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Abstract
Patterned magnetic materials are potential candidates for magnetic data storage. Many different techniques have been proposed to fabricate uch materials, but the high costs involved
have limited their commercial viability. We propose a fast and cheap method of fabricating patterned magnetic materials by electrodepositing through spin coated silica colloidal
templates.
The structure of the templates prepared by spin coating was analyzed by using scanning
electron microscopy, laser diffraction and atomic force microscopy. The structure, thickne s
and symmetry present in the templates depends on the spin speed and type of solvent used
in making the colloidal suspension for spin coating. W found that the templates are unique
orientationally correlated polycrystals, exhibiting short-range positional order and long-range
radial orientational correlations [C. Arcos, K. Kumar, W. Gonzilez-Viiias, R. Sirera, K.M.
Poduska and A.Yethiraj. Physical Review E, 77:050402/1-4, 2008.] .
Based on these templates, a method for preparing patterned cobalt electrodeposits was
devised. Scanning electron microscopy (SEM) studies showed that electrodeposition produces a cobalt anti-dot array, which conserves the four or six-fold symmetry present in the
template. A method for calculating the lateral periodicity and thicknes uniformity of the
sample by SEM and atomic force microscopy (AFM) was devised.
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Chapter 1
INTRODUCTION
In this chapter, we will introduce colloidal self-assembly and its use as a templating technique
for the production of a patterned array of a material. We will discuss the importance of
studying magnetic patterned arrays and the techniques being used to prepare them. After
discussing our choice of cobalt as a system to study, an overview of the thesis is given.

1

1.1

COLLOIDS

The name colloid was given to "glue-like" materials by Thomas Graham in 1861. 1 The
colloids came to his attention while studying the pro ess of osmosis, i.e. the diffu ion of
particles from a solution to a pure solvent through a membrane. Depending on the number
of constituent atom or molecules, the colloidal regime extends between the length scales of
tens of nanometers to a few micrometers.
Generally, colloidal particles are dispersed in a fluid medium to form colloidal dispersions.
One unknowingly deals with many colloidal disp rsions in daily life, such as milk, paint ink,

etc. In a colloidal dispersion, particles undergo random motion called Brownian motion,
which is due to their thermal motion and collision with the comparatively small-sized particles of the fluid medium. The colloids also possess unique properties of cry tallizing in a
particular crystal structure and showing phase transitions like a molecular ystem. Different interaction forces (such as the electrostatic force and the effective force due to excluded
volume) contribute to the formation of colloidal crystal structures, which are analogous to
those in molecular systems.

1.2

SELF-ASSEMBLY IN COLLOIDS

Colloids have fascinating properties, both as the model system to probe fundamental phenomena (such as phase tran itions, crystallization, melting etc.)

in con dens d matter

physics, and as templates for patterned materials with divers applications. Micron-sized
colloidal particles have gained special attention becau e of their typical length scales (rv
microns) and time scales (rv econds), which are measurable by experimental technique .
Thus, their structure and dynamics can be studied on a single particle level. Moreover,
colloidal crystals are of potential importance in materials science. Colloid can self-assemble
2

in periodic arrays and can form colloidal crystals. Opals are gem stones that are an example of naturally occurring colloidal crystals. Natural opals consist of randomly close-packed
150-500 nm diameter colorless silica particles. 2 Because the three-dimensional array formed
by the silica particles has a lattice constant comparable to the wavelength of visible light,
these natural opals show a beautiful iridescence called opalescence. The structure consists of
high refractive index silica spheres (n
=

~

1.5) filled with air having a lower refractive index (n

1). The periodic modulation of the refractive index contrast between the silica particles

and the air results in the phenomenon of opalescence. Figure 1.1 shows the opalescence in
a colloidal crystal prepared by the dip-coating technique in our laboratory. The ability of

Green reflection

Figure 1.1: A colloidal crystal prepared by the dip-coating technique in our laboratory. The
green color is du to Bragg reflections from a close-packed colloidal crystal.

colloidal spheres to self-organize into crystalline structures with a visible optical length scale
has motivated researchers to synthesize opals and tailor their properties for the fabrication
of devices such as optical sensors, 3 th rmophotovoltaics, 4-6 filters 7 and photonic band gap
structures. 8
3

1.3

SPIN COATING: METHOD T O ASSEMBLE COLLOIDAL SPHERES

Much work i being done by researchers to crystallize colloids in differ nt crystal stru tures
with the help of external forces like shear, 9 • 10 gravitational, 11 electric and electrohydrodynamic fieldsY

14

Making dried colloidal crystals with these methods is slow, taking from

hours to days. In all methods, the colloidal spheres are allowed to diffuse slowly to attain
a stable low-energy configuration. A the solvent evaporates from the colloidal uspension,
the sphere come together due to capillary forces and form a close-packed stru ture on a
substrate. With these slow preparation techniques, one can prepare colloidal crystals of
dimensions 10-100 J.-1m 2 . Like natural opals, the dried colloidal crystals prepared by the
aforemention d method contain a large number of defects. These defects can arise because
of polydispersity in the colloidal particle diameters, or polycrystalline domains or vacancies
(point defects) in the crystal.
The technique of spin coating has been u ed for decades to deposit photoresists, 15 protectiv coatings 16 and anti-reflective coatings on optical components. 17 It can also be used
to produce three-dimensional colloidal crystals. 18• 19 Spin coating is the quickest and most
reproducible method to produce colloidal assemblies. It has been hown to be a robust technique, 18- 20 making large-area colloidal crystals in minutes. The ability to control the film
thickness by tuning spin speed and spin time, and to produce monolayers, are other advantages over other techniques such as dip-coating. Even though a lot of work has been done in
this field, the true structure of spin coated colloidal coatings was still not well known. The
work in this thesis has contributed toward this understanding. 21 The tructure of a colloidal
coating prepared by Jiang et al. 18 was analyzed by scanning lectron microscopy (the top
surfac of the crystal only, and far from the center of spinning) and normal incidence VIS-IR
spectroscopy. The colloidal crystals were prepared by spin coating a suspension of colloidal
4

particles in a less volatile medium, consi ting of a monomer. The spin coated particles were
arranged in hexagonal layers, such that the particles in the bottom layers touched the layers
above. On the other hand, particles within a single hexagonal layer did not touch each other.
Mihi et al. 19 used reflection spectroscopy at normal incidence to study the lattice constant
of spin coated colloidal crystal . All structure analyses were done over small regions and
thus did not reflect the overall structure of a spin coated colloidal film. In this thesis, we
used scanning electron micro copy, laser diffraction and atomic force microscopy to correlate
the local structure of pin coated colloidal film on a larger scale. 21

1.4

TEMPLATED MAGNETIC MATERIALS: SYNTHESIS AND IMPORTANCE

The technology of magnetic data storage has developed rapidly in the last 50 years, with

1-

entists trying to achieve higher areal density and aiming for the higher efficiency, speed and
compactness. FUrther increases of areal density in a conventional thin film media faces limitation due to thermal instability caused by demagnetizing fields at the transition boundary
and noise caused by collective magnetization. This has led to the idea of patterned magnetic
media in which d magnetization effects and noi e arc lowered by bit separation. 22 • 23 Various lithographic techniques, such as e-beam lithography, X-ray lithography, nano-imprint
lithography and interference lithography, have been developed in the last 20 year for the
production of such magnetic media, 24 but higher costs have limited their commercialization.
Template-guided electrodeposition of magnetic materials provides an opportunity to reduc
the cost and scale of periodicity in the deposited magnetic structures to increase the areal
density over large areas, which is not achievable by lithographic techniques. 23 Self-assembly
of magnetic particles them elves on a substrate is an alternative approach to prepare high

5

(B)

(A)

••
••
••
••
•• ••
••
••
Non-magnetic Magnetic
material
material

Figure 1.2: Two types of magnetic arrays. (A) A dot-array con ists of isolated magn tic
structures (dot

wires, ylinders, etc. depi ted in black) separat d by a non-magnetic ma-

terial. (B) An anti-dot array consists of a thin film of the magn tic mat rial (depicted in
bla k) inter per ed with non-magnetic regions (white).

density magnetic media. 25
The process of electrod position or electrochemical deposition was first u d after 1 40
with the development of electrolytes for silver and gold deposition. Today, electrodeposition has made itself compatible with differ nt fi ld , contributing towards fa t and efficient
te hnology. The ability to deposit material into three-dimensional geometries with thickness ranging from a millimeter to a sub-micron scale is one great trength of clectrodeposition. Unlike physical vapor deposition techniques

lectrodeposition provides an advantage

of depositing materials ov r partially-shielded urfa e . Magnetic anay are potential can6

-·

--

-

---~~~~~~~~-

didates for a high density information storage media. These arrays can be divided into
two categories, i.e. dot and anti-dot arrays. The fir t ategory dot-arrays, consist of i elated magnetic structures (dots, wires, cylinders, etc.) separated by a non-magnetic material
(Figure 1.2A). Alternatively, anti-dot arrays consist of a thin film of magnetic material
interrupted by non-magnetic regions (Figure 1.2B). Either dot or anti-dot arrays can be
prepared by electrodeposition, depending on the type of template used. People have examined magnetic arrays prepared by electrodeposition through various kind of template , such
as nanochannel alumina, 26 track-etched membranes, 27 spin coated block co-polymcrs2 and
self-assembled colloidal crystals. 29- 32 Though lack of long-range order has limited the use of
the self-assembled colloidal crystals as templates, the advantage of controlling the shape and
ize of electrodeposited magnetic stru tures has drawn the attention of researchers toward
this technique. 29- 33
Spin coating is one technique that can be used to guide colloidal crystals; it assembles
colloids into crystals in a unique way. 21 Much work is being done on spin coating colloids,
including the idea of using them as templates for electrodeposition of magnetic materials.29- 33
This the is work is based on using these uniquely ordered colloidal crystals as templates for
electrodepositing cobalt and characterizing the template structure, toward the eventual goal
of producing electrodeposited magneti anti-dot arrays.

1.5

WHY ARRAYS OF COBALT?

Magneti information is stored in the form of bits in the two states of magnetization of a
magnet ("up' and "down"). In dot or anti-dot arrays, the magnetization reversal of each
bit is modified by th presence of non-magnetic regions. The spins that are surrounded by
non-magneti regions are typically mor difficult to reverse. To gain even more stability
against spontaneous flipping due to thermal energy, one needs a storage medium with high
7

shape anisotropy and high crystalline anisotropy.22 • 23 Cobalt possesses high crystallin and
shap anisotropy compared with other ferromagnetic materials, such as iron and nickel. It
forms a hexagonal crystal structure, with only the hexagonal axis being the easy axis. 34 The
domains of cobalt are needle like, the high axial ratio (cj a) results in high shape anisotropy
of th cobalt. 35 Because of the high shape and crystalline anisotropy, cobalt is a preferred
material for magnetic storage media.

1.6

SCOPE OF THIS THESIS

In this thesis work, we used the spin coating method to prepare colloidal silica templates.
Cobalt was electrodeposited through the prepared templates to get a patterned array. Chapter 2 describes the techniques us d for preparation and characterization of our samples. These
preparation techniques (spin coating and electrodeposition) are discussed in terms of their
challenges. This is followed by descriptions of template and electrodeposit characterization techniques, including scanning el ctron microscopy, atomic force microscopy and laser
diffraction.
Chapter 3 describe the step-by-step preparation of a cobalt anti-dot array. The proce s
is initiated by making a colloidal suspension, preparing substrates, and spin coating to make
a template (whose unique structure is described in Chapter 4). The design and cleaning of
substrates to prepare them for electrodeposition is also described in Chapter 3, including
details of the electrodeposition procedure. The complications and results of el ctrodepositing
cobalt under different conditions are also summarized. To get an anti-dot array, one needs
to etch colloids with hydrofluoric acid. The procedure and results of etching the prepar d
samples, and related issues, are mentioned at the end of Chapter 3.
Chapter 4 deals with the characterization of the templates and electrodeposited sampl s.
The structure of a spin coated colloidal template (at different speeds) by spin coating a
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su p nsion (prepared in different solvents) is d crib din terms of thi kness variation studi
at different spe ds. The procedure for determining lateral periodicity and uniformity of
patterned cobalt samples by atomic force microscopy and scanning electron microscopy i
also described in this Chapter. The conclusion drawn from the work are summed up in
Chapter 5.
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Chapter 2

EXPERIMENTAL AND
CHARACTERIZATION
TECHNIQUES
2.1

SPIN COATING

Spin coating involves spreading a liquid or a suspension dispensed onto the center of a
rotating substrate. The liquid is dispensed by a pipette onto a substrate rotating at a
constant angular speed. The spinning speed of the substrate is generally controlled to get a
film with the desir d thickness, as thin as nanometer-scales. The viscosity and volatility of a
solvent, 36 the amount of solid content in the suspension, 37 spinning time and surfac tension
are additional factors that affect the thickness of a spin coated film. 19 As the substrate
rotates, the net viscosity of the suspension increases due to evaporation until the liquid
no longer spreads. Spin coating involves the competition between various forces, such as
centrifugal force, viscous force and the evaporation rate of the solvent. 38 In order to get a
thinner film, one should spin coat a suspension in a low-viscosity solvent and/or non-volatile
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olvent at a high spin coating speed.
For a non-volatile solv nt, the thicknes (h) of the colloidal film is proportional to th
power N of the angular speed (w) . The spin tim (T) also inversely affects the thickness f
the depo it (Equation 2.1). 39
(2.1)

h

For a given volatile solvent and a spin speed, T ha a definite value and is not a convenient
control parameter. Thus, for volatile solvents like acetone and ethanol, we can approximat
Equation 2.1 by
h

w

(2.2)

where we absorb any possible dependence ofT on w into the power law as done previously
by Mihi et al. 19 The value of N' depends on the amount of solute present in the suspension.
Rehg et al. 37 varied th ionic strength by varying the salt cone ntrations in the suspension
and found that the valu of N' ranges from 0.44- 0.51 for salt concentrations ranging from
0.0 - 0.1 M. Th thi knes of the coating i al o affected by the factor su h as temperatur
and humidity, as these fa tors affect the rate of vaporation of the olv nt. 40 The vapor of
the evaporated solvent an also affect the rate of evaporation in a closed lid spin coater.
In our experiment ·, we spin coat colloidal su pension from volatile solvents (acetone or
ethanol) on Au/Cr/glass substrates using a Laurcll Technologies WS-400 pin coater (spe d
limit: 0 - 8000 rpm). For all of our spin coating experiments, we et th a ccleration at 1710
rpm/ sec, and we let the pinning reached the target speed before coating, o the acceleration
was not variable. Our suspensions contain 20o/c silica spheres r lative to the total volume of
th suspension. During pin coating, the volatile solvent evaporates in seconds and leaves
olloidal particles arranged in a particular stru ture, with void availabl for the filling of a
material.
11

2.2

ELECTRODEPOSITION

Electrodeposition is a well established technique that has been used for decades. Various
books discuss th basic process. 41 •42 Electrodeposition involves deposition of a material onto
a conducting substrate by the application of a voltage. The type of material deposited during
electrodeposition depends on the applied potential and the electrolyte content. Our clectrodeposition experiments are done in a three electrod cell containing a working electrode,
counter electrode and reference electrode. The electrodes are dipped in an aqueous solution
of a metal salt (electrolyte). A potentiostat is used to maintain a constant (specified) potential at the working electrode with respect to the reference electrod . All potentials in this
thesis are reported with respect to a standard Ag/ AgCl (saturated KCl) referen e electrode.
The working electrode is the one on whi h the material is deposited, and complementary
chemical reactions occur at the counter el ctrode. For example, electrodeposition of cobalt
metal from a Co80 4 (cobalt sulphate) electrolyte involves the following reactions: 43
Counter e lectrode (Oxygen evolution)

(2.3)
Working electrode (Cobalt ion reduction and hydrogen evolution)
(2.4)

(2.5)
Th

ernst potential defines the equilibrium potential at which the desired reaction takes

place. For example, the Nernst potential for cobalt deposition in our electrolyte is 0.65 V vs.
Ag/ AgCl, and in our experim nts, a voltage of -1.2 V vs. Ag/ AgCl is used to deposit cobalt.
At thi potential, H 2 gas is also evolved at the working electrode (Equation 2.5) and 0 2 is
evolved at the counter electrode (Equation 2.3). During these electrochemical reactions, the
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bulk pH of the electrolyte could chang due to production of the acidic/basic species. To
stabilize th pH of the electrolyte, a buff r can be used. In our experiments, H3B0 3 (boric
acid) was used as a weak buffer to stabilize the electrolyte's pH.
One can estimate the thickness of the deposited metal by calculating the harge pas d
during deposition and the area of the substrate used for deposition.

For simplicity, w

a sume that all the charge passed is related to cobalt deposition (Equation 2.4). The averag
thickness of the deposit (T) can be estimated by using Equation 2.6. 44
M

T = nFAD
wher F

=

J

Mq

Idt = nFAD'

(2.6)

Faraday's constant (9.6 x 104 C/mol),

A = area of the deposit,
D = density of metal deposited (for cobalt, D = 8.9 gfcm3),
M = molecular weight of metal (for cobalt, M = 5 .9 gfmol),
q = total charge passed through the system during deposition,

I = current passed for small time dt ,
n = harge on metal ion (for cobalt, n = 2).
In reality, a significant portion of the charge (10-60%) will be related to hydrogen evolution (Equation 2.5). Thus, the above would give an upper limit on thickne. s. However,
note that the above has assumed D = 8.9 gfcm3 for cobalt (i.e. a 100% dens deposit with
no gaps or pores). If the material has is not den e, the thickness would be more than the
estimated thickness.
Unlike other techniques (e.g. vacuum evaporation), electrodeposition starts at the metal
surface (substrate) and the electrodeposit can grow around obstacles. Electrodeposition
even fills masked spaces (as shown in Figure 2.1A) and after etching the template, patterned
material will be left. Techniques like vacuum evaporation require a line-of-sight path to
the substrate. Thus, etching the template shown in Figure 2.1B will remove the deposited
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material with the template.

(A)

t t t tt

(B)

l l l ll

Figure 2.1: (A) Electrod position allows growth around obstacle , whereas (B) shows material deposition on the template by vacuum evaporation, in the absence of a line-of-sight
path to the substrate.
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2.3

SCANNING ELECTRON MICROSCOPY

S anning electron microscopy (SEM, performed with a Hitachi S-570 in th D partment of
Biology ) was used to image colloidal templates and templated cobalt samples after etching.
SEM has been used for d cades, and it fundamentals and details can b found in many
books. 45 • 46 It is a tool that uses a high nergy el ctron beam (f w hundr ds of eV to ten
of keY) to image th surface of a solid sample. This instrument provide limited information about the height variations along the sample. Higher magnification and high resolution
of scanning electron micro opy makes it more fficient and useful than a simple opti al
microscope. The focused el ctron beam interacts with the atoms pre ent in the sample to
produce both X-rays and elastically backscatter d l ctrons. Th inten ity of the back cat.tered lectrons i directly proportional to th atomic number (Z) of the material: the higher
the atomic numb r of the element, the higher the intensity. Thus, for our sampl , we exp ct
to get a higher intensity from cobalt ompared to silica. However, intensity also dep nds
on the height differenc s. Samples need to be highly conducting for good SEM image to
prevent charging effect . A sample can be coated with a thin lay r of gold or arbon prior
to imaging, or can be glued using silver paste, to provide a better ondu tion path.

2.4

ATOMIC FORCE MICROSCOP Y

Atomic force mi roscopy (AFM) was u ed to find the thickness of the spin coated colloidal
templates and untemplated cobalt sampl . It was al o used to estimate the height variations
in the patterned obalt amples to defin their uniformity. Experiment used an Asylum
research (MFP-3D) AFM and ultrasharp silicon cantilevers (J..LMasch CSC37 /Cr-Au) with a
50 nm radius of curvatur specified by the manufacturer.
The major advantage of AFM is that it gives tru height measur ments (as opposed to
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an SEM) and also provides th advantage of imaging non-conducting solid materials without
any coating. Many books are available that discuss the fundamentals of AFM. 47 • 48
AFM images are obtained by using a cantilever with a sharp tip near the sample surface.
The tip is fixed at a constant distance from the surface. As the tip raster scans in two
dimensions (XY), a piezo-electric sensor moves in the Z direction to maintain a constant
defle tion using a feedback loop. Depending on the difference in the deflection value, a
voltage is applied to the piezo-electric sensor to move the sample up or down to maintain
the constant deflection. The voltage appli d to the piezo-electric sensor plotted against the
tip movement gives the true height variations on the sample surface. This provides a three
dimensional image of the sample topography. The defle tion of the tip is detected by a light
ensitive detector sensing displacement of laser beam reflecting off the back of the cantilever.
Various forces such as van der Waals, electrostati , apillary adhesive and double layer can
act between the tip and the sample.
In the atomic force micrographs that are shown in this thesis, white regions correspond
to higher regions of the sample. Image resolution in our experiments is determined by user
input parameter . For example, Figure 4.20 (a) is a 512 x 512 pixel image of a 60 x 60 11m2
scanned area, giving a maximum resolution of 8.5 pixels/Jlm. Typically, scan speed wer
0.2 - 0.5 llertz.
In order to calculate thickness of the deposit using AFM, one needs to scan over an edge
of the deposit, scribing the sample with a blade to get a sharp edge. Figure 4.20B show a
representative line scan over a scribed edge.

2.5

LASER DIFFRACTION

Laser diffraction was used to study the structure of our colloidal template . It provides
information regarding the lateral periodicity present in the sample, and is non-intrusive,
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high-speed and high-resolution analysis.
For a transmission geometry, the diffraction equation is given by:

n>. = d sine,

(2.7)

where ). = wavelength of the incident light,
d = inter-planar distance,

e=

angle between the incident ray and the lattice planes (or diffraction peaks).

For Equation 2. 7 to be satisfied, it is necessary that ). < d. Considering the diffraction limit

(>.<d), a violet laser (>.=405 nm, 25 mW, Photonic Products, PMM-608G-VT) was used to
analyze the colloidal sample with silica particles with diameters
with

~

~

0.5 p,m. The laser beam

5 mm diameter was spatially filtered using a pinhole and lens combination (spatial

filter, Thorlabs-KT310) shown in Figure 2.2. The output beam diam ter

was~

1.5 mm. Th

combination of two lenses forms an inverted telescope and the pinhole was used as a spatial
filter. The diffraction pattern on a screen (a microscop slide covered with white paper) was
imaged using a CCD camera (Qimaging, 32-0090B-282) with a macro len (Edmund Scientific, NT56-524). The laser diffraction from our micron-sized particles is analogous to X-ray
diffraction from atoms in the solid. A diffraction pattern gives information about the symmetry pr sent in the colloidal sample. From the peak separations for a close-packed crystal,
one can also calculate the average size of the colloidal particles based on the characteristic
lattice spacing.
A colloidal sample (prepared by spin coating a silica suspension in acetone at 3000 rpm)
was used to study the template structure and to calculate the average diameter of the
silica particles. The laser diffraction pattern consisted of four peaks, representing four-fold
symmetry present in the colloidal template. Using the distance of the sere n from th sample

(D) and the distance between the opposite peaks (h) the angle
tane =
17

h/2

D

e was calculated using
(2.8)

I
0I
!

Laser

Lens1

Pin hole
f1

Lens2
Sample

Screen

=focal length of Lens 1

f 2 = focal length of Lens 2

Figure 2.2: The sch matic diagram of the spatial filter used for laser diffraction experim nts.

1

Using the value of () and Equation 2. 7, the inter-planar distance (d) was calculated for the
colloidal spheres arranged in (100) planes parallel to the substrate in an fcc structure for .A

= 405 nm, to give an average particle diameter of 463 ± 4 nm.
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Chapter 3

PREPARATION OF TEMPLATE
AND TEMPLATED MATERIAL
3. 1

SU MM ARY

The preparation of templated cobalt samples is a multiple step procedure. At each tag it
is nece sary to keep the sample free from any kind of residue. Each step can be optimized
only after analyzing the quality of the end-result sample produ ed after the electrodeposited
cobalt. The general scheme for the electrodeposition of cobalt through the template is shown
in Figure 3.1.
Conducting substrate preparation

Three sets of conducting substrates were prepared in order to electrodeposit cobalt through
the spin coated templates: gold on glass substrates (Au/glass) and two gold on chromium on
glass substrate with different gold layer thicknesses (thin-Au/Cr/glass and thick-Au/Cr/glass).
In all cases, coverslips were used as the glass substrate. Without an adhesion layer of
chromium, th gold peeled off the coverslips during electrodeposition. The details of ubstrate preparation are given in Section 3.2.
20

Conducting substrate
preparation

•

Substrate cleaning

•

Colloidal suspension
preparation

t
Spin coating
of
colloidal suspension

•

Annealing

~
Cleaning with
ultrapure water

•

Electrodepos ttl on

t
HF etching
of
colloids

Figure 3.1: A schematic diagram showing the steps involved in the preparation of patt -rned
cobalt by templated electrodeposition.
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Substrate cleaning
Ele trodeposition is very ensitive to the leaning pro edure used to clean the conducting ubstrates before spin coating. Using thick-Au/Cr/glass sub trates, different cleaning
proce ses were practiced to get a visually uniform depo it (see Section 3.3). The two mo t
promising cl aning method w re acetone vapor cleaning and cleaning with H2 S0 4 (sulphuri
arid).
Preparation of colloidal suspension
The next step in the synthesis of a patterned cobalt deposit is the preparation of a colloidal
u pension (Section 3.4.1). The preparation of the silica colloidal u pension in acetone (20%
ilica spheres by total volume) is very sensitive to th preparation t mperature. Th colloidal
suspension works b st when prepared at a temperature between 24° C and 27° C.
Spin coating of colloidal suspen sion
Th templates for electrodeposition were prepared by spin coating 37 J..LL of th silica suspen ion on the Au/Cr/glru s at 3000 rpm for 30 seconds. A star-lik r flection was obs rved
on the samples within a few

conds of spin coating.

Template pre paration for e lectrode position
To stabilize th templates in water for the electrodeposition step, they were annealed at an
optimized temp rature of 300° C for 3 hrs in a furnac with a ramp up time of 3 hrs (100° C/
hour) , and removed at 300° C. Prior to electrodeposition, the template were cleaned by
dipping in ultrapure water.
Electrodeposition
One needs to optimize the parameters involved during electrodeposition to depo it a vi ually
uniform layer of cobalt from CoS0 4 . Thi optimization was don using a stainles ste 1 trip
as a working lectrode (Se tion 3.5). One needs to add H3 B0 3 , whi h acts as a weak buff r,
to the electrolyte in order to stabilize the pH during elcctrodeposition. The 1 trodepo. ition
through colloidal templates was carried out under the same conditions used to obtain optimal
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cobalt electrodeposits on a stainless steel electrode, but the results were not good for the
templates. We do not yet fully under tand why.

HF e tching
After electrod position, the prepared sample· were etched with hydrofluoric acid (HF) to
remove silica spheres. The samples were dipped in 1% HF until the star-like colored reflections vanished. The samples were etched for a time duration ranging from 30 seconds to 10
minutes. The etching time was not optimized because of the non-uniformity of the obalt
electrodeposi ts.
In this multi-step technique of preparing cobalt clectrodeposits, a single parameter at
one st p was changed during each experiment in an attempt to get a visually uniform obalt
deposit. Even though lots of combinations and procedures were tested for each step, the
reliable procedure to make a uniform cobalt deposit is still not clear. The different te ted
conditions at each step and the optimum conditions in certain cases are summed up in
Appendix B.

3.2

SUBSTRATE PREPARATION

Electrodeposition requires a conducting substrate. The substrates used to support the templates for electrodeposition were prepared by vacuum evaporating gold over glass coverslips (22 mm x 30 mm, VWR International). Prior to gold coating, the cover slips were
cleaned with concentrat d H2 S0 4 and washed with ultrapure water (Barnstead
18.2

anopure,

Mn ·em) and dried in an oven. (One should take care of drying rings forming on the

coverslips during the process of cleaning and washing.)
Peeling of the gold layer from the glass coverslip was observed during electrodeposition
for Au/ glass substartes. In subsequent experiments, a thin layer of chromium was vacuum
evaporated on the glass, prior to the gold. This enhances the adhesion of gold coating on
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glass. The thickn

of th

hrorniurn layer was approximated to be 27 nrn using a thickne s

rnoni tor. (The un rtainty associated with the chrorni urn thickness is unknown.)
To prepare thick-Au/Cr/glass, 0.1234 g of gold was loaded in to the evaporator boat
lo ated at 20 ern from the ubstrate holder, whereas thin-Au/Cr/glas sub trates were prepar d from 0.09611 g of gold evaporated from the boat fixed at th sam di tance. Figure
3.2 hows the difference in coating adherence on a gold coated substrate with and without
the chromium underlayer. Figure 3.2 (A) how an image of an electrodeposit (front view)
and back view in Figure 3.2 (B). The r gion on the left has a Cr underlayer below the gold,
while the region on the bottom right (to th right of the circular arc) docs not. The gold
p eled off the glass after Co electrodeposition without the Cr und rlayer.
To make the sub trate

r~ady

for electrodepo ition, electrical conta t w r made using

orland conductive adh ive and uninsulated wires. The coverslips w r then glued with a
UV glue (Norland NOA 68) to a microscope slide for structural strength and to eliminate
th affect. of the sucking force from the substrate-holding mechanism of the spin coater on
the sample preparation. A schematic diagram of the final sub trate used in our experirn nt
is shown in Figure 3. 3.

3.3

SUBSTRATE CLEANING

El trodeposition is extremely dependent on th
ing the cleanlines

urface properties of th substrate, includ-

f th exposed surface. It i necessary to clean the substrate at. several

p int during the substrate preparation proces . W studied the effe t of different cleaning
procedures on untemplated substrates used for lectrodepo ition, and our results are summarized in Table B.l (Appendix B). It should be noted that we have not yet identified optimal
preparation conditions for producing templated clectrodeposits in a r liable manner. The
lectrodeposition of cobalt i sensitive to the ub. trate cleaning procedures prior to the spin
24

No peeling
Co/Au/Cr/glass

Peeling
Au/glass

No peeling
Co/Au/Cr/glass

Peeling
Au/glass

Figure 3.2: Image of an electrodeposit, front vi w (A) and back view (B). The gold peeled
off the glass after cobalt electrodeposition in the region without the Cr underlayer, whereas
almost no peeling occurred in the region with the Cr underlayer.

Conductive adhesive

Electrical
contact
/~

Gold

Microscope slide
UV glue

Figure 3.3: A schematic diagram of the substrate used in experiments for thi thesis.
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coating step. Various solvents and acids including acetone, ethanol, H 2 S04 and acetone vapor were tried for cleaning the gold substrates. Cleaning the bare gold with pure acetone and
ethanol never worked to reach the aim of uniform cobalt deposits, while H2 S0 4 or acetone
vapor leaning did give uniform untemplated cobalt deposits. However, this succ s did not
carry through to the case of electrodepo ition through a colloidal template.

3.4

COLLOIDAL TEMPLATE PREPARATION

This section explains th thre major st ps involved in preparation of a colloidal template:
substrate preparation, colloidal suspension preparation and spin coating the colloidal suspension on the substrates.

3.4 .1

COLLOIDAL SUSPENSION PREPARAT ION

Earlier studies have shown that the structure of a t mplate affe ts the magnetic properties
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of a patterned cobalt array.3 For the production of our colloidal templates, it is necessary
to prepare the colloidal suspension properly.
The colloidal suspension was prepared from silica sph res (Fiber Optic Center, SI02P050l microspheres of diameter 458nm

± 2 nm with less than 6% polydispersity, since no cali-

bration standard was used, possible systematic errors in particle diameter is 5 %) in acetone
(Fisher, reagent grade). The colloidal pheres were dri d overnight in the oven at 150° C to
remove absorbed water before using them for preparing the colloidal suspension. For the
sake of reproducibility, 5 mL of 20% (by volume) colloidal suspension was prepared in a 20
mL glass bottle by ultrasonicating until opalescent reflections were seen. The temperature of
the ultrasonication bath is a critical controlling parameter for the preparation of the colloidal
suspension. The suspension in acetone were prepared at temperatures ranging from 15° C
to 35° C, and opalescent reflections were observed after 3-4 hours if the temperature of the
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bath was maintained between 24° C and 27° C using a copper old water irculation system.
Suspensions prepared at a starting temperature higher than 27 o C did not how any opalescent reflections after sonication for one day. Suspensions prepared at starting temperatures
lower than 24o C showed opalescent reflections after oni ation for two days.
The opalescent reflections from the suspension generally give a good indication that the
colloidal suspension is ready to pin coat. After the appearance of opalescent reflections, th
suspension was tested by spincoating it over the glass coverslips after ach subsequent hour of
sonication for the presence of aggregates, tmtil a clean sample was obtained. Figure 3.4 shows
samples prepared from a colloidal suspen ion in acetone. Figure 3.4A shows the result of spin
coating the suspension sonicated for one hour after the appearance of opalescent reflections.
Streaks appear on the sample due to larger aggregates moving during spin-coating. Figure
3.4B i the result of spin coating suspension sonicated for 2 hour after the app arance of
opalescent reflections. The sample looks cleaner. In both cases, the suspension was left
undisturbed for 20 minutes before spin coating.

3.4 .2

SPIN COATING OF COLLOIDA L SU SPENSION

The final step in th synth sis of the colloidal template is spin coating the uspension over
the sub trates. For all the electrodeposition experiments, the template was prepared by pin
coating 37 mL of 20% colloidal suspension at 3000 rpm for 30 seconds as shown in Figure
3.4. The amount of suspension required for cov ring the complete area of the used coverslip
was calculated from the experimental procedure of Jiang et al. 18
Jiang et al fabricated crystals by spin coating 600 p,L of a suspension on a 4-inch silicon substrate. The suspension was prepared from 325 nm ilica spheres in non-volatil
ethoxylated trimethylolpropane triacrylate monomer (ETPTA).
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12mm

Figure 3.4: Two amples prepared from the arne colloidal suspension in ac tone. (A) Imag
of the sample taken with a CCD camera. The sample was prepared by pin coating a sili a
u p nsion sonicated for 1 hour after the appearance of opalescent refl ction . The dark
spot at the top right corner of the imag corre pond to the spinning center of the ampl .
The streaks appear on the sample due to th presence of aggregate . (B) The r sult of spin
coating a suspension soni ated for 2 hours after the appearanc of opal sc nt reflections;
thi
befor

ample looks cleaner. In both case , the usp n ion was l ft undisturbed for 20 minut
pin coating.
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3.4.3

PREPARING TEMPLATE FOR ELECTRODEPOSITION

A colloidal template coated onto a substrate is unstable in water and needs annealing treatment for stabilization prior to electrodepo ition. To find the optimum annealing temperature,
templates on glas substrates were annealed at different temperatures between 200°

and

600° C to find the best temp rature to stabilize the templates in water. Templates anneal d

below 300° C di solved in water, whereas template annealed at temperatures above 500° C
caused the glass ubstrate to melt. Sub quent templates were annealed n ing a ramp up
time of 3 hours to go from room temperature to 300° C, a dwell time of 3 hours, and ramp
down to 50° C in a time of 3 hours. After annealing, the templat s were dipp din ultrapure
water to remove any debris.

3.5

SYNTHESIS OF COBALT ANTI-DOT ARRAY
BY ELECTRODEPOSITION

Cobalt was ele trodeposited from 0.01 M CoS0 4 u ing a three electrod system: stainles
steel as the counter electrode, Ag/ AgCl (saturat d KCl) as the r ference ele trode, and
spin coated templat d Au/Cr/glass as the working electrode. Cobalt was deposited with a
onstant applied potential (-1.2 V vs. Agj AgCl) using a Hokuto Denko HA 501 potentiastat/ galvano tat. The depositions were carried out in a Pyrex glas cell. Aft r deposition,
samples were rin ed with ultrapure water and then air dried.
The electrod position of cobalt is en itive to the pH of the electrolyte and the di tance
between the counter and working electrode, along with other influencing fa tor like substrat
cleanliness and template adherence. Rapid changes in pH were ob erved during electrodeposition experiments if 0.01 M H3 B0 3 was not added to the el ctrolyte. Boric acid act like a
buffer and stabilize th pH of the electrolyte between 2 and 3 during the electrodeposition,
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as reported by Bartlett et al. 31 The effect of pH was studied on the uniformity of cobalt
deposit by using stainless steel working electrode at different distances. A visually uniform
deposit was obtained on the stainless steel for a distance > 2.5 em between the electrodes.
A green deposit, suspected to be cobalt hydroxide, was observed for eparation distan e <
2.5 em. The caus of hydroxide formation at small distances has not been investigated.
The cobalt deposit through templates was visually non-uniform under onditions that
yielded visually uniform deposits on untemplated steel electrodes. At this stage, factors
like substrate cleanliness and annealing n ed to be optimized to improve the quality of the
t mplated electrodeposits.

3.6

HYDROFLUORIC ACID (HF) ETCHING

Wet chemical etching with hydrofluoric acid (HF) was used to remove th

ilica templating

colloids to get a pattern d obalt deposit with air interstitials. General procedures for etching
silica colloids with HF is given in the literature. 49
In our experiments, in order to determine the optimum time for etching colloidal spheres,
10 samples were dipped in 1% HF and 12 sampl s were dipped in 2% HF for different time
periods ranging from 30 seconds to 10 minutes. The time required for etching depends on the
thickness of the d posit. Various factors limited the reproducibility of an optically uniform
cobalt deposit through colloidal templates. Thus, the optimum time for HF etching was not
estimated. However, these preliminary results suggest that, samples etched for 2- 3 minutes
in 1% HF show orne good templated regions by SEM.
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Chapter 4

DATA ACQUISITION AND
ANALYSIS
4 .1

SYMMETRIES

A olloidal crystal ompo ed of 0.5 J.Lm spher s xhibits colorful white-light Bragg r flection .
When white light is incident on a colloidal cry tal at a certain angle it atisfie the Bragg
reflection condition for a pecific wavelength. Thus, reflections from a single crystal at
a given incidence angle are observed to have a uniform color. Dip coating is a standard
te hnique to produce colloidal crystals. However, the regions where one g ts good cry tals is
hard to control. Colloidal crystals prepared by dip coating consists of mm-scale single crystal
domains arrang d in different orientation and are eparated by grain boundaries. Reflection
from single domain ar observed as a solid color, and at a giv n viewing angle, differ nt
domains have different r fie tion colors, which change abruptly at the grain boundary. Spin
coated colloidal crystals are different. When spin coated sample are held at an oblique
angle with respe t to the white light ource, the reflections take the form of 4-fold and 6fold symmetric arm that emanate radially from the center of symm try (spinning c nter)
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for samples prepared by evaporation from ac ton and ethanol solvents respe tively (Figure
4.1). These refie tion patterns extend uniformly throughout the ntir ( m-scale) ampl .
The ymmetry of the star pattern (the number of arms of a star) depends on the spin speed
and th solvent involved in the preparation of a colloidal suspen ion. The ymmetry of the
tar-pattern is also aff cted by the sucking force from the substrate-holding mechanism of
th

pin coater. Thi affe t i eliminated by gluing the overslip on ami roscope slide, which

provides mechanical strength and avoid bending of substrate due to sucking mechanism.

4 .1.1

SOLVENT DEPENDENCE

For a particular peed and concentration of the prepared suspen ion, the ymmetry of th
star pattern varies with the type of solvent u ed for making the colloidal suspension. Th
four-arm star pattern in Figure 4.1A resulted from spin coating a colloidal suspension in
acetone at 3000 rpm. A six-armed star pattern was observed for the samples prepared from
a colloidal susp nsion in thanol, spin coated at the same spinning p ed (Figure 4.1B).

4 .1.2

SPIN SPEED DEPENDENCE

There were symmetry transitions as a function of spin speed (Figure 4.2). The speed was
varied in increments of 500 rpm. In the case of a colloidal suspension pr pared in acetone a
four-armed whit light reflection pattern was ob erved at spin speeds from 3000 rpm to 5500
rpm (Figure 4.3A: Four-fold-1). When the colloidal suspension was spin coated at 6000 rpm
a six-armed tar was ob erved (Figure 4.3A: Six-fold). At spin spe d b tw n 6500 rpm and
7500 rpm, a broad (re-entrant) transition from six-fold to four-fold symmetry was observ d
(Figure 4.3A: Mixed). Samples showed a four-arm star near the pinning enter, diverging
into ix arms extending toward the edges of th

ub trate (Figure 4.3A). Figure 4.3B shows

red and green channel of a color RGB image of a ample with mix d ymm tries: the green
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Figure 4.1: White light r flections on a ample pr par d by pin coating a colloidal silica suspension (20o/c silica in total volume) at 3000 rpm prepared in (A) acetone and (B)
ethanol solvents (onto 22 x 30 mm cover lips) display 4-fold and 6-fold symmetric pattern.
that extend across the entire sample. A laser beam passing through the sample results in
diffraction pattern (insets) which demonstrate that 4-fold or 6-fold symmetri s are present
in the samples.
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channel highlights six-fold symmetry near the edges of the sample, while the red channel
shows 4-fold symmetry near the center.
The spin coating of a colloidal suspension in ethanol resulted in a six-arm star pattern
for all spin speeds between 3000 rpm to 7500 rpm, and four arms at the spin speed of 000
rpm (Figure 4.2B: Ethanol) .

4.2

STRUCTURE OF FOUR-FOLD SYMMETRIC COLLOIDAL TEMPLATES

A high degree of order in spin coated colloidal films was initially expected due to the presen
of a single four-arm or six-arm reflection pattern over the entire sample. Scanning electron
micro copy (SEM) (described in Section 2.3) was used to analyze the order and to understand
the origin of the symmetry present in the real space structure of a spin coated colloidal film.
The colloidal sample used for structure analysis was prepared by spin coating from a sili a
suspension in acetone (20% silica in total volume) at 3000 rpm. Much of the work in this
section has been published by us. 21

4.2.1

SEM ANALYSIS

The SEM analysis showed that in the case of samples prepared by spin oating from a
colloidal suspension in acetone, the silica colloidal pheres are packed in a [100]-oriented fc
structur (Figure 4.4B) , onsistent with the four-armed star feature (Figure 4.4A). Small
domains with [111] packing (marked by arrows in Figure 4.4B) appeared to conne t th
[100]-packed regions.
The real space picture from SEM revealed th polycrystalline nature of the sample,
contrary to pr vious suggestions by Jiang et al., that the spin coated colloidal crystals are
34
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Figure 4.2: The number of arms observed in a spin coated sample depends on the spin speed
and the solvent involved in the preparation of the colloidal suspension. (A) Symmetries as
a function of spin speed for evaporative spin coating from the silica colloid suspension in
acetone. (B) Symmetries as a function of spin sp d for evaporative spin coating from a
silica colloid suspension in ethanol. More than 15 samples were studied at each spin speed
for a particular solvent. The samples at different spin speeds for both solvents were prepar d
on a same day as well as on different day to check the reproducibility of the results.
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Figure 4.3: (A) A sample prepared at 7000 r pm by spin coating a colloidal suspension in
acetone (onto 22 x 30 mm coverslips). The ample shows a four-arm cross near the spinning
center and six arm away from the spinning center. (B) Green (left) and r d (right) channel
of a color RGB image of a sample with mixed symmetries: the gr en hannel highlights ixfold symmetry near the edges of the ample, while the red channel how four-fold symm try
ncar the center.
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[111 ] fcc pucking

Figure 4.4: (A) A photograph shows a sample prepared by spin coating a silica suspension
(20% silica in total volume) in acetone at 3000 rpm (onto 22 x 30 mm coverslips). (B) An
SEM image of this shows that the silica spheres are packed in a [100]-orientcd fcc structure.
Regions with [111]-packing (marked by arrows), connect the [100]-oriented regions.
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ingle crystalline. 18 The results by Jiang et al. (on six-fold symmetric samples) were based
on SEM analyses of regions far away from the spinning center, where the presence of larger
domains is expected. Their results were interpreted from Fast Fourier Tran forms (FFT )
of SEM images taken at four equidistant spots from the center of pinning, but in different
directions (see Figure 3 in Jiang et al. 18 ).

We performed careful analyses of SEM images, taken as a function of distance from the
spinning center. For the sake of positional ac uracy, a piece of the sample was cut in a
triangular fashion, with one v rtex as the spinning center. SEM images of regions separated
by 0. 5 mm were taken, beginning at the center of spinning (one vertex of the triangle),
and ending at the edge of the sample. The FFT of SEM micrographs at the center of
spinning showed a diffuse ring, suggesting the ab ence of crystalline order. Peaks in the
FFT of SEM images first emerge for scans obtained at a radial distance of 1.5 mm from th
c nter. The orientation of the peaks was unchanged while moving radially outward in the
ample, in spite of having eros ed

~

1000 single-domain grains; thus we C'onclude that an

orientational registry is maintained in the radial direction. An image tack with FFT of
SEM images obtained along the line from the center of spinning to the edge of the sample
is hown in Figure 4.5. It is noticeable that the SEM images and their FFTs are stretched.
The stretching might be because of poorly attached sample on the stage (or plate) and/or
charging of the sample during imaging. The peaks in the FFTs arc not sharp spots, but
have an angular spread. The angular spread is related to the orientation of the domains in
the imaged region. The angular spread decreases with the radial distance (e.g. 10°

±

2°

and 8° ± 1° for the samples at radial distance 3.5 mm and 9.5 mm) , which uggests that
the domain size increases far away from the spinning center (Figure 4.6).
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Figure 4.5: (A) Scanning electron micrographs were taken at equidi -tant points along a lin
from center of spinning to the edge of the sample. (B) shows a Fast Fourier Transform of an
SEM image for a ample prepared by spin oating ilica suspension in acetone at 3000 rpm
taken outward from the enter of spinning along a radial line. The relativ p ak orientation
remain unchanged.
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Figure 4.6: SEM images obtained at pred termined po itions along a radial direction, (A)
3.5 mm and (B) 9.5 mm from the center of spinning. Both images how strong orientational
registry in their FFT (insets) . The angular spread in the peaks deer ases from 10° ± 2° to
8° ± 1o while moving outward in the sample, ugge ting the pr ence of larg r domains near
the edge.
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4 .2.2

LASER DIFFRACTION

The laser diffraction was primarily used to find the lattice spacing in the colloidal templates
and diameter of the used silica spheres (Section 2.5). We used results from both scanning
electron micro copy and la r diffraction to tudy the tructure of spin coated colloidal film .
Unlike scanning el ctron microscopy, laser diffraction probes larger areas using a millimeterdiam ter laser spot. The optical set up is explained in Section 2.5. Laser diffraction pattern
obtained from sampl s, pr pared by spin coating from a colloidal su pen ion prepared in acetone or ethanol at 3000 rpm shows four-fold symmetry (Figure 4. 7A) and six-fold symmetry
(Figure 4. 7B) respectively. Consistent with the observations from SEM, the r gion at the

Figure 4.7: Laser diffraction patterns obtained from samples, prepared by spin coating from
a colloidal suspension prepared in acetone or thanol at 3000 rpm shows four-fold symmetry
(A) and six-fold ymmetry (B) respectively. The primary transmitted laser spot was blocked
by a piece of bla k paper.

renter show no diffraction peaks. The diffra tion pattern at the enter of the sampl has
circular symmetry and ha an average domain ize much smaller than the laser spot size. A
first-order diffraction pattern with bright peaks appears for all distances 2: 2.5 mm. This
shows that, although the area illuminated by the las r spot contains a large number of domains oriented in different directions, there exi t an average crystalline orientation giving
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rise to the diffraction pattern. From this, one can deduce the upper limit on the size of
domains.

4.2.3

LATERAL AND ANGULAR SPREAD: UPPER LIMITS
ON DOMAIN SIZE

We assume that the diffraction maxima are observed clearly only when some sizeable fraction
of the diameter of the ample spot (f) illuminated by the laser consists of a region (made
up of large number of domains oriented in different directions) with an average direction of
periodicity. In stating the above assumption we establish the following:
• To observe the laser diffraction patt rn at a radial distance r from the center of spinning using a laser beam with a 1.2 mm diameter, the sample spot illuminated by the
laser should contain a region (consisting of correlated domains of finite size) extending
laterally by a distance, d

~

1.2 x (f)

• The maximum angular spread

(~8)

=

1.2 x

f mm.

in such a region at a radial distance r i djr.
~

• In our sample, diffraction peaks were observed at the radial distance
the center of spinning (Appendix C, Figure C.l). At all distances r
diffraction spots are observed), the maximal angular spread of
tangential extent of the angular-correlated region cannot exceed
tively measure the domain angular spread

~8

~

~8

2.5 mm from

2.5 mm (wher

implies that the

r~8.

We quantita-

later in this section and calculated

f

= 0.5. Thus, using the same calculations and f = 0.5, for a distance of 11 mm away
from the center, the lateral extent of the region with average direction of periodicity
could not exceed

~

3 mm.

The lateral extent of the region with the average direction of periodicity puts an upper
limit on the laser beam diameter that can be used to observe the diffraction peaks. For
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larger beam diameter one will need to go farther out radially to s e the peaks. From the
typical single-domain ize (10 J.Lm) seen in our SEM images, the footprint of the laser pot
would contain 103 - 104 ingle domain . The above discussion explains the interpretation
of th

ingle crystalline nature of spin coated colloidal crystals fabricat d by Jiang et al. 18

Their SEM images were taken at 4 em away from the spinning c nter, where one expects
the presence of bigger regions (with average periodicity) with a lateral extent of
The large single domains in SEM images at 4 em by Jiang et al. 1

~

1 m.

provided the incorrect

inference that the ntire sample was single-crystalline. One would exp ct that the orientation
of the diffraction peaks would stay unchanged throughout the sample if it is a single crystal,
wh reas an abrupt hange in peak orientation i exp cted if the ampl is polycrystalline.
To further study th crystalline nature of the sample and the orientational correlations
las r diffraction patterns were studied by moving the laser along th radial direction from the
center of spinning and away from the center (off-c nter) in a straight line. The diffra tion
pattern rotates with the cir ular translation f la r spot over the sample (Figure 4.8). The
positions of th p ak (orientation) were fix d when the laser spot was moved along a radial
dire tion (Appendix C, Figure C.1B). Wh nth laser pot was moved ff-center in a straight
line, the diffraction patt rn rotated continuou ly ( ppendix C, F igur C.2B).
One can quantify the orientational correlation in a crystal by tudying the angular correlations between th diffraction patterns obtained at different position on th template. The
laser diffraction patterns were imaged upon continuous translation of th las r by 1 mm in
the x dir ction radially and off-center acros the sample. Considering the spinning cent r
at (x, y)= (0 0), diffraction patterns were aved for y

=

0 mm (Appendix C, Figur C.lB), y

= 4 mm (Appendix C, Figur C.2B), y = 5 mm (Appendix C, Figure C.3B) andy = 7 mm
(Appendix C, Figure C.4B) at consecutive x coordinates upon corresponding translation.
In order to calculate th angular correlation and cross correlation. , image analysi code
was used. (The correlation analysis was carri d out by Prof. W. Gonzalez-Vinas at the
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Spots 90° with respect
to radial vector

y
X

Radial translatio

Center of spinning

Laser diffraction
pattern

Figure 4.8: The ori ntation of diffraction peaks changes with the location of laser spot on
the sample. Th diffraction pattern rotates with the cir ular tran lation of laser spot over
th

ample. The coordinates (r,a) locate th laser spot on a sample.
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Univer ity of

avarra. 21 ) The image analysis cod requires the center of the diffraction

pattern to be th center of the image. All diffraction images wer modified ac ordingly u ing
another image pro essing software (Interactive Data Language, IDL). A cod was written
in IDL to find th center of the diffraction pattern and coordinates of th center wer u d
to crop image to a particular ize (465 x 465 pixels) such that the image center coin id
wi h th center of the diffraction pattern. In order to calculate the angular corr lation
function, the variables (r a) were used to locate the position of the la._c;er pot on th
sample. The reciprocal space coordinates (p , <.p) are used to define the po ition of the las r
spots {diffra tion maxima) on the creen with center as main beam.

4.2.4

PROCEDURE FOR OBTAINING AN ORIENTATION ALLY
DEPENDENT INTENSITY TO CHARACTERIZE SYM METRY

The devised pro edure for obtaining an orientationally dependent intensity to charact rize
ymm try present in the sample (and described fir t in Arcos et al. 21 ) was as follows:
• Since there are only first order maxima at some distanc
average intensity is computed by integrating from p0

-

~

(. ay p = p0 ) the radial

to Po

+ ~ {wh

re ~ should

be suffi iently bigger than the p ak ext nt).
• The resulting radially-av raged inten ity i only a function of <.p. Call it g(<.p).
• However, each imag is obtained at a real-spa e location (r, a) and we have s v ral
images at different (r a). Therefore w can calculate the function g(<.p) for each (r n)
location. Call this function fr,a {<.p).
For a crystal having quare symmetry ([100]-orient d fcc packing) the maxima in fun tion
fr,a ('P) are separat d by ~'P ~ 90° .
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4.2.5

PROCEDURE FOR CALCULATING CROSS-CORRELATIONS

• The cross correlation of two diffraction patterns was calculated by rotating the diffraction pattern (fr,o:(<t?)) by an angle() (fr,a(cp+())) to maximize a function G((); r, a, r' a'),
G( (); r, a, r', a') = (fr,o: (<p) fr,o: (<p + ())).
• The angle

()max

that maximizes G((); r, a, r', a') gives the relative orientation between

the two diffraction patterns.
• One way of visualizing the cross-correlation is by rotating the diffraction patterns to
align th peaks by eye (Figure 4.9) . The above procedure to obtain

()max

is imply a

numerical scheme to obtain this rotation angle.
• The rotation angle

a' -

a was calculated for diffraction patterns obtained at all real

space location (x, y) with (0, y) as the reference (except for y = 0, where the refcrenc
was at the edge).
The graph shown in Figure 4.10 shows the agreement between
translation, ()max = a' - a was consistently zero.
()max = a' -a

a'-

a and

()max·

For radial

The rotation angle was adequately fit by

for diffraction patterns obtained upon off-center translation. For the diffraction

patterns obtained from laser spot positions (4,4), (5,5) and (7,7) on the sample, rotation
by 45° was required to bring them in registry with the diffraction patterns at (x y)= (0,4),
(0,5) and (0,7) respectively. The function G((); r, a, r', a') was maximized for these diffraction
patterns for

()max=

45°. This suggests that (x, y) coordinates and

()max

atisfy the equation

tan(()max)= yjx. In fact , for all (x , y) , ()max satisfies the tangent equation, confirming circular
symmetry in the sample. In summary, the rot ation of the diffraction patt rn by an angle
()max

returns the diffraction pattern to the x = 0 orientation.
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Rotation

c

45°

Figure 4.9: Rotation of the diffraction pattern by an angle

Bmax

return the diffraction

pattern to the x = 0 orientation. This continuously increasing rotation angle demonstrates
the progressive rotation of the domain orientation with off-center tran lation. (Arcos et al. 21 )
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tation) show a linear in rease with unit lope, consistent with the proposed orientationally
correlated polycrystalline (OCP) structure (Arco et al. 21 ).

Our colloidal crystals with
ver these polycry tal

~

10 JLm scale domains are definit ly polycry tals. How-

how long range orientational correlations. Hence, we call it, an

Orientationally Correlated Polycrystal (OCP). This continuou ly incre ing rotation angl
demonstrates the progr ssive rotation of the OCP r gion with off- nter tran lation. Along
the radial direction the orientation of the OCP r gion stays the same. A structure consistent
with these observations i shown in Figure 4.11.

4 .2.6

CALCULATION OF DOMAIN ORIENTATIONAL DISPERSION

Th autocorrelation function was calculat d to measure domain orientational dispersion in
th laser diffra tion peaks.
4

Figure 4.11: A sketch shows the proposed structure of the orientationally-correlated polycrystal (OCP): grey squares represent small OCP regions in the radial orientational registry
(Arcos et al. 21 ). "0" represents off-center and "R" represents the radial direction in the
sample relative to the center of spinning.
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• The correlation of a laser diffraction image with itself upon rotation i
the autocorrelation function of the peaks function, G(B; r, a)

=

al ulat d by

(fr,a(<p)fr,a(<p + B))cp·

• The diffraction pattern was rotated by an angle B to maximize th value of G(B; r, a).
• The half width at half height of the B= 90° correlation peak giv s th value of domain
orientational dispersion (!:!.B).
• The domain orientational dispersion (!:!.B) was calculated for all diffraction patterns
(Figure 4.12).
The value of I:!.B decreased from 27

o

at th c nter to

2mm. Note that th value I:!.B = 13 ± 1
radian

~

14

o

o

~

13° for th distances greater than

i con i tent with the angular spread I:!.B

= 0.25

inferred earlier from the radial distance at which peaks fir t emerge (Section

4.2.3). Small regions are orientationally correlated with each other, such that they giv ns
to four-fold or six-fold r fl ctions.
The origin of the four-fold cross in [100] oriented samples is as follow . For large source
and observer distanc s, any point along a radi 1 lin and the radial line p -rpendicular to it
satisfy almo t th same optical condition - orientation of a crystallit i th same and the angle of the reflected beam to the observer's eye and the angle of incidenc arc almo t the same.
For a four-fold symmetri pattern, there arc po itions on a locus of points corresponding to
a 4-arm cross that have the arne position.
The e observati n are consistent with the SEM results, where the lear peaks in FFT
analyses were visible for distances 2': 2.5 mm from the center of spinning. The SEM studi s
and laser diffraction measurements showed that a pin coated template with a vi ible 4-arm
star consists of regions with small domains. These regions are arranged in a circular fashion,
as shown in Figure 4.11. For [100]-oriented fcc packing squar OCP r gions satisfy th
sam Bragg condition (i.e reflections at a given angle have a preferred wavelength) in four
50
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directions perpendicular to each other, as the angle of reflected b am to the observer's eye
and the angle of incid nee i always same for the observer at large distance and int r-planar
di tance (d) is arne for four perpendicular directions.

Figure 4.13 hows eros -hatched

symbols that repre nt lattice planes in two mutually perpendicular dir ctions with equal
interplanar spacing.

4.3

SIX-FOLD SYMMETRIC COLLOIDAL TEMPLATES

A sample prepar d by spin coating silica suspen ion in ethanol at 3000 rpm was used to study
the six-fold symmetric colloidal templates. Figur 4.14 shows the type of packing present in
on such sample. The packing was [111]-oriented fcc (Figure 4.14B) in the ethanol sample
with a six-armed tar (Figure 4.14A). Figure 4.14C shows an SEM imag in another region
of th sample. Small domains with [100] packing appeared to present in large numbers
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Figure 4.13: The Bragg condition will be satisfied in four directions perpendicular to each
other as the angle of refie ted beam to th ob erver

eye and the angl of incid n

always arne for th ob rver at large distance and the inter-planar distance (d) is same for
four perpendicular directions. The eros -hatched symbols repr s nt latti e planes in two
mutually perpendicular dir ctions with equal inter-planar spacing (d).
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(marked by arrows), more so than the number of [111]-oriented domains in [100]-oriented fcc
structure (S e Figure 4.14B). A laser diffraction of the sample is shown in Figure 4. 7B. A

Figure 4.14: (A) A photograph shows the six-fold symmetry pr ent in samples prepared
by spin coating silica suspension in ethanol at 3000 rpm. (B) The six-fold symmetric arms
(shown in A) correspond to silica spheres packed in a [111]-oriented fc structure, according
to SEM images. (C) Other regions in the same sample show small domains with [100] packing
present in large numbers (marked by arrows).

explained for four-fold symmetric samples (Section 4.2), the optical cross pattern arises from
th fact that the same optical condition is satisfied - there are six equivalent orientation of
[111 ]-packed crystallite with respect to the angles of incidence and reflection. The locu of
such points corresponds to a 6-arm cross.
However, laser diffraction carried out on samples prepared from colloids in ethanol suspension did not how clear Bragg spots except in rare region in the sample where the
pattern consist of six spots with two opposite spots being perpendicular to the radial direction (Figure 4.7). We interpret this as follows: the six-fold symmetric amples consist of
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small [111]-packed regions connected by large [100]-packed region , o it i difficult to find
large [111]-packed regions in the samples having a clean laser diffraction pattern with our
1.2 mm beam diameter. We conclude that the orientationally correlated regions were mu h
smaller than the laser beam diameter.

4 .4

MIXED SYMMETRY COLLOIDAL TEMPLATES

While the reason for th symmetry transitions (between 4-fold and , ix-fold) is so far not
known, it appears that at the transition, one an create samples with multiple symmetries
as a function of the radial distance from the spinning center. In the case of mixed symmetry
sample

the packing was [100] near to the c nter of spinning (which orr sponds to the

four-arm star pattern on the sample and four peaks in the FFT; Figure 4.15B). The [100]
packing was surrounded by big regions with [111]-packing in th sample. The six-arm tar
patt rn on the sampl and six peaks in the FFT are shown in Figure 4.15C. This corresponds
well with the ob ervation of a four-arm star near the center, but a ix-arm star away from
the pinning center in mixed samples (Figur 4.3). Laser diffraction studies were not done
on the mixed symmetric samples because of the laser beam diam ter was larger than th
width of the four-fold region.

4 .5

THICKNESS OF COLLOIDAL TEMPLATES

Since an ideal template would be one layer of sph re thick, w asse sed thi kne s as a function of spinning spe d for templates prepared from silica suspension in acetone. AFM height
profiles were obtained aero s a radially drawn scratch (Figure 4.16A) at several distance
from the spinning center. Figure 4.16B bows one such line scan. The average height of
the deposit was calculated, equal to the differen e between the zero level and the averag
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Figure 4.15: Scanning electron micrographs of 3 regions (and their FFTs, insets) for a sampl
prepared at 7000 rpm by spin coating an aceton suspension. (A) [100]-ori nted packing i
observed 2 mm from the spinning center. The FFT is diffuse because there is poor order
close to the center. (B) At 5 mm from the spinning cent r, [100]-oriented packing is observed.
There is a hint of four-fold symmetry in the FFT. (C) There is no sign of four-fold symmetry,
but clear signs of six-fold symmetry at a distance of 6 mm from the enter of spinning.
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colloidal deposit level. The hump near the dg of the scratch may be th r sult of colloidal
r sidue. The sampl s were annealed at 300° C b fore cratching. This r duces the scratching
of sample by the AFM tip. Heights were m asured for sample prepared by spin coating
ac tone colloidal suspension at speeds of 3000 - 000 rpm. Colloidal .rystal thickness d
crea: s as the speed of rotation increases (Figure 4.17). All sampl

who e data are hown

here are between 2 and 4 lay rs thick. (Dotted and dashed lines how int ger layer number
for " quare" (fcc (100), fa

i parallel to ubstrat ) and "hexagonal" (fc (111), face parallel

to ubstrate) structures re pectively.) Our results are consistent with a power law (Section
2.1) H =

w - (0.4 3 ± 0 · 06 l

(Figure 4.17, Inset). Within error, the power law exponent is in the

range of values 0.44- 0.51 obtained by Rehg t al. 37 for salt con entrations ranging from 0.0
-0.1 M.
Colloidal films with thi knesses less than one full layer could possibly corre pond to
r gions with mixed ymmetries. There is four-fold symmetry up to 5500 rpm (Figure 4.2A:
Four-fold-1), with orresponding thicknesses of at 1 ast three compl te particle layer . The
transition region in Figur 4.3A ( ix-fold and mix d) appears too ur only for sampl s with
thi kness between two and three layers.

4.6

UNIFORMITY AND LATERAL P ERIODICITY
IN TEMPLATED COBALT SAMPLES

Cobalt was electrodeposited through spin coated templates and th n th

oll ids were et h d

away by hydrofluoric acid to leave a patterned cobalt material (discussed in Chapter 3). Th
shape, crystalline phase, and thickness of a tcmplated electrodeposit plays an important rol
in tuning its magn ti properties. 30• 32 • 50 Thu , it i important to analyze the lateral p riodi ity and the thickn

uniformity of a templated samples. The ov rail scheme develop d
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Figure 4.16: (A) A view of a scratched colloidal template from the cam ra mounted on the
AFM. T he t ip mov s across the scratch to give height profiles like that shown in (B). The
z ro level is the bare sub trate (in the scratch) and the average level repre ent the average
height of the colloidal deposit.
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Figure 4.17: (a) T mplate prepared by evaporative spin coating at diff rent angular velo ities w have different thicknesses. Thickness H (the average h ight of colloid urface) vs . w
shows template thicknesses between 2 and 4 layers. Solid and dashed lin s are the expe ted
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"hexagonal" (fcc (111), face parallel to substrat ) packing orientation. A fit to aw- N pow r
law (ins t) yields

=

0.43 ± 0.06, consistent with the valu s (0.44-0.51 for 0.0- 0.1M salt

oncentrations) obtained by Rehg et al. 37
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during this thesis work is shown in Figure 4.18.

Cobalt electrodeposlt

Scanning over scribed area
and the deposit

20 FFT of Scanning Electron and
Atomic Force micro ra hs

Calculation of average height of
scanned area over various line scan

Determination of lateral periodicity
from
ak osition

Calculation of average height of
net deposit over different areas
Calculation of average height of
Au\Cr coatln over different areas

Figure 4.18: The overall scheme for determining uniformity and lateral periodicity in our
electrodeposited samples.

4.6.1

DETERMINATION OF LATERA L PERIODICITY

One can determine the lateral periodicity present in a sample from the FFT of it SEM
images. One expects the appearance of peaks if long range ordering of pores is pre ent in the
sample or a bright circular ring if the long range order is absent. Figur 4.19A shows a scanning electron micrograph of a region in the patterned cobalt sample, and its corresponding
2D FFT is given in Figure 4.19C. (This sample was prepared by electrodcpositing cobalt at
-1.2 V vs. Ag/ AgCl, from 0.1 M CoS04 and 0.1 M H3 B0 3 , through a spin coated template
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(prepared by spin coating a silica suspension in acetone at 3000 rpm), followed by HF etching
in 1% HF for 2 minutes). The bright regions in the SEM image correspond to the cobalt
deposit and the dark regions are voids left after removing the colloidal spheres. The pres n e
of four p aks in the FFT shows that the electrodepo it has four-fold symmetry. W used a
software (ImageJ) to produce FFT of an image and calculate the lateral periodicity present
in the sample. The g n rated FFT of the image is unsealed (the distance from center to a
peak distance in a FFT (qu) is in unsealed reciprocal-space pixels). The lateral periodicity

(p) (present in the imaged region, Figure 4.19A) can be calculated by measuring center to
peak distance (qu) in the FFT (Figure 4.19C), and by using the equation

1024
p= ( - x4.8)
- p,m
Qu
191
'

(4.1)

for a 1024 x 1024 pixel FFT image. The scale i set by measuring the length of the SEM
image scale bar (4.8 p,m / 191 pixels). The average value of lateral periodicity (for four peaks
in a FFT) for the SEM image shown in Figure 4.19A is 0.50 ± 0.01 p,m, which is equal to
the diameter of the removed colloidal spheres and i an expected result. This shows that the
colloidal spheres in the template are not being pushed during electrodeposition of cobalt.
One would also expect to see four-fold symmetry in the FFT of AFM images in the same
region of the same sample. Figure 4.19B shows an AFM image of a similar area in the same
sample as in Figure 4.19A. One can see by eye the presence of the four-fold symmetry in th
image, but th FFT of the image, showing four peaks is more convincing (Figure 4.19D).
The lateral periodicity from AFM images was calculated by the same procedure used for
SEM images. The calculated value of lateral periodicity for the AFM image shown in Figure
4.19B is 0.51

± 0.02 p,m, which is equal to the diameter of removed ilica spheres and is an

expected result.
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Figur 4.19: (A) A canning electron micrograph of a patterned cobalt sample. (B) An AFM
image of a similar area in the same sample. FFTs of the SEM (C) and AFM (D) imag
consi t of four peaks, indi ating the presence of four-fold symmetry.
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E
c:

4.6.2

DETERMINATION OF THICKNESS UNIFORMITY

In order to calculate thickness of the deposit using AFM, one needs to scan over an edge of
the depo it as we did for the template (Section 4.5), cribing the sample with a blade to get a
sharp edge. Figure 4.20B shows a representative line scan over a scribed edge. Assuming the
zero height level corresponds to the top surface of the glass coverslip, the height at the top
of the deposit will be the height of the electrodeposit in addition to the gold and chromium
layers. The thickness of chromium and gold deposits can be determined in the same way,
by scanning over a scratch in a region without a cobalt electrodeposit, and this height can
be ubtracted to get the height of the electrodeposit. We assume that the glass is uniformly
coated with gold and chromium.
The uniformity in the thickness along the sample can be calculated by averaging the
h ight calculated from several or successive lin scans in the same area, and then comparing
results at different places on the sample. In this thesis work, we neglected the edges of the
deposit because they look much thicker than the rest of the deposit. Our scheme works well
on an untemplated cobalt electrodeposit on Au/Cr/glass. Figure 4.20A hows a representative AFM image. Several sets of consecutive line scans (such as the one shown in the Figure
4.20B) in horizontal direction were chosen to calculate the average height of this area. For
the area scan shown in Figure 4.20A, this average height is 61 ± 14 nm , based 2 sets of 11
line scans, spaced 5 J.Lm apart . The standard deviation is associated with the variation in the
average height of a single line scan. This procedure was repeated on two more area scans
each separated by 0.5 mm. The average height over this 1 mm of the sample was 60 ± 17
nm. Our procedure could be used in future studi s to calculate the thickness uniformity of
patterned cobalt samples.
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Figure 4.20: (A) A r presentative AFM image of clectrodepo ited cobalt on Au/Cr/glass
and a corresponding line scan (B). The zero level in (B) correspond to the glass and the
average height corresponds to the average height of the Co/ Au/Cr.
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Chapter 5
CONCLUSIONS
Th work in this the is is focused on the preparation of cobalt pattern by lectrodeposition
through colloidal templates prepared by pin coating. Much of th work i. concentrated on
elucidating the structure of colloidal templates prepared by spin coating and optimizing th
preparation techniqu for ynthesizing vi ually uniform patterned cobalt amples. A scheme
is designed to quantify the lateral periodi ity pr s nt in the cobalt array and uniformity in
th height of a sampl .
The structure of the template was studi d using a real-space technique ( canning electron
microscopy) and re iprocal- pace techniques (laser diffraction and whit light diffraction).
The templat s were pr pared by varying two parameter , i.e. spin coating solvent and spin
spe d. Both spin coating olvent and the spin sp ed have an influ n

on th

pres nt in the tructur of the spin coated colloidal ample. A tar-lik refl

ymmetry
ion was b-

served when samples were viewed at an oblique angle. We con lude that at lower speeds
(3000-5500 rpm), the amples prepared by spin oating the colloidal su pen ion in a etone consist of small domains ("" 10 J.Lm) with [100]-oriented fcc structure, whereas at same
sp ed the samples pr pared by spin coating the colloidal suspen ion in ethanol consi t of domains with [111]-orientcd fcc structure. A six-f ld refl ction, and [111]-oriented fcc domains
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were observed for the sampl prepared at 6000 rpm which changes into four-fold reflection ,
and [100]-oriented fcc domain at 8000 rpm with the wide transition from 6500-7500 rpm.
The transition region consist of samples with mixed symmetries, 4-fold near to the center
([100]-oriented fcc domain structure) followed by six-fold symmetric region ([100]-orient d
fcc domain structure). In the case of ethanol, the four-fold symmetric sample was observed
only at a spin speed of 8000 rpm, with no wide transition region. The study of dynamic
underlying the transition is r latively untouched. We have varied only two parameters, while
there are many factors like humidity, temperature, vapor pressure, roughness of substrate
and viscosity that can be varied to fully understand the proce s of spin coating.
SEM studies showed that all samples are polycrystalline and consist of domains oriented
in different directions. The FFT of scanning electron micrographs coupled with the laser
diffraction data revealed that the domains are correlated such that there exists an averag
direction of periodicity over a mm-scale region. The mm-scale polycrystalline regions are further orientationally correlated, and are arranged in "circular"- manner to give rise to a visual
symmetry (star-pattern) on the sample. We call this crystal an Orientationally Correlat d
Polycrystal (OCP) because it has long-range order in pite of being polycrystalline and having only short-range translational periodicity. The orientational correlation was quantified
by studying the angular correlations between laser diffraction patterns obtained at differ nt
positions on a sample. The cross-correlation demon trates the progressiv rotation of the
OCP region with off-center translation. Along the radial direction the orientation of the
OCP region stays the same. The autocorrelation function was calculated to measure domain
orientational dispersion in the laser diffraction peaks. The valu of domain orientational
di persion decreased from 27° at the center to

~

13° for the distances gr ater than 2 mm.

The preparation of patterned cobalt by electrodeposition through colloidal templates is a
multi-step procedure. Aiming to electrodeposit visually uniform cobalt from CoS0 4 , various
parameters involved at each step of the synthesis are varied. We conclude that annealing
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at 300 o C is required for stabilizing the template during ele trodeposition. A weak buffer
(H3 B0 3 ) is required to stabilize the electrolyte 's pH, and thus, to improve the quality of
the el ctrodepo it. The deposition is highly sensitive to the method used for cleaning th
substrates prior to spin coating. Cleaning of substrate with acetone vapor and fresh H2 S0 4
were found to be the two most promi ing cleaning methods, but visually uniform deposits
wer obtained randomly with these cleaning techniques. Even though lots of combinations
and procedures were tested for each step, a reliable procedure to make a uniform cobalt
deposit is still not clear and require further studies. The time for etching silica using HF is
not optimized because of non-uniformity of the cobalt electrodeposit.
A cheme for quantifying the lateral periodicity present in a patterned cobalt was clevis d
using atomic force micrographs and scanning electronic micrographs of the sample surface.
Better AFM scans are required for this analysis. The thickness of the electrodeposit was
measured by scanning the sample using AFM and a scheme was designed using untemplated
cobalt elcctrodeposit on Au/Cr/glass. The scheme needs to be applied to the templatcd
samples to find th order of uniformity. This analysis requires a uniform templated cobalt
sample. Once the average height of a uniform sample is calculated using AFM, one can
optimize the electrodeposition parameters to get a cobalt pattern of specific thickness and
can also optimize the time for etching the colloids in future.
While writing the manuscript, a very relevant work by Vermolen et al. 51 came to our
attention, with results very similar to the work described in this thesis, and providing confirmation of the summary of our work published in Physical Review E. 21 Vermolen5 1 points out
that the crystallization in vaporative spin coating is driven by three fluid flows i.e. radial
tangential and vertical. Identifying the relative contributions of the different flows could be
an interesting future project. Another possibility for a future project is an extensive tudy
of the effect of substrate type and of substrate cleaning on electrodeposition of a material
though colloidal template.
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Appendix A

SYNTHESIS AND
CHARACTERIZATION OF SILICA
COLLOIDS
Thi section de crib

the synthesis and chara terization of spherical olloidal ilica particles.

The synthesis was done by Stober's method 52 and using Giesche condition .53 55 The basic
two step reaction involved in the synthesis of silica colloidal particles is described below:
Si(OC2H5)4

+ 4H20

Si(OH)4

3

NH
ethanol

N ll3

Si(OH)4

+ 4C2H50H

(A.l)

(A.2)

ethanol

Anhydrous ethyl alcohol (Commercial Alcohols Inc. bp 78°C) TEOS (Fluka, purum 2:
98.0%, bp 168°C ) was freshly distilled before use55 for the synthesis of pherical particles.
Th scanning electron micrographs of the r ulting air-dried silica particles is shown in
Figure A.l. The silica colloidal particles have more than 6% polydisp r ity. Because of
this high polydi per ity these silica particles did not form cry tals during spin coating of
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their suspensions in acetone. A mixture of synthesized and commercially available silica
particles (Fiber Optic Center, SI02P050-1 microspheres of diameter 458nm ± 2 nm with
low size polydispersity, since no calibration standard was used, possible sy tematic errors
in particle diameter i 5 %) did not form a crystalline stucture during spin coating either.
Diameter were measured via SEM from center-to-center distance of 10 spheres along a lin in
a hexagonal layer of air-dried spheres, and from laser diffraction data from similar colloidal
templates prepared by spin coating a colloidal suspension in acetone. Thu , for the thesi
work, colloidal template were prepared only from commercially available silica particles.

Figure A.l: The scanning electron micrographs of the silica particles produced by Stober's
method. The size polydispersity is more than 6 %.
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Appendix B

SAMPLE PREPARATION
Coating

Substrate

Colloid

Annealing

Template

Electrolyte

Remarks

composition 1

cleaningl - 4

solvent

5,6

cleaning1

7,8

9- 12

Thick-Au/Cr

H2S04/H20**

None

-

H20

0.01 M (C/B)

NU

Thick-Au/Cr

H2S04*/H20

None

-

H20

0.01 M (C/B)

U/R

Thick-Au/Cr

H2S04 / H20

None

-

H20

0.01 M (C/ B)

u

Thick-Au/Cr

Ethanol

None

-

-

0.01 M (C/B)

NU (patche )

Thick-Au/Cr

Ethanol(S)

None

-

H20

0.01 M (C/B)

NU (patche )

Thick-Au/Cr

Acetone

None

-

H20

0.01 M (C/B)

u

Thick-Au/Cr

Acetone (S)

None

-

H20

0.01 M (C/B)

NU (patches)

Thick-Au/Cr

Acetone (V)

None

-

H20

0.01 M (C/B)

u

Thick-Au/Cr

H2S04 2min /H20 None

-

-

-

p

Continued on next page
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Coating

Substrate

Colloid

Annealing

Template

El ctrolyt

Remarks

composition 1

cleaningl-4

solvent

5,6

cleaning1

7,8

9- 12

Thick-Au/Cr

H2S043min /H20 None

-

-

-

p

Thick-Au/Cr

H2S045min / H20 None

-

-

-

p

Thick-Au/Cr

H2S04/H20

acetone

300° C (A)

H20

0.01 M (C/B)

U (randomly)

Thick-Au/Cr

Acetone (V)

acetone

300° C (A)

H20

0.01 M (C/B)

u

Thin-Au/Cr

H2S04*/H20

acetone

300° C (A)

H20

0.01 M (C/ B)

p

Thin-Au/Cr*

H2S04 */H20** acetone

300° C (A)

H20

0.01 M (C/B)

NU (patches)

Thin-Au/Cr*

H2S04* /H20

acetone

300° C (A)

-

0.01 M (C/B)

NU (patches)

Thin-Au/Cr*

H2S0 4*/H20

acetone

300° C (A)

H20

0.01 M (C/ B)

NU (patches)

Thin-Au/Cr*

H2S04*/H20

acetone

300° C (A)

H2S0 4*/H20

0.01 M (C/B)

NU (patche )

Thin-Au*

H2S0 4*/H20** acetone

300° C (D)

H20

0.1 M (C)

u

Thin-Au

H2S04*/H20

acetone

400° C (D)

H20

0.1 M (C)

p

Thin-Au

H2S04* /H20

acetone

500° C (D)

H20

0.1 M (C)

p

Thin-Au

H2S04*/ H20

acetone

600° C (D)

Sample melts

-

-

Thin-Au*

H2S0 4*/H20

acetone

300° C (A)

H20

0.01 M (C/ B)

U/R

Table B.l: Preparation conditions explored for synthesizing templates and patterned cobalt
samples. Further details are given in Chapter 3.

1 *:

Not Fresh (Substrates: Prepared few months back, H 2 S0 4 : used for genera l cleaning in our lab
**: substrate glued on microscope slide during cleaning procedure
3S: From suspension
4 V: Acetone vapors
5 A: Annealing with ramp up (100° C/ hr) + dwell (3 hours)
6 D: Annealing with ramp up (100° C / hr) +dwell (3 hours) + ramp down to 50° C(100° C / hr)
7
C: CoS04
8B: H3B0 3
9 NU: Visually non-uniform
10 P : Gold substrate layer peeling
llR: Non- uniform at t he places with residue left during cleaning.
12 U: Vis ually uniform
2
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Appendix C

ADDITIONAL LASER
DIFFRACTION PATTERNS

Figure C.l: Upon translation along the radial direction shown in (A), nine successive laser
diffraction patterns were obtained (B). These diffraction data correspond to y = 0 mm,
obtained at 1 mm intervals from x

= 0 mm to x = 8 mm. The sample was spin coated at

3000 rpm from a silica suspension in acetone.
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(A)

(B)

Figure C.2: Upon translation along the off-center direction shown in (A), twelve succe ive
laser diffraction patterns were obtained (B). These diffraction data correspond toy = 4 mm,
obtained at 1 mm intervals while moving outward in the sample (off-center) in a straight
line. The sample was spin coated at 3000 rpm from a silica suspension in acetone.
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(A)

Figure C.3: Upon translation along the off-center direction shown in (A), twelve successive
laser diffraction patterns were obtained (B). These diffraction data correspond toy = 5 mm,
obtained at 1 mm intervals while moving outward in the sample (off-center) in a straight
line. The sample was spin coated at 3000 rpm from a silica suspension in acetone.
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(A)

Figure C.4: Upon tran lation along the off- ent r direction hown in (A), t n succe siv
laser diffraction patterns were obtained (B). The e diffraction data corre pond toy = 7 mm,
obtained at 1 mm intervals while moving outward in the sampl (off-center) in a straight
lin . The sampl w

spin oated at 3000 rpm from a ilica suspen ion in a tone.
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