anodizing potential a gradual increase in the proportionality constant to the final
value of about 0.89 has been reported (Ebihara, 1983).

2.2.4 Barrier layer thickness

Barrier layer is general oxide layer of aluminium metal. If oxidation process occurs
in acidic solution, oxide layer is obtained as porous structure. In this situation barrier
layer occurs in bottom region of tubes. This is a very thin, dense and compact
dielectric layer. The barrier layer has the same nature as an oxide film formed
naturally in the atmosphere, and allows the passage of current only due to existing
faults in its structure. The existing compact barrier layer at the pore bottoms makes
the electrochemical deposition of metals into pores almost impossible. Because of
this limit, the thickness of the barrier layer is extremely important and can determine

any further applications of nanostructures formed by the anodization of aluminum.
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There is directly relation with the thickness of the barrier layer the anodizing
potential. Wernick reported the dependence of the thickness of the barrier layer upon
the anodizing potential about 1.3—1.4nmV " for barrier-type coatings, and 1.15nmV "
for porous structures (Wernick, 1987).

Some variations have been reported in the barrier layer thickness with anodizing
potential or the concentration of electrolyte. Evidence of experimental values of By,
known as an anodizing ratio and defined as a ratio between the thickness of the
barrier layer and anodizing potential, are listed in Table 2.2 for a variety of
electrolytes (Sulka, 2008).

O’Sullivan reported that variation of the barrier layer thickness per volt depends on
whether oxide films are formed at a constant potential or at constant current density
regimes (O’Sullivan, 1970).

Moreover, the increase in anodization temperature decreases the thickness of the
barrier layer for anodizing at the constant potential. The increasing thickness of the
barrier layer with increasing electrolyte concentration suggests that ionic conduction
becomes easier under the set current density. Therefore, most of the ionic current
passes through microcrystallites in the barrier layer. On the other hand, the observed
decrease in barrier layer thickness with increasing electrolyte concentration and
anodizing temperature is a direct result of an enhanced field-assisted dissolution of
oxide at the oxide/electrolyte interface (Sulka, 2008).

Chu et al. reported the effect of anodizing potential on the thickness of the barrier
layer for the anodic porous alumina formed in various electrolytes (It is shown in
Figure 2.11). These results suggest a general constant relationship between the

anodizing ratio and anodizing potential (Chu, 2006).

For optimum self-ordering conditions (10% porosity of the nanostructure and perfect
hexagonal arrangement of nanopores) of anodizing, Nielsch et al suggested that, the
barrier layer thickness should be proportional to the interpore distance as follows
(2.10):

B = D./ 2 (Nielsch, 2002) (2.10)

B = D./ 2 (Nielsch, 2002)
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Table 2.3: Anodizing ratio (By) for various anodizing electrolytes (Sulka, 2008).
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Figure 2.11: Anodizing potential influence on the barrier layer thickness for anodic
porous alumina formed in sulfuric, oxalic, glycolic, phosphoric,
tartaric, malic, and citric acid solutions (Chu, 2006).

The wall thickness, as well as the barrier layer thickness, in nanostructures formed by
anodization can be easily altered by post-treatment procedures involving chemical

etching; this is known as a process of isotropic pore widening.

2.2.5 Oxide removal

Oxide removal process is important to obtain highly ordered nanoporous membranes.
After etching the ovide only pore bottoms left and they are using for pre-pattern for
oxidation. Therefore, in the second oxidation, pore structure grows more orderly.
Oxide removal is generally performed by immersing first-step anodized samples in a
chromic acid- phosphoric acid solution consisting of 6 wt. % phosphoric acid, 1.8 wt.
% chromic acid at 60-80°C. Removal time is related with oxide layer thicknees, also

thicker films requires more time for etching.

Zaraska performed oxide removal process for durations varying from 10 minutes to
15 minutes for samples that are produced in sulphuric acid. Pasaoglu ran the first step
in 0.3M oxalic acid bath and oxide removal was done for | hour. (Zaraska, 2010;
Pasaoglu, 2011).
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Erdogan reported effect of different etching times to oxide removal process. The
chemical etching was employed in a mixture of 3.5% HsPO. and 2% CrOs (per-
centages in wt %) at 55 °C for 5, 15, 30 and 60 minutes. Erdogan reported that 5 and
15 minutes is not enough to etch all layer that obtained in a solution of 0.6 M
H,C,0,, at a temperature of 20 °C, under 40 V for 30 minutes and etching process

has influence upon the pore formation (Erdogan, 2012).

Figure 2.12: Top view FESEM images of AAO templates prepared by using
different etching times (a) 5 min (b) 15 min (c) 30 min (d) 60 min
(Erdogan, 2012).

2.3 Detachment of NPAA from Aluminium Surface

Detachment of NPAA from aluminium surface was complex problem for the
scientist before. Because as mentioned above nanaporous anodic oxide grown on top
of aluminium substrate in the anodization process and substrate and oxide layer are
connected each other with barrier layer. The most common approach to overcome
this problem is to etch away the base aluminum substrate by using heavy metal salts

such as HgClL or CuCl.. After that, the exposed barrier layer should be dissolve by
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using HsPOs dilute aqueous solution, thus opening up the blocked ends of the
alumina channels (Xu, 2003). There are some drawbacks of these detachment
methods, but this method inevitably lead to pore widening due to partial dissolution
of pore walls because of HsPO.. Therefore, there is possible contamination from
heavy metal ions too. The main drawback of this process of pore opening in a
controlled and reproducible way is the most difficult procedure in obtaining complete
through-hole PAA membranes because there are many parameters dependent on the
acid strength, dissolution time and type of contact.

In another approach, the anodic oxide film was separated from the aluminum
substrate by reversing the polarity of the cell voltage at the final stage of anodization,
in which the acid etching process is also necessary to remove the barrier layer
(Kyotani).

Xu et al., developed a different approach to detach NPAA. According this method,
NPAA structure covering a protective layer after the second anodization, but this
method based on chemical etching too (Xu, 2002).

Recently some researches focused to obtain NPAA membrane by alternative ways.
Detaching NPAA membrane with short voltage pulse is one of the promising
methods. Yuan et al., reported detaching the NPAA membrane from the aluminum
substrate by using a short voltage pulse in a high concentrated solution of HCIO,4 and
butanedione (Yuan, 2004) Figure 2.13 show the schmetic drawing of detachment

process with short voltage pulse.

This simple and rapid method is better than those chemical-etching methods, because
with this method detachment of alumina from aluminum substrate and dissolution of
the barrier layer can be obtained in one simple step. Moreover, the pore size does not
change during the process and there is no heavy metal contamination in this method.
Consequently, the problems caused by residues of metal ions do not exist. However,
this method has some darwbacks too, such as the obtained through-hole NPAA must
be subsequentially rinsed by acetone thoroughly in order to remove the viscous
butanedione. Therefore, high concentrated solution of HCIO,4 and butanedione is not

an environmentally friendly option.
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Figure 2.13: Schematic representation of the fabrication procedure for the formation
of ordered and through-hole porous alumina membrane. (A) Formation
of the porous alumina layer after the first anodic oxidation process; (B)
removal of the porous alumina layer; (C) formation of the ordered
porous alumina layer after the second anodic oxidation process; (D)
free-standing PAA; and (E) the barrier layer structure on aluminum base
after electrical detachment of the PAA (Yuan, 2004).

Yuan and his group focused to find alternative detachment solutions and in year
2006, they published a paper about this subject. Their study is on the influence of
detachment voltage to detachment process and influence of detachment solutions to

detaching results.

To examine influence on short pulse voltages of 0—15 V higher than the film forming
potentials on detachment they applied different voltages to the PAA/AI hybrid
anodes formed at 30 or 40 V in a 0.3M H2C20a solution. Figure 2.14 shows their
results. They observed that there is no significant anodic current transient, when the
pulse voltage was the same as the film forming potential (Fig 2.14, crosses) and
detachment of the PAA film failed. On the other hand, when a pulse voltage higher
than the film forming potential was applied, a significant peak-like current transient

could be observed.
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Figure 2.14: Effect of different detaching voltage (*) 5+40V; (0) 5+30V; (e)
10+40V; (x) 0 + 40V on the current density in a solution of 70%
HCIO, + 98% CH3COCOCHS; (v/v = 1:1) at 25 °C for 3 seconds. The
PAA film—Al hybrids were formed at different anodic oxidation voltage
(40 0r 30 V) ina 0.3M H,C,04 solution at 25 "C for 4 hours (Yuan,
2006).

In addition, the peak current increased with the increase of the pulse voltage. For a
pulse voltage of 5 V higher than the film forming potential partial detachment of the
PAA membrane from the base occurred. Complete detachment of the PAA film
could be achieved by increasing the pulse voltage, e.g. 10 V higher than the film
forming potential (Figure 2.14, solid circles). For pulse voltage of 15 V higher than
the film forming potential, the transient current is too high, leading overload (Yuan,
2006) .

These results demonstrate that pulse voltages of 5-10V higher than the film forming
potential should be applied in order to achieve successful detachment of the PAA
film and an “optimal” pulse voltage of 10V higher than the film forming potential
seems to be appropriate for the detachment of the PAA film from the Al base (Yuan,
2006).

Futhermore, Yuan and his group examine the effect of different detachment
electrolytes to the detaching results of NPAA membrane (Table 2.4).
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Table 2.4: Detaching results and the corresponding parameters of some electrolytes

(Yuan, 2006).

Electrolyte (viv=1:1) Peak current Detaching results
density
( mA/cmz)
HClO4 + CH3;COCOCH;3 302 Yes, negligible
dissolution
HClO4 +(CH3:CO)0 178 Yes, negligible
dissolution
HCIO4 20 mL + PEG-20000 588 Yes, negligible
(42/20mL) dissolution, but the
film is fragile
HCIO4 +H,O 630 Yes, slight dissolution
HClO4 + C2HsOH 416 Yes, slight dissolution
HCIO4 + TX-10 3 No
HCI (30%) Overload Yes, part dissolution
and Cl; formation
HNO;3 (30%) 189 Yes, part dissolution
NaOH (3 M) 13 No
H3POy4 (72%) + CH;COCOCH; 8 No

The another research group reported a improved way to detach NPAA membrane

from aluminium surface by mixture of HCIO4 and ethanol, which is more

environmental friendly and efficient as compared to the conventional electrochemical

detachment methods Furthermore, they investigated the influence of the pulse

voltage and the nature of the detachment solution on the detaching efficiency (Chen,

2006).

Figure 2.15 shows the SEM images of the surface of detached NPAA membranes.

Average pore diameter is 55 nm and it is same with top surface diameter (Figure

2.15a), which suggests that the pulse voltage detachment process has negligible

influence on the pore morphology.
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Figure 2.15: SEM images of (a) the surface and (b) the bottom view of the through-
hole PAA membrane detached at 70 V for 3 s in 1:1 HCIO4 + ethanol
mixture. Bottom images of the PAA membranes detached at (c) 65V,
(d) 62V, (e) 60 V, (f) 59 V. The PAA was formed at 60 V ina 0.3M
oxalic acid and the thickness was 70 um (Chen, 2006).

The pores from the bottom surface of PAA could be clearly seen in all the case when
the detachment can be successfully accomplished. The pore size of the bottom
surface can reach 45 nm when 70 V pulse was applied for the detachment process.

However, the pore size decreases significantly with the pulse voltage (Figure 2.16).
When the pulse voltage of 59 V was applied, the barrier layer can be obviously

observed although the pores are somewhat open (Chen, 2006).

50
45 ]
40-
35
20 4
25
20 4
15 -
10

Pores diameter (nm)

5B 60 62 64 66 68 70
Pulse voltage (V)

Figure 2.16: Dependence of the open pores diameter on the detaching voltage
(Chen, 2006
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3. EXPERIMENTAL STUDIES

In our study, for the investigation of the detachment process in perchloric acid +
ethanol mixtures the type and temperature of the anodizing electrolyte is kept
constant. The anodization electrolyte is chosen as 0.3 M oxalic acid (most widely
used concentration for NPAAO production) and 15 °C as temperature for

anodization.

Experiments were carried out according to the scheme given in Fig. 3.1 in order to
firstly obtain well-ordered nanoporous AAO and then depachment of NPAA
membrane from aluminium surface. Lastly, we realized the characterization by using
FEG-SEM.

Obtaining NPAA Membranes

First Step

Electropolishing Anodization

Detachment
of NPAA from

Second Step

Characterization Al Surface Anodization

Figure 3.1: Experiment Scheme.

3.1 Experimental Method

Pure aluminium sheets (%99.99) with a thickness of 0.1 mm were cut in the
dimensions of 2x4 cm. Samples were then annealed at 400°C for 4 hours for
enlarging grain sizes. This annealing process is required for obtaining ordered AAO.

Annealed plates were subjected to standard alkaline etching and
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desmuttingprocedure in 10 wt% NaOH solution for five seconds at 55°C for etching
and in 10% HNOs solution for five minutes at room temperature for desmutting.

3.2 Electropolishing

After annealing and surface cleaning on aluminium samples were electropolished in
a commercial (Politoksal EB-35 from Politeknik Metal San. ve Tic. A.S.), Cr free
solution based on phosphoric -sulphuric acid mixture which was proposed by
Pasaoglu (2011). Electropolishing was conducted for 5 minutes, at a temperature of
55 °C using a potential of 17 V. Electropolishing bath was stirred at a rate of 500

rpm.

3.3 Two-Step Anodization

The anodizing of electropolished samples anodized in oxalic acid electrolyte in order
to produce NPAA membranes. We choose oxalic acid bath, because with oxalic acid
solution, we are able to obtain NPAA membranes, with a very wide range of
morphologic properties. Two-step anodizing was also used in these series of
experiments. As electrolyte, 0.3 M oxalic acid was used. Electrolyte temperature
was selected as 15 °C for every sample. Parameters such as stirring speed, potential
and time were selected differently for every sample according to the Table 3.1.
Stainless steel was used as a cathode material during anodization process. After the
first anodization, the formed alumina layer was removed by chemical etching in a
mixture of 1.8% CrO3 and 7.1% H3POy, in distilled water at 60 °C for a 1 hour.

3.4 Detachment of NPAA Membrane

After the anodization, NPAA membranes were detached from aluminium surface in a
mixture of HCIO, (70%) and ethanol. Applied voltage was selected according to the
anodization voltage of the samples as 10 V in addition to the anodization voltage. 3
seconds voltage pulse is applied to samples and membranes detached from the Al

surface after 3 seconds. Stainless steel was used as a cathode material.
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Table 3.1: Anodization Parameters.

Numune No | Mixing Speed _ 1.5tep Etching _
rpm °C Time (hour) | Voltage |  °C  |Time (hour) Time (minute)| Voltage | Voltage

1 500 15 1 40 X X X A X

2 200 15 1 40 60 1 3 40 30
3 500 15 1 S0 60 1 5 50 60
4 500 15 1 60 60 1 5 60 70
3 200 15 1 40 60 1 60 40 30
6 500 15 1 40 60 1 120 40 50
7 500 15 1 40 60 1 130 40 50
8 100 15 1 40 60 1 3 40 30
9 500 15 1 40 60 1 5 40 50
20 500 15 1 60 60 1 X X X

11 500 15 1 40 60 1 X X X

12 500 15 1 60 60 1 60 60 70
13 500 15 1 60 60 1 120 60 70
14 500 15 1 60 60 1 130 60 70
15 500 15 1 S0 60 1 60 50 60
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4. RESULT AND DISCUSSION

NPAA membranes are characterized by FEG-SEM after the detachment the process.
The NPAA properties (film thickness, pore diameter (Dp), interpore distance (Dc),
and wall thickness (W), pore bottom morphologies after detachment) determined
with SEM are used for:

- Showing the differences in porous structure differences between one—step
and two-step anodized surfaces

- Evaluation of these properties with anodization parameters (anodizaiton
voltage, stirring speed and time) and comparison of the results with the
previous studies.

- Determination of pore bottom morphologies after detachment process for
films anodized at different potentials.

- Determination of pore bottom morphology and pore diameter after pore
bottom opening process conducted in chromic + phosphoric acid solution.

e The Effect of Two-Step Anodization

To examine the effect of two-step anodization, we compared the surface of one-step

anodized sample with the surface of two-step anodized sample (Figure 4.1);

The structure of the two-step anodized surfaces became far more ordered and
homogeneus as expected. The pore diameter also increased as a result of second
anodizaiton step as explained in section 2.2 (Masuda,1995) Two-step anodization

process is used in the rest of the studies.
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Figure 4.1: (a) FEG-SEM image of NPAA produced with one-step anodization in
0.3 M C,H,0,4 for 1 hour at 40 V, (b) FEG-SEM image of NPAA after
two-step anodization using the same anodization parameters.

¢ Influence of Anodization Voltage on the Morphology

To examine the influence of voltage on the morphology, we produced three two-step
anodization samples at three different voltages; 40 V, 50 V and 60 V respectively
(Figure 4.2).

Figure 4.2: FEG-SEM images of NPAA membranes produced by two-step
anodization in 0.3 M C;H,0, for 5 min. at (a) 40 V, (b) 50 V, (c) 60 V.
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SEM analysises show that by increasing applied voltages, the morphology becomes

less homogeneous and pore radius, wall thickness and interpore distances are

growing.

¢ Influence of Anodization Voltage on the Pore Diameter

In section 2.2.1, O’Sullivan’s and Paolini’s empirical equations about the relation

between voltage and pore diameter are given. Table 4.1 shows the comporison

between SEM analysis of this study, O’Sullivan’s and Paolini’s empirical datas;

Table 4.1: Comparison of empirical and therotical datas of pore diameter (nm).

Voltage Pore Diameter
& (This Study)
SEM Analysis
40 50,4 51,6 -2,4 42,8 15,0
50 66,2 64,5 2,6 62,1 6,2
60 80,3 77,4 3,6 84 -4,6

According our calculations, there is less difference with O’Sullivan’s equation with

our SEM analysis than Paolini’s equation (Figure 4.3).

Influence of Voltage to Pore Radius
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Figure 4.3: Influence of Voltage to Morphology.
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e Influence of Anodization Voltage on the Interpore Dinstance

In section 2.2.2, Nielsch’s and Hwang’s empirical equations about the relation
between voltage and interpore dinstance are given. Table 4.2 shows the comporison

between SEM analysis of this study, Nielsch’s and Hwang’s empirical datas;

Table 4.2: Comparison of empirical and therotical datas of interpore dinstance (nm).

Interpore
Voltage | Dinstance (This
Study)
SEM Analysis
40 103,2 100 3,1 104,8 -1,5
50 128,9 125 3 132,3 -2,6
60 155,2 150 3,3 159,8 -2,9

According our calculations, there is very small difference with both equation. But
there is less difference with Hwangs’s equation with our SEM analysis than
Nielsch’s equation (Figure 4.4).

Influence of Voltage to Interpore Distance

ja

(o))
(%2}

D
o

9]
;]

w1
o

=== This Study
== Nielsch
Hwang

90 105 120 135 150 165
Interpore Dinstance(nm)

Voltage (V)
S
(03]

N
o

w
(9]

w
o

Figure 4.4: Influence of Voltage to Interpore Dinstance.
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e Influence of Anodization Voltage on the Wall Thickness

In section 2.2.3, O’Sullivan’s and Sulka’s empirical equations about the relation

between voltage and wall thickness are given. Table 4.3 shows the comporison

between SEM Analysis of this study, O’Sullivam’s and Sulka’s empirical datas;

Table 4.3: Comparison of empirical and therotical datas of wall thickness(nm).

Voltage Wall Thickness
(This Study)
SEM Analysis
40 30,2 28,4 5,9 26,4 12,6
50 33,4 35,5 -6,3 31,3 6,3
60 35,6 42,6 -19,6 37,4 -5,0

According calculations, our empirical datas are more compatible with Sulka’s

equations (Figure 4.5).
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Figure 4.5: Influence of Voltage to Wall Thickness.
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e Influence of Anodization Time on the Membrane Thickness

To examine the influence of anodization time on the membrane thickness, we
produced three two-step anodization samples at three different anodization times;
lhour, 2 hours and 3 hours (Figure 4.6, Figure 4.7 and Figure 4.8).

Figure 4.6: FEG-SEM cross-section image of NPAA membrane under the second
anodization 0.3 M C,H,04 at 40 V for (a) 1 hour, (b) 2 hours, (c) 3 hours.

SEM analysis show that with the increasing in anodization times, membranes

become thicker.
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Figure 4.7: FEG-SEM cross-section image of NPAA membrane under the second
anodization in 0.3 M C;H,04 at 60 V for (a) 1 hour, (b) 2 hours, (c) 3

hours.

Anod,zation Time (hour)

Influence of Anodization Time to
Membrane Thickness
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Figure 4.8: Influence of Anodization Time to Membrane Thickness.
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o Influence of Stirring Speed on the Morphology

To examine the influence of stirring speed to morphology, we produced three two-
step anodization samples at three different stirring speed; 100, 500, 900 rpm (Figure
4.9, Figure 4.10, Figure 4.11 and Figure 4.12).

Figure 4.9: FEG-SEM image of NPAA membrane under the second anodization in
0.3 M C,H,04 for 5 min. at (a) 100 rpm, (b) 500 rpm, (c) 900 rpm.

SEM analysis show that with the decreasing stirring speeds, morphology becomes
less homogenous and pore radius, wall thickness and interpore distance are growing.
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Influence of Stirring Speed to Pore Radius
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Figure 4.10: Influence of Stirring Speed to Pore Radius.
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Figure 4.11: Influence of Stirring Speed to Wall Thickness.
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Influence of Stirring Speed to Interpore
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Figure 4.12: Influence of Stirring Speed to Interpore Distance.
e Influence of Stirring Speed on the Membrane Thickness

To examine the influence of stirring speed to membrane thickness, we produced

three two-step anodization samples at three different stirring speed; 100, 500, 900

rpm.
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Figure 4.13: Influence of stirring Speed to Membrane Thickness.
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Figure 4.14: FEG-SEM cross-section image of NPAA membrane under the second
anodization 0.3 M C2H204 at 40 V for 5 minutes at (a) 100 rpm, (b)
500 rpm, (c) 900 rpm.

Figure 4.13 and Figure 4.14 show that with the decreasing stirring speeds, membrane

is becomes thicker.
e Effect of Etching

To examine the effect of etching, we etched two one-step anodization samples
anodized at different voltages; 40 V and 60 V.

SEM analysis shows that there are similar morphologic properties between the two
surfaces and etching process doesn’t make any differences between anodized

samples, even if the first anodize step is realised at different potentials (Figure 4.15).
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Figure 4.15: FEG-SEM image of etched AAO surface in chromic-phosphoric acid
mixture for 1 hour at 60 OC at (a) 40 V, (b) 60 V.

e Influence of Voltage on the Detachment

We use an addition of 10 V to second anodization voltage as a constant for
detachment process. To keep the surface morphology identical with the previous
experiments, all samples are anodized for one hour. Thickness of membrane obtained
at 40 V is thinnest and the membrane obtained at 70 V is the thickest. We examine
detachment surface of three samples obtained at three different anodization voltages;
40V,60V, 70 V.

SEM analysis showed that it is easier to detach the thicker membranes than the
thinner ones (Figure 4-16 a-c). In the study, the samples obtained at 40 V and 50 V
don’t detach surface after voltage pulse and stay surface of aluminium. They required
to break off to detach from aluminiums surface. On the other hand at 60 V and 70 V
the membranes detach itself after voltage pulse and they fall into the detachment
solution. The main differences of this causes this is the film thickness parameter.
Figure 4.16 a shows that the sample that obtained at 40 V has more closed pores than
the others. Also we need to break off the membranes to detach membrane because of
closed pores. Moreover we discovered there are closed pores at other samples too but
they are dispersed homogenously and do not prevent the membrane from

detachment.
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Figure 4.16: Detachment surfaces of different NPAA, these obtained at different
voltages; (a) 40 V, (b) 60 V, (c) 70 V.

e Effect of Phosphoric Acid to Detachment Surface
We discussed previously that the detachment surface has different morphology than

the top surface. The reason for this is the lack of the dissolution of barrier layer. Also
barrier layer don’t dissolve completely and pore don’t open completely. But open-
through structure can be handy at fabrication of nanostructures process. Also we used
phosphroric acid to overcome this problem. We tried to dissolve the remained
barrier layer with our etch solution; 0.1 M mixture of 1.8% CrOszand 7.1% H3PO..

SEM analysis show that 5 minutes etching is enough to obtain ordered open open-

through pore structure (Figure 4.17).
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Figure 4.17: Two-step anodized samples at 60 V for one hour and detached at 70 V.

(a) top surface, (b) detachment surface before etching; (c) detachment

surface after etching with 0.1 M mixture of 1.8% CrOzand 7.1% H3PO4

acid for 5 minutes.
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5. CONCLUSION

In our study we investigated influence of several parameters to anodization process
in 0.3 M Oxalic acid and at constant temperature of 15 °C. In addition to that we
investigated detachment process by using a short voltage pulse in a mixture of
chloric and ethanol (volume ratio 1:1). After experiments, we reached these results;

- Second step anodization has influence upon morphology of NPAA
membranes. After the second anodization pore formation become more
homogenous and pore radius become larger.

- Increasing the anodization voltage results in increasing of the pore radius,
interpore distance and wall thickness. Moreover pore formation become less
homogenous with increasing voltage. We get most ordered formation at 40 V
anodization voltage.

- Increasing the anodization time results in increasing of the membrane
thickness. Increasing ratio of the membrane thickness becomes bigger by
increasing the applied voltage.

- Increasing the stirring speed results in decreasing of the pore radius, interpore
distance, wall thickness and membrane thickness. Moreover pore formation
becomes more homogenous with increase stirring speed.

- Potential difference in the first anodization step has no effect upon etched
surface morphology.

- Second anodization of membranes at 40 and 50 V for one hour is not enough
to detach these membranes by short voltage pulse. They should be anodized
for more time i.e. 3 hours.

- Second anodization of membranes at 60 and 70 V for one hour is enough to
detach these membranes by short voltage pulse.

- Increasing anodization voltage up to 70 V resulted with better detachment.

- In 0.1 M mixture of 1.8% CrO; and 7.1% H3PO, solution, 5 minutes is

enough to open pores of detachment surface.
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We obtained extensive data to fabricate NPAA membranes with desired pore
radius, wall thickness, interpore radius, membrane thickness and open-through

pores. We will use these membranes to fabricate one-dimensional nanostructures
such as nanowires.
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