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The breeze is blowin’ me a new perfume
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And everything’s slowin’ down flowin’ counterclockwise
Everything’s slowin’ down flowin’ counterclockwise
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ABSTRACT OF THE DISSERTATION

Fabrication and Applications of Nanocomposite Structures Using
Anodized Aluminum Oxide Membranes
by
Andrew Isaac Gapin
Doctor of Philosophy in Materials Science and Engineering
University of California, San Diego, 2007

Professor Sungho Jin, Chair

As the field of nanotechnology continues to advance and device feature sizes
scale down to ever smaller dimensions, it is becoming increasingly important to develop
quick and efficient methods for large-scale production at the nanoscale. Creating such a
template would have widespread uses in areas such as magnetic data storage, chemical
sensors, and mask technology. One promising approach to realizing this goal may lie in
utilizing the self-ordering behavior found in porous anodized aluminum oxide (AAO).
This material offers many advantages such as the ability to customize the pore diameter

and spacing and easy device integration based on its compatibility with silicon

Xviil



substrates. The pores of the AAO templates can be filled with many different materials
via electrochemical deposition or other methods to produce numerous potential devices.
In this work, current research results detailing the fabrication of AAO templates
and their use in creating ~100 nm tall CoPt, Ni, and composite Ni/CoPt nanowires is
demonstrated. The synthesis of such nanostructures may ultimately be advantageous
for new types of patterned magnetic recording media. The Ni nanowires exhibit
relatively soft magnetic coercivity of 242 Oe, while the CoPt nanowires show a very
high coercivity of at least 10.97 kOe, measured in the perpendicular direction along the
nanowires axis. The composite soft magnet / hard magnet Ni/CoPt nanowires exhibit
intermediate perpendicular coercivities depending on the relative amounts of Ni and
CoPt. The Nigonm / CoPtyonm nanowires showed a coercivity of 1.96 kOe, the Nisonm /
CoPtsonm nanowires had a coercivity of 3.59 kOe, and the Ninm / CoPtsonm nanowires
had a coercivity of 5.10 kOe. This marked decrease in the coercivity is significant
because it could facilitate easier magnetic data writing. Analysis of the magnetic
properties of the various nanowire structures and their dependence on the processing
parameters is presented. A method for utilizing the AAO structure to replicate a master
stamp for nanoimprinting technology is also discussed. In addition, plans for future
work and a discussion of the application of these fabricated structures towards magnetic

recording technology are presented.
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CHAPTER 1: INTRODUCTION

As the magnetic storage devices currently in use in today’s computers and other
devices continue to increase in storage capacity and density, the current technology will
soon prove to be a limiting factor. One possible alternative is the use of a patterned
media type of storage where one bit of data is stored within a single nanowire or other
vertically oriented magnetic structure. In order to reach high storage densities, the size
of these features must be extremely small, ideally around 10 nm or less, with a similarly
small spacing in order to produce a device having a clear advantage over the currently
available alternatives. While industrial and consumer demands push for these further
advances, the cost and feasibility of producing such nanometer-sized features on a large
scale is a daunting challenge. Because of their advantageous properties, anodized
aluminum oxide (AAO) membranes have received considerable attention from
researchers focusing on these problems. With their self-organizational characteristics
and the ability to tailor the size, spacing, and depth of the pores, these AAO membranes
have many potential applications, even outside of the field of magnetic data storage.

Much of the preliminary research work on AAO membranes for magnetic
storage applications has shown significant promise. Several other research groups have
demonstrated magnetic properties of nanowires within an AAO matrix. However, the
ability to fabricate small diameter and high magnetic coercivity CoPt nanowires has
previously been uncovered in the literature. In addition, the production of
nanocomposites within the AAO matrix has also received little attention. This

capability could be significant for tailoring the properties of the nanowires for specific



applications. For the case of these magnetic nanowires the addition of a second layer
can act to effectively reduce the magnetic coercivity in high coercivity alloys to a value
that would make it easier to write and erase data.

In this research work it is shown how the anodization of aluminum thin films on
silicon substrates and subsequent electrodeposition of magnetic nanowires into the
pores can have potential applications in magnetic recording technology. The ability to
deposit high anisotropy magnetic materials with a customizable structure into a large
array of nanometer scale pores will prove to be an integral process in future magnetic
data storage devices. Based on this same anodization and electrodeposition process, |
also show how a nanoimprinting master stamp can be replicated using the anodization
characteristics of AAO and an electrodeposition step.

To give a brief outline of this dissertation, Chapter 2 provides background
information on the history of anodized aluminum oxide as well as more detailed
information on the anodization process, some of the related work on electrodeposition
of nanowires into the AAO templates, and some potential applications of AAO based
devices. Chapter 3 focuses on the experimental details of the sample preparation
processes used for these experiments such as the anodization, electrodeposition,
annealing, and sample characterization techniques. Chapter 4 contains the results and
discussion section, divided into four sub-sections. Section 4.1 details the thin film
deposition techniques used in preparing the starting materials. Section 4.2 covers the
anodization of the aluminum films. Section 4.3 discusses the microstructure, magnetic
properties, and advantages of the CoPt and Ni/CoPt composite nanowires that have

been fabricated as part of this research. Section 4.4 shows how a nanoimprinting master



stamp can be replicated based on the anodization and electrodeposition techniques used
in this research. Chapter 5 concludes this dissertation with a summary of the main

results of the work and covers some of the ongoing research and future research plans.



CHAPTER 2: BACKGROUND

2.1 History of aluminum and aluminum production:

Aluminum was discovered and named in 1807 by Sir Humphry Davy, while in a
strange occurrence, what turned out to be aluminum oxide was first discovered more
than 40 years earlier in 1761 by L. B. G. de Moreveau.! As a material, aluminum has
many useful properties, among them are good electrical and thermal conductivity, it is
lightweight yet some alloys are very strong, it has good corrosion resistance, it is easily
cast and formed and it readily accepts many types of surface finishes. Another
important point is that aluminum is the most abundant metallic element in the Earth’s
crust and in terms of all elements it ranks third behind only silicon and oxygen.> This
ready availability makes aluminum an economical choice for many applications.
However, in order to exploit this abundance many years of research were needed before
a commercially viable extraction process was developed.

Problems arose because naturally occurring aluminum is found only in
combination with other materials, most commonly as bauxite. Bauxite is an aluminum
ore that accounts for 99% of metallic aluminum and has varying compositions but
typically contains combinations of the following: gibbsite (AI(OH)3), boehemite and
diaspore (AIOOH), iron oxides goethite (FeOOH) and hematite (Fe,O3), clay minerals
such as kaolinite (Al,Si;Os(OH),), and anatase (TiO,).’ Depending on the type of ore
deposit, these compounds may be present in varying amounts as indicated in table 2.1

below.*



Table 2.1: A chart showing the composition variation of the compounds in several
bauxite samples.”

Compound Composition (%)
1 2 3 4 5 6 7
H,O 28.08 17.9 13.74 13.14 9.88 14.98 14.24
SiOo, 9.7 18.9 13.96 20.5 1.36 17.84 5.36
Al,O3 56.31 52.48 67.21 60.89 60.66 61.98 73.7
Fe, 03 3.1 4.39 0.75 0.55 23.55 0.47 2.28
TiO, 2.09 2.68 3.22 3.14 3.85 2.85 3.57
CaO 0.22 3.17 0.22 0.43 0.22 0.22 04
MgO 0.52 04 0.36 0.31 0.5 0.79 0.16
KNaO 0.49 0.43 1.16 1.34 0.37 0.38 0.53
Total 100.51 100.35 100.62 | 100.3 | 100.39 100.51 100.24

The first commercially viable process capable of isolating the aluminum metal in
bauxite was developed independently by American Charles Martin Hall and Frenchman
Paul Héroult in 1886, and named the Hall-Héroult process.” Unfortunately, this process
was unable to synthesize high purity aluminum on its own and required the help of
another process to obtain the high purity alumina needed. This process was developed
in 1888 by Austrian chemist Karl Bayer and is now known as the Bayer process,
making it possible to isolate high purity alumina from bauxite.® Currently, this method
still remains the first step in the production of aluminum.

In a very simplified manner the Bayer process consists of several chemical
reactions. First, the crushed bauxite is mixed with a hot concentrated solution of
sodium hydroxide (NaOH), this transforms the Al,O3 and SiO; into aqueous salts and
isolates the insoluble Fe,Os, which is then filtered out.” The chemical reactions are

shown below.

Al,O5 (s) + 2NaOH (aq) + 3H,0O - 2Na[AI(OH)4] (aq)



Si0; (s) + 2NaOH (aq) = Na,[Si(OH)s] (aq)
To separate the Al,Os, this aqueous solution is treated with carbon dioxide (CO5),
which serves to precipitate Al,O3 by forming aqueous carbonic acid (H,CO3).”

H,CO; (aq) + 2Na[Al(OH)4] (aq) = NayCOs (aq) + AlLOs (s) + SH,0 (1)

After obtaining high purity alumina, the Hall-Héroult process is used to convert
the alumina to aluminum. This is an electrolytic process which involves dissolving
alumina in a carbon lined molten bath of cryolite (Na3AlFs). The carbon serves as the
anode and an electrical bias of 3-5 V is applied, resulting in reduction of the alumina to
form liquid aluminum, which is denser than the molten cryolite and sinks to the bottom,
where it is collected.® The chemical reaction that occurs is shown below.

2A1,05 (1) +3C (s) = 4Al1 (1) + 3CO, (g)

With a viable process for making aluminum, the manufacturing capacity and

markets for aluminum increased rapidly as more and more uses were discovered. The

increase in the production of aluminum is shown below in Figure 2.1.
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Figure 2.1: Graph showing the increase in commercial aluminum production from
1900-2000.”

As aluminum became used in increasingly wider circles, attention was gradually
focused on anodic coatings on aluminum pieces and the many advantages that they

offer.

2.2 Properties of aluminum and aluminum oxide

Aluminum has an atomic number of 13 and an atomic weight of 26.98." In its
highest purity, ultra pure aluminum (99.9998%) has a density of 2.69808 g/ cm” at
25°C and exhibits a face centered cubic crystal structure with an edge length of 4.0496

AM12 At room temperature Al has a tensile yield strength (0.2% offset) of 10 MPa and



a tensile strength of 45 MPa."® Table 2.2 shows a summary of the physical properties of

. 13
aluminum.

Table 2.2: A summary of the physical properties of pure aluminum."?

Property Value

Lattice constant 4.0496 A at 298 K

Density (solid) 2697 - 2699 kg / m°

Density (liquid) 2357 kg / m® at 973 K
2303 kg / m* at 1173 K

Coefficient of thermal expansion 23 x 10° K" at 298 K

Thermal conductivity 237 W/cmKat298 K

\/olume resistivity 2.655x 10° Qm

Magnetic susceptibility 16 x 10° g / m® atom at 298 K

Surface tension 868 dyne / cm at melting point

Viscosity 0.012 poise at melting point

Melting point 933.5K

Boiling point 2767 K

Heat of fusion 397J/g

Heat of vaporization 1.08x 10*J/ g

Heat capacity 0.90J/gK

Of these properties, the thermal conductivity and resistivity are important because they
give aluminum various applications in the electronics industry. Aluminum also exhibits
high reflectivity in excess of 90% for smooth surfaces at light wavelengths from 0.9 —
12.0 um."”> However, as the roughness increases the reflectivity drops drastically, to 15
— 25% for sandblasted aluminum." The naturally occurring isotope, Al*’, was used
extensively in early nuclear reactors as protective sheaths because of the short half-life
of its resulting irradiated product.'’ Another advantageous property of aluminum is its
stability in many oxidizing environments. This results from the nascent aluminum

oxide film that is continually present and heals rapidly when damaged."



The aluminum oxide film that forms on the surface of aluminum is a ceramic
material. In fact, there are several different forms of bulk aluminum oxide with various
crystal structures, as was mentioned briefly in the previous section. There are tri-
hydrated aluminas such as gibbsite, bayerite, and nordstrandite (Al,03-3H,0), and
monohydrated boehemite and diaspore (ALOsH,0)."* In non-hydrated form, pure
alumina is known as corundum (a-Al,O3) if it is polycrystalline, or sapphire if it is
single crystalline.”” They exhibit a rhombohedral crystal structure with unit cell
parameters a = 4.758 A and ¢ = 12.991 A."> Table 2.3 lists some of the properties of

polycrystalline a-Al,03.'* °

Table 2.3: Physical properties of the polycrystalline a-Al,O5 phase.'* !
Property Value
Density (solid) 3.97g/cm’

Coefficient of thermal expansion

5.4 x10° K" at 298 K

Thermal conductivity

0.360J/cmsK

Volume resistivity

1x10"™ Q cm at 298 K

Dielectric constant 12.3
Magnetic susceptibility -0.23 x 10°®
Melting point 2051°C
Boiling point 3530°C

Heat of fusion

26 kcal / mol at 298 K

Heat of vaporization

443 kcal / mol at 298 K

Heat capacity

15.5 J / mol K at 298 K

Naturally, the different phases of alumina have slightly different properties. The
importance of these properties is seen in the wide range of applications that there are for
aluminum oxide. Additionally, corundum has a hardness of nine on the Mohs hardness

scale making it the second hardest mineral, behind only diamond. This hardness gives
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it many useful applications in cutting tools. The advantageous insulating and dielectric
properties result in uses as spark plug insulators and housings for electrical parts."” Tt is
these insulating properties that make the thin protective alumina film so useful.
Compared to the other forms of alumina mentioned above, the thin alumina film that
forms naturally on aluminum has an amorphous structure. The beneficial effects of this
thin oxide layer have led to numerous applications for aluminum pieces with protective
anodic coatings in areas from structural and architectural applications. More
information on applications of anodized aluminum is provided in section 2.5. To tailor
the materials for specific applications, the character of the anodized aluminum oxide
coating can be influenced by varying the conditions under which it forms. To examine
these effects, the preparation and synthesis of an anodized aluminum oxide layer will

now be examined.

2.3 Synthesis of anodized aluminum oxide
2.3.1 Anodization of aluminum:

Anodization is a simple means of producing an oxide coating or film on a metal;
it can be performed on metals such as aluminum, titanium, or zirconium, to name a few.
In the process of anodization the metal piece is made the anode by connecting it to the
positive terminal of a direct current power supply and immersing it in an electrolyte
solution. Another material, non-reactive to the electrolyte, such as carbon or platinum
is connected to the negative terminal of the power supply and serves as the cathode.
When the power supply is switched on and a voltage is applied across the anode and

cathode the flow of ions commences, shown in simplified form in Figure 2.2 below.
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Figure 2.2: Directional movement of ions in the anodization process of aluminum.'®

The real version is somewhat more complicated as there are separate reactions
occurring at the cathode in addition to the reactions shown above occurring at the
metal/oxide and oxide/electrolyte interfaces at the anode. These are the reactions that
occur at each site:'®

metal/oxide interface: 2Al +30% > ALOs + 6¢€”

oxide/electrolyte interface: 2AI’" + 3H,0 > ALO; + 6H"

partial dissolution of the oxide: Al,O; 2> 2A1T +30%

cathode: 6H" + 6¢” > 3H,
These reactions combine to produce an overall reaction for the anodization process of:

2A1+3H,0 = ALO; +3H,

11
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With anodization there is always a balance between the growth of the oxide and its
dissolution, provided that the oxide forms faster than it dissolves there will be continued
growth and thickening of the oxide layer.

One critical aspect of the anodizing process is the type of electrolyte that is used.
The type of electrolyte in turn influences how the formed oxide behaves in the solution
and alters the structure of anodic film that is formed. There are two different types of
oxides that can form based on the type of electrolyte that is used, as illustrated in Figure

2.3 below.

Barrier loyer

thickness = 144 x

voltage

Aluminum Barrier layer
Y thickness =144 «
voltage x constant
I | °
: . \\{“‘-— Aluminum
Barrier-type coating Porous-type coating

Figure 2.3: Schematic diagram showing the two main types of anodic coatings.'’

Using a neutral electrolyte with a pH of 7-8, such as phosphates, citrates, tartrates, and
borates, a nonporous amorphous barrier oxide is formed with a thickness proportional to
the applied voltage at about 14 A / V and limited to a few hundred nanometers.'® "
Part of the reason for the formation of this barrier oxide is that the oxide that is formed

is stable in the electrolyte and does not dissolve. Figure 2.4 shows an image of this

nonporous barrier oxide.
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Figure 2.4: Cross sectional image of a nonporous barrier oxide formed in a tartrate
solution on aluminum.”’

When the electrolyte is acidic, such as in sulfuric, oxalic, or phosphoric acid solutions,
porous oxides develop because the acidic electrolyte promotes oxide dissolution.”’ An

illustration of the idealized porous structure is shown in Figure 2.5.

Figure 2.5: Idealized structure of a porous anodic film.*
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For this research, the porous structure is the subject of interest. With a clear
background on aluminum and the basics of anodization, the formation of porous

aluminum oxide will now be discussed.

2.3.2 Anodized aluminum oxide on bulk aluminum
2.3.2.1 History of AAO on bulk aluminum

The first studies on the formation of porous anodized aluminum oxide
were published in 1941 and 1944 by Edwards and Keller and proposed a preliminary

23,24 1t was not until 1953 that clear structural

theory for the formation of the pores.
details of the pores were disclosed and a more refined theory of pore growth was
published.”” The authors of that publication, F. Keller, M. S. Hunter, and D. L.
Robinson, noted that initially high current flows and a thin barrier oxide is formed and
thereafter the current decreases to a steady state value as anodization proceeds.” At the
time, they proposed that growth of the pores occurred in an outward manner from the

center of pores and therefore resulted in the star shaped pore due to the presence of the

six neighboring cells, as shown in Figure 2.6.%
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Figure 2.6: Early proposed pore structure of AAO produced in a 120 V phosphoric acid
solution, including relevant dimensions.*

However, lacking clear images of the porous oxide it was difficult to accurately assess
the structure of the pores. It would be several years before imaging techniques allowed
for an accurate analysis of the pore structure.

Soon afterwards, a comprehensive study was released which outlined the six
major factors that influence the growth of the pores: electrolyte type, electrolyte
concentration, electrolyte temperature, voltage, current density, and time.”® The key
result from this study was that it was noted that the oxide layer forms only as fast as

26,27 . . .
<" The first direct observation of a cross-section of

dissolution occurs at the pore base.
a porous anodic film, shown in Figure 2.7, was made in 1968 and confirms the

scalloped shape of the pore bottom as inferred in previous studies.”®
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Figure 2.7: Electron microscope image of the cross-section of a porous alumina film
anodized in 4 wt. % phosphoric acid at 120 V.**

Underneath each pore there is a thin layer of barrier oxide whose thickness depends on
the anodizing voltage; this layer serves as the interface between the porous structure and
the bulk aluminum.” In 1970 it was discovered that the average field across this barrier
layer determines the film growth rate and the local field at the barrier layer/electrolyte
interface determines the dissolution rate.”® Thus, considering these competing forces
and the growth characteristics of the pores, mathematical equations were developed to

predict the geometric shape of the pores as shown below in Figure 2.8.
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Figure 2.8: Schematic diagram showing the shape of the barrier layer and pore structure
and the equations that model their shapes.™

2.3.2.2 Nucleation and growth of the porous layer

The growth of the porous layer can be analyzed by looking at how changes in
the six major factors that influence pore growth, mentioned above, affect the character
of the porous film, beginning with an analysis of the influence of the anodizing voltage.
Naturally, the anodizing voltage is interrelated with the current density that the sample
experiences for samples of the same size. Figure 2.9 shows the graphs for constant

voltage and constant current anodization.
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Figure 2.9: (A) Anodization of aluminum at constant voltage, (B) anodization of
aluminum at constant current density.31

The initial spike and subsequent decrease of the current density in potentiostatic
anodization is due to the initial formation of a barrier oxide film.*' As this barrier oxide
film reaches a certain thickness, pores nucleate across the surface in depressions where
the oxide film is thinner, which allows field-enhanced dissolution to take place,
accelerating the rate of oxide dissolution at the pore base.”> These depressions typically
result from the original roughness and initial contours of the Al surface. Field-enhanced
dissolution occurs in areas where the angle of the oxide/metal interface is larger than
180° as shown by point A in Figure 2.10, where the dashed lines indicates the boundary

of the initial oxide film formed at two different anodizing voltages.”



19

L\ \/j
L 4 x"x f E C $
[T \_/ S s W e e i x'-'a_f
: '\I A Kk i ; N . #
LB _‘r . .
Bﬂ‘m

Figure 2.10: Influence of the surface morphology on field-enhanced dissolution,
showing the dependence of field-enhancement on the angle ©.%
When O is less than or equal to 180°, such as at points B and C in Figure 2.10, no field-
enhancement occurs and the pores are therefore unable to nucleate.” The field-
enhanced dissolution works in several ways. First, the higher local field encourages the
migration of O*” and OH ions through the barrier layer at the pore base leading to
increased formation of oxide at the oxide/metal interface and increased dissolution at
the oxide/electrolyte interface.”™**** Second, the growth of the pores results in an
increased flow of current to the area which locally increases temperature and further
hastens ionic migration thereby increasing the rates of dissolution and oxide
formation.”™ > After initial nucleation the pores will continue to grow at a steady-state
indefinitely until the available aluminum is consumed.

The electrolyte solution used for anodization also has a big influence on the
porous structure. Naturally, a more acidic electrolyte will result in faster dissolution

and the presence of more ionic conductors will also increase the anodization rate. The
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effect that the electrolyte solution has on the current density during anodization is

shown in Figure 2.11.
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Figure 2.11: Graphs showing the influence of the electrolyte solution and anodization
voltage on the current density. (A) 0.2 M oxalic acid and (B) 0.5 M sulfuric acid at
different voltages: 1 =5V,2=10V,3=15V,4=20V,5=30V, 6=40V.*

It can be seen in comparing the oxalic and sulfuric acid graphs that the stronger sulfuric
acid shows a much higher ionic activity, resulting in a larger current density than oxalic
acid solutions at the same applied voltage. The strength and activity of the acid also
seems to influence the size of the pores.

The size of the pores in any porous film is linearly dependent on the anodization
voltage, so that larger voltages lead to larger pores. In addition, anodization results in a
pore spacing or center-to-center distance equivalent to about twice the diameter of the
pores. This is called the interpore distance and is therefore also related to the size of the
pores. It is also typical in the literature to see references to the cell size which is merely

the area surrounding the pore that is half the interpore distance towards the neighboring
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pores on each side, as illustrated in Figure 2.5, which is also equivalent to twice the
pore diameter. Figure 2.12 shows the effect of the type of electrolyte and the anodizing

voltage on the interpore distance and cell size.
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Figure 2.12: The variation in the interpore distance (A) and cell size (B) are shown as a
consequence of the electrolyte and anodization voltage. Shown in (A): phosphoric acid,
A sulfuric acid, @, oxalic acid, (1. In (B): oxalic acid, 2\, phosphoric acid, [,
glycolic acid, O, tartaric acid, Q3738

Based on the experimental data available, equations have been developed to model the
dependence of the cell size on the anodization voltage, the lines for these equations are
plotted in each of the graphs of Figure 2.12. According to the value of the voltage there
are two different equations for the dependence of the interpore distance or cell size, d,

on the applied voltage, U,:**

For U, <20V: d=145+2.0U,
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For U, >20V: d=-1.7+2.81U,
As useful as this data is, it overlooks the fact that some electrolyte solutions are better
suited for certain pore sizes than others based upon their chemistry and how they affect
the aluminum under an applied potential. For producing pore sizes of a desired value,
the primary anodizing electrolytes, oxalic acid, sulfuric acid, and phosphoric acid are

generally used in the regimes shown in Figure 2.13.

Pore Size vs. Anodizing Voltage

—Cxalic Acid

=——Phosphoric Acid

—5ulfuric Acid

Pore Size (nm)

Applied Voltage (V)
Figure 2.13: Optimal pore sizes for the typically used anodizing solutions of oxalic,
sulfuric, and phosphoric acids in relation to the applied voltage.*” % 4*-4!
The final variable of the six major parameters, the temperature of the electrolyte
solution has a different effect depending on the type of anodization that is used. For

potentiostatic anodization, which is the type of anodization used for this and other



23

similar research, temperature does not appear to influence the pore diameter or interpore
spacing.42 However, for galvanostatic anodization, anodization at constant current
density, an increase in temperature results in an increase in pore size and interpore

spacing.”® These effects are shown graphically in Figure 2.14.
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Figure 2.14: Influence of temperature on the pore density for galvanostatic anodization
(A) and potentiostatic anodization (B), at anodization temperatures of 10°C, [, 20°C,
0, 30°C, V7, 40°C, A%

Despite the fact that temperature does not influence the size of the pores in
potentiostatic anodization, there is evidence that a lower temperature does promote a

more regular pore structure. The process of pore ordering will be discussed next, in

section 2.3.2.3.

2.3.2.3 Self-ordering in the porous layer
As mentioned previously in section 2.3.2.2, the pores nucleate in depressions on
the surface of the aluminum after the formation of a thin barrier oxide layer. This step

is then followed by pore growth into the aluminum by field-enhanced dissolution of the
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oxide layer. By analyzing the surface at the underside of the pore bottom it is observed
that the pores are much more ordered at the bottom than they are on the top surface.
This has been observed in many studies and summarized by Thompson and Wood."® It
can therefore be inferred that the ordering develops during growth of the porous layer.
Figure 2.15 shows the effect of this self-organization process versus the thickness of the

anodized layer, where the anodization time increases from (A) - (C).

Figure 2.15: Variation of the regularity of the porous structure as the anodized time and
porous layer thickness increases; samples anodized in 0.5 M H,SO4 at 25 V for (A) 9
min [2.4 um], (B) 36 min [10.6 um], and (C) 750 min [202 um]; (D) shows a lower
magnification image of (C).*

The ordering and regularity of the pores are not only influenced by the anodization

time. For each of the primary electrolyte solutions that are used in anodization there

exists a certain anodization voltage that promotes in a regularly ordered pore structure
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over micrometer sized areas. This ideal voltage coupled with a longer anodizing time
will favor the formation of ordered pores. The discovery of this self-ordering voltage
was first reported by Masuda and Fukuda in 1995.** They obtained an ordered pore
structure by anodizing aluminum in 0.3 M oxalic acid at 40 V. Figure 2.16 shows how
using the correct anodization voltage is more important than anodization time when the
regularity of the pore array is concerned.* Using 0.3 M H,SOj the regularity is much

better with an anodization voltage of 27 V for a short time of 450 min than it is with a

43

long time anodization of 20 V for 1500 min.

Figure 2.16: Scanning electron microscope images of AAO formed in 0.3 M H,SO;, at
(A) 20 V for 1500 min, (B) 23 V for 1000 min, (C) 25 V for 706 min, and (D) 27 V for
450 min.*

Depending on the type of electrolyte solution the ideal ordering voltage varies over a

considerable range from 25 V to 240 V and results a variety of pore sizes.*> A summary
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of the self-ordering conditions that have been determined so far are presented in Figure

2.17.
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Figure 2.17: A summary of the self-ordering conditions for different electrolyte
solutions and the resulting cell sizes.*’

The exact mechanism for this self-ordering behavior is not exactly known. It

seems that there must be some balance of forces, either mechanical, electrical or a

combination of both, between neighboring pores that eventually evens out, resulting in

an ordered pore structure. One theory of the mechanism of self-adjustment by

neighboring pores is based upon the electric field present at the bottom of the pores. To

test their theory the authors used a very thin stripe of aluminum, insulated on either

side, with a thickness designed to only accommodate a single file row of pores, as

shown in Figure 2.1

846
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Figure 2.18: Experimental setup depicting (A) a single pore nucleating and (B) two
pores attempting to nucleate in a thin strip of aluminum insulated on either side.*

The result of these two pores in close proximity to each other is that each pore has its
own electric field acting towards the center or lowest point in their respective pore
bases. Because the pores are close together, their electric fields will overlap to some
degree with a maximum concentration and an enhanced field occurring around point K
in Figure 2.18 (B).* This will have the result of increasing the dissolution rate at this
point and will gradually push each respective pore center towards this centerline
position.*® Finally, the two pores will merge to become one pore, in a manner similar to
that shown in Figure 2.18 (A). If the case of a large area of exposed aluminum is
considered, it can be envisioned how this effect would work on a two-dimensional
surface to develop order over a long anodizing time.

Another theory that may work in a similar fashion has been proposed by the

authors of the study mentioned in Figure 2.17 above, Ono, Saito, and Asoh. They
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propose that these self-ordering conditions occur only at a critical high current density
range which forces the cells to cluster together in a tightly packed arrangement.*” Tt
may be that this critical high current density promotes the electric fields acting on each
surface depressions to ideally space themselves in such a way as to minimize repulsive
forces. This point could be similar to the ordering mechanism originally proposed by
Jessensky, Miiller, and Gosele in 1998. They stated that the mechanical stress resulting
from the volume expansion that occurs during conversion of Al to the lower density
AlLyOj; at the metal/oxide interface is the basis of the repulsive forces between the
pores.*’” The effect of this volume expansion on the pore during anodization is

illustrated in Figure 2.19.

A0,

Figure 2.19: Diagram showing the volume expansion of aluminum to aluminum oxide
during anodization and the formation of a pore.”’
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A more in-depth version of this proposed mechanism was published in 2002 which

showed how the self-ordering regimes in different electrolytes all correlate to a porous
film with approximately 10% porosity.*® Table 2.2 shows the relationship between the
pore diameter, interpore distance, and porosity for oxalic, sulfuric, and phosphoric acid

electrolytes.

Table 2.4: Structural measurements of self-ordered porous alumina for different
electrolytes.*®

interpore inner wall pore diameter porosity
electrolyte distance Dint thickness Dinner Dyi=2n P

H:S0, 66.3 nm 7.2 nm 24 nm 12%
25V, 03M

(COOH): 105 nm 9.1 nm 31 nm 8%
40V, 0.3 M

H:PQ, 501 nm 54 nm 158.4 nm 9%
195V, 0.1 M

This correlation with 10% porosity is thought to mirror the volume expansion that
occurs in the conversion from aluminum to alumina because a 10% porosity
corresponds to a volume expansion of about 1.2.** Concurring evidence is also
presented in other studies.*">°

In order to reach this certain level of porosity, the pores that nucleate in a less
ordered fashion on the surface must, at some point, merge with other pores to create the
more ordered structure that develops during the course of longer anodization times.

From experimental evidence there seems to be a limit to the size of the areas that

have perfect pore ordering. These areas of well-ordered pores look like grains and can
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be referred to as ordered domains. An example of these ordered domains is shown in

Figure 2.20.

i

i
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Figure 2.20: Low magnification SEM image showing the presence of ordered domains
in the AAO.”

The grain size of the aluminum has some influence over this and annealing the
substrates prior to anodization can increase the grain size, improving regularity to some
degree.”’ However, the perfectly ordered pore areas still form in certain domains that
do not necessarily match up with the grain size of the material. In further proof that the
grain size is not a limiting factor in the size of the ordered domains, single crystal

aluminum was anodized and the largest ordered domains formed were around 10 x 10
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um.>? Tt has also been shown that increasing anodization time results in an increase in
the size of these ordered domains; but this also has its limitations. A graph showing
the relationship between anodization time and size of the ordered domains is presented

in Figure 2.21.
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Figure 2.21: Graph showing the increasing size of the ordered domain size with

increasing anodization time for a sample anodized in 0.3 M oxalic acid at 40 V.
Another factor that would seemingly influence the size and nature of the ordered

pore domains would be the quality of the starting aluminum surface. As pore formation

starts in depressions or concavities on the surface it would naturally seem to follow that
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the roughness of the original surface of the aluminum would influence ordering of the
pores. However, this is true only to an extent. In many early studies of porous
aluminum films, pre-anodization surface treatments such as mechanical polishing, and
in some cases electropolishing, were performed to generate a smoother aluminum

34,5556 This has been shown

surface in hope of creating a more regular porous structure.
to be a prerequisite to forming ordered pore structures but beyond a certain threshold
roughness it does not seem to influence the ordering much further.”” Typically a
mechanical polishing step will be followed by an electropolishing step using perchloric
acid or phosphoric and sulfuric acid based solutions, the result of these steps would be
an RMS surface roughness on the order of 3 nm over a 3 um? area.*”>*>” Certain
electropolishing conditions are purposely used because they generate a specific surface
topology, such as lines or ridges, which can in turn influence the shape of the ordered
pore configurations.”®

Despite all of these factors that influence the ordering, surface roughness,
anodization time, grain size, and self-ordering voltage, it is still not possible to obtain
perfectly ordered domains in any area larger than on a micrometer scale. Even with the
proper self-ordering voltage it is still necessary to anodize for significant amounts of
time to create an ordered porous layer, and there is still the problem of a poorly ordered
top layer and the large thickness of the porous layer resulting from the long anodizing
times. All the images of AAO shown in the previous figures, Figures 2.15 and 2.16, are
scanning electron microscope images taken of the bottom of the pores; obtained by

dissolving the remaining aluminum and then etching through the barrier layer to expose

the underside of the pores. The applications of such a thick porous layer are limited and
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it was necessary to create thinner porous layers that still maintained a good deal of
periodicity within the pore array. This was accomplished in 1996 by Masuda and
Satoh. In that publication, they reported using a two-step anodization process with the
capability of fabricating much thinner layers of ordered porous films.” A schematic

diagram illustrating this simple process is shown in Figure 2.22.

Figure 2.22: Procedure for the process of a two-step anodization of aluminum: (A)
initial anodization for a long time, (B) removal of the first anodization layer, (C) growth
of the second anodization layer.”

This method relies on using the concave shapes formed from the first anodization step
as a template for pore nucleation in the second anodization step. The self-organization

that takes place over the extended first anodization step is transferred to the aluminum

substrate and those ordered concavities dictate the regions where pores form, thereby
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maintaining the order that had previously developed. The first anodization layer is
removed using a solution of H3PO4 and H,CrO4 at 60°C. After removing the first
anodization layer and anodizing again the new top layer has a much more ordered pore
structure, although consistent long-range order is still lacking. The success of this type
of surface patterning led to a potential solution to the lack of large area ordered pore
arrays; the idea of pre-patterning the aluminum surface over a large area before
anodization in order to guide the growth of the pores. This topic will be discussed in

the next section.

2.3.3 Imprinting and guided anodization

When considering the information on pore nucleation and growth that was
covered in the previous two sub-sections (2.3.2.2 and 2.3.2.3), it should be possible to
force the pores to nucleate in pre-determined areas by patterning the surface of the
aluminum. If an array of depressions, such as those shown in Figure 2.10, can be
created on the surface then those depressions should serve as sites for pore nucleation.
The difficulty arises in how to create those small-scale features in such a regular pattern
and also to fabricate something that is mechanically robust enough to deform the
aluminum surface. Progress towards solving these problems was presented by Masuda
et al. in 1997. They reported the successful fabrication of an imprinting master stamp
from single-crystal SiC using electron beam lithography with a textured area up to 3
mm x 3 mm.*® The master stamp was then pressed into the Al surface to transfer the

concavities on the SiC stamp to the Al surface and form depressions. Anodization was
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subsequently carried out resulting in a perfectly ordered pore array over the imprinted
area. Figure 2.23 shows a schematic diagram of the imprinting process in (A) and the

difference in pore regularity between the imprinted and non-imprinted areas in (B).

N ——

(b)

(c)

Figure 2.23: Imprinting of aluminum with a schematic diagram showing the imprinting
process (A), and SEM images showing the difference between the imprinted and non-
imprinted areas (B).*

There have been other reports of imprinting of aluminum similar to the process used by
Masuda et al. with many of these using metal molds created via electron beam
lithography.®' One of the advantages of the electron beam lithography process is that it
is possible to produce any type of pattern that is desired. Using this imprinting
technique researchers have been able to produce various pore shapes from triangles and
squares to intricate Moiré patterns of circular pores.®>® A critical point of this
nanoimprinting is the selection of the proper anodizing conditions. If the anodizing

conditions do not generate a pore size and interpore distance that are similar to the size
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and spacing of the imprinting master stamp then mismatching surface features such as

those shown in Figure 2.24 may be generated.
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Figure 2.24: SEM image showing the mismatch of imprinting conditions with the
anodization conditions.**

Here, the imprinted area was much larger than the pore size obtained during anodization
resulting in many pores nucleating inside each imprinting site.

Other than electron beam lithography, there are several other methods that have
been used to pre-pattern the aluminum surface. Metal molds can be produced from
single layer arrays of nanoparticles on the surface of Si or imprinting can be done
directly with the nanoparticles.®> °® Using the latter technique, pore sizes around 10 nm
66

with a 13 nm spacing have been achieved, albeit ordered only over a very small area.

It is also possible to use the nanoimprinting capabilities of an atomic force microscope
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(AFM) to pattern the aluminum surface as was demonstrated by Shingubara et al. They
were able to achieve separated pore structures with an interpore distance of 65 nm, with
smaller distances resulting in conjoined pores and larger distances leading to pores
nucleating in between the imprinting sites. These results further underscore the
importance of matching the imprinting conditions to the anodization conditions.®”’
Other than providing ideal ordering over a large area, imprinting also provides a
means to test the self-ordering properties of AAO. By producing imprinting master
stamps with missing imprinting sites it can be tested to see whether the surrounding
depressions on the aluminum surface will influence the formation of a pore in the
proper location. This was first tested in 2001 when SiC imprinting masters were
prepared with single missing sites and with two missing sites next to each other.®® The

results are shown below in Figure 2.25.
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Figure 2.25: Imprinting with a single missing site and the resulting pore array formed
after anodization with the arrows indicating the missing sites (A), and after an etching
treatment to widen the pores (B). Imprinting with two chained missing sites on the SiC
mold (C) and in the anodized pattern, identified by the circles (D).*
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For the single missing site, nearly perfect order is obtained, the pores may be slightly
smaller after anodizing but they are perfectly positioned. When two missing areas are
connected the position of the pore varies and perfect order is not preserved.

This demonstration of the self-ordering behavior is important because of the
disadvantages of electron beam lithography, the primary method used to create the
imprinting master stamps that allow millimeter sized ordered pore arrays. Electron
beam lithography is a serial process where each element of the pattern is defined one at
a time. This makes it a very slow process and limits its yield. In addition, the time
required to define a large area of nanoscale features could be prohibitively long. Proof
of the self-ordering behavior makes it possible to define only some of the features on
the imprinting master stamp, as the missing features will assemble themselves during
anodization. There have been a few reports on the success of this technique in
patterning the surface.”” " Consistent with the results presented in Figure 2.25, the
ordering is better when there are only single missing imprinting sites than when

multiple neighboring sites are missing.

2.3.4 Anodized aluminum oxide on thin film aluminum

In order to realize many potential applications, especially in the emerging
nanotechnology and electronics industries it is necessary to form the ordered porous
structure on a compatible substrate, such as silicon. This was first demonstrated in
2000, when a 2 um thin film of aluminum was deposited via thermal evaporation on a

silicon substrate.”' Compared to the anodization of bulk aluminum, there are some
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differences in the thin film anodization because of the limited supply of aluminum. The
presence of the silicon and the type of doping, whether n- or p-type, must be taken into
account, as it is reactive with some electrolyte solutions. Either a non-reactive acid
solution must be used or the exposed silicon must be insulated from the electrolyte. The
biggest difference is seen in the barrier layer where, instead of forming a typical
scalloped bottom, the barrier layer arches up from the silicon/oxide interface and leaves

a void underneath each pore, as shown in Figure 2.26."!

Void

# %
! b

Figure 2.26: SEM image of the barrier layer of an anodized aluminum thin film on a
silicon substrate.”'

The geometry of this barrier layer lends itself to easy removal with a simple etching
step in a 5 wt. % phosphoric acid solution.”" It was later shown that further anodization

of p-type or n'-type Si will result in breaks forming in the barrier layer and SiO, dots
y
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forming underneath the pores as the underlying Si is anodized.” If anodization
continues past this point the SiO, will continue to expand and eventually the AAO layer
will be separated from the Si substrate.”” However, n-type Si does not seem to anodize
easily and even with long time anodization the AAO layer remains connected to the Si
substrate.”

The ability to produce AAO on Si substrates was a great leap forward. It did,
however, present a problem in obtaining well-ordered pore arrays. Researchers had
previously depended on long time anodization resulting in thick aluminum layers for
developing very regular pore structures, excluding any type of imprinting technique.
Producing thick aluminum films is not such an easy task, especially when a smooth film
surface is desired. The two-step anodization helps to improve the ordering but it too
requires a relatively thick initial aluminum thickness. A summary of the thickness of

aluminum films on Si and the corresponding pore regularity is shown in Table 2.5.

Table 2.5: Relationship between the thickness of the aluminum layer and the regularity
of the pore arrays.”'

Thickness of the evaporated Al layer (pmy) 0.3 0.5 1 2 5 6-12 20
Pore regulanty of the resulting Poor Poor Fair Fair Fair Fair Good
nanostructures

As the table shows, with an Al thickness of less than 1 um the ordering of the pores is
not very regular and good ordering is only obtained around a starting thickness of 20

pm.
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2.4 Electrodeposition of nanowires

Electrodeposition, or electroplating, as it is also known, is a technique used to
deposit, or plate, a metal onto an object. The experimental setup works similarly to
anodization and involves a power source, an anode and a cathode, and an electrolyte
solution known as a bath. In a sense, electrodeposition is the opposite of anodization,
instead of removing material from the object as in the case of porous alumina, metal is
formed as a coating on the object. It is a very versatile process and virtually any type of
metal can be deposited, the only requirement is that some form of the metal’s salts must
be soluble so that they can exist in aqueous form to comprise the bath solution.”” The
other difference from anodization is that the object to be plated is the cathode and is
connected to the negative terminal of the power supply. The metal ions in the bath
solution carry a positive charge and are therefore attracted to the negatively charged
cathode when a voltage is applied across the anode and cathode. Upon reaching the
negatively charged cathode surface there are available electrons to reduce the metal
ions, transforming them into a metallic coating. The generalized electrochemical
reduction reaction occurring at the cathode for a given metal is:™*

M™+ne > M

A schematic diagram of the electrodeposition set-up is shown in Figure 2.27.



42

Power supply

- 4 \
A ) Amperometer

Voltmeter
Metal cathode Metal anode
Metal-solution Metal-solution
interface interface
Solution
H20
MYA”

Figure 2.27: Schematic diagram of the electrodeposition process. The bath solution
consists of aqueous metal salts as represented by the M" and A". The object to be plated
is the cathode.”

Electrodeposition has been in use since around 1800 and has continually evolved and
now has countless industrial applications from metal finishing and decoration to metal
interconnection lines in integrated circuits. But focusing on its usefulness in producing

nanowires inside the AAO pores, there are several issues that need to be dealt with in

the as-anodized Al samples before that becomes possible.

2.4.1 Preparing the pores for electrodeposition

The first step in producing nanowires is to prepare an electrical connection to
the ordered pore array. After anodization, there is a thin insulating barrier layer that is
present beneath the pores so that no electrical connection exists between the Al
substrate and the pore base. For uniform electrodeposition it is desired that the pores

reach through to the substrate and a clear electrical pathway exists between the
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substrate, the pores, and the electrodeposition bath. Small variations in the barrier layer
thickness will result in current fluctuations during electrodeposition and will likely
result in inhomogeneous filling of the pores.” Making this electrical connection to the
substrate can be accomplished in several ways. A process of thinning the barrier layer
was developed in 2000 by Gosele et al. in which the anodization voltage is reduced in a
step-wise manner, after an etching treatment that both widens the pores and thins the
barrier layer.” Two anodization steps at constant current densities of 290 and 135 mA /
cm” were conducted which limited the formation rate of the oxide and decreased the
barrier layer thickness to less than 10 nm.”® This also results in branching of the pores
as the smaller anodization voltages promote the nucleation of multiple pores in each of
the larger already established pores.”” The same authors later improved this procedure
by using two different anodization solutions, a phosphoric acid solution with voltages
from 195 V down to 80 V, decreased by 2 V increments every three minutes, followed
by oxalic acid from 80 V down to 1 V reducing the voltage exponentially every 30
seconds.”” This method does result in the creation of large pores of 180 nm on top with
branches at the pore bottom of 40 nm in diameter and is difficult to apply to smaller
pores without broadening them.”’

Alternatively, if a very thick porous layer is desired, a stand-alone AAO film
may be sufficient. In this situation, a thick porous film is created during a long time
anodization and the remaining Al substrate is dissolved, leaving a free standing porous
layer. Next, the backside of the porous layer is etched in an acid solution to remove the
barrier layer and create through-hole pores. To create an electrical contact for

electrodeposition an inert metal film, such as Pt, is sputtered onto the backside of the
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AAO template.”® This allows for easy electrodeposition into the pores and no barrier
layer problems, but it is limited to very thick porous films which may not be very
mechanically robust, in addition, the lack of a substrate also limits potential
applications.

For AAO on Si substrates, the barrier layer thinning techniques are not relevant.
If the barrier layer is thinned to the point where contact with the Si substrate occurs, the
electrolyte and anodization voltage will result in the formation of an insulating layer of
silicon dioxide (SiO,).”! Even though the doped Si is conductive, the SiO, that forms
prevents a good electrical connection. The solution to this is to deposit a thin metal film
between the Si substrate and the aluminum layer to serve as a conducting electrode.
This was demonstrated in 2003 by Rabin et al.” They reported using a platinum film
on top of a titanium adhesion layer on a Si substrate. With the Pt/Ti films the
anodization characteristics were different than a Si substrate without a metal underlayer.
As the Al layer was consumed and the Pt layer became exposed to the electrolyte the
current began to increase rapidly and evolution of gas bubbles occurred from the
electrolysis of the acid on the Pt.”” Anodization had to be stopped at this point in order
to prevent the AAO layer from detaching from the substrate.” After anodization, an
electrical connection was present and bismuth nanowires were deposited, although the
presence of a partial barrier layer limited the deposition uniformity.” To prevent the
evolution of gas bubbles after the Al layer is consumed, a Ti underlayer can be used
instead of the Pt layer. By continuing anodization after the Al is consumed the barrier
layer can be thinned and the Ti layer becomes partially anodized without such a

vigorous release of gas bubbles that might detach the AAO layer. The thin barrier layer
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can then be removed by anodizing the sample in a dilute potassium chloride (KCI)
solution at a low anodizing voltage of around 2 V.” It was later discovered in 2005 by
Tian et al. that it is possible to dissolve the barrier layer in-situ in the anodizing solution
by reversing the anodization bias, connecting the Al film to the negative terminal of the
power supply, and applying low voltages of 3.5 — 5 V.** This creates voids in the Ti
layer and yet still maintains conductivity, allowing the deposition of the nanowires.
Figure 2.28 shows an SEM image of the deposited nanowires and their interface with

the substrate.®

Si Ti

PSUMCL Sl 5KV X33000  100nm WD 3.mm PSUMCL SEI 10KV XIG000  1pm WD 29mm

Figure 2.28: SEM images showing the interface between the Si substrate, Ti buffer
layer, and the Au nanowires, (A) after anodization showing the pores and (B) after
electrodeposition and removal of the AAO layer to show the nanowires.*

There have been other reports in the literature concurring with the effectiveness of this
technique.® It is also possible under some conditions to deposit nanowires without

removing the barrier layer. This has been reported using an alternating current

electrodeposition method at 50 - 200 Hz and varying voltages, for Ni, Co, and Fe
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nanowires.*> % 84858 The vast majority of published research in the field uses a dc
electrodeposition process, presumably because it provides advantages in control and

uniformity of the deposit.

2.4.2 Elemental and alloy nanowires:

The nanowires that are deposited into the pores take the shape of the pores and
the result is a straight and vertically aligned nanowire that grows perpendicular to the
substrate. Figure 2.29 shows an SEM cross-sectional image of silver nanowires inside

the pores of an AAO film.

Figure 2.29: SEM cross-sectional image of silver nanowires, appearing as the bright
vertical stripes, grown inside the pores of an AAO film.”’
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It can be observed from the figure that the height of the nanowires is not very uniform.
Better height uniformity than that shown in Figure 2.29 has been reported in other
publications but there is still some variation in the height of the nanowires, perhaps due
to differences in the conductivity at the pore bottom from remnants of the barrier
layer.”

Due to the versatility of electrodeposition it is possible to also deposit alloy
nanowires in addition to elemental nanowires. This is done by preparing an appropriate
bath solution containing aqueous metal ions of both elements that will be deposited.
The composition of the deposit is influenced by the relative concentration of each
element, the current density and voltage, bath pH, and bath temperature.”

There have been reports of many different types of nanowires that have been
fabricated in AAO templates for different applications. Many of those reports concern
magnetic nanowires because of the potential of anodized aluminum oxide templates for
applications in patterned magnetic recording media. Other than magnetic nanowires
there have been reports of other types of nanowires as well. Photoluminescence
properties in In,O; and CdS nanowires have been studied by several researchers.®® *-**
°! There have also been reports of Pd nanowires for potential hydrogen sensors and
Bi,Te; nanowires for thermoelectric applications.87’ 92

While a detailed account on the use of AAO templates for magnetic recording
applications will be given in section 2.5.3, a brief background on some of the magnetic
nanowires that have been studied to date will be given here. The magnetic nanowires

that are deposited in the pores usually exhibit shape anisotropy, and in some cases

crystalline anisotropy, which allow for very advantageous properties such as a larger
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coercivity along the nanowire axis. There have been several reports on the magnetic
properties of Ni nanowires and it has been shown that as the nanowire diameter
decreases in the range from 55 — 30 nm the coercivity increases from 600 Oe to 1200
Oe along the nanowire axis and the M-H loop squareness improves from 30% to 98%.”*
* The M-H loop graphs are shown below in Figure 2.30, illustrating the influence that

the aspect ratio of the nanowire has on its coercivity.
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Figure 2.30: M-H loops showing the variation in the coercivity as measured parallel to
the nanowire axis (LJ) and perpendicular to the nanowire axis (@) for nanowires with
diameters of (A) 55 nm, (B) 40 nm, and (C) 30 nm.”

Magnetic data has also been collected for Fe and Co nanowires showing coercivities

83, 86
**® There have also been

along the nanowire axis of 2.2 kOe and 2.3 kOe, respectively.
many studies of different binary magnetic alloys nanowires, including FeCo, Coe7Nis3,
Co4gPbs,, FegoPbsg, and FePt;, with diameters of 20 nm — 200 nm and coercivities

ranging up to 2.9 kOe in the perpendicular direction along the nanowire axis.”> **°"%%

99
In terms of previous work in the field concerning CoPt nanowires, one of the
topics of this research, there have been an increasing number of reports in the last few

years on their fabrication and magnetic properties. In their ordered face-centered



49

tetragonal L1, phase CoPt alloys show strong magnetocrystalline anisotropy; reports
have shown that CoPt alloy thin films are capable of generating a coercive force of
around 10 kOe after a heat treatment to convert the as-deposited material to the ordered
L1, phase.'® Due to this desirable property and their ability to be electrodeposited,
CoPt, and also FePt, a very similar binary system, have received considerable attention
as possible materials for patterned magnetic recording media, which will be covered in
further detail in section 2.5.3. Figure 2.31 shows the phase diagram of the CoPt system

and the crystal structure of the ordered face centered tetragonal (fct) L1, phase.
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Figure 2.31: The phase diagram of the CoPt system showing the composition range of
the ordered face centered tetragonal L1, phase (A) and the crystal structure of the L1,
phase (B).'" 12

It can be seen from the phase diagram that the ordered L1, phase exists only over a Co

composition of approximately 25 — 57 atomic percent.'”"'°* On either side of this

range there exists a face centered cubic (fcc) CoPt; phase and a hexagonal close packed
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(hep) CosPt phase.103 The L1 structure shown in Figure 2.31 (B) exhibits a shortened
c-axis due to the presence of the smaller Co atoms. The first report of CoPt nanowires
in an AAO template was published in 2003 by Yasui et al. They reported the
fabrication of ~80 nm diameter nanowires over a range of compositions, Co;7Ptgs,
Co044Pts6, Cos4Ptas, CogoPtag, and CogsPt;s, with the CossPtss exhibiting the ordered L1,
phase and having a coercivity of 7.4 kOe in the perpendicular direction (along the
nanowire axis).'®* Following that report, was a study on the magnetic properties of
CogsPtss with a disordered face centered cubic (fcc) structure with nanowire diameters

105

ranging from 48 —470 nm.  The magnetic data from that study shows the influence of

the composition and crystal structure on the coercivity as the highest coercivity reported

for that composition was 2.3 kOe.'?””

In order to realize the ordered L1 phase it is
necessary to subject the as-deposited CoPt phase to an annealing treatment at
temperatures around 700°C because the as-deposited CoPt is generally in the disordered
fcc phase.'™ ' Although, it is possible to create an as-deposited amorphous phase;
amorphous Cos9Pts; nanowires with a 35 nm diameter were reported, yet only reached a
coercivity of 2.7 kOe.'” Another study of platinum rich CoPt nanowires exhibiting low
coercivity further emphasizes the need to attain the right composition and phase in order
to reach good magnetic properties.'”’

The first study to report very high coercivity CoPt nanowires was published in
2005 by Mallet et al. They reported the fabrication of 80 nm CosoPtso and 35 nm

108 .
Both nanowire structures

Co47Pts3 nanowires in AAO templates on Si substrates.
exhibited the ordered L1, phase after an annealing treatment at 700°C.'" The 80 nm

nanowires had a coercivity of 10.87 kOe while the 35 nm nanowires had a coercivity of
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7.5 kOe.'""® Figure 2.32 shows the M-H loops for the two different sizes and

compositions of the nanowires that they were able to obtain.
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Figure 2.32: M-H loops for CoPt nanowires measured with the applied magnetic field
parallel to the wire axis (—) and perpendicular to the wire axis (- - -) for the 80 nm
CosoPtso nanowires (A) and the 35 nm Co47Pts3; nanowires (B).108

The M-H loop in Figure 2.32 (B) is considerably different from that in Figure 2.32 (A).
The shape of the loop in Figure 2.32 (B) indicates the presence of two phases, likely the
co-existence of the fcc and fct phases as has been reported in FePt nanoparticles.'” The
authors reported difficulty in controlling the composition of the 35 nm nanowires due to
hydrogen evolution during the electrodeposition process and perhaps this may be a
reason for the presence of two phases. Since this report there have been a few other
reports of CoPt and also FePt nanowires that exhibit coercivities in excess of 10 kOe.

In those reports, the nanowire diameters are 60 — 100 nm with a coercivity of up to 11

110, 111

kOe after a 700°C annealing treatment. The CoPt system seems to be preferred to
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the FePt system because Fe is much more chemically active than Co and it seems harder
to obtain FePt nanowires with a high coercivity than CoPt.'"!

With all the work that has been done on CoPt nanowires in AAO templates there
are some significant shortcomings. First, all of the nanowires studied in the reports
mentioned above are significantly longer, with a minimum length of 500 nm, than
would be desired for any patterned media applications. Second, the smallest reported
nanowire diameter has been around 35 nm, which is too large to form any type of high-
density magnetic storage system. Some of the goals of this research have been to

address these areas of interest and progress towards this will be presented in Chapter

Four.

2.4.3 Multi-layer nanowires

Using electrodeposition it is also possible to create multi-layer nanowires
consisting of alternating layers of different elements or alloys. A single bath solution
containing multiple species of metal ions can be used because each ionic species has its
own unique standard reduction potential.''* This allows for separate deposition of the
different elements or alloys. However, there will still be some co-deposition of
elements. This can be minimized by balancing the voltage and varying the
concentrations of the elements in the bath.''> For example, in one report detailing the
fabrication of Ni/Cu multi-layer nanowires, at an applied voltage of 0.3 V for 30
seconds Cu was deposited and at an applied voltage of 1.4 V for 10 seconds Ni was

deposited."” A schematic diagram showing the structure that was formed and a TEM
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image of a segment of the nanowires confirming their appearance are shown in Figure

2.33 (A) and (B).

Figure 2.33: A schematic diagram showing the structure of the Ni/Cu multi-layer
nanowires (A) and a TEM image of segments of the dispersed nanowires (B).'"

As the figure shows there are clearly alternating bands of Ni and Cu layers, the authors
report an enhanced coercivity of 490 Oe compared to that of 290 Oe for Ni nanowires
measured at the same temperature.''> ''* Compared to the amount of published material
on elemental and alloy nanowires there have been comparatively few reports on multi-
layered nanowires produced in AAO templates. The following multi-layered nanowires
have been reported in the literature: NiFe/Cu, CoNi/Cu, Co/Cu, and CoPt/pt, !> 116117,
"% The magnetic properties of each of these nanowire systems were studied with all
exhibiting coercivities of less than 2.5 kOe. While there have been these few limited
reports on multi-layer nanowires, there have not been any reports of two layer
nanowires or their magnetic properties. Additionally, the reports mentioned above have

all detailed the fabrication of long nanowires; there have been no reports of shorter

nanowires. The fabrication and magnetic properties of a short two layer Ni/CoPt



nanowire system has been accomplished as part of this research work and will be

discussed in section 4.3.2.

2.5 Applications of anodized aluminum oxide membranes

Because of its advantageous properties, anodized aluminum oxide has
widespread and diverse applications. Its versatility is demonstrated by applications
ranging from traditional industries such as architecture and transportation to the
emerging nanotechnology markets and possible use in future magnetic recording

technology.

2.5.1 Structural and architectural applications

Due to their unique nature, anodized aluminum coatings are widely used in
structural and architectural applications. The oxide coating that forms on the surface
offers good wear resistance and protection from corrosion. In addition, there are a
variety of different surface finishes and textures that can be created using different
anodization conditions. It is also possible to attain many different colors either by
anodizing aluminum alloys such as Al-Si or Al-Cr, or through post-anodization
treatments like soaking in organic dyes or electrodepositing inorganic materials at the

pore bases.'® With all these available finishing options, anodized aluminum coatings
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are used extensively in architectural applications as decorative and protective coatings

on exterior building components such as doors, window frames, hand rails, and ceiling

119

panels.~ They are also prevalent in the transportation industry as decorative trim in
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. . 119 . . .
automobiles, planes, and trains. =~ Many consumer electronic devices also use anodized

aluminum coatings to provide smooth and shiny durable surfaces.

2.5.2 Sensors and other nanotechnology applications

The small sizes of the pores in the anodized aluminum films also lend
themselves to many applications in the advancing field of nanotechnology. The porous
films naturally can be used as membranes, with one application as electrolyte carriers

120 The electrical properties of

and separators in lithium ion rechargeable batteries.
porous alumina are very sensitive to moisture which gives the material much promise
for use as a humidity sensor. Micro-humidity sensors responding within the range of 50
— 100 ppm have been tested and are functional and reproducible.'”' There are also
potential applications as a dielectric material, with a dielectric constant of 2.4 being
attained, a breakdown voltage of 400 V, and a very low leakage current below 10 A /
cm” at 15 V.'** Studies on overheating in interconnects has shown this structure to have

. . . o . 123
advantages over aluminum interconnects passivated by silica insulators.

2.5.3 Magnetic recording media

In a fashion similar to Moore’s Law, which has been followed by the
semiconductor industry, the storage capacity of hard disk drives has continued to
increase over the past several decades. Continued technological advances have helped
to perpetuate this trend. At the same time, the price per gigabyte of storage space has
drastically decreased. This combination of increased storage capacity and a decrease in

the price leads to a very demanding environment in the magnetic storage industry.
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There is strong motivation to perpetuate this trend of increasing storage capacity while
keeping prices low. Additionally, the industry is facing competition in some areas by
other storage technologies such as the rapidly growing flash memory storage, in
widespread use in digital cameras, MP3 players, and USB drives. Unfortunately,
magnetic storage methods utilizing the current technology based on thin films of
magnetic material are reaching the fundamental physical limits on their capacity and
have little room for further expansion. It is therefore necessary to develop new storage
methods to perpetuate the growth in areal storage density, while also keeping the price
per gigabyte of storage at an economical level. Figure 2.34 (A) shows the increase in
storage capacity over the last several decades and some of the technological
advancements that made this possible.'** Figure 2.34 (B) shows the drop in price per

gigabyte of storage space in recent years.'**
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Figure 2.34: (A) The increase in areal storage density is shown along with the
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As the figure shows, there were large increases in the growth rate of storage capacity
with the innovation of MR and GMR recording heads which were much more sensitive
and provided increased signal-to-noise ratios when reading and writing data.'* With
each of these came changes in the thin films used to store the data. The MR heads
utilized Co alloy films such as CoCrTa and CoCrPt while the GMR heads relied on
CoCrPtTa and CoCrPtB quaternary alloys.'*> Along with more complicated magnetic
layers there are also several underlayers that are present in order to control the grain
size and epitaxy as well as increase the signal-to-noise ratio (SNR).'*> Despite these
advances there are still looming fundamental physical limits which will prevent further
advances to the magnetic thin films and increases in the storage density.

Currently, magnetic recording is a longitudinal system using a group of small
grains of the magnetic alloy thin film to store the data at densities up to about 250 Gbits
/ in®, where one bit is comprised of approximately 65 grains.'*® A schematic diagram of

a longitudinal recording system is shown below in Figure 2.35."%



Grain structure and
+ I'H'IHH magnetic transition

Figure 2.35: Schematic diagram showing the longitudinal magnetic recording system
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with separate read and write heads, the relevant parameters, and the grain structure with

magnetic transitions. Typical values for the parameters are: track width W =210 nm,
thickness of film t = 14 nm, bit length B = 30 nm, distance of heads to surface d = 10
am. 27

The inset enlarged figure shows the varying magnetic spin alignments of the grains
within each bit and the sharp transition that occurs at the boundary. The overall

magnetic spin of the bit is therefore determined by the aggregate of the different spins

of each grain that comprises the bit. In recent years, the improvements in recording

density have been achieved by reductions in the grain size, bit length, and track width.

However, there is a limit to these reductions.

As the grain size decreases there are issues with the thermal stability of the
magnetic spin orientation of the grain. When the volume of magnetic material in the
grains reaches a certain minimum value the amount of thermal energy present may be

large enough to cause unexpected reversal in the magnetic spin orientation.'”® The

magnetic energy of a grain can be represented by the product of its magnetic anisotropy

(K,) with the volume of the grain (V), while the thermal energy is equivalent to

Boltzmann’s constant (kg) multiplied by the temperature (T). For sufficient thermal
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stability over a reasonable timescale of at least 10 years, the following condition should
be met:

Ky VvV >55kg T,
with the range of reported values being from 55 — 80.'% "% From this equation it
seems possible to counter decreases in V from shrinking grain size by simply increasing
the magnetic anisotropy. The magnetic anisotropy represents the amount of energy
required to rotate the magnetization perpendicular to the easy axis, or the energetically
more favorable direction for magnetization.'” There can be multiple contributions to
the overall anisotropy, notably the magnetocrystalline anisotropy based on the crystal
structure, shape anisotropy due to the dimensions, and magnetoelastic anisotropy arising
from interactions between strain and magnetization, such as at interfaces.'” Increasing
the anisotropy does result in more thermally stable grains, however, practically this is
limited by the available write head fields capable of switching such high coercivity
materials. A material’s coercivity can be approximately represented by the following

. 12
equation:'*’

There may also be negative effects on the SNR from decreasing grain size and volume.
This combination of thermal instability, write field limitations, and SNR needs are
known as the superparamagnetic limit.'?* '3

One potential solution of keeping the grain volume high is to move to a

perpendicular recording technology rather than a longitudinal one. For perpendicular

recording media the north — south magnetic spin orientation is vertical rather than
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horizontal, with a larger thickness of the magnetic layer there is larger grain volume for
a given track width. Figure 2.36 shows the difference between longitudinal and

perpendicular recording technology.'*!

38 HH 5

Soft Underlayer

Figure 2.36: Schematic diagram showing the differences between longitudinal (left) and
perpendicular (right) recording technologies."!

As the grain are packed close together in perpendicular magnetic recording (PMR) it is
necessary to segregate the grains from one another to reduce noise.'** This, along with
the perpendicular spin orientation, requires good epitaxial control in the magnetic layer
which can only be obtained through the use of an appropriate seed layer."*' Figures
2.37 (A) and (B) show a typical PMR film structure from the top and cross sectional

Views.
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| CoPi-510, magnetic layer

Ru interlayer
Seed layer

Soft underlayer

Figure 2.37: Transmission electron microscope images of the top view of the magnetic
CoCrPt-Si10; layer showing the grain segregation (A) and the cross section showing the
columnar grain structure and sequence of underlayers (B)."*" '3

A thicker magnetic layer of 15 — 20 nm leads to a larger grain volume, enhancing the
thermal stability in the small grains. The seed layer and the Ru layer act to maintain a
narrow grain size distribution and control the c-axis orientation of the magnetic layer."!
Which also limits the size of the transition region between neighboring bits."*' It has
been estimated that even with further advancements the limitations inherent in
perpendicular recording will limit its recording density to between 500 Gbits / in® — 1
Tbit / in®.'2* 1% 134135 136 yyith these limitations in mind, it is necessary to think

towards the future of magnetic recording despite the fact that PMR hard disk drives
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have only recently been released in stores within the last two years. Patterned magnetic
recording media has recently received a considerable amount of attention as a potential
successor to PMR in the magnetic recording industry.

Patterned magnetic recording media has several advantages over longitudinal
and perpendicular recording methods. In patterned media, each magnetic element
stores one bit of data and the elements are separated and isolated from one another.
This keeps each element thermally stable even at sizes below 10 nm because the entire
volume of the element contributes to the signal and the transitions between bits are
defined by the patterning."”” In the case of longitudinal and perpendicular recording
media, each a bit is made up of multiple grains and there is averaging taking place to
obtain a higher SNR with the bit transitions determined by the magnetic field from the
recording head."””” The primary advantage in patterned media is that the bits can be
placed very close together making it capable of achieving very large recording
densities. Figure 2.38 shows the corresponding areal density as it is influenced by the

bit diameter and the period or bit spacing.
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Figure 2.38: Schematic diagram illustrating a patterned recording media and showing
the influence that bit diameter and bit spacing have on the corresponding recording
density.

The figure shows that a bit diameter of 12.5 nm and a period of 25 nm would
correspond to an areal density of 1 Tbit /in®. As the bit diameter and period shrink, the
magnetic fields of neighboring bits may influence each other and a shorter bit element
will be necessary as it will exert a lesser field on the neighboring elements."”” When bit
sizes decrease beyond this point it will ultimately be necessary to place a soft magnetic
underlayer (SUL) beneath the patterned media bit elements. The SUL acts to channel
the magnetic flux from the write head. In a sense, it places the patterned media between
two magnetic fields, that of the write head and that channeled through the SUL,
effectively increasing the write head field and allowing the use of higher anisotropy

materials to compensate for decreases in bit size and volume."*” It is clear that there is
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much promise in patterned recording media. There are also many challenges involved
in successfully fabricating a functional patterned recording media.

One the primary challenges is to come up with an ordered array of elements with
such small diameter, on the scale of 10 — 20 nm, with small periods of 20 — 40 nm. The
preceding sections of this chapter detail the properties and self-organizing capabilities
of anodized aluminum oxide demonstrating its potential to serve as a suitable template
for patterned recording media. The other challenge is the placement and quality of a
suitable magnetic layer that meets the requirements in terms of magnetic properties and
physical dimensions. It was also previously shown that electrodeposition of materials
such as CoPt into the anodized aluminum oxide templates is potentially an attractive
solution to this problem. While there are still many issues to be dealt with before a
functional patterned media can be realized, hopefully further work and some of the
accomplishments of this research, discussed in Chapter 4, will help to bring about the

realization of this goal.



CHAPTER 3: EXPERIMENTAL PROCEDURES

3.1 Thin film deposition:

The substrate materials for anodization were prepared by depositing metal thin
films onto the surface of 100 mm n-type (100) Si substrates. DC sputtering in a Denton
Discovery 18 was used to deposit all the thin films used in these experiments. On the
cleaned Si substrates, a 20 A thick Ti film is first deposited to serve as an adhesion layer
between the Si substrate and the following metal layer. On top of the Ti layer, a 30 A
layer of Au is deposited. The Au layer is necessary as it serves as a non-reactive
underlying electrical connection between the Si substrate and the Al layer. The noble
Au layer is inert and unaffected by the caustic anodization and electrodeposition
environments. Following deposition of the Au layer, 10 A of Ni are sputtered to serve
as a buffer layer between the Al film and the Au layer. The necessity of this buffer
layer will be explained in further detail in section 4.1.1. Finally, the Al layer is
sputtered on top of this Ni layer. Typically, a thickness of around 250 nm was
deposited, although numerous experiments have been conducted at varying thicknesses.
An optimization of the deposition parameters such as temperature and power was
conducted to produce the smoothest film possible for the subsequent anodization step.
A complete analysis of this optimization is covered in section 4.1.2. A very important
aspect of the Al sputtering was the need for long pump down times to achieve very low
base pressures, in the range of ~3 x 107 torr, in order to prevent oxidation or

incorporation of impurities during the extended sputtering times needed to

66
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deposit the 250 nm thicknesses. Following deposition of the Al film, the substrates

were ready to be prepared for anodization.

3.2 Sample preparation

After deposition of all the metal layers, the metalized Si substrates were diced
into specimen sizes suitable for anodization, usually slightly larger than 1 cm®. In order
to form an electrical connection from the Al surface to the anodization and
electrodeposition power supplies, 4” wide copper tape with conductive adhesive from
McMaster-Carr was utilized. The copper tape was doubled back on itself to form an
electrical lead between the Al surface and the backside of the Si substrate that could be
connected to the power supplies. After forming the electrical connection, the sample
edges and the electrical lead need to be insulated from the anodization and
electrodeposition solutions. An exposed portion of the electrical lead in the anodizing
or electroplating solution would essentially result in a short circuit between the anode
and cathode. The sample edges need to be insulated to promote uniform anodization
and electrodeposition as exposing the underlying metal layers at the edges would result
in a non-uniform current and preferential anodization and electrodeposition. To insulate
the samples, a lacquer specially designed for electrochemical applications called
MiccroShield, produced by Tobler Division, was utilized. The lacquer was applied to
the front side, edges, backside, and copper electrical lead, with care being taken on the
front side to leave an exposed Al area of approximately 1 cm®. As per the application
instructions for the MiccroShield, after an initial coat of the lacquer was applied the

sample was allowed to dry for about 30 minutes before a second coat of lacquer was
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applied. The second coat is needed to completely cover any tiny pinholes that may
form in the first coat due to incorporation of air bubbles or from out-gassing. After the
second coat was applied the samples were allowed to dry overnight to promote adhesion
of the lacquer to the substrate and Al film. For clarity, the finished product is shown

below in a photograph in Figure 3.1.

Conductive

/ Copper Tape \ :

MiccroShield
Insulating Lacquer

Al Thin Film
on Si

Figure 3.1: Photograph illustrating a prepared sample with an electrical connection and
insulated with lacquer.



69

3.3 Anodization

The anodization process was carried out in an electrolyte solution consisting of
0.3 M oxalic acid (C,;H,04). Throughout the anodization process the electrolyte was
kept at a constant temperature of 5°C using a Thermo Neslab RTE 7 recirculating
chiller and a double walled glass beaker. A piece of platinum foil was used as the
cathode material. The platinum foil and the Al sample were each held in a fabricated
Teflon chuck designed to maintain a constant separation distance between the two
electrodes and facilitate easier electrical connection. A dc power source was used with
an applied voltage of 15 —40 V. A schematic diagram of the anodization setup appears

below in Figure 3.2.

Platinum Foil Al on Si

Figure 3.2: Schematic diagram showing the anodization setup used in these
experiments.

The anodization was carried out at a constant voltage until a current density of
approximately 250 mA / cm” was reached. On average this would take about 17

minutes at a temperature of 5°C, with the current remaining at a value of zero until
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several minutes into the anodization upon which it begins to rise at a faster and faster
rate, rapidly approaching the desired value of 250 mA. A detailed explanation of the
current-voltage characteristics of the anodization process will be given in section 4.2.

The two-step anodization process as described previously in section 2.3.1 differs
slightly from the single step procedure described above. In this case, the first
anodization step was conducted for approximately 8-9 minutes and this initial anodized
layer was then removed by immersing the sample for a few minutes in a mixture of 6 wt
% phosphoric acid (H;PO,) and 1.8 wt % chromic acid (H,CrOs) at 60°C. After
removal of the anodized aluminum, the second anodization was carried through to
completion as described above for the single step anodization. Typically, this results in
a porous layer approximately 100 nm thick; however, there is considerable danger of
beginning the second anodization step with an Al layer thinner than ~80 nm which
seems to be around the minimum necessary to achieve a porous structure.

Following the anodization step, the sample was rinsed off in deionized water
and immersed into a 5 wt. % solution of phosphoric acid (H;PO,) for 15 minutes to
remove any remaining barrier layer present at the bottom of the pores. It is critical to
remove this barrier layer and expose the underlying Ni and Au layers because small
changes in resistance due to the barrier layer will impact the uniformity of the
electrodeposition. However, this step does result in a slight widening of the pores.
After this step the sample is soaked in deionized water to remove any remaining acid

salts and to clean the sample prior to electrodeposition.
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3.4 Electrodeposition

Following etching and exposure of the metal underlayer as a conduction path for
electrodeposition, the pores were ready for filling with magnetic material. The
electrodeposition process was conducted using a Dynatronix DuP10 pulse DC power
supply capable of supplying up to 10 V and 0.3 A, with selectable options for varying
the time and duration of the DC pulses. There have been many reports in the literature
that using a pulsed power supply can greatly increase the efficiency of the deposition

process and the quality of the deposit.'** *°

For these experiments a constant current
density was used with a forward current on time of 0.5 ms and a forward current off
time of 0.5 ms. As in the anodization process, a platinum foil was used as the counter-
electrode, but for electrodeposition it serves as the anode. Different current density
settings were used based on the metal being deposited in the pores.

The Ni sections of the nanowires were deposited using an electrolyte bath
consisting of 0.065 M boric acid (H;BO3) and 0.045 M nickel sulfate hexahydrate
(NiSO4-7HzO).93 To ensure a slower rate of deposition a current density of 0.1 mA was
used with a time of about one minute needed to deposit about 100 nm. With a single
element electrolyte bath the current density and voltage serve only to influence the
speed and quality of the deposition. On the other hand, when electroplating alloys, the
current density and voltage can also influence the composition of the alloy by
selectively affecting the deposition rates of one element versus another. The CoPt
nanowires were deposited using a previously published bath composition consisting of

0.01 M cobalt sulfate (CoSOy), 0.01 M diamminedinitritoplatinum (Pt(NO,)>(NH3),),

0.085 M sodium acetate (NaCH3;COO), 0.052 M triethanolamine (N(CH,-CH,-OH);)
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and 0.094 M sodium carbonate (Na,CO3), with a pH adjusted to 6.3 with sulfuric
acid.'”™ The ideal current density found to yield the desired atomic ratio of ~50% Co
and ~ 50% Pt was determined through experiments to be 23 mA / cm’. Further

information regarding this experimental analysis appears in section 4.3.1.

3.5 Annealing

After electrodeposition of the desired nanowires the samples need to be cleaned
before undergoing the annealing procedure. To remove any impurities or leftover
solution from the electrolyte baths the samples were first rinsed in deionized water. In
order to dehydrate the samples and prevent any oxidation from occurring during the
high temperature annealing the samples were subjected to several dehydration steps in
increasing concentrations of ethanol (C;HsOH) and water solutions. The samples were
soaked for ten minutes each in solutions consisting of 10%, 20%, 30%, 50%, 70%,
90%, and in three sequential solutions of 100% ethanol. Following this dehydration
procedure the samples were dried using a critical point drier, from Electron Microscopy
Sciences, model EMS 850, to remove any remaining traces of water. The cleaned
samples were then ready for the annealing treatment.

For annealing, an Applied Test Systems 2” tube furnace with dual zone
programmable heater control was used. Prior to use, the controllers were calibrated
using thermocouple measurements at various temperature settings. The furnace was
outfitted with mass flow controllers, a mechanical pump, and a pressure regulator in
order to control the annealing atmosphere. Before operating the furnace, the samples

were loaded into the quartz tube in an alumina boat and the tube chamber was pumped
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down using the mechanical pump attached to the chamber. After pumping for 10-15
minutes, the chamber was filled with hydrogen and then pumped down again. This
process was repeated once more before a final hydrogen fill was conducted. The
hydrogen was filled to a pressure slightly above atmospheric pressure to maintain a
positive pressure and prevent any of the outside atmosphere from finding its way into
the system. A hydrogen atmosphere was selected for all of these experiments to prevent
any oxidation of the samples during their exposure to high temperatures.

The heating cycle of the furnace controllers was programmed the following
way: 30 minutes heating time to the desired temperature, 30 minute hold time at the
desired temperature, and then turning off the heating element for cooling. During the
heating cycle, hydrogen gas flowed over the sample at 100 sccm to keep a constant gas
flow in the chamber atmosphere. Due to the design of the furnace and its good
insulation, the cooling to room temperature was a very slow process. Throughout the
cooling process the samples were kept under a hydrogen atmosphere with flowing
hydrogen gas to prevent oxidation. A graph of a typical heating and cooling cycle for

the furnace is shown below in Figure 3.3 for a 700°C set point.
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Figure 3.3: A graph showing the heating and cooling cycle for the annealing process,
indicated in a temperature versus time plot.

Once the furnace had cooled to room temperature, the chamber was pumped down to
vacuum using the mechanical pump and then vented so the samples could be unloaded.
After annealing, the samples were ready for characterization by a variety of

measurement techniques.

3.6 Sample characterization and analysis

For microstructural analysis of the nanowire samples, scanning electron
microscopy (SEM) was performed in a Philips XL30 Field Emission SEM. In order to
get a clearer picture of the nanowires, in some instances the AAO template was

removed via chemical etching in a sodium hydroxide (NaOH) solution. Cross-sectional
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images were obtained by cleaving the samples with a diamond scribe, easily done due
to the brittle nature of the AAO and the Si substrates.

The Philips Field Emission SEM was equipped with an Oxford Instruments
INCA Energy Dispersive X-ray Spectroscopy (EDS) system. The EDS system was
used for compositional analysis of the electrodeposited materials. Using the EDS
provided the ability to determine the average composition over a given area. However,
the EDS was not sensitive enough to accurately determine the composition of very
small regions of nanowires. This is because the penetration depth of the EDS is
typically on the order of a few microns while the height of the nanowires in these
experiments was only about 100 nm. Considering the volume difference between 100
nm tall nanowires and a few microns of the underlying solid Si substrate there is clearly
a comparatively small amount of material that we are interested in measuring.

To measure the surface roughness of the sputtered Al thin films a Veeco
Multimode atomic force microscope (AFM) was used. An ultra-sharp AFM tip with a
tip radius of a few nanometers was used to obtain a higher surface resolution and
therefore more accurate roughness measurements. The AFM analysis software was
utilized to determine the RMS surface roughness and comparisons were made at several
different scan sizes to determine an average surface roughness. AFM scans were also
conducted on anodized aluminum samples to obtain data on the surface roughness and
to corroborate the pore size and qualitative surface images obtained with the SEM.

Magnetic measurements of the samples were carried out using an Alternating
Gradient Magnetometer (AGM). Due to the very small amounts of magnetic material

involved in the measurements, the AGM provided better measurement sensitivity than
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the standard vibrating sample magnetometer (VSM). The downside to the AGM used
in this analysis was that it is only capable of applying a maximum field of 14 kOe,
which turned out to be too low to saturate the high coercivity CoPt materials that were
electrodeposited. It would have been ideal to have a maximum applied field of at least
20 kOe, if not higher, in order to observe true saturation of the nanowires. Samples
were cut to a size of about 2 mm x 4mm for measurement in the AGM. Measurements
were taken in two directions, in-plane with the substrate or perpendicular to the
nanowires, and perpendicular to the substrate or parallel to the direction of the
nanowires. To see the influence of the annealing treatment, samples were measured
before and after annealing. Additionally, the bare aluminum oxide template containing

no nanowires was also measured and found to have almost no coercivity.



CHAPTER 4: RESULTS AND DISCUSSION

4.1 Thin film deposition
4.1.1 Metal underlayers

The first step in preparing aluminum thin films for anodization was to deposit
the appropriate metal underlayers. Initially, when experiments were first undertaken,
the anodization process was conducted without any metal underlayers and utilized just
an aluminum film on the silicon substrate. The anodization process was carried out
successfully without any metal underlayers and there was good film adhesion between
the aluminum film and the substrate. At this beginning stage of the research the
samples were also not insulated around the edges and the backside in order to promote
more uniform anodization as mentioned in section 3.1. The electrical connection was
simply made to the aluminum film and was kept above the level of the electrolyte to
prevent shorting.

When we first started research into this field there had been few published
reports of nanowires deposited on Si substrates using AAO templates. Consequently,
there was little guidance from the literature on the many aspects and details involved in
the process. After many failed attempts to electrodeposit materials into the pores, it was
discovered that a conductive metal underlayer was necessary because the doped Si did
not provide an adequate conduction path. Based on prior research results by Myung et
al. on AAO based nanowire arrays on Si substrates for sensor applications we were able

140, 141

to determine a suitable series of metal underlayers. The underlayers consisted of a

Ti layer with a thickness of 20 nm, followed by a Au layer with a thickness of 30 nm,
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and finally a Ni layer with a thickness of 10 nm. The Ti layer acts as an adhesion layer
between the Au layer and the silicon while the Au layer serves as the non-reactive and
conductive electrode for the anodization and electrodeposition steps. The Ni layer is
present as a buffer layer between the noble Au layer and the Al layer. Without the Ni
layer, as the Al layer is consumed during anodization, the Au layer will begin to be
exposed to the electrolyte and there will be an evolution of gas bubbles from the
electrolysis of the acid electrolyte.” In one way, this is good as it indicates that the
insulating alumina barrier layer has been penetrated, on the other hand, the rapid
evolution of gas bubbles can lead to rupturing and detachment of the AAO film. During
anodization, the Ni layer is partially anodized to form a thin conductive oxide layer that
serves to connect the AAO film to the Au electrode layer. From the experiments, it
appears that the anodized Ni layer has sufficient conductivity for electrodeposition but
to ensure uniformity at the pore bottom the samples were still subjected to a post-
anodization pore widening treatment in 5 wt % phosphoric acid to remove most, if not
all, of the remnants of the Ni layer.

All three of these metal underlayers were deposited sequentially via dc
sputtering under continuous vacuum so as to prevent any oxidation of the films when
exposed to atmospheric conditions. The films obtained were reasonably uniform over
the entire 100 mm Si wafer surface and provided an excellent base surface for
deposition of the Al film. Unfortunately, it was necessary for the Al layer to be
deposited in a separate sputtering system, as the deposition requirements could not be

adequately met with our own sputtering system.
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4.1.2 Aluminum film deposition and surface roughness

Prior to attempting to form pore arrays on aluminum thin films, the process was
started using bulk aluminum foils. Preparation of AAO on bulk aluminum foils was a
good trial and error procedure for learning how to handle the experimental details in the
anodization process. It was also educational because, in producing AAO on bulk
aluminum foils, we became aware of several steps that must be taken before good
quality pore arrays can be achieved on the surface of the foil. The most important step
is to create a smooth mirror-like surface through a long and time-consuming mechanical
polishing procedure followed in some instances by an electropolishing step. Just as this
is important in bulk aluminum it is similarly important for thin film aluminum. Luckily,
the sputtering process produces films that are usually about as smooth, if not smoother,
than what we achieved through mechanical polishing. This gives us the opportunity to
improve this aspect of the experimental procedure and obtain an even smoother surface
which helps to produce a more regular array of pores on the surface as was discussed in
section 2.3.2.3.

To deposit the thick aluminum layers used for these experiments it was
necessary to use a high vacuum deposition environment to prevent oxidation in the
deposited film."** Our sputtering system lacked the pumping capacity to reach a high
vacuum condition. Ideally, it would have been ideal to have had access to an ultra-high
vacuum (UHV) sputtering system capable of achieving base pressures of 5 x 10™°

143
Torr.

Unfortunately no such system was available. The aluminum films were
deposited at base pressures of at least ~3 x 107 Torr, which were reached after pumping

down the sputtering system for extended periods of time.
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With sputtering there are many adjustable parameters that can influence the
surface morphology of the deposited film. Some of the most influential parameters are
the base pressure, substrate temperature, and deposition power. In attempts to fabricate
as smooth a film as possible, experiments were performed varying these parameters in
order to determine an optimum deposition condition. Table 4.1 below shows some of
the different dc sputtering conditions that were used and the resulting surface

roughness, as measured by an atomic force microscope (AFM).

Table 4.1: The corresponding RMS surface roughness values as measured by an AFM
for the different sputtering parameters when the substrate temperature and sputtering
power were varied.

Substrate Temp. | Sputtering Power | Al Roughness | AAO Roughness
Q) (W) (nm) (nm)
330 150 12.0 13.0
200 150 9.5 10.0
25 150 7.5 8.5
25 125 6.0 6.5
25 100 3.0 4.0
25 75 4.5 5.0

The films compared in the table above were all deposited at the same thickness of 150
nm for an accurate comparison, as thicker films tend to have rougher surfaces than
thinner ones. The first parameter that was investigated was the influence of the
substrate temperature. The temperature of the substrate was varied based on a prior
report that depositing metal films, such as Al, Ti, and Cu, at substrate temperatures (T;)
from 30 — 50% of their melting temperature (T,,), enhances surface diffusion and results
in smoother films."*® As the melting point of aluminum is 660°C, this determined the

first two condition listed in Table 4.1 above, corresponding to a Ts/ Ty, of 0.5 and 0.3.
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Unfortunately, the results obtained from these conditions are not as good as the
roughness obtained by depositing without heating. This could be due to the high base
pressure of the sputtering, in which case, oxidation of the film may be enhanced at these
elevated temperatures and coarsening may occur. In looking at the data from the table it
would seem that temperature plays a large role in the surface roughness, had our
sputtering system been appropriately equipped, it would have been beneficial to see the
effects of sputtering at liquid nitrogen temperatures on the film quality and surface
roughness. It has been reported that low temperature deposition helps to improve
crystallinity and surface characteristics.'*

After determining that lower temperature yielded a smoother Al surface than
elevated temperature deposition, the influence of the sputtering power was analyzed,
keeping other parameters constant. Room temperature Al thin film depositions were
performed at sputtering powers of 150 W, 125 W, 100 W, and 75 W, for constant film
thicknesses. The results in Table 4.1 show a decrease in the roughness of the Al film as
the sputtering power is reduced from 150 W to 100 W. Upon further reduction to 75 W,
the surface roughness increases. This may be due to the kinetics of the deposition
process as the deposition rate was considerably slower at 6 nm / min at 75 W versus 8
nm / min at 100 W.

From the various parameters that were studied, the optimum condition was
determined to consist of room temperature or unheated deposition at a sputtering power
of 100 W, which yielded an RMS surface roughness of 3.0 nm for the Al film and 4.0
nm for the anodized Al film. For comparison, Figure 4.1 shows SEM images of the

different Al films for the conditions listed in Table 4.1 above.
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Figure 4.1: Scanning electron microscope images of the as-deposited Al films
deposited at 330°C 150 W (A), 200°C 150 W (B), 25°C 150 W (C), 25°C 125 W (D),
25°C 100 W (E), and 25°C 75 W (F).
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Figures 4.1 (A) — (C) shows the decrease in roughness as the deposition temperature is
reduced from 330°C to 25°C. The dependence of the quality of the Al film on the
sputtering power is shown in Figures 4.1 (C) — (F). As the SEM images show, a
smoother surface is obtained when the sputtering power is decreased from 150 W to 100
W. Further decreases in the sputtering power, shown in Figure 4.1 (F), result in a
rougher Al surface. The SEM images displayed in Figure 4.1 give a qualitative
impression of the data shown in Table 4.1. However, it is hard to get a good impression
of the surface topography from the SEM image alone and while it may be relatively
straightforward to qualitatively judge the surface roughness, a quantitative surface
roughness measurement by AFM is much more accurate. Figure 4.2 shows an AFM
scan of the surface of the film resulting from the optimum sputtering condition of 25°C

and 100 W.
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Roughness (RMS) = 2.869 nm

Figure 4.2: AFM image of the surface of the optimum sputtering condition of 25°C and
100 W, showing the RMS surface roughness.
Comparing the AFM scan along with SEM image of the same condition in Figure 4.1
(F) it is possible to get a comprehensive perspective of the surface characteristics.
While the surface roughness of the aluminum films is acceptable at this level, it
would be better to obtain a smoother film. It has been suggested that surface roughness
might be improved by depositing Al alloys, such as Al-Nb or Al-Zr, rather than pure Al,
as these additions may help to control grain growth at elevated temperatures.'*® To
investigate this possibility, Al-Zr, Al-Ti, Al-Ta, and Al-Cu alloy films were deposited
and analyzed. Unfortunately, none yielded an improvement in surface roughness and

some adversely affected the anodization process. Figure 4.3 shows the influence of 3
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atomic % Ti and 3 atomic % Zr alloying elements on the as-deposited Al films as well

as the change in anodization behavior with increasing amounts of Ta from 0 — 6 at. %.

-

= .

3

Figure 4.3: SEM images showing the influence of alloying elements on the Al films for
200 nm thick films. (A) as-deposited Al film, (B) Aly7Tis film, (C) Alg7Zr3 film, (D)
anodized Al film, (E) anodized Alg;Ta; film, (F) anodized AlgsTag film.
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The images in Figure 4.3 (A) — (C) show the increase in surface roughness with the
addition of Ti and Zr alloying elements. The anodization process is obviously affected
by the addition of larger amounts of Ta, shown in Figure 4.3 (D) — (F).

Another way of improving the surface roughness is through chemical
mechanical polishing (CMP) of the as-deposited thin films. There are many parameters
involved in the CMP process such as the slurry chemistry, the polishing pad, applied
pressure, and speed. In order to improve upon an already mirror-like surface finish in
the thin film, specialized fixtures and machinery are needed to hold the sample level
and maintain an even polish to within the nanometer dimensions that are needed. With
CMP there is usually significant material removal, which means that the process
requires a much thicker starting film. Lacking appropriate equipment for CMP and the
cost of outsourcing the work limited its usefulness for this research work. However, it
should be mentioned that recent CMP performed on 4 um thick Al films by D.S.
Industries yielded an RMS surface roughness of 2 nm; although these results appear to
be difficult to reproduce. SEM images of the surface of the Al film after the CMP

process and after anodization are shown in Figures 4.4 (A) and (B).
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Figure 4.4: SEM images showing the surface of the Al film after chemical mechanical
polishing (A) and the top surface of the same film after anodization at 25 V in 0.3 M
oxalic acid at 5°C (B).

Compared to the thinner 150 nm Al film prepared under the deposition conditions
described previously and shown in Figure 4.1 (F), the Al film after chemical mechanical
polishing appears to be somewhat smoother with more regular surface features. The

anodized CMP film showed moderate improvements in the regularity of the pore

structures and will be utilized in future experiments.

4.2 Anodization of aluminum films

The nanoporous templates fabricated for this research were prepared both with a
two-step anodization procedure, as described previously in sections 2.3.2.3 and 3.3, and
with a single step anodization process. SEM images from an Al film anodized in a
single-step anodization procedure using 0.3 M oxalic acid at 5°C and an applied voltage

of 25 V are shown below in Figure 4.5.
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Figure 4.5: SEM images showing the top surface of an Al film anodized in 0.3 M
oxalic acid at 5°C and an applied voltage of 25 V (A), and a higher magnification image
of the top surface (B).
As the images in Figure 4.5 show, the ordering of the pores is not that regular, yet small
pores of ~ 20 nm diameter are obtained with a straight and vertical structure that are
more ordered below the surface than they appear on the top, which is proven by the
nature of the nanowires that are formed, as will be shown later in section 4.3.1.

The variation in current over the anodization process is indicative of the main

events that occur during anodization. A plot showing the sample current versus time

during a constant voltage anodization at 25 V is shown in Figure 4.6.



&9

Current vs. Time

3 1000

25 I_ 300

.
1’? [
-
\ ~—

0 —

Current (mA)

Log Current (mA)
N
\

0 100 200 300 400 500 600 700 800 900 1000
Time (sec)

Figure 4.6: Plot showing the increase in current over the course of the anodization
process carried out at 25 V in 0.3 M oxalic acid at 5°C.

Initially there is an extremely rapid asymptotic decrease in the current as the voltage is
applied, which corresponds to an initial barrier oxide layer formation. Following this,
the current starts and remains at near zero levels for a long time, indicating steady state
pore growth. As time continues, the current begins to slowly and steadily rise resulting
from further consumption of the Al layer as the anodization front approaches the metal
underlayers. Towards the end of the anodization process the current increases
exponentially, indicating that the Al layer has been fully consumed and the Au
underlayer is being exposed as the Ni layer is anodized. Normally, anodization is
stopped when a current density of 250 mA / cm” is reached, but in obtaining data for
this graph the anodization was continued until the maximum current limit of the power

supply of 500 mA was reached. Anodizing to this point generally results in destruction
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of the porous layer as the rapid evolution of gas bubbles results in localized and then
widespread rupturing and delamination of the AAO layer.

In attempts to improve the pore ordering, a two-step anodization process was
undertaken. The experimental process for the two-step anodization is summarized in

the schematic diagrams shown below in Figure 4.7.

Figure 4.7: Schematic diagrams showing the procedure for a two-step anodization. (A)
partial anodization of the Al layer, (B) removal of the anodized layer leaving the
depressions from the pore bases as nucleation sites for the next anodization step, (C)
second anodization to create through pores to the metal underlayer, and (D)
electrodeposition to create nanowires.
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This two-step anodization process does improve the order somewhat, but there is really
not a thick enough layer of Al for the self-ordering process to really take effect, as
supported by Table 2.5.”" Some SEM images of samples after a two-step anodization

process are shown in Figure 4.8.

Figure 4.8: SEM images of a sample after a two-step anodization process. The top
surface is shown, displaying improved pore regularity at low magnification (A), at
successively higher magnification (B) and (C), and a cross-sectional image showing the
pore structure at lower magnification (D), and a higher magnification cross-sectional
image (E).



92

In looking at the SEM images in Figure 4.8, the top surface shows much more clearly
defined pores, resulting from the pores forming in the depressions left behind by the
first anodization layer. The pores may not be much more ordered than a single-step
anodization process; however, they may appear that way due to their clearly defined and
broader boundaries. Starting with a film thickness of around 500 nm it is very difficult
to reliably perform a two-step anodization process because if the first anodization step
is too long, there will not be enough Al left to properly anodize in the second
anodization step. It is hard to obtain nanometer level precision when performing the
anodization step. Also, when stripping the first anodization layer, the etching step is
carried out in a mixture of phosphoric and chromic acid at 60°C. This step also needs to
be accurately controlled as the hot acid solution has a tendency of seeping underneath
the insulating lacquer, exposing the metallic underlayers and the electrical connection to
the anodization solution during the second anodization step, short circuiting the
anodization process. Over-etching and reaction with the remaining Al layer are also

concerns.

4.3 Nanowire deposition into the AAO pores
4.3.1 CoPt Nanowires
4.3.1.1 Fabrication of CoPt nanowires

The CoPt nanowires were fabricated using an electrodeposition process as
mentioned previously in section 3.4. Depending on the amount of Al deposited and the
resulting height of the AAO, the length of the nanowires could be varied. However,

great care must be taken to prevent the nanowires from growing past the top of the pore
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structure of the template and overflowing onto the surface of the template. If this does
occur, at first a mushroom shaped cap forms on top of the nanowire base and if
electrodeposition is continued, ultimately a thin film will form on the surface of the
template. Once the nanowire grows past the template it will no longer exhibit the
unique characteristics of a nanowire and will approach those of the bulk material. The
length of the nanowires depends on the electrodeposition time, however, achieving
nanoscale control of the height is very challenging and the height uniformity varies
within a given sample. The most successful results were achieved using a more dilute
electrolyte solution in order to slow down the growth rate during electrodeposition and
obtain finer control.

To determine the correct electrodeposition conditions for the CoPt nanowires it
was necessary to perform preliminary experiments to determine how the composition of
the nanowires varied with the current density. The composition of the nanowires is
very important because when the composition is outside the range of the L1, phase,
shown in the Co-Pt phase diagram in Figure 2.31, high coercivities are not achieved.
Figure 4.9 shows the variation in composition as the electrodeposition current density

Increases.
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Figure 4.9: A graph showing the variation in Co and Pt composition in atomic percent
as determined by EDS analysis when the electrodeposition current density is increased.

At low electrodeposition current densities the rate of Co deposition is much higher than
that of platinum, perhaps due to differences in the ion sizes and their mobilities. As the
current density increases, there is a steady rise in the rate of Pt deposition and a decline
in the rate of Co deposition. The deposition rates of the two elements become
equivalent at a current density of 23 mA / cm’ before diverging again at higher current
densities. Based on these experimental results, an electrodeposition current density of
23 mA / cm® was used for all subsequent CoPt depositions. It should be noted that since
the composition was measured using EDS analysis, it represents the average

composition over a given area rather than the composition of individual nanowires.
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One of the things desired for patterned recording media is short, uniform
nanowires that are isolated from one another. The AAO template serves to separate the
nanowires, but its typically large height is undesirable as the nanowires must be grown
up to the surface or overgrown onto the top of the AAO template and then polished
down to reach the desired height in order to be in close proximity to the surface and
accessible for magnetic applications. Both of these approaches create problems. The
polishing procedure introduces another complex process to the fabrication and may
result in sample contamination from the polishing slurries. Long nanowires are not
advantageous because it is desirable for easier magnetization that the height or length of
the nanowires needs to be relatively short, typically less than five times the diameter of
the nanowire for a given intensity of the write head field. For these reasons, short CoPt
nanowires approximately 100 nm long reaching the top of the AAO template were
fabricated.

To fabricate these nanowires, it was first necessary to produce a thinner AAO
structure. This was accomplished via a two-step anodization process starting with an
initial Al layer thickness of ~500 nm. The first anodization step lasted for 5 minutes
and then following the stripping of the first anodization layer the remaining Al layer
was completely anodized. The template that was formed exhibits ~20 nm diameter
pores with an average spacing between holes of ~50 nm. The CoPt nanowires were
then electrodeposited into the pores at a current density of 23 mA / cm® with the
deposition time being carefully controlled in order to prevent overgrowth. Figure 4.10

shows an SEM image of the fabricated structure consisting of the AAO template and the
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CoPt nanowires. The image was obtained by cleaving the sample to produce a visible

edge while still maintaining the integrity of the AAO template.

Figure 4.10: SEM image showing the AAO template and embedded CoPt nanowires,
the edge was exposed by fracturing the sample, showing the height of the nanowires
and the template.
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Figure 4.10 shows that the pores of the sample, and therefore the nanowires, have an
approximate average height of ~100-150 nm and an average diameter of ~20 nm, giving
them the desirable 5:1 aspect ratio (length : diameter) as mentioned above. The top of
the CoPt nanowires, show a circular geometry that in some cases is beginning to
broaden out slightly larger than the nanowire diameter which is consistent with
scalloped shape of the tops of the pores resulting from the two-step anodization process.
The height of the nanowires is dependent on the time and other parameters of the
electrochemical deposition. Here, the electrochemical deposition for the CoPt
nanowires shown in Figure 4.10 took only about one minute. The CoPt nanowires fill
the pores with a relatively uniform height, reaching the top of the pores without
growing out of the pores or forming a film of CoPt on the surface of the AAO layer.
Using different Al film thicknesses and varying the electrodeposition time it is possible
to fabricate longer nanowires and shorter nanowires. Figure 4.11 shows CoPt

nanowires of several different lengths that have been fabricated.
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Figure 4.11: SEM images showing CoPt nanowires of different lengths that have been
fabricated, ~30 nm (A), ~100 nm (B), ~500 nm (C), and a low magnification image
showing the coverage of CoPt nanowires on the substrate (D).

In Figure 4.11 (B) the ~500 nm nanowires are slightly longer than the pores and as the
nanowire grows out of the shelter of the pore structure it begins to broaden out and form
a mushroom cap on top of the nanowire structure. Figure 4.11 (D) shows the extent and
efficiency of nanowire coverage on the surface of the substrate. For the most part, the
surface is uniformly covered with nanowires of approximately the same height, albeit

with some local variations. There are, however, some areas showing no nanowire
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nucleation. These may result from local variations in the barrier layer thickness,
leaving an insulating covering layer over the underlying Au layer.

Another interesting view of the CoPt nanowires inside of the AAO template can
be obtained using focused ion beam (FIB) techniques. Using an FIB, the edge of the
AAO template can be removed by ion milling at an angle so as to expose the CoPt
nanowires inside of the AAO template. Figure 4.12 shows the resulting image obtained

when the correct processing parameters are chosen.

Figure 4.12: An SEM image of CoPt nanowires exposed by ion milling from a focused
ion beam to remove the surrounding AAO template.
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The CoPt nanowires can be seen extending perpendicularly upwards from the substrate
in the region where the AAO template has been removed by FIB. The parts of the AAO
template that have not been removed are seen as the white layer covering the nanowires.
This shows how the nanowires that were grown remain inside the porous layer and did
not grow out onto the surface of the AAO template.

To convert the nanowires to the L1, phase a high temperature annealing
treatment is necessary, as was previously discussed in section 2.4.2. One of the
advantages of the AAO template is that even with this high temperature heat treatment
at 700°C the nanowire diameter is maintained without coarsening since the CoPt

nanowire array is laterally constrained by the surrounding AAO matrix.

4.3.1.2 Microstructure and composition of CoPt nanowires

The composition of the ~20 nm diameter CoPt nanowires deposited in the AAO
template was determined by EDS analysis to be on average approximately 50:50 in
atomic %, with possible nanowire compositions likely ranging between CogoPts to
CoaoPtso. This variation is within the typical composition range of the L1y CoPt phase,
according to the phase diagram appearing in Figure 2.31. The as-deposited CoPt
nanowires exhibit low coercivity and are clearly not in the L1y phase, most likely
having a disordered FCC structure. The physical characteristics of the nanowires can be
observed from the SEM images shown above in Figures 4.10, 4.11, and 4.12.

The EDS analysis was quite sensitive to the composition of the nanowires. To
obtain a more accurate measurement, EDS measurements were taken at multiple

magnifications ranging from 100,000X to 10,000X, and the numerical results for atomic
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percent composition were then averaged. In comparison to the abundance of other
elements, namely Si from the underlying Si wafer and Al and O from the AAO
template, there were relatively small amounts of the Co and Pt elements. The
penetration depth for EDS measurements is on the micron scale so it is not merely the
surface area that the elements cover, but their total volume. When this is taken into
account there is obviously much more Si detected than anything else, as the nanowires
and AAO template are at most only 500 nm thick. Figure 4.13 shows an EDS scan

obtained for a sample of CoPt nanowires after the annealing treatment.
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Figure 4.13: An EDS scan showing the number of counts obtained for each element in
a sample of CoPt nanowires subjected to a post-deposition annealing treatment at
700°C.

From the figure, the tallest single peaks are from the Si, Al, and O. The Al and O show
the presence of the AAO template, even after the annealing treatment. Other elements
that show up are Ti, Au, and Ni, comprising the metal underlayers between the Si and

the Al. The Ni still exists in small amounts, as it remains intact under the AAO

template regions between the pores and as part of a partially anodized Ni,O; 4 layer.
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The Ti layer is completely covered by the Au layer and is never exposed to any
electrochemical environment and is therefore unaltered throughout the experimental
process. The Co and Pt peaks are interspersed with many of the other elemental peaks.
The composition of the CoPt nanowires from this sample was measured to be CoagPts,.
After depositing the nanowires an annealing treatment was necessary to convert
the as-deposited material to the ordered L1y phase. The heat treatment was performed
under a hydrogen atmosphere to prevent any oxidation during exposure to the high
temperatures required. An annealing temperature of 700°C was used based on prior
reports.'® %11 A plot of the heat treatment schedule is shown in Figure 3.3 and more
details of the experimental setup for the furnace are given in section 3.5. Unfortunately,
the setup and characteristics of the furnace required very long cool down times before
safe temperatures could be reached to prevent any oxidation on exposure to the
atmosphere when the sample was unloaded. This can be seen from Figure 3.3 where
the furnace cooled from 700°C to 300°C in 150 minutes, with further cooling
continuing at even slower rates. Typically, the samples were allowed to cool overnight
to room temperature after annealing before they were removed from the furnace. These
long cooling times negated the effects of varying the annealing time on the magnetic

properties, with essentially no influence shown.

4.3.1.3 Magnetic data for CoPt nanowires
The magnetic properties of the CoPt nanowires were measured with an
alternating gradient magnetometer (AGM) as this provided better sensitivity than a

standard Vibrating Sample Magnetometer (VSM). Measurements were performed on
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samples similar to that shown in Figure 4.10 with short ~100 nm long nanowires with a
diameter of ~20 nm inside of a thin ~100 nm tall AAO template. Figure 4.14 shows the
M-H loops measured in the in-plane and perpendicular directions for the as-deposited
and annealed ~20 nm CoPt nanowires. The M-H loops shown are normalized to the

maximum applied field of 14 kOe in order to present a more accurate comparison.
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Figure 4.14: M-H loops showing the magnetic properties of the annealed and as-
deposited CoPt nanowires, measured in the in-plane direction parallel to the substrate
(A), and in the perpendicular direction along the nanowire axis (B)."*’
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As shown in Figure 4.14 (A), the as-deposited sample exhibits an in-plane
coercivity of only 110 Oe and a saturation moment of ~510 emu / cm’, as estimated
based on the volume of the magnetic CoPt nanowire material in the AAO template. In
order to improve the magnetic properties of the CoPt nanowires, the sample was
annealed under a hydrogen atmosphere at 700°C for 30 minutes to form the ordered L1
phase. Following annealing, an in-plane coercivity of 8.5 kOe was obtained for the
CoPt nanowires. Due to annealing, the magnetic moment of these nanowires increases
to ~720 emu / cm’. While the M-H loop is not saturated, it appears to be close to
saturation. The observed magnetic moment is comparable to the known saturation
value of 800 emu / cm’ for the L1, CoPt phase, although it is still ~10 % lower than the
reported value, presumably due to inaccuracies in estimating the volume of CoPt
material and also the intensity of the applied magnetic field."®

Figure 4.14 (B) shows the M-H loops measured in the perpendicular direction,
along the growth direction of the nanowires, for both the as-deposited and annealed
CoPt nanowires. Similar coercivity values were obtained for both perpendicular and in-
plane directions. The as-deposited CoPt nanowires show a perpendicular coercivity of
170 Oe, which increased to 7.7 kOe after annealing. The larger perpendicular
coercivity for the as-deposited CoPt sample is due to the effects of shape anisotropy
resulting from the aspect ratio of the nanowires. Though it is still present in the
annealed samples, the influence of shape anisotropy is not seen in the M-H loop
because the large magnetocrystalline anisotropy resulting from the ordered L1, phase is
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much more dominant. ™ The fact that the M-H loops measured in-plane and

perpendicular show nearly-isotropic magnetic behavior could be due to the fact that the
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nanowires may not be oriented in the proper anisotropy direction. The shape of the
hysteresis loops in Figure 4.14 and the fact that the measured magnetic moment of these
samples is lower than that reported for the pure L1, phase probably indicates the
presence of two phases. As reported in previous papers, the phases are most likely the
face-centered cubic and face-centered tetragonal L1 phases of CoPt alloys.'* ' There
are in fact two possibilities for a near uniform CoPt composition, either one phase is the
ordered L1y phase with the other being the low-H, face centered cubic (fcc) CoPt phase,
or both are the L1, phase but with different stoichiometry and therefore different
magnetic anisotropy and coercivity. In the event of localized composition variations it
is possible that other phases such as the L1, CoPt; or the hexagonal close packed (hcp)
CosPt phase might be present, which could also account for the difference in properties
from those reported for the pure L1, phase.149

The presence of multiple phases and the possibility of localized composition
variations may also result from difficulties in controlling the composition of the
nanowires. Mallet et al. reported problems in controlling the composition of 35 nm
diameter CoPt nanowires due to hydrogen evolution during the electrodeposition
process, however, no difficulties were reported when depositing larger 80 nm diameter
nanowires.'” It seems that this becomes increasingly problematic as the AAO pore size
decreases. Similar problems may occur in the case of these ~20 nm diameter pores, and
may even be enhanced by the smaller diameter pores, thereby explaining some of
problems in obtaining a uniform composition. During the electrodeposition process the
AAO samples routinely come into contact with many different chemical species in the

complex bath solutions. Because of this, sample contamination was a big concern. To
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minimize this possibility, the samples were thoroughly rinsed in deionized water before
and after electrodeposition to clean the sample and remove any traces of foreign
elements from the anodization electrolyte and the electrodeposition bath. Despite this,
there was still a chance of impurities being incorporated into the deposited nanowires.
EDS analysis never confirmed the presence of any contaminating elements, save for
occasional traces of copper which must have originated from exposure of the
conducting copper electrical lead due to poor coverage with the insulating lacquer.
There was one previously published paper citing the influence of Cu doping in FCC
CosPt nanowires in which the authors observed a slight increase in the coercivity from
600 Oe to 850 Oe with the addition 19 atomic % Cu."”® The amount of Cu detected
during EDS analysis of the samples for this research was very small, less than 1 atomic
%, typically on the scale of the amount of error in the EDS measurements, and the
majority of times Cu was not detected at all. The magnetic data acquired for various
samples showed no enhancement or reduction in coercivity for samples with detectable
amounts of Cu.

In efforts to fabricate magnetic nanowires with perpendicular anisotropy,
attempts were made at using different underlayer materials to promote specific
crystallographic orientations within the CoPt nanowires. Pattanaik et al. reported that
using an Ru underlayer facilitated the growth of an oriented hexagonal Co-rich CogoPtz
thin film deposited via electrodeposition.'””' The 150 nm thin film exhibited
perpendicular coercivities of 4.5 kOe with in-plane coercivities of only ~250 Oe.'*’
When trying to adapt this approach to AAO templates there was a problem with the Ru

compatibility to the anodization process. During anodization the Ru layer reacted with
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the anodization solution resulting in the detachment of the AI/AAO layer. Attempts
were made at using a Ni buffer layer between the Ru layer and the Al layer but this did
little to alleviate the problem and towards the end of anodization the same delamination
of the Al layer was observed. If the anodization process was stopped short of fully
consuming the Al layer then there was no electrical connection between the
electrodeposition solution and the Ru underlayer and no nanowires could be formed. It
is also likely that the presence of a Ni intermediary layer would negate the benefits of

the Ru layer.

4.3.2 Ni/CoPt composite nanowires
4.3.2.1 Fabrication of Ni/CoPt composite nanowires

The coercivity of the fabricated CoPt nanowires discussed in the previous
section is quite large and may pose significant problems for potential magnetic data
recording at currently available magnetic write head fields. One approach of solving
this problem is to create a composite nanowire structure combining soft and hard
magnetic materials. This type of composite recording media was proposed in 2005 by

Victora and Shen.'>

Using exchange coupling between the two layers, the soft
magnetic layer assists the switching of the hard layer by altering the direction of the
applied field, allowing switching of the hard layer with a lower applied field.'"”® From
the theoretical studies, the best results were found when the ratio of saturation
magnetization of the soft layer to the hard layer is 0.1 — 0.3 and the coercivity of the

152

hard layer is much greater than the coercivity of the soft layer.”™* The relative volumes

of the layers is also a factor but in the studies mentioned it was fixed at the volume of
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the soft layer being twice that of the hard layer.">'>* As of yet, there have been no
experimental reports of soft/hard nanowire composite materials that approximate this
type of composite media structure. As part of this research work, successful fabrication
of arrays of soft/hard composite nanowires has been accomplished and the magnetic
properties have been measured.

To give a clearer picture of the structure, a schematic diagram showing the
Ni/CoPt composite nanowires within the porous AAO matrix is shown below in Figure

4.15.

Figure 4.15: A schematic diagram showing the structure of the fabricated Ni/CoPt
composite nanowires in the AAO template.
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As the figure shows, the presence of the Ni film underneath the segments of Ni
nanowires also serves as a soft magnetic underlayer (SUL). The presence of the soft
magnetic underlayer enhances the available write head field by channeling the magnetic
flux from the write pole to the return pole, essentially placing the magnetic medium
between two poles.”” There is also evidence that the presence of an SUL helps to
increase the signal-to-noise ratio in AAO-based patterned media."* An SEM image of
the as-deposited Ni/CoPt nanowires is shown in Figure 4.16 from a viewing angle of

45°.

Figure 4.16: SEM images showing the composite Ni/CoPt nanowires from a 45° angle
after removal of the AAO template via chemical etching to expose the nanowires, at
lower magnification (A) and higher magnification (B).

The nanowires were exposed by removing the AAO template via chemical etching in a
sodium hydroxide solution. The diameter of the nanowires is ~25 nm and the average

spacing between the nanowires is ~50 nm, when measured from center to center of

adjacent nanowires. As with the CoPt nanowires discussed in the previous section, the
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height of the nanowires is dependent on the time and other electrodeposition
parameters. Here, the electrochemical deposition for the Ni/CoPt nanowires shown in
Figure 4.16 took, in total, only about one minute to reach a length of ~100 nm with
individual deposition times of 20 seconds to form ~80 nm of Ni and 120 seconds to
form ~20 nm of CoPt. The Ni/CoPt nanowires have a desirably small aspect ratio

(length : diameter) of approximately 4:1.

4.3.2.2 Microstructure and composition of Ni/CoPt nanowires

The composite Ni/CoPt nanowires were fabricated using two electrodeposition
steps. First the Ni segments of the nanowires were deposited and the sample was
thoroughly rinsed and then soaked in deionized water to remove any traces of Ni
electrolyte solution. Following this, the CoPt segment was deposited and then the
sample was rinsed and soaked again in deionized water prior to the supercritical drying
technique outlined in section 3.5. The relative length of the nanowire segments was
determined by SEM analysis after each electrodeposition step to within a margin of
error of 10 nm when taking into account variations in the uniformity of the nanowire
heights. The composition of the CoPt segments was measured using EDS analysis in
the same manner that was described in the previous section on the CoPt nanowires and
ranged from CogPtso to CosoPtsp, which is within the typical composition range of the
L1, CoPt phase. An annealing treatment was necessary to convert the as-deposited
CoPt to the ordered L1, phase and was also performed the same way as previously

described.
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4.3.2.3 Magnetic data for Ni/CoPt nanowires

To see the influence of the two-layer composite structure on the magnetic
properties, separate samples with Ni and CoPt nanowires of the same height as the
Ni/CoPt samples were prepared and annealed using identical conditions. The as-
deposited CoPt and Ni/CoPt nanowires exhibit low coercivity due to the lack of L1,
phase CoPt. The ordered L1, phase was formed during annealing and subsequent
increases in the coercivities were obtained. M-H hysteresis loops measured along the

nanowire axis, perpendicular to the substrate, are presented in Figure 4.17.

1.0 a» CoPt
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Figure 4.17: M-H hysteresis loops measured in the perpendicular direction along the

nanowire axis for the annealed CoPt, Nizonm/ CoPtgonm, Nisonm/ COPt50nm, Nigonm/
CoPtyonm, and Ni nanowires, all with equivalent lengths of ~100 nm.">
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The figure shows the comparative data for the Ni nanowires only (100 nm tall), CoPt
nanowires only (100 nm tall), and three different 100 nm tall Ni/CoPt composite
nanowires, consisting of ~80 nm Ni and ~20 nm CoPt (Niggnm/ CoPtaonm), ~50 nm Ni
and ~50 nm CoPt (Nisonm/ CoPtsonm), and ~20 nm Ni and ~80 nm CoPt (Nizonm/
CoPtgonm). The M-H loops for all the samples were measured after the annealing
treatment. The Ni nanowires exhibit relatively soft magnetic coercivity of 240 Oe,
while the CoPt nanowires show a very high coercivity of at least 10.97 kOe. The real
coercivity of the CoPt nanowires is likely to be much higher as the nanowires were not
saturated with the maximum applied field of 14 kOe that our AGM is capable of
applying. This is also true for the coercivity of the Niyonm/ CoPtgonm nanowires. The
two-layer Ni/CoPt nanowires all exhibit intermediate coercivities between those of the
CoPt and Ni nanowires of 5.13 kOe for the Nizonm/ CoPtgonm, 3.59 kOe for the Nisonm /
CoPtsonm, and 1.96 kOe for the Niggnm/ CoPtronm.

Compared to the data shown for the CoPt nanowires presented in the previous
section, the composite nanowires do show different magnetic behavior in the in-plane
and perpendicular directions. Figure 4.18 shows the M-H loops for the three different
compositions of composite nanowires measured in the in-plane and perpendicular

directions.
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Figure 4.18: M-H loops showing the magnetic properties of the annealed composite
Ni/CoPt nanowires measured in the in-plane and perpendicular directions for the Niyonm

/ CoPtgonm (A), Nisonm/ CoPtsonm (B), and Nigonm/ CoPtyonm (C) samples.'
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The coercivity for the Nigonm / CoPtyonm nanowires in the perpendicular direction is
significantly higher than in the in-plane direction, 1.96 kOe versus 730 Oe. This
probably indicates the influence of shape anisotropy and perhaps some perpendicular
anisotropy due to the texture and orientation of the nanowires. By increasing the ratio
of CoPt to Ni, the coercivity can be increased as the M-H loops show for the varying
compositions. The measured coercivities for the Nisonm / CoPtsonm sample were 3.59
kOe in the perpendicular direction and 1.38 kOe in-plane and the Niyonm / CoPtgonm
sample were 5.10 kOe perpendicular and 1.92 kOe in-plane. A summary of the

coercivities for the different nanowire compositions is presented in Table 4.2.

Table 4.2: Data table summarizing the coercivities measured in the perpendicular and
in-plane directions for the different nanowire compositions.

Composition Coercivity (kOe)
P Perpendicular In-Plane
CoPt 10.97 9.79
Nizgnm / CoPtggnm 5.10 1.92
Nisgnm / CoPtsonm 3.59 1.38
Niggnm / COPtygnm 1.95 0.73
Ni 0.24 0.16

The shape of the M-H loops for the composite nanowires gradually shifts as the
composition changes. Figure 4.17 shows the broadening out of the M-H loops and the
increase in coercivity as the amount of CoPt relative to the amount of Ni increases. The
influence of the soft Ni layer can be seen in how the M-H loop is still constrained in the

midsection and has a tall and thinner shape compared with that of the pure CoPt, which
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shows a tall and wide M-H, loop shape. As the amount of Ni decreases, its influence on
the magnetic properties can be seen especially in the in-plane measurement of the
Nizonm / CoPtgonm sample where the M-H loop looks considerably different from the
other in-plane M-H loops with larger relative amounts of Ni.

The data indicates a trend that the presence of the soft magnetic bottom layer
reduces the field required to reverse the CoPt nanowire segments on top. Because the
M-H loop for the Ni/CoPt nanowires contains the magnetization switching of both the
CoPt and the Ni, it is not easy to separate the individual component M-H loops.
Attempts to separate the M-H loop into its Ni and CoPt components reveal that the
coercivity of the CoPt recording layer decreases while the coercivity of the Ni
underlayer increases. This indicates magnetic coupling between the two layers and
demonstrates the overall reduction in the coercivity achieved with the Ni/CoPt
composite nanowire structure.

In reports published by Dobin and Richter, theoretical calculations and
micromagnetic modeling were performed on thin film composite media systems.'>* ">’

The authors devised a generalized equation for calculating the switching field, Hsw,

needed to switch the composite structure:

H _ H HARD — 7" H SOFT M SOFT 'ASOFT 156
SW T .
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Here, Mot and My,yq are the saturation magnetizations of the soft and hard layers, Ao

M HARD * AHARD

and Aparg are the anisotropy fields of the soft and hard layers, and y represents the ratio

156

of the domain wall energies of the soft and hard layers. ” This formula was derived for

thin films with the same thicknesses of hard and soft materials and does not cover
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nanowire type structures. Recently, mathematical modeling and theoretical calculations
were performed by Loxley and Stamps on a proposed hard/soft magnetic two-layer
nanowire structure to estimate the magnetic reversal properties.'”® The mathematical
calculations in that work are based on smaller diameter, d < ~10 nm, half hard magnet
and half soft magnet nanowires of infinite length. The small diameters allow them to be
considered as one-dimensional single magnetic domain structures and the infinite length
negates any edge effects. An important result from this analysis was that if the
anisotropy constant of the hard magnetic material is much greater than that of the soft

magnetic material, Kgyarp >> Ksorr, then the magnetic field required for reversal is:

H K HARD
SW

215My

I

2

corresponding to a switching field 25% of that required for reversal of an uncoupled
hard layer."”® This approximation is relevant in our Ni/CoPt structure, as the anisotropy
constants, K, of Ni and CoPt are ~5.0 x 10* erg/ cm® and ~4.5 x 107 erg / cm’,
respectively.”” '®* Although, this equation relates only to one-dimensional analysis and
does not consider any variation in the relative amounts of hard and soft material. The
presence of larger multiple magnetic domains in the nanowires fabricated in this
research work will certainly affect the magnetic switching behavior. However, the
perpendicular coercivity of the Nisoym / CoPtsonm nanowires was measured at 3.60 kOe
which is about 33% of the coercivity of the pure CoPt nanowires. This amount of
reduction in coercivity agrees fairly well with the predicted reduction to 25% as
proposed by Loxley and Stamps.'*® Considering that the coercivity of the fabricated

CoPt nanowires was measured at 10.97 kOe and is likely to be higher since the M-H
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loop is not saturated, the reduction in coercivity should therefore be larger, and the
agreement seems quite good. As of yet, there has been no theoretical treatment of either
larger diameter nanowires dealt with as three-dimensional structures or nanowires with
varying amounts of hard and soft material. Regardless, the experimental data for the
other Ni/CoPt composite nanowire samples demonstrates the general trend in the
reduction of the coercivity. With four times more Ni than CoPt the measured coercivity
of 1.95 kOe for the Nigopm / CoPtrgnm nanowires is 18% of the value for the CoPt
nanowires. For the Niyonm / CoPtsonm nanowires and with four times more CoPt than Ni,
the measured coercivity is 46% of the coercivity of the CoPt nanowires. The latter
result shows the benefit of a relatively thin layer of soft magnetic material in reducing
the effective coercivity. Such reductions in the measured coercivity are among the
potential benefits of hard/soft exchange coupling in a hard/soft two-layer nanowire
structure.

In fact, exchange coupling may not be the only factor responsible for the
observed reduction in coercivity. The Ni nanowire segments may serve as magnetic
field-concentrating poles, effectively increasing the applied field on the CoPt portion of
the composite nanowires. Another possible explanation for the reductions in coercivity
is interdiffusion during annealing between the Ni and CoPt segments that could result in
the formation of a ternary L1, alloy of Co-Pt-Ni. Although, this explanation seems
unlikely because significant interdiffusion would be reflected by a third magnetization
behavior in the M-H loops shown previously. However, no such effect is observed in

the data, but it is likely that minor diffusion between the hard and soft layers does occur
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around the interface region due to the high temperatures reached in the annealing

process.

4.4 Nanoimprint lithography using an AAO based master

Using the regularity of AAO templates it is possible to create an imprinting
master stamp as a means to replicate the pore array. Some background material on
imprinting technology was presented previously in section 2.3.3. Imprinting with an
ideally ordered master stamp can be used to pre-pattern the aluminum surface yielding a
very regular pore array. The master stamps are typically made using a costly and time-
consuming serial electron beam lithography process, making them very valuable. The
nature of the imprinting process makes them vulnerable to mechanical damage and
degradation while repeated use only increases the likelihood of this happening.
Because of this, it is desirable to minimize the use of the master stamp by replicating it
and creating what is known as a daughter stamp.'®" Typically, this is done by using the
master stamp to imprint a polymer or photoresist layer and then using the imprinted
material as a means to replicate the shape of the master stamp.'®* '**1%* For this
research work, a technique has been developed using the anodization characteristics of
Al and electrodeposition to replicate a master stamp pattern and produce a daughter
stamp.

While the full application of this process to replicate a master imprinting stamp
pattern obviously requires a master imprinting stamp, it is still possible to demonstrate

the technique without one. For clarity, Figure 4.19 shows a schematic diagram of the
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process steps used to replicate a master stamp, which is described in further detail

below.

Figure 4.19: Schematic diagram showing the process steps in the replication of an
imprinting master stamp: (A) an ideally ordered pore structure prepared from anodizing
an Al film imprinted by the master stamp, (B) electrodeposition of nanowires into the
pores and onto the surface of the AAO template, (C) chemical dissolution of the Si
substrate and AAO template leaving only the nanowires, (D) imprinting of an Al film
using the prepared nanowire array, and (E) an imprinted film with ordered surface
depressions, ready to repeat the process.
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In the full process, the master stamp would first be used to imprint the surface of an
aluminum film on a silicon substrate, pre-patterning the surface and yielding an ideally
ordered pore array after anodization. In the absence of the master stamp, the Al film is
anodized without imprinting, resulting in a more randomly ordered pore array on the
surface, with better regularity at the pore base. After this, an electrodeposition step is
performed and nanowires are deposited into the pores and allowed to grow out over the
top of the AAO template to form a metal film. For the demonstration of the principle,
Ni nanowires were used, although it is possible to use other metals and alloys to
possibly obtain a more rigid imprinting stamp. The electrodeposition was carried out
over a long time, in some cases being left overnight, to build up a very thick Ni film.
To provide added structural support and serve as a handle, a piece of quartz was affixed
to the top side of the thick Ni film using epoxy. Although the thick Ni film was strong
enough to be manipulated on its own, the quartz backing plate allowed for easier
manipulation. The sample was then immersed in a solution of 40 weight % potassium

165 Dissolution of the

hydroxide (KOH) at 60°C, an optimal condition for dissolving Si.
entire Si substrate generally took about six hours, and the basic KOH solution also
dissolved the AAO template at the same time without reacting with the Ni nanowires
and film. The freestanding Ni nanowire array that resulted was still covered by the thin
Au underlayer, which was etched away using a commercially available Au etching

solution to expose the Ni nanowires. The fabricated structure exhibits nanowires of

identical height due to the flat and smooth Si substrate that was used as the base
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material. Figure 4.20 shows some top view and cross-sectional SEM images of the

freestanding Ni nanowire arrays that were fabricated.

Figure 4.20: SEM images of the freestanding Ni nanowire arrays produced using the
procedure described in the text, (A) top view of the nanowire bases that were attached
to the Si substrate, (B) cross-sectional lower magnification image of a sectioned Ni film
and nanowire array with the film crumpled during sectioning, and (C) higher
magnification cross-sectional image, again crumpled during sectioning.
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The top view SEM image shown in Figure 4.19 (A) looks quite similar to top view
images of nanowires prepared in the AAO pores as shown in Figure 4.10 (D). This is to
be expected as they are embedded in similar pore structures and are electrodeposited in
the same way. The Ni nanowires here exhibit a vertical structure the same as the CoPt
nanowires shown in Figure 4.10. In mechanically sectioning the thick Ni film and
nanowires to produce a suitable edge for cross-sectional SEM images it was not
possible to maintain the structural integrity of the sample. As a result, some bending
and crumpling of the thick film occurred resulting in the distorted surface topography
shown in Figure 4.20 (B) and (C).

Because no imprinting master stamp was used to produce an ordered pore array
the resulting Ni stamp with randomly arranged Ni nanowires has limited utility.
However, this simplified technique for replicating a master stamp would certainly be an
economical and practical method for creating daughter stamps without degrading the
master stamp. Hopefully the opportunity to use this technique will arise in future

research efforts and it will prove useful and beneficial.



CHAPTER 5: SUMMARY, CONCLUSIONS, AND FUTURE WORK

In summary, it was shown how magnetic nanowires and composite nanowires
can be deposited within the pores of anodized aluminum oxide templates.

Perpendicular coercivities up to 10.97 kOe were obtained for 25 nm diameter, 100 nm
tall CoPt nanowires. The high coercivity of the CoPt nanowires can effectively be
reduced to a desirable level by creating a composite structure blending an underlying
soft magnetic material such as Ni with a top layer of a hard magnetic material like CoPt.
The fabricated Ni/CoPt nanowires exhibited intermediate coercivities between those of
their Ni and CoPt constituents. Three different compositions of 25 nm diameter and
~100 nm tall composite nanowires were produced, Nizonm / CoPtgonm, Nisonm / CoPtsonm,
and Nigonm / CoPtyonm. The measured perpendicular coercivities for these were 5.10
kOe, 3.59 kOe, and 1.95 kOe, respectively. The data shows how the relative amounts
of Ni and CoPt influence the measured coercivity and magnetic switching behavior of
the nanowires. Additionally, a technique using the characteristics of anodized
aluminum oxide and an electrodeposition step to replicate a master imprinting stamp for
nanoimprinting was demonstrated.

The goal of this work was to produce a structure using the anodized aluminum
membranes that could potentially be used in magnetic data storage applications as a
patterned media device. While we were able to fabricate a porous structure with
magnetic nanowires with some desirable properties, there are still many challenges to

overcome before a structure such as this could be used in a data storage device.

123
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One of the most critical challenges, and perhaps the biggest hurdle, is creating
an extremely ordered pore structure over a large area on the order of several square
centimeters. For a recording density of 1 Tbit / in” the pores would need to be ~12.5
nm with an interpore spacing of 25 nm. At these distances, even a small variation in the
positioning of the pores such as 1-2 nm would be an error of almost 5-10%. The ability
to accurately locate an individual pore is necessary in any data storage device and with
even a small positioning difference like this leading to a significant error, numerous
errors in writing and accessing information might result. In the event that the position
of one pore might influence that of its neighbors, any error could be catastrophic since
with such a large number of pores this type of cumulative error would quickly move the
pores way out of alignment, rendering the device useless. At the moment, much
research has centered on nanoimprinting as a means to solve this problem. Using
electron beam lithography it may soon be possible to make a functional imprinting
master stamp with feature sizes around 10 nm. However, when working with a serial
process like electron beam lithography the primary concern is the time required to
define all of the features. When considering the vast number of features on something
even the size of a square inch, it might take months of electron beam lithography to
pattern that area. As of now though, this seems to be the best alternative as there are
few, if any, available methods of fabricating features of this small size with such
uniformity and precision over a large area. The necessary nanoimprinting technology is
already available and perhaps with future research work into the electron beam
lithography process, fabricating a near perfectly ordered large-area imprinting master

may soon become a reality. If this does occur, large scale ordered anodized aluminum
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templates would become an economical and viable matrix material for a patterned
media device.

Another challenge in moving towards an AAO based data storage device is the
surface roughness of the anodized aluminum membrane. With the magnetic recording
head needing to move across the surface at such small separation distances, on the order
of a few nanometers, an extremely smooth surface with an RMS roughness of ~5 A is
necessary. With proper polishing equipment and the correct chemical mechanical
polishing techniques and parameters this should be achievable, although with such a
composite structure as this there would be concerns of preferential material removal
leading to non-uniformities over the larger surface areas needed for a device.

The third main issue is the uniformity of the magnetic properties of the
nanowires. The possibility exists that there may be some variation in the magnetic
properties of the nanowires. Obviously such fluctuations would need to be minimized
in a data storage device because if the coercivity of one nanowire were much higher
than the average, the magnetic field applied by the magnetic recording head might not
be strong enough to write or erase the data. Statistically speaking, there should be a
very small standard deviation for the values of the coercivity. As of now, there is not
really a good method of measuring the coercivity of a nanoscale feature with the size of
a single nanowire. While magnetic force microscopy (MFM) may be able to provide
some magnetic data, it is still challenging to attain the characteristics of such small
features without influencing the neighboring regions. Even with refinements, MFM
would still prove to be a very time-consuming way to analyze large sections of a device.

Lacking such a necessary measurement method, the magnetic properties could be
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inferred by comparing the structure of many nanowires through transmission electron
microscopy, assuming that similarities in structure would translate to similarities in
magnetic properties. Even if such a comparison were accurate, it would be incredibly
time consuming to analyze a statistically relevant number of nanowires with a TEM.

It is also necessary to determine the optimum coercivity for the most efficient
device operation. Further work in this area should center around selecting the right
materials to either alloy together or by combining different materials to form a
composite structure as shown here with the Ni/CoPt nanowires. Proper materials
selection along with fine tuning of the electrodeposition and post-processing conditions
should lead to a material with ideal properties.

Despite these main roadblocks that exist, the primary foundation of research
already completed indicates that there is tremendous potential for anodized aluminum
oxide templates in the field of magnetic recording technology. The central question that
arises is whether or not a competing patterned media method or even an alternative
storage technology will come to fruition before these problems can be solved. With
other storage option such as holographic data storage being studied there is some
competition. However, many of the requirements that the hard disk industry is looking
to fulfill could be met by using anodized aluminum oxide templates. With advantages
such as potentially high throughput, ease of production, low cost materials, and the
flexibility in terms of substrate size, pore size, and pore spacing; it is clear to see why
there has already been such a prodigious amount of funded research in this field.

Hopefully, the research accomplished as part of this project will open some new

avenues for advancement in this field. The ability to synthesize hard and soft magnetic
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composite materials could be very advantageous in many applications and could prove
to be a central point in facilitating easier magnetic switching in the high coercivity
materials needed to overcome the superparamagnetic limit that has currently derailed
longitudinal recording technology.

As the world’s population continues to expand and everyday life moves further
into the digital world, we will continue to amass more and more data, in the form of
pictures, music, e-mails, or documents. In conjunction with this are people’s desires for
small size and easy portability, evidenced by the explosion in, PDAs, cell phones, and
MP3 players. Unless new storage methods can be implemented, we will soon reach a
maximum in the amount of information that these little devices can store. It would
certainly be very beneficial if new technology such as patterned recording media can be
developed to prevent this from happening. In the event that this does happen, it will be
a great accomplishment to have worked and contributed to such an important

technological advancement.
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