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ABSTRACT

A system of platinum microelectrodes was fabricated on a sapphire substrate by lithographic pat-
terning and used to manipulate 1.58 pm silica particles in-plane. A digital video system was used
to image the motion of particles far from the electrodes and their deposition onto the working
electrode during application of a DC potential. The role of electrode reversibility was investi-
gated and the performance of the as-deposited electrodes was improved by electrolytic plating of
platinum. Particles were also seen to adhere to the substrate before reaching the electrode. Force
distance curves were recorded using a colloid probe atomic force microscopy technique to
directly measure the interaction of the silica particles with the sapphire substrate. This data vali-
dated the observed adhesion at the electrode and provided further support for the temporal and
spatial reduction in pH. The role of Faradaic processes and the diffusion of potential determining
ions in electrophoretic deposition was also considered. The zeta potential of planar sapphire sub-
strates for three different crystallographic orientations was measured by a streaming potential
technique in the presence of KCl and (CH;)4NCl electrolytes. The streaming potential was mea-

sured for large single crystalline C-plane (0001), A-plane (1120), and R-plane (1102) wafers
over a full pH range at three or more ionic strengths ranging from 1 to 100 mM. The results
reveal a shift in the iso-electric point (i.€.p.) of the three samples by as much as two pH units, with
the R-plane surface exhibiting the most acidic behavior and the C-plane samples having the high-
est i.e.p. The acidity of the sapphire wafers is explained in terms of an absence of adsorbed
hydroxyl groups for these surfaces prepared at room temperature. Modified Auger parameters
(MAP) were calculated from XPS spectra of a mono-layer of iridium metal deposited on the sap--
phire by electron beam deposition. A shift in MAP consistent with the observed differences in
1.e.p. of the surfaces confirms the effect of surface structure on the transfer of charge between the
Ir and sapphire, hence accounting for the changes in acidity as a function of crystallographic ori-
entation.
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Chapter 1: Introduction

1.1 Motivation

The surfaces of particles and electronic components in an electrolyte adopt a charge due to
the specific absorption of potential determining ions. This surface charge can be used to manipu-
late the spatial position of the particles under the influence of an applied electric field. Microelec-
trodes patterned on a substrate using standard ultraviolet photolithography allow the field to be
shaped to achieve a specific arrangement of components. Small parts are subject to a wide variety
of forces that are not normally important to macrobodies because of their larger surface to volume
ratio. Advanced packaging technologies for electronics and new optical devices share similar
needs for hamnessing these forces during assembly of components. Complete control over compo-
nent placement and alignment is critical for high frequency electronics where packaging of filters
off chip seriously degrades the performance of the circuit. Discrete components are rapidly
decreasing in dimension, becoming so small that the assembly processes used to mount them must
account for static electric charge, van der Waals forces acting through surfaces, other adhesion
forces, and, in the not too distant future, Brownian dynamics. Optical system assembly presents
the same challenges with the added requirement of ultra precision placement. The demand for
discrete components has not decreased with the improvements in VLSI fabrication technology.
Indeed, system engineering has driven the demand for higher performance components. Discreet,
high performance components have become smaller with a greater emphasis on packaging and
assembly processes.

The surface mount capacitor is a simple example. Worldwide production of these devices
is now approaching six billion per month, up 30% from just a few years ago. The capacitance per
unit volume has increased over two orders of magnitude in the past fifteen years due to reductions
in layer thickness and improvements in the component materials. This has allowed for reductions
in component size. The first large scale introduction of the 0201 minichip capacitor with dimen-
sions of only 300 by 600 pm occurred this past year, Smaller capacitors can be manufactured but
their use is severely limited by current mechanical assembly methods. This is because the detri-
mental influence of uncontrolled electrostatic forces and mechanical vibrations become more

severe as the component dimensions decrease. Micron-scale components are much more strongly
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influenced by surface forces and Brownian motion than their macroscopic counterparts due to
their higher surface to volume ratio.

High-speed automated assembly of surface mount components is practiced on a large
scale throughout the world. The equipment varies in detail but all are based on mechanical place-
ment of components using a contact technique. Components are typically provided to the assem-
bly equipment in large plastic reels. The actuators remove the component and place it on the
target substrate. The accuracy of placement and the reliability of the component hand-off to the
substrate depend on many factors, including the vibration inherent in mechanical systems operat-
ing at high speed and the adhesion of components to the assembly tooling. Shown in Figure 1.1
are 0201 minichip capacitors adhering to a pair of metal tweezers. The parts were stored in a plas-
tic vial and acquired an electrostatic charge due to the friction of rubbing against one another and
the container. The electrostatic attraction of the parts to the metal as well as to themselves 1s
apparent. The presence of this electrostatic charge illustrates a critical problem in component
handling that is highly dependent on environmental conditions such as temperature and humidity.
Fine-tuning of the alignment and placement of components during mechanical placement opera-
tions is not possible without the controlled use of another force in order to overcome mechanical
vibrations that lead to improper assembly.

Applications of ordered structures composed of small components are not limited to
microelectronics. Recent developments in biotechnology have made the assembly of micron-
scale particles into patterned structures extremely attractive for use as templates for cell growth,

as biosensers for use in immunological tests, and as test cells for research on fundamental cellular

(@ (b)

Figure 1.1: (a) Photo of 0201 capacitor and (b) demonstration of static charge induced
adhesion to a pair of tweezers.
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and molecular phenomena. Interest in miniaturization is driven by the need for test cells which
are capable of assessing thousands of independent combinations of biological material. Current
industry standard techniques for fabricating microarrays of proteins or nucleic acids, such as
microspotting or microjet printing, require large sample areas. The minimum size droplet which
can currently be deposited to form a single test cell is on the order of a nanoliter, placing addi-
tional restrictions on the speed with which these microarrays may be fabricated. The extremely
small scale of biological material used in these tests requires droplets only on the order of a fem-
toliter. Thus, assembly techniques capable of placing smaller sample sizes have the potential to
greatly improve the speed with which microbiological experiments may be carried out.

Even smaller scale assembly methods are required for the manufacture of new advanced
composite materials. One remarkable example is photonic crystals, in which the characteristic
dimension of the ordering phenomenon is fairly large compared with the length scale of the forces
which serve to stabilize the components of the structure. Simple dielectric materials can be artifi-
cially arranged in periodic structures to eliminate or enhance the density of electromagnetic states
within a given frequency range [1]. The usefulness of three-dimensional photonic band gap struc-
tures has been theoretically demonstrated, with applications ranging from waveguides capable of
channeling light with nearly zero loss to optical resistors and tunable filters [2][3][4]. Great
strides have recently been made in the fabrication of materials exhibiting a full or partial photonic
band gap [5][6][7]. Ordered periodic arrays consisting of colloidal particles which self-assemble
to form an fcc lattice have been used either as free standing structures or as templates for infiltra-
tion with another material [8]. The latter technique, designed to increase the dielectric contrast
necessary to produce a complete band gap, makes use of heat treatment of chemical etching to
remove the particles, leaving behind a periodic array of highly ordered micropores with a contin-
uous air phase [9][10]. The development of advanced patterning techniques such as microcontact
printing [11][12] to selectively deposit charged regions on a substrate has been crucial for provid-
ing a template for colloidal crystallization [13] and for producing ordered arrays of colloids on a
surface [14][15]. Precise control over the center-to-center distance between particles has been
achieved using this technique, resulting in the formation of self-assembled arrays of colloids with
very low defect concentrations. Other novel techniques using electric-field induced capillary
forces show promise for controlling interparticle spacings at distances much larger than would be

possible by traditional charge stabilization techniques [16].
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1.2  Application Examples of Surface Forces in Assembly

Applications abound for the assembly of micron-scale particles at interfaces. This has led
to numerous studies which focus on the manipulation of micro- and nanoscale forces for the fabri-
cation of novel systems and structures. Three such examples will be presented here, namely
mechanical assembly, fluidic self-assembly, and electrophoretic deposition.

1.2.1  Mechanical Assembly

Mechanical assembly methods represent the current state of the art in industrial assembly
of small microelectronic components. A typical mechanical assembly process uses an automated
mechanical actuator to contact the part and move it to an exact location for placement on the sub-
strate. These include pick and place operations (similar to that described earlier to place surface
mount capacitors) and flip chip assembly. Flip chip technology uses the surface tension of the
solder joints to self-align components. The component partially aligned with high speed actuators
and the solder coated surfaces of the component and target are brought into contact. The temper-
ature of the entire assembly is raised, and the surface tension of the molten solder pulls the com-
ponent into place. The alignment accuracy of this technique varies from a few microns to eight
microns or more. More accurate placement of devices such as light emitting diodes can be
achieved by use of photodetectors which provide a feedback mechanism. The diode is powered
and its position slowly adjusted while the light output through the detector is measured. The feed-
back system repeatedly moves the device, then measures the output intensity until the maximum
output is achieved. This process is very slow, which significantly increases the manufacturing
cost [17].

Researchers at the University of Tokyo have developed a micro-robotic contact technique
of assembling three-dimensional photonic band gap crystals using particles on the micron-scale.
The robot consists of a left hand that holds a substrate containing randomly placed particles and a
right hand which contains a needle-like tool. The tool is used to pick and place each individual
particle, allowing the formation of very complicated structures through this highly localized
assembly technique. The entire robot assembly is contained within a scanning electron micro-
scope and the hands are remotely controlled by an operator. Each particle is contacted by the
robotic needle and moved into position. The process is slow and laborious and can only be used
with spherical particles [18]. This technique is an example of work currently being done to adapt

the mechanical pick-and-place methods traditionally used in industry to components on a much
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smaller scale. This method offers promise for the fabrication of controlled defects within photo-
nic band gap materials for use in waveguide and other applications but is extremely slow and not
practical for scale up as an industrial process.

1.2.2  Fluidic Self Assembly (FSA)

A technique for the assembly of microelectronic devices has been described by J.S. Smith
et al. [19]. The fluidic self-assembly process (FSA) allows the integration of micron scale com-
ponents into a substrate fabricated from a dissimilar materials system. Devices are fabricated
onto specifically-shaped structures of one material into similarly shaped receptacle holes made on
a substrate of some other material, such as silicon. This process has been applied to the integra-
tion of optical and electronic devices on a single chip module, as in the placement of GaAs light-
emitting diodes on silicon substrates, as well as to the fabrication of flat panel displays. FSA pro-
vides an alternative to more traditional methods of placing small devices such as epitaxial lift-off
and microrobotic assembly. The trend towards reducing device dimensions to the micron scale
has significantly limited the application of these mechanical or contact placement processes.

Devices such as GaAs LEDs are first fabricated by molecular beam epitaxy onto a sacrifi-
cial substrate. This is followed by selective metallization of the devices to form electrical con-

tacts, as shown in Figure 1.2 (a). The devices are then formed into blocks of uniform dimensions

metal contacts

y

[ sacrificial 51 substrate

[N

(@

b gap

patterned substrate

(b)

Figure 1.2: Schematic of fluidic self assembly process showing (a) the formation of devices on a
sacrificial substrate and (b) the deposition of devices onto a patterned substrate.
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by either ion milling or reactive ion etching at an angle of 55° to the substrate, thus creating a
trapezoidal shape. The blocks are freed from the sacrificial substrate by etching away the
undoped silicon layer. Devices of different size scales have been assembled using FSA, ranging
from on the order of 20 pm to 1.0 mm. The substrate onto which the devices are to be assembled
is then patterned with an array of holes by anisotropic etching with KOH. The etchant acts at dif-
ferent rates along different crystal directions. This allows the substrate to be selectively etched
along the slower {111} planes, forming the slanted sides of the desired trapezoidal geometry. Itis
noted by Smith, ef al. that the shape of the assembled blocks will not perfectly match that of the
holes due to process variations, resulting in small gaps between the devices and the silicon sub-
strate [20]. The truncated pyramid geometry facilitates the self alignment of the devices within
the holes as illustrated in Figure 1.2 (b). The shape of the substrate determines the orientation of
the blocks in a manner similar to the mating of a key with a lock. The holes can be keyed in vari-
ous fashions to match a device of any shape, thus allowing the symmetry of placement to be
reduced to one fold rotation.

The blocks are then suspended in a fluid medium which acts as a carrier for the deposition
of the devices onto the patterned substrate. Due to the presence of the heavier interconnect metal
on the smaller face of the trapezoids, the blocks tend to orient themselves with this smaller face
downwards, corresponding to the geometry of the holes (see Figure 1.2 (b)). The blocks are
brought to the vicinity of the substrate by a steady recirculating flow and settle to the surface due
to gravity. Acoustic vibration is used to migrate the blocks across the surface until a patterned
hole is encountered. The amplitude of vibration can be adjusted to facilitate the settling of the
blocks into the holes while minimizing the removal of settled blocks. Blocks which do not fall
into receptor sites after a single pass over the substrate are recirculated to the flow inlet and are
again vibrated across the surface. This process will continue until a steady state fraction of filled
holes is reached. Fill fractions as high as 1.0 have been observed within three minutes for parts
having a characteristic dimension of 1.0 mm. Smaller parts (on the order of 30 um) reached a
steady state fill ratio of 0.9 after roughly fifteen minutes. Continuing the process for longer times
resulted in no improvement in the fraction of filled sites [19].

Alternate techniques which do not use a recirculating flow mechanism have also been
attempted. It has been demonstrated that while the local fill ratios in certain regions may

approach 0.5, the total yield of filled sites is extremely low (on the order of 0.03) [21]. The
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advantages gained by a continuous process are therefore significant. Smith et al. present a gen-
eral discussion of the factors which affect the filling efficiency of the holes. An empirical obser-
vation of yield as a function of the concentration of parts within the fluid led to the conclusion that
a large number of blocks in solution enhances the filling efficiency:.

Another critical factor in the efficiency of the FSA process is the adhesion forces between
the blocks and the wells. These forces are attributed to Van der Waals interactions but the nature
of the forces was not investigated experimentally [19]. Empirical observations revealed that
roughening of the surface of the blocks resulted in a larger fraction of filled sites. This is likely
due to the reduction in contact area between the devices and the substrate which in turn reduces
the average magnitude of the Hamaker force per unit area. It was also observed that the steady
state filling efficiency of the larger blocks was much greater than that of the smaller blocks. The
smaller devices have a higher surface to volume ratio. The greater exposed surface area increases
the overall magmtude of surface forces as compared with the force due to gravity. Thus smaller
parts will be more susceptible to sticking to the surface, presenting a physical barrier to the migra-
tion and deposition of other nearby blocks once proper placement occurs. It should also be noted
that the same surface forces which cause undesirable adhesion may also be beneficial in keeping
the correctly oriented blocks within the holes. This can be controlled by ensuring that the contact
surface at the bottom of the holes is as smooth as possible for maximum adhesion between the
substrate and the blocks.

The effect of the dielectric properties of the substrate and devices was also discussed. The
surface forces which cause blocks to stick to the substrate will depend on the dielectric constant of
the fluid medium. These forces will be significantly reduced by the presence of the fluid as com-
pared with the same effects in air. Additionally, the strength of the Van der Waals attraction will
be dependent on the relative dielectric constants of the devices and the substrate. Various coat-
ings and other surface treatments have been proposed to optimize these interactions. Mustakis, et
al. suggests the use of self assembled monolayers composed of functionalized long chain alkanes.
Hydrophobic and hydrophilic SAMs can be preferentially deposited onto the substrate, increasing
the adhesion of the parts to the bottom of the holes while allowing the parts to glide across the
upper surface without sticking [22].

1.2.3  Electrophoretic Assembly
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Particles in a liquid can acquire a surface charge by preferential adsorption of ions from
solution, dissociation of surface groups, isomorphic substitution, adsorption of polyelectrolytes
from solution, or accumulation of electrolytes at the surface. The primary mechanism of charging
for colloidal suspensions of ceramic particles is preferential adsorption of ions, especially in aque-
ous suspensions. Clay particles are charged primarily by isomorphic substitution. Preferential
adsorption of ions from solution occurs when ceramic particles are placed in a liquid such as

water with an electrolyte such as an acid, base, or a metal salt. Most oxide surfaces are hydrated,

so that there are hydroxyl groups on the surface. H' ions are adsorbed on the surface if the solu-

tion is acidic, creating a positive surface charge. A basic solution causes adsorption of hydroxide

ions, which form water with the H ions of the surface hydroxyl groups and leave O ions on the
surface, thus creating a negative surface charge. This surface charge is balanced by counter ions
in a diffuse layer extending into the solution. The width of this electrical double layer is charac-
terized by the Debye length, which is a function of the dielectric constant of the dispersion
medium, the deposition temperature, the concentration of the electrolyte in solution, and the
valence of the ions of the dissociated electrolyte. The potential associated with the double layer is
characterized by the potential at the shear plane, known as the zeta potential. The zeta potential
depends on the magnitude of the charge on the particle surface. The surface charge is changed by
varying the concentration of potential determining ions in the solution. The concentration of
potential determining ions present depends on the type of electrolyte used and the degree of disso-

ciation of the electrolyte in the liquid. In aqueous suspensions, an acid or base may be added to

change the concentration of H' ions, which are potential determining.

The force on the charged particle due to an externally applied electric field is equal to the
charge multiplied by the magnitude of the field. This force will act to accelerate the particle,
while the liquid medium will exert a drag force on it. The maximum velocity of the particle is
determined by a balance of these two forces, such that the velocity is independent of the particle
size. For a typical water / alcohol based slurry, the zeta potential may be estimated as 60 mV, the

viscosity is approximately 1 cP, and the dielectric constant is approximately 48. This results in an

electrophoretic mobility of 2.5 X 10"'® m?/Vs, or a velocity of 1.3 pm/s in the typical maximum
field of 50 cm/V [23].
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Electrophoretic forces have been used to assemble a variety of micron-scale systems into
ordered, controlled arrays. The first reported observations of two dimensional crystallization of
colloidal particles suspended in a fluid medium under the influence of an applied DC electric field

were made by Marcel Bshmer [24]. BShmer observed clustering of latex spheres on the order of
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trode studied in detail. The use of atomic force microscopy for the characterization of pH changes
during EPD is also presented in Chapter 4, while Chapter 3 details the use of a finite element
model to predict the field distribution between the electrodes under a range of conditions. Chap-
ter 5 presents a summary of the major findings of the entire body of work presented here and

briefly suggests some areas of interest for future related experiments.
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Chapter 2: Surface Phenomena

2.1 Introduction
2.1.1  Linear Approximation of Potential for Flat Plate

Dielectric materials acquire a surface charge when immersed in aqueous environments
due to the differential absorption of ions present in solution. Ions opposite in sign to the surface
charge of the particle are attracted to the surface. The mobility of these counterions in solution
also allows them to be uniformly distributed throughout the surrounding aqueous medium such
that they reach an equilibrium concentration at distances far from the surface. The concentration
of counterions is therefore higher in the immediate vicinity of the particle surface and falls off
rapidly towards the bulk solution. This charge arrangement is known as the diffuse electrical dou-
ble layer and is well characterized according to the spatial distribution of charge first developed

by Gouy and Chapman. The model considers a plane surface with a single layer of charge distrib-

uted uniformly, giving rise to an electrostatic potential y,. The ions in the diffuse double layer

are regarded as point charges immersed in a continuous dielectric medium. The potential distri-

bution is then found by solving Poisson's equation, which relates the local volume density of

charge p to the divergence of the potential:

vy = £ (2.1)

€9,
The volume density of charge is given by a summation over all charged species n; present in the
neighborhood of the surface,
p = Zniz,-e (2.2)
i

where z; is the valence of ion i and n, is given by the Boltzmann equation:
n; = n?exp(—z.e-w—) 2.3)

This expression was found by integrating the variation in chemical potential from the surface to a

point in the bulk solution, where n; = n? and y = (. Substituting Equation 2.2 and Equation

2.3 into Equation 2.1 gives the complete Poisson-Boltzman equation for a flat surface of constant

potential:
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Viy = —— Z n z,€€Xp (—'—T) (2.9)

Calculation of the potential distribution in the diffuse double layer can be simplified by making a

linear approximation of the exponential term in the above expression, provided that z;ey « kT

Expanding the exponential and taking the first two terms then yields:

n 2262
- [Zn Z ] (2.5)

The first term must them sum to zero according to the electroneutrality condition in the bulk solu-

tion and we are left with:

2
Vi = € 0 2 = 2 2.6
Wy [SoﬁrkT,- nZY =Ky (2.6)

The constant x is known as the Debye-Hiickel parameter or Debye constant, after whom the lin-

ear approximation above is named, and can be expressed in terms of the ionic strength of the elec-

trolyte, I = Zc,.z,.2 :

[2000#) y @

g, RT
where c; is the ionic concentration in mol/L, F is Faraday's constant, and R is the molar gas con-

stant. The solution of the linearized Poisson-Boltzman equation then follows directly by integrat-

ing with the boundary condition of a constant surface potential y = g at the flat plate. The
potential in the double layer is then given by:
Y = yyexp(-Kx) (2.8)

where x is the linear distance away from the surface into the bulk fluid [26].
2.1.2  Extension to Spherical Particle Interacting with Flat Plate

The preceding analysis can be extended to the case of a spherical particle adhering to a flat
plate. The potential energy of interaction can be calculated using the familiar linear (Debye-
Hiickel) approximation for two constant potential surfaces at low potential. This approach has

been applied to surfaces composed of dissimilar materials and is valid for large particle radii such
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that xa > 10. This condition is well met for a 1.58 um particle in an aqueous electrolyte with a

salt concentration of 10 mM, where the Debye constant is calculated to give

Kk = 9.89x 10~ nm. This approach is based on the scaling of the interaction energy per unit
area between two semi-infinite flat half spaces for application to arbitrary geometries and can be

used to calculate the potential between two dissimilar materials [27]. The total potential is given
by:
Viorar = Viep* Vanu (2.9)

where the repulsive potential is:

Viep = TEQE7(p + ¥ )[(;-P—;]( ﬁ% +log(1 - exp(- KD)):\ (2.10)

and the attractive potential is:

d ( D D) D
_d 4 D DY og L 211
Vaw = A\t o5 <0/ % a+ D 10

where ', and P, are the zeta potentials of the particle and substrate, respectively (for a given
pH), « is the Debye length of the charged double-layer (for a given ionic strength), 4,3, is the

Hamaker constant calculated for two unique surfaces interacting in a third medium, d is the diam-

eter of the particle, and D is the separation distance between the particle and the flat plate.
2.2  Streaming Potential

The zeta potential, & for flat surfaces is calculated from the measured streaming potential,

Uy according to the Helmholtz-Smoluchowski equation:

AUgy L1
- SN &- 2.12
S AP aeoAR ( )

where AU/ AP is the slope of the streaming potential curve with increasing applied pressure
through the streaming channel, 1 and & are the viscosity and permittivity of the electrolyte, L

and A are the length and area of the channel, and R is the resistance of the solution in the channel

during measurement. The ratio L/ A can be approximated by the Fairbrother-Mastin technique
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under conditions where the conductivity of the electrolyte is sufficiently high (generally at salt

concentrations greater than 1 x 107 M) such that surface conductivity may be neglected:

L _ R (2.13)

A

where k is the conductivity of the electrolyte. Substituting this expression into Equation 2.12
gives the zeta potential in its more familiar form:

AUspu
= —2 2.14
AP SGOK ( )

This approach was used for all streaming potential measurements presented here.
2.3  Zeta Potential of Silica Particles
2.3.1  Experimental Methods

A ZetaPALS zetameter (Brookhaven Instrument Corporation, NJ) was used for all particle
zeta potential measurements. The instrument utilizes phase analysis light scattering to provide an
average over multiple particles. Single point measurements were conducted over a full range of

pH for dilute suspensions of particles. KNO; was used as the background electrolyte for all parti-
cle zeta potential measurements and the pH was adjusted with 0.1 M KOH and HNOj3. Fifteen

measurements were taken to obtain an average value for each data point, with each measurement

consisting of twenty iterations of the fitting routine to obtain a more accurate reading of the phase

signal.
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Figure 2.1: Zeta potential as a function of pH for silica particles.
2.3.2  Results

The zeta potential as a function of pH and ionic strength is presented in Figure 2.1 for the
1.58 pm silica particles. The data reveals a well defined iso-electric point (i.e.p.) falling near a
pH of 2.5 that is consistent with values reported in other studies [28]. The expected reduction in
zeta potential with increasing ionic strength is also observed for the silica particles.
24  Surface Preparation and Characterization

Substrates of three different crystallographic orientations used in the following experi-

ments, namely C-plane (0001), A-plane (1120), and R-plane (1 102) , were obtained from a
commercial supplier (Rubicon Technology, Franklin Park, IL) and were melt grown using the
heat exchanger method. Two substrates of each orientation, one for each half of the streaming
channel, were cut with a rectangular geometry and a thickness of 2 mm from a single sapphire
boule and initially polished with an optical finish. Diamond machining was employed to create
inlet and outlet ports through which the fluid could flow into and across the channel according to
the specifications for the rectangular streaming potential cell. All the wafers used in this study

were of single piece construction to avoid any errors associated with variations in the hydrody-
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namics of the flow across the surface. The diamond machined slots were also beveled to remove
sharp edges at the inlet and outlet and reduce any discontinuities in the flow. A second polishing
process was performed on each wafer following machining to achieve an atomically smooth epi-
finish. Two additional R plane wafers having a round geometry were obtained from another com-
mercial supplier (St. Gobain Crystals and Detectors) and were used for initial measurements.
These wafers were received from the manufacturer with an epi-polish and the slots were
machined in a similar fashion without a final re-polish of the surface. The rectangular geometry
was later adopted as preferred due to difficulties in providing a pressure seal with the round
wafers. A surface treatment was employed for all wafers to ensure that the sapphire surfaces were
clean and free of organic and other contaminants prior to measurement of streaming potential.
The cleaning procedure consisted of immersing the wafers in a 4:1 bath of sulfuric acid and
hydrogen peroxide (commonly known in the microelectronics processing industry as a 'piranha’
etch), followed by thorough rinsing in deionized water and blowing dry with nitrogen. X-ray
photoelectron spectroscopy was performed both immediately following the cleaning procedure
and after all streaming potential measurements were taken to verify that the surfaces had been
adequately cleaned and remained so throughout the course of the measurements. It was also con-
firmed that no silica contamination had occurred at any point during the collection of data.
Atomic force microscopy was also used to image the surfaces and confirm that the polishing had

rendered them appropriately smooth.
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24.1 Results

Characteristic AFM images for each crystallographic orientation of the rectangular sap-

phire wafers following the final polishing and surface cleaning step are presented in Figure 2.2.

The RMS roughness achieved on each of the three planes was on the atomic scale and is indicated

(a) (b)
1.0 nm

0.5 nm

o 25.0 50.0 O‘O nm
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Figure 2.2: Characteristic AFM images of (a) C-, (b) A-, and (c) R-plane sapphire illustrating

sub-atomic RMS roughness.
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in Table 2.1. Results of a normal incidence XPS survey of a C-plane sample are shown in Figure

Table 2.1: RMS roughness for C-, A-,
and R-plane sapphire crystals used in
streaming potential experiments

plane (geometry) ronighhixsess
C 1.52A
A 0.96 A
R (rectangular) 0.39A
R (round) 025 A

2.3. The survey is dominated by aluminum and oxygen peaks, with trace amounts of sulfur and

carbon present on the surface as well. The later is a direct result of the cleaning process used,
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Figure 2.3: Characteristic XPS survey of sapphire streaming potential samples after cleaning in a
bath of 4:1 sulfuric acid and hydrogen peroxide.
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while the carbon contamination is virtually unavoidable even when handling in a cleanroom envi-
ronment. It was assured that the height of the carbon peak was substantially reduced after clean-
ing the samples. The results were nearly identical for all of the crystal planes.
2.5  Zeta Potential of Sapphire Substrates
2.5.1  Literature Review

Comprehensive studies of the experimentally measured zeta potential of planar sapphire
surfaces and the corresponding iso-electric point (i.e.p.) are few in number in the available litera-
ture. This may stem partially from the extreme cost required to prepare single crystalline samples
having a surface area which is adequate to obtain reproducible and fully qualified results. The
handful of studies that are available have reported a wide range of values, no doubt resulting from
the numerous different measurement techniques and surface preparation methods used. Only
recently have well designed commercial instruments appeared on the market, capable of produc-
ing reliable data using standard and proven methods. Larson, ez. al. developed a streaming poten-
tial apparatus to study C-plane surfaces [29], while other authors have made use of a modified
electro-osmotic technique to evaluate the zeta potential of rod-shaped sapphire fibers [30][31].
Other studies using scanning probe microscopy are not capable of measuring the zeta potential
over the full pH range and present only a single value for the i.e.p. A surface force apparatus was
used in two separate investigations of the i.e.p. of C-plane sapphire crystals [32][33], while
atomic force microscopy was employed by two other authors to study macroscopic sapphire sur-
faces without mention of the orientation of the samples [34][35]. More recent data presented by
Franks and Meagher evaluated the zeta potential as a function of pH for four different crystallo-
graphic orientations of sapphire wafers [36). This work was conducted with two different electro-
lytes at a single ionic strength of 1 mM. Though some variation in the i.e.p. as a function of
orientation was observed, the authors conclude that the reproducibility of the techniques used
(particularly the atomic force microscopy method) rendered these differences insignificant.
Franks and Meagher also present an excellent summary of the various measurements of sapphire
1.e.p., both by streaming potential and scanning force microscopy. An additional study not sum-
marized there was carried out by Sasaki and co-workers using the plane-interface technique to
measure the zeta potential of C-plane sapphire plates as a function of pH. The reported i.e.p. in

this case occurred at pH = 5.6 [37].
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We present here a comprehensive measure of the pH-dependent zeta potential of planar

sapphire substrates for C-plane (0001), A-plane (1 150) , and R-plane (1102) wafers [100].
The zeta potential is measured at several different ionic strengths for each crystal plane, and the
R-plane substrates are evaluated using two different electrolytes. A streaming potential technique
was selected for the measurement of i.e.p. due to its direct correlation to ion adsorption at surface
sites of the sapphire crystal. The streaming potential technique remains the most accurate method
for determining i.e.p. and also allows the measurement of zeta potential over the full pH range.
The commercial streaming potential analyzer (BI-EKA, Brookhaven Instruments Corporation,
Holtsville, NY) used for all measurements in this work was identical in design to an instrument
that has been demonstrated in the literature to produce extremely accurate and reproducible zeta
potential data on a variety of surfaces [38][39]){40][41]. This technique provides a complete pic-
ture of the sign and magnitude of the surface potential of the substrate, thus giving information on
the exact pH at which the surface moves from a positive to a negative charge. Careful consider-
ation is given to the preparation of the commercially polished surfaces used in this work. This
was done primarily to eliminate the deleterious effects of silica contamination alluded to by other
authors [36]. The removal of this and other organic and inorganic contaminants was closely mon-
itored using XPS and AFM. A standard cleaning procedure used in microelectronics was
employed to render the surface sufficiently clean for the direct measurement of zeta potential.
2.5.2  Structure of Sapphire

Large, defect-free, synthetic sapphire crystals have been commercially grown using the
heat exchanger method for several decades[42][43). The most stable form of alumina, the a -

Al,O, single crystal has a corundum structure with a hexagonal unit cell composed of two mole-

cules and possessing thombohedral symmetry of space group D::, . The unit cell, shown in Fig-

ure 2.4, contains 12 AI** and 18 O%" jons with 2 = 4.76 A and ¢ = 12.99 A [44]. The oxygen

anions are arranged in a close-packed array, with aluminum cations occupying 2/3 of the available

octahedral interstitial sites. This bulk structure results in each A" being surrounded by six o%,

while the coordination number of the oxygen sites is four. The crystallographic orientations of
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interest studied in the present work are identified by the colored planes in Figure 2.4. Considering
first the easiest orientation to visualize, the C- (or basal) plane is oriented parallel to the close-
packed array of oxygen sites and has been well-characterized in the literature. It is immediately
apparent from the figure that several unique C-plane surfaces can be realized depending on the
manner in which the crystal is cleaved. The termination of the surface of the crystal is paramount
to understanding the adsorption of potential determining ions and other surface active species.
The temperature-dependent surface reconstruction will also dictate the arrangement of surface
ions, such that the total energy of the surface is minimized by the lateral motion of ions within the
surface plane. The C-plane surface has been confirmed by both experimental
[45](46](47][48][49][50] and theoretical [51] studies to possess a 1 x 1 unreconstructed surface

identical to the bulk crystal up to temperatures of approximately 1370 K, with various other

-

S Xwo

Figure 2.4: Sapphire unit cell showing crystallographic orienta-
tions studied: C-plane (red), A-plane (green), and R-plane (yel-
low).
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reconstructions resulting from annealing at more elevated temperatures [52][53][54]. The exist-
ence of both oxygen [55] and aluminum C-plane terminated surfaces [56] has been reported in the
literature. Other studies have suggested the possible existence of a surface consisting of mixed
oxygen and aluminum sites. The majority of this work was conducted under UHV conditions
with native sapphire surfaces where care was taken to avoid exposure to moisture or surface con-
taminants. These experiments [57][58] coupled with more recent theoretical evidence based on
density functional theory in the local density approximation (DFT-LDA) calculations [51] con-
firm that the native C-plane surface is indeed terminated in a monolayer of aluminum cations
under UHV. This conclusion is based on the highly stable nature of the electrically neutral Al-O-

Al stacking sequence that occurs for this configuration.

The presence of AP" at the surface of the native C-plane crystal results in a reduction in
coordination of these cations relative to the bulk structure. This leads to an energetically favor-
able relaxation of the surface aluminum cations towards the three coordinating oxygen anions

below. The phenomena has been studied in the literature for native unhydroxylated C-plane crys-

tals using advanced computational techniques. Up to eighteen alternating A" and O layers of

the surface structure are modeled in this work as a multi-layer slab. Verdozzi, et. al. report the

relaxation of the surface AI** layer by as much as -87.4% [59], with the minus sign denoting a

relaxation into the plane of oxygen anions immediately below this surface layer such that the alu-

minum becomes nearly co-planar with the 02", Other authors have reported slightly lower values
on the order of -85% to -86% using similar computational methods [51][60][61][62], though the
calculations have been shown to be somewhat sensitive to the specific selection of technique and
model parameters [63]. These models also show a slight shift of the oxygen layer towards the sur-
face such that the co-planar oxygens are displaced by on the order of +3.0%. Much less dramatic
shifts occur on various planes of subsurface atoms until the relaxations are eventually damped out
in the bulk.

Limited work concerning the reconstruction and termination of the native A- and R-plane
surfaces has been presented in the literature, though a few studies do tackle these more compli-

cated structures. Guo, Ellis, and Lam reported termination of the R-plane surface with a single

layer of o* [56], though more recent experimental evidence has not been provided. This conclu-

sion was again based on the reduction in energy afforded by the oxygen termination but may also
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result from the hydroxylation of the surface as was reported for the (0001) orientation, discussed
in Section 2.6.3. Reconstruction studies of the R-plane sapphire surface have not been reported.
The A-plane surface, on the other hand, is known to exhibit a number of reconstructions upon
annealing, with the lowest temperature (3 x 1) structure occurring at 900 K [64]. No work con-
ceming the termination of the unreconstructed A-plane surface is available in the literature.

The introduction of native, aluminum terminated C-plane sapphire crystals to an aqueous
environment has been shown by many authors to result in complete hydroxylation of the surface
at water vapor pressures as low as 1 torr [65][66][67][68]. It becomes necessary to adapt the dis-
cussion of native sapphire surfaces presented in Section 2.5.2 to reflect this phenomenon. Addi-
tional spectroscopy work by Eng, et al. using a synchrotron x-ray source, confirms that the
hydration results in termination of the C-plane sapphire surface with a layer of surface hydroxyl
groups even at temperatures as low as 300 K [69], a schematic of which is shown below in Figure
2.5.

2.5.3  Experimental Methods

A commercial streaming potential analyzer (BI-EKA, Brookhaven Instruments Corpora-
tion, Holtsville, NY) was used for all measurements in this work. The instrument is comprised of
a rectangular cell which holds the sample and forms the streaming channel, a mechanical pump
which provides a pressure flow of an electrolyte solution held in a reservoir, electrodes positioned
at either side of the channel, and a control system and data collection software. The streaming
channel is formed by two flat parallel plates separated by a polytetrafluoroethylene (PTFE) spacer
with the channel height specified by the thickness of the spacer and equal to 0.254 mm. A

mechanical clamping mechanism provided a pressure seal and ensured that a continuously ramp-

{ surface OH-

. sub-surface OH-
. 1%t [ayer AI3*
. 18t layer O2-
. 2 layer APt

Figure 2.5: Schematic of hydroxyl terminated C-plane surface. The projection of the
multiple unit cells is shown by the dotted line. The relative scale of the ionic radii is exag-
gerated for clarity.
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ing pressure flow could be maintained. The geometrical and other details of this so-called rectan-
gular cell have been presented elsewhere [70][71][72]. The potential difference between the two
reversible Ag/AgCl electrodes was recorded as the pressure was slowly ramped at a rate of 100
Pa/s. Each measurement cycle was characterized by an initially non-linear dU/dP curve until the
flow through the cell reached steady-state, after which the curve became linear for the duration of
the experiment. The electrodes were prepared by plating and their reversibility verified by ensur-
ing that the initial measured potential in absence of any pressure flow (the asymmetric potential)

was less than 0.1 mV. Replating of the electrodes was undertaken as necessary whenever the

reproducibility of the measurements became inadequate. The electrodes were ion selective for CI°
ion and a chloride salt was therefore used in all experiments as the background electrolyte. The
linear portion of the dU/dP curve was then manually fit to determine the measured value of the
streaming potential at each pH and ionic strength.

Reproducibility of the streaming potential data was critical to observing a systematic shift
in the i.e.p. as a function of crystallographic orientation of the substrate. Streaming potential
measurements were taken at three different time periods over the course of a year using the same
samples and procedures. Overlapping data was collected during each period to verify that the
data was appropriately reproducible. Two sets of measurements were performed on the R-plane
wafers, with the round geometry wafers used for the first set and the preferred rectangular geome-
try used for the second. The rectangular geometry was used for all measurements on A- and C-
plane substrates. The majority of measurements were conducted with a background electrolyte of
analytical grade KCl, though additional data was taken with the R-plane wafers using analytical
grade (CH;3)4NCl. The pH adjustment was performed by the addition of 0.1 M KOH or HCI to
the solution in the constantly stirred reservoir. Eight measurements were performed at each data
point corresponding to a single pH and ionic strength, with the direction of flow alternated
between adjacent measurements to ensure that no polarization of the electrodes occurred. The
measurements at each condition were averaged and values which exceeded the mean by one stan-

dard deviation were removed.
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2.54  Results

The results of streaming potential measurements performed on R-plane wafers in the pres-
ence of a KCl electrolyte at various ionic strengths are shown in Figure 2.6. Data from experi-
ments using both the round and rectangular shaped wafers are plotted together and are
independent of the sample used and the time at which the experiments were performed. The data
indicate a characteristic reduction in the magnitude of the zeta potential at all values of pH with
increasing ionic strength, as would be expected due to the collapse of the Debye layer caused by

the addition of salt. Experimental results using a (CH;)4NClI electrolyte are also shown for com-
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Figure 2.6: Zeta potential as a function of pH for the R-plane substrates in the presence of a KCl
electrolyte over a range of ionic strengths. The results are observed to be independent of the sam-
ple geometry and the time at which the experiment was conducted.
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parison in Figure 2.7. The i.e.p. of the R-plane wafers is tightly centered around a pH of 4.5 for

both electrolytes at all ionic strengths. Results of identical experiments performed on the A- and
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Figure 2.7: Zeta potential as a function of pH for the R-plane substrates in the presence of a
(CH;3)4NCl electrolyte.
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Figure 2.8: Zeta potential as a function of pH for the A-plane substrates in the presence of a KCl
electrolyte over a range of ionic strengths.

C-plane wafers are presented in Figure 2.8 and Figure 2.9, respectively. Data at three different
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Figure 2.9: Zeta potential as a function of pH for the C-plane substrates in the presence of a KCl
electrolyte over a range of ionic strengths.
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ionic strengths are presented for these orientations. The data for the A- and C-plane wafers is also
quite consistently centered around two distinct and well-defined iso-electric points. The shift in
i.e.p. as a function of crystallographic orientation is illustrated quite dramatically in Figure 2.10,
where the pH-dependent zeta potential is plotted for all crystal planes in the presence of a 10 mM
KCl1 electrolyte. The error bars, omitted for simplicity in the plots containing data at multiple
lonic strengths, are shown in this figure. The increase in error observed at higher ionic strengths
and in strongly acidic or basic electrolytes is due simply to the dependence of the zeta potential as

measured by the streaming potential technique on conductivity of the solution.
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Figure 2.10: Results of streaming potential measurements conducted in a 10 mM KCI solution,
replotted with error bars. All orientations are shown to illustrate dramatic shift in i.e.p. and
increase in acidity of R-plane surface.
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2.5.5 Comparison with Particles

The zeta potential as a function of pH of the Sumitomo AKP-30 particles is shown in Fig-
ure 2.11. The measured iso-electric point which occurs at pH = 8.0 is consistent with values
reported in the literature for both similar and identical dispersed powders [73][74][75]. Equiva-
lent measurements on the single crystalline AA-2 powder revealed a much lower i.e.p. near pH =
3.8. The dramatic increase in acidity of the surface of the Sumicorundum powder follows logi-
cally from our experimental observations of a greatly reduced i.e.p. for the three planes of sap-
phire studied. Though the exact processing history of the AA-2 powder is proprietary, it is
assumed that the final high temperature heat treatment is followed by a dehydroxylation step, pre-
sumably by heating in a moisture free environment to drive off adsorbed surface hydroxyl groups
followed by rapid cooling to prevent readsorption. It is also significant that the same surface acid-
ity may be achieved with the very high surface area single crystalline powder, indicating that the
low i.e.p. measured by streaming potential for flat sapphire plates is not simply a function of the
number of surface sites available for adsorption of hydroxyl groups. The i.e.p. at pH = 3.8 is sim-

ilar to that of the R-plane sapphire wafers. A scanning electron micrograph of a single crystal of
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Figure 2.11: Zeta potential of Sumitomo AKP-30 and single crystalline Sumicorundum AA-2 as
measured by phase analysis light scattering. The trendlines are provided simply to guide the eye.
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Sumicorundum is shown in Figure 2.12 (a), where the shape of the crystal clearly mimics the cal-
culated Wulff shape shown in Figure 2.12 (b). Other crystallographic planes not studied in the
present work are also indicated in the figure. The dominance of the R-plane orientation may
account for the similarity between the i.e.p. of the powder and that of the R-plane sapphire wafers,
without specific knowledge of the acidity of the surfaces having other surface structures not stud-
ied here.
2.6  X-Ray Photoelectron Spectroscopy of Sapphire Substrates

The change in acidity of the sapphire surfaces studied can be validated through indirect
measurement of the shift in chemical state resulting from the transfer of charge between the sub-
strate and a thin metal film. XPS has been established as the tool of choice for probing the elec-
tronic structure of the surface due its ability to reveal information about core-level transitions
without producing chemical changes in the surface layers. The ionicity of various metal oxide
surfaces has, for example, been studied using Auger peaks during XPS to reveal differences in the
local atomic charge on the oxygen due to changes in the nature of the chemical bonding [76]. One
significant problem in applying this technique to the study of insulators has been the need for var-
lous charge neutralization techniques in order to discern sensitive chemical information about the
surface under investigation. Wagner first proposed the simultaneous measurement of Auger and

photoelectron peak shifts and their comparison [77], thus allowing any charge correction that may

(@ (b)

Figure 2.12: Scanning electron micrograph (a) of a single crystal of Sumicorundum AA-
2, showing striking resemblance to Wulff shape (b), dominated by faces exhibiting an R-
plane orientation.
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have been employed to simply cancel out. This so-called Auger parameter could then be used to
demonstrate shifts in line energies due to variations in the electronic state transitions of surface
atoms. One minor difficulty arises in the definition of the Auger parameter, leading to the mea-

surement of negative values on an otherwise absolute energy scale. This problem was overcome

by defining a modified Auger parameter (MAP) [78], a* such that:
a* = a+hv = Ek,Auger + Eb,pholoelectron (2.15)

where @ is the Auger parameter and Av is the energy of the incident X-ray. Here the energy of
the Auger electron line is given as kinetic energy while the photoelectron transition is normalized
on a binding energy scale.

This technique has recently been applied to the investigation of the electronic structure of
the interface between a thin layer of palladium and sapphire substrates having the same orienta-
tion as those used in the present work [79]. The interest here was in the size of the Pd domains
during deposition, hence elucidating information about the growth mode on the sapphire. Ealet,
et al. performed a similar study of the alumina-nickel interface to reveal information about the
jonic character of the bonding [80]. Here we take a reverse approach, using a thin layer of metal
deposited on the surface to act as a test base to determine the acidity of the sapphire substrates as
a function of crystallographic orientation.

2.6.1  Experimental Methods

Tridium was selected for a MAP study of chemical state shifis as a function of orientation
of the sapphire substrate due to the occurrence of both photoelectron and Auger peaks that did not
overlap with those of oxygen, aluminum, or carbon. An electron beam evaporator was used to
deposit a thin film of iridium approaching a monolayer. This technique of iridum deposition was
selected in order to yield as uniform a film as possible for all samples so as to eliminate effects of
thickness reported by other authors. Angle resolved spectroscopy at 30° and glancing (70°) inci-

dence was performed using non-monochromated Mg-Ka excitation (1486.6 V) from a dual

anode Mg/Al x-ray source at a base pressure on the order of 2.5 x 107 Pa. The measurement of
spectra at multiple angles rendered the thickness of the film insignificant as an analysis parameter

since the penetration depth of the excitation energy and hence the surface information is a func-

tion of the angle of incidence. The Iryyy Auger peaks and Irye and Iry; photoelectron peaks
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corresponding to the outermost core level transition giving a sufficiently strong signal were quan-
tified with high resolution scans.
2.6.2  Results

Detailed plots of the XPS spectra centered around the iridium photoelectron and Auger
peaks are shown in Figure 2.13 for the 30° incidence experiment. The Auger peaks for all three
orientations of sapphire are nearly identical while a dramatic shift of over a half an ¢V is apparent
in the photoelectron peaks. The C-plane surface peak was observed to occur at the lowest binding

energy with the highest binding energy peak corresponding to the R-plane sample. The calculated

intensity (arbitrary units)

ol
56 57 58 59 80 61 62 63 1074 1076 1078 1080 1082
binding energy (eV)

Figure 2.13: X-ray photoelectron spectra for a thin film of iridium deposited on sapphire sub-
strates of three different crystallographic orientations. The photoelectron peaks are shown at left
while the Auger peaks are shown at right.
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MAP at both angles of incidence is summarized in Table 2.2 for the three substrates, revealing a

Table 2.2: Modified Auger parameter for all substrates as a
function of angle of incidence of the Mg-Ka radiation.

angle of i

incidence R-plane A-plane C-plane
30° 234479eV  234.054eV  233.839eV
70° 234.625eV  234.606eV  234.535¢eV

similar (though less dramatic) shift spanning 0.09 eV for the spectra measured at 70° incidence.
The energy required to remove a core electron from atoms contained within the iridium film is
greatest for the monolayer deposited on the R-plane substrate. Considering a simple electrostatic
model, it follows that this energy should increase with increasing positive net atomic charge. The
effect of the more acidic R-plane substrate is to more strongly bind the outermost electrons of in-
dium. The A- and C-plane substrates exhibiting a higher i.e.p. have a less dramatic effect on the
iridium MAP. These less acidic surfaces will consequently bind the outer most iridium electrons
less strongly, providing further validation for the observed shift ini.e.p. for the three different ori-
entations of sapphire.
2.6.3  Discussion

Both the results of the streaming potential experiments and the MAP analysis of the A-,
R-, and C-plane sapphire substrates demonstrate a change in the acidity of the crystals as a func-
tion of crystal orientation. One possible explanation for the observed change in acidity on differ-
ent sapphire planes can be deduced by considering the number density of adsorption sites
available on the surface. It is reasonable to assume that the number of adsorbed ions, and hence
the total charge on the surface, would be directly correlated to the number of hydroxyl sites on
these very low surface area substrates. A simple calculation of this parameter for the three sur-

faces under consideration reveals no correlation between the site density and the observed trend in
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acidity, as shown in Table 1. The critical property to understand is then not the density of adsorp-

Table 2.3: Number density of hydroxyl
adsorption sites for each crystallographic ori-
entation.

Crystal Plane Surface OH™ Density

C 9.0 sites/nm?
A 14.56 sites/nm?
R 12.15 sites/nm?

tion sites but rather how strongly acidic each surface is. This behavior will depend on the struc-
tural and electronic characteristics of the surface which are responsible for the adsorption of
potential determining ions.

It was assumed based on evidence available in the literature (see Section 2.5.2) that the

surface of the C-plane wafers used in the aqueous streaming potential experiments presented here
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was indeed hydroxyl terminated, a schematic of which is shown again for comparison in Figure
2.14 (a). The figure shows a sub-surface layer of AL** directly beneath the close-packed surface
layer of OH", along with two additional subsurface planes of O and AI**. Each sub-surface AI*"
is coordinated by a total of six anions on the C-plane surface, with three surface OH" due to the

hydroxylation and three sub-surface 0% originating from the bulk structure. The same assump-
tion of a hydroxyl terminated surface at room temperature was adopted for the R- and A-plane
wafers in absence of any more conclusive experimental evidence to the contrary. A schematic of
these structures showing the upper-most hydroxyl plane and subsurface ions is presented in Fig-
ure 2.14 (b) and (c). One important distinction between these surfaces and that of the C-plane

crystal stems directly from the differences among the three surface structures. The A- and R-

(b)

surface OH-
sub-surface OH"
18t layer AP+

1st layer O%~

2™ jayer APRY

(c)

Figure 2.14: Schematic of hydroxyl terminated surfaces, showing surface hydroxyl
groups for the (a) C-plane, (b) A-plane, and (c) R-plane crystallographic orientations. The
projection of the multiple unit cells is shown by the dotted line. The relative scale of the
ionic radii is exaggerated for clarity.
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plane surfaces may be thought of an off-axis rotation of the (0001) orientation, as is depicted

schematically in Figure 2.15. Here only two hydroxyl groups are located immediately at the sur-

face, with the third OH" set back due to the rotation, This may mean that not all three oxygen
positions are available for hydroxylation, leading to a difference in surface composition of the A-
, R-, and C-plane crystals.

An additional consideration is the position of the sub-surface aluminum cations relative to

the OH" layer in the hydroxylated sapphire crystal. A relaxation of the sub-surface aluminum cat-
ions has been observed for hydroxylated C-plane crystals [69], where the sub-surface aluminum

cations are normally found to lie in two distinct planes due to the energetically favorable pucker-
ing of the AI** occupying the octahedral sites. The resulting relaxed structure shows a 53%

reduction in the inter-layer spacing between the two planes of Al causing an extension of bonds
between these sub-surface ions and the hydroxyl surface layer. This relaxed surface layer has, in

fact, been compared by Eng and co-workers to the gibbsite structure, illustrated schematically in

(@ (b) ()

Figure 2.15: Projection onto surface plane of (a) C-plane, (b) A-plane, and (c) R-plane hydroxyl
terminated tetrahedra, showing position of sub-surface atoms resulting from the rotation. The rel-
ative ionic radii have been exaggerated for clarity.
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Figure 2.16, suggesting that the monolayer of hydroxyl groups at the surface is sufficient to
change both the composition and structure of the native sapphire crystal due to the relaxation of
the aluminum cations. A similar structural change may result on the A- and R-plane surfaces.
The net effect is a reduction in coordination of the aluminum cation, leading to different potential
determining 1on adsorption and accounting for the experimentally observed change in the acidity

of the surfaces as a function of crystal orientation. The aluminum cation of the R-plane surface,

(c)

Figure 2.16: Schematic illustration of hydroxyl terminated C-plane crystal showing (a) unre-
laxed surface structure, (b) relaxation of sub-surface aluminum cations and (¢) comparison to
gibbsite structure [69].
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exhibiting the most acidic behavior, therefore is the most electron starved and is capable of pro-
ducing the strongest attraction to a protenated H' at the surface. The C-plane surface exhibits a

weaker attraction due to the perfect coordination of the AIP* by three surface hydroxyl groups and
three sub-surface oxygen anions. A schematic of this behavior is shown in Figure 2.17.
2,7  Brownian Motion and Adhesion

The adhesion of the model system of silica particles to the substrates studied in the previ-
ous section define the operating space for future experiments involving directed assembly pro-
cesses. Adhesion was evaluated by direct observation of the Brownian motion of the particles
using digital video techniques. The measurement of particle diffusion on the surface of the sap-
phire required that the silica be found directly at the surface after settling under the influence of
gravity. The rate of settling is found by balancing the gravitational and viscous forces as was first

shown by Stokes:
3
(p,—pP4nr § = 6nnru, (2.16)

where p o and py are the densities of the particle and fluid, respectively; # is the particle radius; g

is the acceleration due to gravity; 7 is the viscosity; and «, is the settling velocity. Rearranging

the above expression gives the settling velocity as:

2
u, = g(—f’—f—p _s U @2.17)
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Figure 2.17: Schematic of behavior of the three orientations of sapphire studied, showing rela-
tive acidity of R-plane surface due to a reduction in coordination of the sub-surface aluminum cat-
1on.
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The settling rate of a silica particle having a diameter of 1.58 ym moving through water is

calculated to be 1.36 m%/s. The time required for all particles to settle in a droplet of water depos-
ited on a sapphire substrate is therefore on the order of 25 min. The motion of particles was char-
acterized a function of pH and ionic strength of indifferent ions present in the solution. The free
motion of particles was necessary for the study of the electrophoretic motion using applied AC
and DC electric fields as described in Chapter 4. Knowledge of the pH and ionic strength range
over which this state could be found was therefore particularly important and provided motivation
for the characterization of Brownian displacement and adhesion presented here.
2.7.1  Experimental Methods

Monodispersed silica particles having a mean diameter of 1.58 pm were obtained from
Duke Scientific Corporation and were initially suspended in a 2 wt% de-ionized water solution at
neutral pH. The particle size distribution was extremely narrow, having a variance of 2.5%. No
surfactants or other reagents were added and the particles were therefore not purified further prior
to use. Dilute solutions of particles were prepared by pippetting a desired volume of the 2 wt%

solution into de-ionized water at neutral pH. KNO; was then added by weight and the solution

was stabilized at the desired pH by the addition of either KOH or HNO;. The K* and NO;" ions

were known to be non-potential determining for the sapphire surface (need a reference here).
Typically 100 mL of particle solution were prepared for most experiments, though other quanti-
ties were also used as dictated by each protocol. The concentration of acid or base added was var-
ied depending on the pH range to allow the pH to be stabilized more easily. The appropriate
particle concentration was determined empirically by observing the density of particles on the

surface after all particles had completely settled. The solutions used for the Brownian motion
experiments contained 10'0 particles L°! such that approximately 1 particle was found per 100

um2 and particles were not found to come within more than 50 um of each other during acquisi-
tion of data.

The large size of the 1.58 pm particles relative to the wavelength of light made possible
the direct observation of their motion using conventional optical microscopy. A Toshiba Image
Master color CCD camera was connected to an inverted metallurgical microscope (Olympus
PME) with a 50x objective having a numerical aperture of 0.55. The microscope was positioned

on 2 vibration isolation table such that the instrument could be made level to the ground using
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three points of contact. The S-video output from the camera was fed directly into a Panasonic
AG-DV2000 digital video recorder. The real time motion of particles was recorded for each
experiment and archived to DV format tape. Illumination was provided by a polychromatic
source positioned above the substrate such that the particles were imaged by transmitted light.
Refraction of light around the particles caused them to appear as halos approximately 5 pm in
diameter in the field of view. The position of each particle’s center could therefore be clearly
identified. Video data recorded to tape was then output to a high capacity IEEE 1394 firewire
disk drive using Adobe Premiere 6.0 and a firewire image capture card. All video was captured to
disk in NTSC DV format with a resolution of 720 x 480 pixels and a pixel aspect ratio of 0.9. The
frame rate was 29.97 fps for all raw video.

Surface diffusion experiments were conducted using solutions having ionic strengths
varying from 1 to 10 mM and over a pH range of 3 to 11. A sapphire wafer 5" in diameter and
0.060" thick was obtained from Bicron Crystal Products. The wafer was double side polished, as
the direct imaging technique described above required the substrate to be transparent. The wafer
was initially cleaned by immersion in a solution of concentrated chromic and sulfuric acids for
several hours to remove any organics or other surface contaminants. The wafer was then rinsed
thoroughly with de-ionized water and blown dry. A similar de-ionized water rinse was conducted
prior to each experiment and the surface evaluated using optical microscopy to verify that particu-
lates had been removed. A small volume of a particle solution stabilized at a desired pH was
pipetted onto the sapphire substrate and the particles allowed to completely settle to the surface.
A single particle was identified and its motion observed over a period of 20-30 minutes to verify
that the particle stayed within the field of view of the microscope. The vibration isolation table
was then adjusted accordingly and the procedure repeated until the substrate was deemed satisfac-
torily level to the ground and lateral migration of the particle due to gravitational forces was min-
imized. The motion of the particle was then recorded to tape for 60 minutes.

The time dependent motion of particles in the x-y plane was extracted from the digital
video data using National Instruments IMAQ Vision Builder 5.0. Premiere was used to capture
single still images at an appropriate frame rate. A routine was then performed on each image in
Vision Builder to identify the x-y position of the particle of interest at a single point in time.
Manual threshholding was used to create a binary image. A circle identification technique was

then employed to identify the center of the particle in each frame and the coordinates stored in a
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data file. This process is shown in Figure 2.18. An optical calibration was performed to convert
the x-y coordinates from pixels to microns for data taken at each magnification. The time-depen-
dent position of each particle was then evaluated using a Matlab routine to determine whether its
motion had ceased. Each particle was deemed either moving or stationary using this routine,
allowing plots of time-dependent adhesion to be produced. The vast majority of particles were
found to remain in the adhered state following initial detection. Particles which were character-
ized as having returned to the mobile state following initial classification in a stationary state were

not included in the statistical analysis.

(b)

(0)
Figure 2.18: Characteristic images of (a) original DV image of single particle diffusing on sur-

face, (b) thresholded image used to (c) identify particle with automation software.
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2772  Results

The imaging technique described in the previous section was used to plot the time depen-
dent motion of the silica particles settled on the sapphire surface, as shown in Figure 2.19 for one
representative experiment. The data was obtained at a frame rate of 5 fps and the time between

individual steps was therefore 0.2 s. Plots of adhesion of particles to the sapphire substrate as a
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Figure 2.19: Characteristic Brownian motion of a single particles
suspended in water at pH 11.

63



function of time and pH are shown in Figures 2.20, 2.21, and 2.22 for 1, 5, and 10 mM salt con-

S —
| N
0.8 N
[ |
S 06
o ]
E
c
2 ]
g 04
pH vs 10 min
" pH vs 30 min
| pH vs 60 min
pH vs 90 min
| pH vs 120 min
0.0
i | I - | ' ‘ ' ' ' ' s ' j ! i o T T T T 1 T ¥ T T v N T 1
3 4 5 6 j " 9 .
pH

Figure 2.20: Fraction of mobile particles diffusing on an R-plane sapphire substrate as a function
of time plotted at various values of pH. The particles are suspended in a 1 mM solution of KNO;.
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Figure 2.21: Fraction of mobile particles diffusing on an R-plane sapphire substrate as a function
of time plotted at various values of pH. The particles are suspended in a S mM solution of KNO;,

showing substantial adhesion of particles in the lower pH regime.
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centrations, respectively. The plots indicate an increasing probability for adhesion with increas-
ing ionic strength, as would be expected due to the collapse of the Debye layer with added salt.

The net effect is to reduce the barrier to adhesion such that a greater percentage of particles are
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Figure 2.22: Fraction of mobile particles in a 10 mM solution of KNO4 and water, illustrating
substantial adhesion of particles over the full pH range.
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adhered at a given pH and time. A clear summary of this effect is provided in Figure 2.23, where
the adhesion as a function of pH is plotted for a time of 10 minutes. More subtle, perhaps, is the
time-dependent nature of the adhesion. Figure 2.20 shows quite clearly that even at the lowest
ionic strength considered the time-dependent behavior at a pH of 5 is quite dramatic, with approx-
imately two-thirds of the particles adhering to the substrate after 10 minutes and a substantial
reduction in the number of mobile particles occurring over the next 20 minutes. Nearly all of the
particles become adhered before a time of 60 minutes. The effect of time is even more pro-
nounced at the higher ionic strengths, as demonstrated in Figure 2.22. Here the number of
adhered particles increases dramatically with increasing time at every pH above 5. This data
served to define the pH and ionic strength operating regime for subsequent electrophoretic depo-
sition experiments, to be presented in Chapter 4.
2.8 Conclusions

This chapter has laid the groundwork for exploring the role of complex surface interac-
tions during electrophoretic deposition. Electrokinetic measurements were conducted on the

model system of silica particles to characterize the zeta potential as a function of pH and ionic
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Figure 2.23: Adhesion of silica particles to R-plane sapphire surface after diffusing on surface
for 10 minutes. The trendlines are provided simply to guide the eye.
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strength. The sapphire substrate was also studied using a streaming potential technique, with
great emphasis placed on the dependence of zeta potential on orientation for these single crystal-
line substrates. Carefully controlled streaming potential measurements were conducted at several
different ionic strengths. The zeta potential was evaluated for each crystal plane over the full pH

range, allowing three distinct well-defined i.e.p.s to be observed. The dramatic reduction in i.e.p.
as compared with o -Al,O; particles suggests a substantially different surface chemistry for the

two systems. The systematic shift in i.e.p. as a function of crystal orientation suggests a change in
the acidity of the three surfaces. This conclusion was verified by a modified Auger parameter
analysis of iridium metal deposited on the surface, revealing a shift in the MAP corresponding to
a change in the charge transfer behavior for the R-, A-, and C-plane sapphire substrates.

The role of adhesion in electrophoretic processes will be explored further in Chapter 4.
The preceding pages also provided a basis for this investigation by presenting a thorough study of
the adhesion of silica particles to the sapphire substrate in absence of externally applied forces. A
digital imaging technique was developed to measure the Brownian motion of micron scale silica
particles and in turn used to measure the time-dependent adhesion of particles as a function of pH

and ionic strength.
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Chapter 3: Fabrication and Characterization of an Electrophoretic
Deposition Device

i1 Introduction

This chapter outlines the development and characterization of the system of micropat-
terned electrodes used to investigate surface forces during electrophoretic assembly. The fabrica-
tion of the device is first detailed, followed by a presentation of the packaging used to make
electrical contacts. Results of finite clement analysis (FEA) are then presented, illustrating the
field distribution between the parallel electrodes used in this work. Attention is given to the uni-
formity of the field as a function of electrode height and interelectrode distance. Finally, the use
of electrochemical techniques to characterize the reversibility of the electrodes is highlighted.
3.2  Device Fabrication
3.2.1  Patterning of Sapphire Substrates with Metal Microelectrodes

The electrophoretic positioning device comprised of micropatterned platinum electrodes
was fabricated in the Microsystems Technology Laboratory (MTL) at MIT in a class 100 clean-
room environment. A standard ultraviolet photolithography recipe was optimized to produce fea-
tures having the desired dimensional stability and uniformity. A layer of photoresist was
patterned to provide a physical mask for subsequent electron beam deposition of the metal elec-
trodes onto the substrate. This process is commonly referred to as lift-off, so-named because the
photoresist mask coated with metal is subsequently removed by soaking in a solvent to leave the
desired metallized features patterned on the surface.

Sapphire wafers similar to those used in the streaming potential measurements presented
m Section 2.5 were obtained from Saint Gobain Crystals and Detectors (Washugal, WA). One
side of the 2” diameter wafers was polished by the manufacturer with a finish suitable for epitax-
ial growth while the other side was fine ground, making the wafers optically transparent. The as-
received wafers were cleaned by rinsing in acetone, methanol, and isopropyl alcohol followed by
blowing dry with a steady stream of nitrogen to remove any residual contaminants that may have
been deposited during the final polishing step. Hexamethyldisilazane (HMDS) was then depos-
ited in a YES 310T Vapor Prime Oven to promote adhesion between the substrate and photoresist.
AZ5214E image reversal photoresist was spun onto the substrate using a Solitec 5110 spin coater,

followed by a prebake step during which the wafers were heated in a convection oven for 30 min-
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utes at 90 °C. Patterning of the photoresist was then performed by exposing the wafers to ultravi-
olet light for 40 seconds through a dark field mask in a Karl Suss MA-4 Mask Aligner. The
photoaligner was operated in hard contact mode, with the wafer secured to a vacuum chuck to
ensure that the features were well defined. The precise alignment of the mask during this step was
not necessary since the process consisted of only one mask layer. Another bake in a convection
oven was then performed, followed by a flood (unmasked) exposure in the photoaligner for 30
seconds. The photoresist was then developed in an ammonium hydroxide based developer
(AZ422MIF) for 90 seconds, leaving a mask of hardened photoresist on the surface with exposed
regions corresponding to the areas to be metallized to create the desired features for the EPD
device. A Teresco Electron Beam Evaporative Deposition System was then employed to deposit
a 100 angstrom thick film of titanium to act as an adhesion layer between the substrate and subse-
quent metallization. This was followed by deposition of a 200 nm thick noble metal film, result-
ing in a uniform deposit over both the exposed substrate and the photoresist mask. One final step
was performed to “lift-off” the remaining photoresist by immersing the wafer in acetone and son-
nicating for approximately 2 minutes, leaving behind the desired metallized features patterned on
the substrate. Results of experiments using both.platinum and gold electrodes are presented in
Chapter 4.
3.2.2  Blackening of Electrodes

The role of the resistance of the electrical double layer at the electrodes becomes increas-

ingly significant as the interelectrode distance is decreased [81]. It is necessary at small spacings
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to consider the reversibility of the electrodes. The two limiting cases are depicted below in Figure

3.1. The completely non-polarizable (reversible) electrode is characterized by an infinitesimally

small resistance at the interface with R, « R,. The potential drop between the electrodes therefore

occurs entirely in the bulk fluid, resulting in a maximum electric field. The polarizable or (block-

ing) electrode, on the other hand, exhibits a substantial interface resistance such that R ;—> © and

R;«R;. This gives a significant potential drop near both electrodes and the voltage gradient in

the bulk fluid is much smaller than that simply approximated by dividing the potential applied
between the electrodes by the distance between them. The situation is, in fact, rather unstable
such that small fluctuations in the resistance of the interface or fluid will cause the electric field
midway between the electrodes to vary by a large percentage [82). Reversible electrodes are pre-
pared by increasing the surface roughness (known as blackening), thus increasing the exchange
current density at the electrode surface. The platinum electrodes were blackened by immersing
the device in a chloroplatanic acid/2% lead acetate solution and applying a low frequency alter-
nating current. This process resulted in the electrolytic deposition of a uniform 5 pum thick plati-
num coating that appeared black in color under an optical microscope due to the substantial

increase in surface roughness. The gold electrodes were not blackened and were always used in

an as-deposited condition.
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Figure 3.1: Schematic of (a) reversible and (b) blocking electrodes, showing potential drop as a
function of position from the electrode-fluid interface.
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3.2.3  Removal of Devices from Wafer

Several individual devices measuring 10 mm x 10 mm were fabricated on a single wafer,
and a cleanroom diesaw was used to separate adjacent devices for mounting in a package (see
Section 3.3). A six-pass dicing program coupled with a carbide blade allowed the sapphire wafers
having an extremely high hardness to be cut out without cracking or substantial chipping. The
blade was moved across the wafers having a thickness of 0.060” at a rate of 1 mm/second. The
wafers were coated with photoresist to protect them during dicing. A post process hydrogen
plasma ash was performed to remove any remaining photoresist and strip the surface of other con-
taminants, followed by a final rinse of the individual devices in acetone. The devices were then
mounted into packaging as described in the next section.
33 Packaging
3.3.1  Early-stage Devices

A 100-pin polymer pin grid array (PPGA) package was selected from Chelsea Technology
Corporation and used in early-stage prototypes to provide electrical connections to the EPD
device. The cavity of the package was through-machined to allow imaging of the particles from
below through the transparent substrate during operation of the device. The mounting of the
device in the package cavity was first accomplished using a two-part quick curing epoxy (Master
Bond). A thin dot was placed at each corner and the device was fitted into the machined area. A
gold wire bonder was then used to make electrical connections between each individually addres-

sable electrode and the package. A schematic of the pin configuration showing the wirebond con-
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nections is shown in Figure 3.2. Here the entire device is shown, though the work contained in
this thesis was conducted using only the region of the device known as parallel electrodes. Other

experiments conducted with other features will not be presented. A magnified image of the paral-
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Figure 3.2: Schematic of pin configuration for EPD device, illustrating wirebonds to specific
pins.
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lel electrode device area is shown in Figure 3.3,

It was determined after a few initial experiments that the fragile wirebonds were subject to
failure through delamination or other means due to their exposure to the environment. The epoxy
was once again employed to solve this problem, providing a moisture free seal that protected the
electrical connections from damage. Epoxy was applied generously to the devices and care was
taken to avoid any contamination of the electrodes during this process. The epoxy provided the
additional benefit of sealing the gap between the device and package such that fluid was pre-
vented from leaking out during EPD experiments.

3.3.2  Epoxy Free Package Design

The epoxy used to secure devices presented in the previous section was later identified as
a possible source of contamination, The epoxy was replaced with a polysulfone clamp in a new
package design that served the same function of sealing the gap between the device and package.
The clamp was secured to the package with small screws, and a rubber gasket placed between the
device and the edge of the package cavity allowed a mechanical seal to be formed. The clamp

also provided an open reservoir into which a precise volume of particle suspension could be pipet-
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Figure 3.3: Photograph of parallel electrode area of finished device.
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Figure 3.4: Photograph of device secured to package and held in place by
polysulfone clamp.

ted, as shown in Figure 3.4, Wirebond connections were made over the clamp and were replaced
each time the device was removed for cleaning. The wirebonds could also be casily replaced as
necessary following damage or delamination from the bondpads.
3.4  Finite Element Analysis
3.4.1  Experimental Methods

Complete knowledge of the electric field distribution between the electrodes is paramount
to understanding the behavior and velocity of particles both very near the electrodes and in the
bulk fluid region midway between. A commercial finite element software package was used to
model the field distribution between the electrodes during application of a potential. The field
strength for both interelectrode spacings of 100 pm and 2500 pm was measured over a range of
applied voltage. A single electrode height was modeled for the larger interelectrode distance.
The electric field distribution was calculated at three different electrode heights for the 100 pm
spacing. Four independent components were defined for the system comprised of the working
electrode, counter electrode, fluid, and sapphire substrate, with the corresponding dielectric prop-

erties as summarized in Table 3.1. The software, provided by Algor Engineering, Inc., allowed
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Table 3.1: Modeling parameters for
finite element analysis

Material Relative Dielectric
Constant
Au 1000
ALO, 10.0
H0 80.0

for the mesh to be defined either manually or automatically using a meshing routine. The later
method is superior from a calculation efficiency standpoint as it also allows the mesh density to
be varied locally over the model, though presents difficulties for small geometries where match-
ing of the mesh across material boundaries is required. An automatic mesh approach was selected
for the larger interelectrode spacing requiring a larger model size while manual meshing could be
applied easily to the smaller 100 pm distance. The total size of the model in both cases was
adjusted such that the fluid surrounding the electrodes was approximately twice the interelectrode

distance in the dimension corresponding to the plane of the substrate.
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342 Results

A plot of the electric field distribution near a completely non-polarizable blackened anode
is shown below in Figure 3.5. Two constant applied potentials are shown. The field in both cases
is remarkably uniform in the bulk region up to a distance of approximately 20 pm from the elec-
trode, at which point a sharp field concentration caused by the edge of the electrode occurs. It
should be noted that this analysis assumes that all of the applied potential is dropped over the bulk

fluid in-between the electrodes. The model does not consider the effects of interface resistance,
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Figure 3.5: Magnitude of electric field plotted from working electrode (at left) up to a point mid-
way between the electrodes for an applied potential of (a) 1000 mV and (b) 5000 mV. The scale
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and assumes complete reversibility of the electrodes. Similar results were obtained for the
smaller interelectrode spacing, as shown in Figure 3.5. Here the field is also measured to be uni-
form in the bulk region between the electrodes, with the same sharp increase in the gradient very
near the electrodes. The model also shows that the magnitude of the field is relatively insensitive
to electrode height, with the same distribution illustrated in Figure 3.6 (a) for a height of 0.2 pm
as at 10 pm shown in Figure 3.6 (c). Figure 3.6 (d) shows the effect of electrodes having rounded
edges. The field is essentially the same in this case, with no substantial reduction in the sharp dis-
continuity in the field achieved by softening the corner. This model more closely approximates
the geometry expected in an actual blackened electrode, where the blackening is deposited isotro-
pically. These results can be extended to the larger interelectrode spacing where the uniformity of
the field is likely less sensitive to changes in the height of the electrodes. Small fluctuations in the
blackening process would therefore have little effect on the field distribution and hence would not

affect the motion and deposition of particles during EPD.
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Figure 3.6: Calculated electric field distribution with an interelectrode distance of 100 pm for
electrode heights of (a) 0.2 pm, (b) 2 um, (¢) 10 um, and (d) 2 pm with rounded edges.
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3.5 Electrochemical Characterization

A study of the electrochemical processes occurring at the electrodes as a function of
applied potential was also undertaken. The goal of this work was to identify a specific regime
over which the production of a particular ionic species in the gold electrode-nitrate electrolyte
system. Cyclic voltammetry with a platinum reference electrode was employed to investigate the
effect of low frequency applied AC fields on the current response of the electrodes. These results
were compared with the experimentally observed production of dissolved gaseous species at the

extremes of potential, manifested by the evolution of gas bubbles as shown in Figure 3.7. A char-

Figure 3.7: Formation of bubbles of dissolved gaseous species
during application of potential corresponding to oxidation or reduc-
tion reactions.
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acteristic cyclic voltamagram is shown in Figure 3.8. A platinum reference electrode was used to
measure the potential relative to a standard hydrogen electrode (SHE). The plot shows a rela-
tively reversible system in the positive potential region, with two significant reactions occurning
at potentials of 0 and -0.5 V. The sharp increase in current at extreme potentials of 1.5 and -1.5V
indicate the rapid production of hydrogen ion due to hydrolysis of the aqueous medium. These
results further validate the need for blackened electrodes to provide a truly reversible system dur-

ing electrophoretic deposition.

current (uA)
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Figure 3.8: Cyclic voltamagram for unblackened platinum electrodes in presence of a 1 mM
solution of KNO;.
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Chapter 4: Manipulation of Particles Using Applied Electric Fields

4.1 Introduction

Electric fields applied between microelectrodes deposited on a surface have been used to
create a range of structures including optical waveguides, magnetic data storage devices, and bio-
sensors [83][84][85]. Two classes of electric field assisted assembly have emerged, namely
dielectrophoresis (DEP) originating from induced dipoles in the presence of spatially non-uni-
form AC or DC fields and electrophoretic deposition (EPD), in which the electrical double layer
formed around particles suspended in a fluid medium causes motion in the presence of a spatially
uniform field. The use of DEP for the movement and assembly of particles and biological sys-
tems has been well characterized in the literature [86][87]. Applications have ranged from the
sorting of various cell types to the capture and fractionation of DNA for immunological assays
[88](89]). More recently, applied AC fields between microelectrodes were utilized to form
microwires from sub-micron metal particles [90]. EPD has been used extensively in commercial
coating and electro-assembly processes [91]. A related process known as electro-osmosis, in
which the ions in solution cause bulk fluid flow can be responsible for particle motion by viscous
drag. Others have reported this phenomenon between microelectrode structures in the presence of
both spatially uniform and non-uniform fields but many questions as to the nature and regime of
these flows remain unanswered [92]. The high electrical fields necessary to induce substantial
particle motion using DEP have also been shown to produce deleterious thermal gradients and
electrothermal flows which may contribute to particle motion. These currents are likely to be

present during EPD as well [93].
The velocity, v of a charged ceramic particle in the presence of an applied uniform paral-

lel electric field, E is well understood and is described by the familiar Smoluchowski equation:
v =gl E/n 4.1)

where er and n are the dielectric constant and viscosity of the electrolyte, and Cp is the zeta

potential of the particle [94]. The driving force resulting from the field is balanced by viscous
drag on the particle due to the surrounding fluid medium. This expression is valid for large parti-
cles such that the particle radius is much greater than the thickness of the electrical double layer.

Particles moving in the vicinity of a planar surface require that the above expression be modified
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to account for interaction between the particle and the substrate. The double layer present at the
charged substrate surface gives rise to an electro-osmotic flow, the effect of which may be super-

posed with the velocity field of the particle as follows [95]:

= [tz s 31,6 N 4.2
v [1 16x +3h 256x +O(}‘)}n(€” ) 4.2)

where A is the ratio of the particle radius to the distance between the surface and the particle cen-

ter, 0(7\.8) is an error term, and & is the zeta potential of the substrate. The complete solution

represents an expansion of a series of fields reflected from the wall and imposed on the particle in
an open system, that is, one in which no pressure gradients exist to oppose the electro-osmotic
flow at the wall. The separation between the particle and wall may be assumed to be small rela-
tive to the particle radius for large particles such that approaches unity.

The electrophoretic assembly device introduced in Chapter 3 was used to evaluate the
effect of field strength on in-plane particle velocity. Observations of bulk particle motion far
from the electrodes (electrophoresis) and agglomeration of the particles at the working electrode
(deposition) are presented. The zeta potentials of the particles and substrate were measured
experimentally as a function of pH and ionic strength and used to calculate the expected particle
velocity midway between the electrodes. Results of electrophoretic deposition experiments are
presented which illustrate the use of spatially uniform fields for manipulating the in-plane posi-
tion of micron scale particles. Particles can be positioned anywhere on the surface using this tech-
nique, and are also observed to form packed two-dimensional structures directly at the electrode.
Substantial adhesion of particles to the substrate in the vicinity of the working electrode coupled
with a reduction in velocity near the electrodes was observed. Both phenomena are attributed to
the production of potential determining ions at the electrode, causing the differing surface chemis-
tries of the silica particles and sapphire substrate to play a more substantial role than expected in
the EPD process. Further validation of this significance was provided by directly measuring the
nanoscale forces between the particle and substrate using an atomic force microscope (AFM).
Complete force distance curves were measured in-situ and the resulting reduction in force as a

function of both distance from the electrode and time is presented for a variety of conditions.
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4.2  Experimental Methods
42.1  Surface Preparation

A surface treatment was employed for all devices and wafers to ensure that the sapphire
surfaces were clean and free of organic and other contaminants prior to EPD experiments or mea-
surement of electrokinetic properties. The cleaning procedure consisted of immersing the wafers
in a 4:1 bath of sulfuric acid and hydrogen peroxide (commonly known in the microelectronics
processing industry as a 'piranha' etch), followed by thorough rinsing in deionized water and
blowing dry with nitrogen. X-ray photoelectron spectroscopy was performed on the treated
wafers and devices to verify that the surfaces had been adequately cleaned both before and after
the electrodes were patterned. It was also confirmed that no silica contamination had occurred at
any point during the collection of data. Atomic force microscopy was also used to image the sur-
faces and confirm that the roughness was not modified by the cleaning procedure.
4.2.2  Preparation of Particle Suspension

The suspension was prepared from monodispersed 1.58 pm diameter SiQ, particles as

received from the manufacturer (Duke Scientific Corporation). The particles were initially sus-

pended in deionized water at neutral pH with no surfactants or salts and were not rinsed prior to

use. The concentrated suspension was diluted to contain approximately 10'° particles L!, to

which between 1 and 10 mmol of KNO, was added. The pH was then adjusted in one direction
only to 10.0 using 0.1 M KOH. No acid was used to further bracket the pH in order to keep the

conductivity as low as possible for a given salt concentration.

Each experiment was conducted by pippetting a fixed quantity of particle suspension onto
the open device. The particles were then allowed to settle under the influence of gravity for
approximately 10 min prior to application of the electric field to ensure that all particles were
found in the plane of the electrodes at the start of each experiment. A digital video system con-
sisting of a Toshiba color CCD camera and Panasonic digital video tape recorder was connected
to the microscope to allow real-time imaging of particle motion. Video data was archived to a
digital tape, and individual frames were captured and analyzed using Adobe Premiere 6.0 with an
IEEE 1394 interface.
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423  Application of Electric Field

A Gamry PC4-300 potentiostat was used to apply an absolute potential between the work-
ing and counter electrodes. Current measurement was facilitated by tying the reference lead of
the potentiostat to the counter electrode. A maximum potential was defined as the point at which
gas bubbles were nucleated at the electrodes. The field was kept below the limit of bubble forma-
tion such that the particle motion was not disturbed by the effects of chaotic fluid flow during
evolution of gas.
42.4  Atomic Force Microscopy

A Veeco Dimension 3100 AFM with a Nanoscope IV controller was used to acquire
force-distance curves near the electrodes. Standard contact microscopy probes mounted with a
single silica bead having a diameter of 6 um were purchased from BioForce Nanosciences, Inc.
and used to measure the interaction with the sapphire surface. Effort was made for these force
measurements to reproduce exactly the same conditions experienced during electrophoretic depo-
sition experiments. The same potentiostat, cabling, salt solutions, and pH stabilization method
were therefore used. The devices were mounted on a glass slide (in absence of the polysulfone
package detailed in Section 3.3.2) to provide open access required by the small geometry of the
AFM cantilever mount, with electrical connections to the potentiostat provided by wirebonding as
before. Each experiment consisting of a time series of force-distance curves measured at a single
distance from the electrode was conducted by first pippetting approximately 100 pL of 1 mM
solution having an initial pH of 10. The AFM was then moved into contact with the surface far
from the working electrode and the position of the electrode identified by translating the AFM
piezo in feedback mode until a dramatic change in height was observed.

Force-distance curves were then acquired for approximately 20 seconds at a frequency of
1 Hz in absence of any applied field to provide a control dataset, followed by measurement of the
effect of an applied potential for 60 seconds. This was followed in some experiments by an
extended observation period during which a return to the initial pH near the electrodes was
recorded as the fluid equilibrated with the bulk while the field was again turned off. Datasets at
additional distances and/or potentials were collected in succession using the same setup and sur-
face preparation without replacing the fluid droplet. The system was allowed to return to equilib-
rium as verified by measuring force-distance curves after a sufficient period of time had passed,

facilitating the collection of data that could be consistently compared within a given set of condi-
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tions. An open bottle of solution at the initial pH was also continuously monitored to ensure that
no substantial reduction in pH occurred during the return to the equilibrium pH. Constant poten-
tial measurements corresponding to the EPD experiments were conducted at 100, 500, and 1000
mV and a single set of constant current force-distance curves were recorded at 500 nA.
4.3 Results
43.1  Positioning of Particles

The positioning electrodes consisted of two sets of features oriented orthogonally,
between which electric fields were applied to control particle motion in the x- and y-direction.
These initial experiments were conducted using nonblackened, gold electrodes. The application
of a DC field to these electrodes resulted in particle motion following the direction of the field
lines. The particles were moved across the substrate at a uniform velocity by a potential drop
across opposing sets of electrodes. The x- and y-positions of the particles could therefore be con-

trolled in this fashion, allowing particles to be 'driven’ into position in the vicinity of the parallel
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electrodes. Figure 4.1(a) illustrates the field applied between the x and y electrodes, while the
motion of a single particle as imaged at the center of the structure (midway between both the x

and y electrodes) is shown in Figure 4.1(b).
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Figure 4.1: (a) Electric fields applied between x- and y- oriented electrodes to move particles on
the surface. Vectors indicate force exerted on negatively charged particles under three different
conditions. Gold electrodes are inactive; red is cathode and black is anode. (b) Trajectory traced
by a single particle showing magnitude and direction of force. Nodes correspond to a change in
applied field.
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4.3.2 Paralje] Electrodeg

The paralle] electrodes, initially fabricated using gold metallization, weye used to move

articles collected at electrode afier application of fielq for severa] Seconds at a pH of
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also observed. This is shown in Figure 4.3 at pH = 9.8. The particles are seen to move more
slowly as the ionic strength is increased, as is expected due to the reduction in zeta potential and
hence mobility of the particles in the presence of a greater concentration of dissolved salt. The
maximum mobility observed is, however, much lower than that predicted by Equation 4.2. This
reduction in mobility is a direct result of the blocking nature of the gold electrodes, as outlined in
Section 3.2.2. It was also observed that particles adhered to the surface upon application of the
field, with this behavior more pronounced near the cathode. The majority of these bound particles
remained immobile even after the field was removed and could not be dislodged during subse-

quent voltage cycles. This adhesion phenomena will be explored further in Section 4.3.4

10 15 2.0 ) 275 3o 35 40
[KNO®] (mmol/L)

Figure 4.3: Variation in mobility of 1.58 um silica particles due to applied DC field between
microelectrodes as a function of ionic strength. The field was 3500 V/m.
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43.3  AC Field Behavior

Imitially randomly distributed particles settled on the surface were observed to form chains
oriented parallel to the field lines upon application of an AC field. The chaining effect was not
observed with DC fields. The length of the particle chains was seen to depend on the frequency of
the input signal. The chains were much smalier at the lower frequency as shown in Figure 4.4(a)
and (b).

The formation of chains is explained by the interaction of dipoles induced by the uniform
AC field with a non-uniform field created in the vicinity of the particles due to perturbations at the
particle-fluid interface. Such perturbations will occur provided that a significant dielectric con-
trast between the particles and the suspension medium exists. This results in both particle motion
and mutual attraction of neighboring particles. The so-called chaining of neighboring particles
was first studied in magneto- and electrorheological fluids and has also been observed with sus-

pensions of dielectric spheres in aqueous and non-aqueous media [96][97]. The orientation of
particles O relative to the applied field and separated by a distance r will determine the nature of

their repulsive or attractive potential according to:

2 (a3E)2(1—300529)
U(r,0) = B, 3

r

(4.3)

where the effective polarizability B depends on the dielectric constants of the fluid and particles

€, and €, respectively:

(@) (b)

Figure 4.4: Chaining of particles between an applied AC field at (a) 10 Hz and (b) 1 kHz. The
pH was 11.
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p=—2 L (4.4)
€, +2&,
A shift in the potential from attractive to repulsive occurs at orientation angles greater than 55°, as
illustrated schematically in Figure 4.5 [98].

Characteristic packing of the particles at the electrodes was also observed, suggesting that
the dominant force for particle motion is electrophoretic in nature even though DEP is responsible
for the formation of chains. The adhesion effect was also observed in AC field experiments at
lower frequencies. This may be due to polarization effects at the electrodes that are less pro-
nounced as the frequency is increased.

43.4  Electrophoretic Deposition Experiments

Initial results of electrophoretic deposition experiments between as-deposited, parallel
platinum electrodes at the larger interelectrode spacing resuited in a mean particle velocity of 3.1
+ 0.26 pm/s, as measured at a point midway between the electrodes. This value is substantially
lower than the theoretical value of 25 pm/s expected from Equation 4.2. Subsequent experiments
using blackened platinum electrodes resulted in a much greater velocity of 24.8 + 6.1 pm/s,

equivalent to the theoretical value. This increase in velocity was accompanied by a large increase

Figure 4.5: Attractive or repulsive potential induced between two spherical particles oriented at
an angle O to uniform applied field.
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in current, as shown in Figure 4.6. The increase in current is consistent with the improved perfor-
mance of the non-polarizable, blackened platinum electrodes, offering a substantial increase in

exchange current density at the electrode-fluid interface and a corresponding reduction in the
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Figure 4.6: Time-dependent current for (a) as-deposited electrodes and (b) blackened electrodes,
showing substantial increase in current for reversible case.
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interface resistance. Figure 4.7 shows the measured particle velocity as a function of the applied
potential for the blackened electrode case, with a linear dependence as predicted by Equation 4.2.
The dependence of velocity on field strength observed with the as-deposited electrodes was, in
contrast, quite erratic, owing to the variability caused by the high interface resistance at the elec-
trodes. Proper preparation of the electrodes to ensure reversibility is obviously necessary in order
to achieve the maximum theoretical velocity. Therefore, only blackened electrodes were used for
subsequent experiments.

The situation directly at the electrodes was quite different. Only a few particles achieved
the goal of deposition onto the working electrode under constant potential conditions. The vast
majority adhered to the sapphire substrate at all applied potentials, with a substantial increase in
the rate of adhesion observed with increasing voltage. Comparing the two extreme conditions of 1
and 5 volts, the adhesion at the higher field strength was so rapid that measurement of the velocity
was not possible, as the ability to detect motion before the particles became fixed to the substrate

was compromised by the relatively low frame rate of image acquisition. High speed imaging
30
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Figure 4.7: Linear variation of particle velocity with field strength measured midway between
the electrodes for constant potential experiments. The theoretical velocity calculated from Equa-
tion 4.2 is given by the dotted line.
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using strobe lighting or other rapid shutter techniques would be necessary to accurately measure
the particle velocity at extreme potentials. The velocity at 1 volt was, however, accurately mea-
sured to occur between 2-4 um/s as compared with the constant velocity recorded at a point mid-
way between the electrodes. Particles immediately began moving rapidly in the direction of the
applied field until adhered as they approached the electrode. The velocity of particles further
from the electrode continued to decrease, resulting in an increase with time in the distance from
the electrode at which the particles were fixed to the substrate, as show in Figure 4.8. Considering
the relative zeta potentials of the particles and substrate provides an explanation for both the
decrease in velocity and the time rate of adhesion. The electrokinetic characterization of the silica
particles and sapphire surface presented in Section 2.3 and Section 2.5 reveals that the two sur-
faces have a charge opposite in sign below the i.e.p. of the sapphire. Adhesion would be expected
below this critical pH due to the surface charge interaction, suggesting that a local reduction in pH
results from the application of the potential during EPD. This is due to the production of potential

determining ions at the working electrode, where the relevant reaction is:
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Figure 4.8: Distance from electrode at which all particles became adhered as a function of time
for a constant potential of 1 V.,

95



pH

5 6 7 8 9 10 11
0 L L [ 1 1 1 1 J
P
L 104
E ]
= |
_é‘ -‘-h
8  {TT~<.
G -15- ~——
¥ —--—_____.-.-__. _——‘—_‘_’—-’
[]===1v|  TTTmm——ee e -
{| === 2v |_
.20 - ] -~ -
0 i 3V "“--,____-— ””’
——— 4V e -
——— 5V
25

Figure 4.9: Maximum theoretical velocity as a function of pH and applied potential for silica
particles moving adjacent to a sapphire substrate. The x-axis scale corresponds to the pH range
over which motion is possible, where the particles and substrate are both negatively charged.

H,0 —2H* + %0 +2e 4.5)

The hydrolysis of water to produce at the working electrode results in a local decrease in the pH,
causing particles to adhere to the surface. The experimentally observed reduction in velocity fol-
lows directly from Equation 4.2, as illustrated in the plot of maximum theoretical velocity as a
function of pH and applied potential (Figure 4.9). Here the zeta potential data and calculated field
strength from Figures 2.1, 2.10, and 3.5 were input directly to calculate the theoretical velocities.

The plot indicates a substantial reduction in silica particle velocity as the pH approaches and
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passes below the i.e.p. of the sapphire substrate. Hence the reduction in pH at the electrodes
changes the relative magnitude of the particle and substrate zeta potentials, causing the particles
to move more slowly as they reach the electrode-solution interface.

A handful of particles were successfully brought to the electrode under constant current
conditions at 500 nA, as shown below in Figure 4.10(a). The deposition stage was followed by
substantial adhesion of the particles to the sapphire surface, indicated in Figure 4.10(b). The dis-

tance from the electrode at which particles became adhered was linear in time, deviating from the

(a) (b)

Figure 4.10: Deposition of particles near blackened electrodes after (a) 5 sec and (b) 10 sec,
showing the distance at which particles become adhered. Emphasis has been added to the mobile
particles at left for clarity; adhered particles are shown without emphasis.
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Figure 4.11: Distance from electrode at which all particles became adhered as a function of time
for the constant current experiment at 500 nA. Particles which reached the electrode are shown in
green while the remaining particles adhered to the substrate before reaching the electrode are
shown in red.

behavior observed under constant potential conditions. This result is plotted in Figure 4.11, with

the particles reaching the electrode shown in green. An increase in the voltage as a function of
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Figure 4.12: Time-dependent potential for con-
stant current experiment at 500 nA using blackened
electrodes

time was also measured and is displayed in Figure 4.12. This potential increase is necessary to
maintain a constant current throughout the experiment. The production of potential determining

ions at the working electrode will be explored further in the next section.
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Figure 4.13: Complete force vs. distance curves plotted at various times as measured at a dis-
tance of 25 m from the anode at an applied potential of 500 mV.

4.3.5  Atomic Force Microscopy

Characteristic force-distance curves measured at different times after the potential was
applied are plotted in Figure 4.13, indicating an immediate reduction in the peak force after the
potential was first turned on. Curves from all times were analyzed using an automated processing
routine written in Matlab (see Appendix A) to determine the peak force as a function of time at

the various distances studied. A summary of these results for the constant current experiment is
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shown in Figure 4.14, where the force has been integrated to illustrate the reaction at the electrode
in terms of the work required to bring the colloid probe to the sapphire surface. This work of
adhesion diminishes rapidly at all three distances from the electrode before reaching a steady-
state value, consistent with a local change in pH due to the Farradaic production of hydrogen ions
at the anode. The repulsive interaction between the colloid probe and the surface, both negatively
charged above the i.e.p. of sapphire, accounts for the increase in the positive work of adhesion
upon approach of the probe. A reduction in the work as a function of time reflects the decrease in

pH during the application of the potential at constant current, leading in turn to a reduction in the
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Figure 4.14: Work of adhesion plotted against time for the constant current AFM experiments at
multiple distances from the electrode. The grayed area shows the time over which the potential
was applied.
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zeta potential of both the sapphire surface and silica particle. Also consistent with these observa-
tions is the gradual increase in the work after the potential was turned off, reflecting a return of the

fluid surrounding the electrode to the bulk pH.

Results of a similar experiment conducted at applied potentials of 500 and 1000 mV are
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shown in Figures 4,15, and 4.16. The former shows little change in the work of adhesion as a
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Figure 4.15: Work of adhesion plotted against time for the 1000 mV constant potential AFM
experiments at multiple distances from the electrode. The grayed area shows the time over which
the potential was applied.
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Figure 4.16: Work of adhesion plotted against time for the 500 mV constant potential AFM
experiments at multiple distances from the electrode. The grayed area shows the time over which
the potential was applied.
function of time, as would be expected at a fairly low potential. A dramatic decrease occurs at all
distances at a potential of 1000 mV, suggesting a critical potential above which the system must
be operated in order to see substantial reduction in the pH.

Figure 4.14 also shows a decrease in the steady-state work of adhesion with increasing
distance from the electrode during application of the potential. This observation is consistent with

the results of the EPD experiments under constant current conditions and can be explained by the

development of a steady-state H' diffusion profile. The time required for the particles to adhere
to the sapphire substrate increases with distance from the electrode, just as the work of adhesion is
decreased. These spatial differences are directly related to a local reduction in pH and reflect a
decreasing hydrogen ion concentration gradient moving away from the working electrode. Such a
gradient is characteristic of the steady state electrochemical conditions under which these experi-

ments were performed, and appears very rapidly across the system due to the rapid diffusivity of

H* in the aqueous solution. A time-dependent finite element analysis with a constant surface flux
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of hydrogen ions was employed to validate this model. A characteristic plot of the hydrogen ion
concentration as a function of distance from the electrode at one timestep is shown in Figure 4.17.

The resulting pH (calculated directly from the simulation concentration of hydrogen ions) is
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Figure 4.17: Contour plot of hydrogen ion concentration near the parallel electrodes at a time of

60 seconds, showing dramatic increase in concentration gradient at the electrode surface that
diminishes rapidly into the bulk fluid.
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shown in Figure 4.18 as a function of time for the three distances studied experimentally. The
curves show a rapid reduction in pH at all distances within a few seconds, after which time the
rate of change of pH slows dramatically. More significant is the change in the steady-state pH as
a function of distance, with the lowest pH occurring closest to the electrode as expected. The pH
reduction is less substantial at 45 and 65 um though still significant. The spatial reduction in pH
is not, however as dramatic in the over-simplified simulation as is observed in both the AFM and
EPD experiments. This diffusion-based model is therefore insufficient to accurately predict the
expected reduction in pH to near the i.e.p. of the sapphire substrates.

We consider as an additional explanation the fluid flow behavior at the sapphire surface,
outlined in Section 4.1. The positively charged ions located outside of the Debye layer directly

adjacent to the surface move in the opposite direction as the negatively charged particles at pHs
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Figure 4.18: Results of finite element model, illustrating the rapid decrease in pH as a function
of time. A smaller change is observed as a function of distance.
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greater than the i.e.p. of the sapphire. This is illustrated in Figure 4.19, where the resulting flow
profile corresponding to a no-slip condition at the fluid-substrate interface is shown schemati-

cally. Equation 4.1 may be then applied to this layer of adsorbed ions to predict the velocity of

the fluid, v independent of the motion of the particles. The position of a test charge within this

fluid front, which moves in the opposite direction from the particles, has been plotted as a func-

Figure 4.19: Schematic of negatively charged Debye layer at the fluid-sapphire interface,
bounded by positively charged ions. The resulting velocity profile of fluid flowing away from the
positively charged working electrode is indicated.
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tion of time in Figure 4.20. Here the time rate of adhesion for the constant current experiment is
superposed, showing a striking similarity between the distance at which the particles begin to
adhere and the distance the fluid travels in a given amount of time. The positive potential deter-
mining ions produced at the working electrode are therefore swept rapidly into solution by the
moving fluid front, thus reducing the pH as a function of distance away from the electrode. It
should be expected that the time rate of adhesion of the silica particles will be directly related to
the local pH. The expression for the interaction potential between a silica particle and single crys-
talline o-Al,O; substrate was introduced in Section 2.1.2. This potential exhibits a maximum at
some separation distance greater than zero. The maximum, which decreases with decreasing pH,
represents an energetic barrier to adhesion. It follows that the kinetics of adhesion will be directly
related to the magnitude of the potential energy barrier, with particles experiencing a lower local

pH requiring less time before adhering to the substrate. Such is the effect observed in the experi-

ments.

distance (um)

time (s)

Figure 4.20: Plot of fluid distance from electrode as a function of time (blue line), with distance
at which particles became adhered at each time superposed.
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4.4  Conclusions

The in-situ observation of EPD has been demonstrated and used to image the electro-
phoresis of particles far from the electrode and their deposition onto the electrode. Experimental
results demonstrate that the reversibility of the electrodes, introduced in Chapter 3, plays a signif-
icant role in both the transport and deposition steps. Properly prepared electrodes were necessary
in the microelectrode experiments to improve the reproducibility and achieve particle velocities
near the value expected by theory. Comparisons of particle velocities midway between the elec-
trodes and directly near them indicate that particles are slowed substantially as they reach the
electrode. The particles were also observed to adhere to the sapphire substrate as they approached
the electrode under both constant current and constant potential conditions. The hydrolysis reac-
tion proceeded even though the concentration of gas produced as a result was low enough to avoid
the nucleation of bubbles. AFM force-distance curves using a colloidal probe technique were
measured at various distances from the electrode during application of an externally applied
potential. The peak force and hence the work necessary to move the colloid probe towards the
sapphire substrate decreased immediately after application of the potential, reaching a steady-
state value after just a few seconds. This steady-state work of adhesion was seen to decrease most
substantially closest to the electrode, indicative of a local pH gradient that further validates the
observed adhesion during EPD. The pH gradient was also responsible for an experimentally
observed reduction in velocity as the particles moved towards the electrode. These results are sig-
nificant to the understanding of the mechanisms active during EPD, and point to an agglomeration

mechanism at the electrode that is responsible for deposition.
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Chapter 5: Conclusions and Future Work

5.1 Summary of Major Findings

The preceding pages have detailed the successful fabrication and implementation of a
device capable of manipulating micron scale particles using an externally applied electric field. A
model system of micron scale particles suspended in an aqueous medium was used to investigate
the role of surface forces during particle motion adjacent to a sapphire substrate of known surface
chemistry. Complete electrokinetic characterization of the sapphire substrate, presented in Chap-
ter 2, illustrated a dramatic shift in the i.e.p. as a function of orientation of the single crystals.
This observation, that surface chemistry is dictated not only by the surrounding fluid but also by
structural changes in the surface itself, has far-reaching implications for any system where small
bodies and fluids are caused to move near a substrate. The orientation dependence of the zeta
potential also sheds light on the long-standing debate in the literature regarding the exact chemis-
try of the pure o -alumina surface. The results presented here conclusively demonstrate a signifi-
cantly lower i.¢.p. than that traditionally accepted and suggests that the composition of the single
crystalline sapphire surface may be strikingly different from that of polycrystalline particles.

Electrophoretic deposition experiments were conducted both at constant current and con-
stant potential. Reversibility of the electrochemical system comprising the working electrode,
counter electrode, and suspension medium was shown to be significant in achieving the maximum
theoretical velocity during EPD. The same model system was used to deposit silica particles at
the electrode. Substantial adhesion to the surface was observed very near the electrodes, and col-
loidal probe atomic force microscopy was employed to investigate the interaction force between a
silica particle and the sapphire surface. This was coupled with finite element modelling to reveal
that a modest decrease in pH due to diffusion is predicted to occur immediately after application
of a constant current. The velocity of the fluid, however, illustrates a remarkable similarity to the
time rate of adhesion of particles, suggesting that fluid convection is in fact responsible for the
reduction in pH and the resulting adhesion of particles. Similar AFM results were obtained for
the constant potential experiments, also showing a decrease in the work required to bring the sil-
ica particle to the sapphire surface. This behavior was also observed to be dependent on the mag-
nitude of the applied potential. These significant findings have contributed greatly to the

understanding of both the commercial electrophoretic deposition process and the role of surface
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forces during assembly of particles on the micron scale. Nevertheless additional experiments
could serve to advance the work presented here even further, possibly leading to direct applica-
tions of this work to a new industrial assembly process.
5.2  Future Work
5.2.1  Surface Characterization

The results of streaming potential experiments on sapphire wafers presented here were
conducted over a full range of pH and ionic strength. This thorough assessment, coupled with
XPS and AFM analysis of the exact composition and roughness of the surface, is sufficient to

conclusively demonstrate the acidity of all three crystal orientations studied. An additional study
may, however, provide further evidence of the more basic behavior of a -Al,O; particles and

reveal crucial information about the exact composition of the surface layer. Streaming potential
measurements of pure sapphire surfaces subjected to a varicty of controlled conditions, coupled
with low-angle x-ray scattering could therefore be envisioned to investigate this phenomenon fur-
ther.
5.2.2  Device Fabrication

The relatively simple device presented in this work resulted from a substantial effort of
cleanroom process optimization. Further improvements are possible, however, to solve practical
issues such as delamination of metal from the sapphire substrate during wire bonding of electrical
contacts. Bemnhardt et al. present the successful use of zinc as an adhesion layer prior to primary
metallization [99]. This approach has been demonstrated to be superior to the titanium and chro-
mium layers more commonly used in microelectronics and MEMS processing on silicon. Addi-
tional benefit could also be derived from an overhaul of the trace and bond pad design to
incorporate larger areas for bonding, thus incorporating a fault tolerant approach that would allow
for some level of delamination without the need to discard entire devices prematurely. Other
device designs could be envisioned which take advantage of the findings of this thesis to both
manipulate and place particles in specific locations on a surface. One such design might, for
example, incorporate patterned regions having different surface chemistries coupled with micro-
electrodes deposited on the surface. The clectrodes could be used to electrophoretically deposit
particles on these regions of patterned surface charge, thus dictating the precise placement of par-
ticles.
5.2.3  Other Particles and Surfaces
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The selection of a model system allowed the surface chemistry of the silica and sapphire
particles to be thoroughly characterized. This analysis could then be directly applied to the study
of surface forces during electrophoretic assembly. This work could also be extended easily to
other systems of more practical significance. The microelectrodes could easily be patterned on,
for example, silicon or quartz surfaces. The streaming potential technique used here could also be
adapted to these surfaces. Different crystallographic orientations of silicon could be studied to
determine the dependence of the zeta potential on the structural properties of additional informa-
tion. Still other particles could be considered for electrophoretic assembly, including functional-

1zed surfaces and biological macromolecules. One interesting example is the single crystalline
o -Al,O; used as a comparison to the planar sapphire substrates in Section 2.5.5.

5.3  Outlook

The results presents in this thesis have far reaching significance for applications ranging
from traditional ceramics processing to catalysis and microfluidics, where complete knowledge of
the charge on the substrate is paramount to understanding the complex processes which occur at
the fluid-liquid interface. The reported dependence of surface charge behavior on the structure of
the surface also open up new possibilities for controlling the interaction of particles and other
macromolecules with the substrate, potentially providing new methods for templating and assem-

bly of ordered structures.
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Appendix A: Matlab Code for Force-Distance Curve Analysis

handles. filenamecount=1;
guidata (hObject, handles)

for fileloop = 1:size(handles.files,1)
fname = handles.files (fileloop) .name;
if strfind(fname, handles.asciiname) -= 0

filename (handles.filenamecount, :) = char{fname);
handles.suffix (handles.filenamecount, :) = fname (findstr(fname,'.'):findstr(fname,'."')+3);
guidata {hObject, handlea)

fidafm = fopen([handles.filedir fname], 'rt');
contents = fread(fidafm);

contentschars = char(contents');
fclose(fidafm) ;

rampsize = getafmparameter (contentschars, 'Ramp size: V [Sens. Zscanl‘); %V
blanks = strfind(rampsize{l},' '}:
rampsize = str2num(rampsize{l}(blankse(end-1)+1:blanks(end)-1));

zgscansens = getafmparameter (contentschars, '@Sena. Zacan'); %nm/V
blanks = strfind(zscansens{l},' ');
zscansens = str2num(zecansens{1} (blanks(end-1)+1:blanks(end)-1));

sampsperline = 4608;

deltaz = rampsize * zscansens/(sampsperline - 1); %¥nm
zvals = [0 : deltaz : (sampaperline - 1 ) * deltaz]';

zscale = getafmparameter (contentschars, 'Z scale: V [Sens. Deflection]');
if isempty (zscale)
msgstr = sprintf('\nFor File: %s:\n\nParameter "Z gcale: V [Sens. Deflection]” not
found.\n', fname) ;
error (msgetr) ;
end
zscale = str2num(zscale{l)(strfind(zscale{1},' (') + 1 :strfind(zacale{l},' V/LSB')}); %V/
LSB

xxx.sensdeflection = getafmparameter (contentschars, '\@Sens. Deflection: V');
if isempty (xxx.sensdeflection)
magstr = sgprintf('\nFor File: $%8:\n\nParameter "\@Sens. Deflection: V" not
found.\n', £name) ;
error (msgstr) ;

end
blanks = findstr (xxx.sensdeflection{1},' '};
xxx.sensdeflection = str2num(xxx.sensdeflection{1l}{(blanks(l) + 1 : blanks{(2) - 1)}; %om/V

linevals = find({contents==10);
datastart = linevals(length(linevals)-9217);
datavals = str2num(char (contents(datastart:end)')); $LSB
datavals = datavals .+ zscale .* xxx.sensdeflection.*0.12; ${Last value is spring con-
stant of cantilever)

extendvals = datavals(1:4608);

retractvals = datavals(4609:9216);

allvals = [zvals, extendvals]; ¥Build matrix containing both sets of data
% (A requirement for the use

%of the MIN command below)

if handles.filenamecount == 1
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for i = l:length(allvals)-1
diffvall(i) = allvals((i+1),2)
end

[maxdiffl, zdiffposl] =
for 1 = zdiffposl:length(diffvall)
if abs(mean(diffvall(i:i+2)))

- allvals(i,2);

max(diffvall);

< abs(mean(diffvall) + std(diffvall))

zmaxposl = i;
break
end
end
for i = zdiffposl + 1000 length (extendvals) - 150
m_init = polyfit(zvals(i:i+149), extendvals(i:i+149),1);
m_init_mat(i - zdiffposl - 149) = m_init{1);
end
m_init_mean = mean{m_init mat);
m_init_std = std(m_init_mat);
for i = zdiffposl:length(extendvals) - 150

m_test = polyfit(zvals(i:i+149), extendvals(i:i+149), 1);
if abs(m_test(l) - m_init_mean) < m_init_ gtd

baselinestartl = i;
baselinestart_mat (handles.
baselinestart_mat (handles.
break

else

m_test = polyfit(zvals({i:i+148), extendvals(i:i+148),

i;
handles. filenamecount;

filenamecount,1l) =
filenamecount,2) =

1);

if abs(m_test (1) - m_init_mean) < m_init_std

baselinestartl = i;

bagelinestart_mat (handles.filenamecount,l) =
baselinestart_mat (handles.filenamecount,2) =

break
else
continue
end
end
end

% calculate baseline value

handles.raw(:,1) = zvals;
handles.raw(:,2) = extendvals;
handles.fname = fname;
handles.zmaxposl = zmaxposl;
handles.deltaz = deltaz;
handles.length = length(zvals);
stepval =

lineavl =

% lineavl =

zvalmaxl = allvals(zmaxposl,l);

handles.lineav(l) = lineavl;

handles.cut (1:8ize (handles.raw(stepval:end,1),1),1) =
handles.cut (l:size (handles.raw(stepval:end,1),1),2) =

i;

double (int16 (handles.zmaxposl - handles.raw(l,1)./handles.deltaz))

mean (extendvala (baselinestartl:baselinestart1+100,1));
mean {extendvals (baselinestartl:baselinestartl+500,1));

handles. filenamecount;

+ 1;

handles.raw(stepval:end, 1) ;
handles.raw(stepval:end, 2);

handles.finalraw{l:size (handles.raw,1),1) = handles.raw{:,1);
handles.finalraw(l:size (handles.raw,1),2) = handles.raw(:,62);

handles. finalcut {1:size(handles.cut,1),1) = handles.cut(:,1) - handlesa.cut(1,1);
handles.finalcut (1:size(handles.cut,1),2) = handles.cut(:,2}) - handles.lineav(l);
handles.stepval (1) = stepval;

handles.baselinestart (1) = baselinestartl;

guidata (hObject, handles)
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elsge

for i = l:length(allvals)-1
diffval (i+1) = allvalg((i+l),2) - allvals(i,2);
end

[maxdiff, z2diffpos] = max(diffval);
for i = zdiffpos:length(diffval)

if abs(mean(diffval(i:i+2)})) < abs(mean(diffval) + std(diffval))
Zmaxpos = 1i;
break
end
end
for i = zdiffposl + 1000 : length{extendvals) - 150
m_init = polyfit(zvals(i:i+149), extendvals(i:i+149),1);
m_init_mat (i - zdiffposl - 14%) = m_init(1);
end

m_init_mean = mean{m_init_mat);
m init_std = std(m_init_mat);

for i = zdiffpos:length{extendvals) - 150
m_test = polyfiti{zvals(i:i+149), extendvala(i:i+149), 1);
if abs(m_test(l) - m_init mean) < m_init_std

baselinestart = i;
baselinestart mat (handles.filenamecount,1)
baselinestart_mat(handles.filenamecount,z)
break
else
m_test = polyfit(zvals{i:i+148), extendvals(i:i+148), 1);
if abs(m_test(l) - m_init_mean}) <« m_init_std
baselinestart = 1i;
baselinestart_mat (handles.filenamecount,1)
baselinestart_mat (handles. filenamecount, 2)
break
else
continue
end
end
end

i;
handles. filenamecount;

i;
handles. filenamecount;

zdiff = zvalmaxl - allvals(zmaxpos,l);
zvals = zvals + zdiff; $Readjust values of all subsequent matrices to
overlay with "anchor"

handles.raw(:,1) = zvals;

handles.raw(:, 2) extendvals;

handles. fname = fname;

handles.zmaxposl = zmaxposl;

handles.deltaz = deltaz;

handles.length = length(zvals) ;

stepval = double(intlé (handles.zmaxposl - handles.raw(l,1l)./handles.deltaz)) + 1;

lineav = mean({extendvals (baselinestart:baselinestart+100,1));
handles.lineav(handles.filenamecount) = lineav;

handles.cut (l:size(handles.raw(stepval:end,1),1),1}
handles.cut (l:size(handles.raw(stepval:end,1),1),2)

handles.raw(stepval:end, 1) ;
handles.raw(stepval:end, 2} ;

handles.finalraw(l:s8ize (handles.raw,1),1l) = handles.raw{:,1l);

handles.finalraw(l:size (handles.raw,1), handles.filenamecount+1) = handles.raw(:,2);

handles.finalcut (1:8ize(handles.cut,1),1l) = handles.cut{:,1) - handles.cut(1,1);
handles.finalcut(l:size(handles.cut,1l),handles.filenamecount+l) = handles.cut({:,2) -

handles.lineav(handles, filenamecount) ;
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handles.stepval (handles. filenamecount) = stepval;
handles.baselinestart (handles.filenamecount) = baselinestart;
guidata {hObject, handles)
end
handles.filenamecount = handles.filenamecount + 1;
end
end
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