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Abstract
Locally energized particles that are powered by external fields (e.g., electrical,
magnetic, optical, chemical, and thermal gradients) have formed the basis of emerging
classes of reconfigurable active matter. The ability to rationally design such particles in a
way to enable robust control of their assembly and reconfiguration can ultimately help
this promising area to realize its full potential. Herein, we introduce a class of
engineered semiconductor active microparticles that can be designed with exceptional
specificity (e.g., in size, shape, electric and magnetic polarizability, and field
rectification) by leveraging standard electronic fabrication tools. These particles draw
energy from applied external fields and actively propel, repel, rotate, and perform ondemand sequential assembly and disassembly. We show that a number of electric fieldbased effects such as electrohydrodynamic (EHD) flows, induced-charge electroosmosis,
induced-charge electrophoresis, and dielectrophoresis can selectively power this suite of
particles. We also show that a number of magnetic field-based effects such as
magnetohydrodynamic (MHD) flows and magnetophoresis can induce additional
functionalities to similarly designed particles. The result is the ability to achieve
customized locomotion, interactions, reversible assembly, and synchronous rotational
torque on demand that could enable advanced applications such as artificial muscles,
remotely powered microsensors, optical switches, and reconfigurable computational
systems.
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1
Introduction

This chapter describes the motivation for the engineering design, practical
development, and fabrication of dynamically reconfigurable-engineered motile active
semiconductor microparticles. Additionally, this chapter outlines the research goals and
detailed organization of this thesis.
A central goal of active matter research is to mimic the natural mechanisms of
biological systems to create new bio-inspired technologies. One of the most captivating
and complex biological systems is the brain due to its ability to form memories and store
information through neural networks. [1] A distinctive feature of these networks is their
plasticity, which entails the rapid formation and dissolution of neurological links in
response to stimuli. [2] While a great deal of work has been done to assemble colloidal
particles into structured networks, [3-5] such assemblies have been limited by their
inability to controllably reconfigure to form new links, towards reconfigurable neural
networks. The use of active particles could provide a promising approach to overcome
this challenges, as they can self-interact in a variety of useful ways. [6-9]
Active particles autonomously draw energy from their environment to propel,
assemble, rotate, and interact in a variety of interesting and unique ways. [10-14]
Particularly, such particles exhibit self-propelled motion and adopt non-equilibrium
1

configurations through the harvesting of external field gradients (e.g., electrical, [15-17]
magnetic, [18-21] optical, [22-23] chemical, [24-25] and thermal [26-27]). These particles
consume and dissipate energy to drive their motion, thus mimicking natural systems
and enabling the ability to realize, for example, molecular motors, phase transitions,
swarming bodies, and stimuli-responsive materials. The motion of active particles is
strongly dependent upon the materials comprising them, their geometry, the applied
field effects, and the propulsion mechanism, all of which govern metrics such as range,
control, and propulsion efficiency. Examples of self-propelling active particles reported
in the literature include nanoswimmers, [28-29] metallodielectric nanocylinders, [30-32]
Janus spheres, [33-34] and asymmetric particle doublets. [35-37] While these particles
have been powered by various mechanisms, and in some cases, multiple mechanisms,
[38] the design landscape of the particles is still narrow due to constraints in particle
synthesis, limiting the ability to design particles in a way to precisely guide their
motions and interactions. For example, while a great deal of work has been done to
assemble colloidal particles into structured networks, such assemblies have been limited
by their ability to controllably reconfigure so as to enable the formation of new
structures, for example, toward functional neural networks. Consequently, the
engineering design and fabrication of dynamically reconfigurable self-propelling
particles present an opportunity for more thorough exploration of self-propelling
particles, since few principles of dynamic particle reconfiguration have been studied,
and few demonstrations exist to date. The ability to achieve such reconfigurability,
2

including customized locomotion, tractable interactions, and reversible assembly on
demand, may enable advanced applications such as remotely powered microsensors,
artificial muscles, and reconfigurable neural networks.
Given the intrinsic interconnection between particle design and function, we
have developed a class of engineered semiconductor microparticles that can be precisely
and comprehensively designed to draw energy from external electric and magnetic
fields to actively repel, propel, rotationally torque, and reconfigure on-demand. The
design can include, for example, variations in shape, size, polarizability, electrical field
rectification, and response to electric, magnetic, and optical fields. Herein, the focus is on
the microparticle response to external electric and magnetic fields. To illustrate the
influence of the design on the particle response to these fields, we have developed a
suite of particles, each employing different mechanisms to harvest and dissipate energy.
This is achieved by the engineering design of particles through the selection of materials
and fabrication processes that define the shape, doping pattern, and coating (i.e.,
metallic, magnetic, and dielectric) patterns of the particles. This leads to control over
charge distributions (i.e., internal and external), polarizabilities (i.e., electric and
magnetic), junction-interfaces (metal-semiconductor-water and metal-dielectric-water),
electrical field rectification, and the interactions with magnetic and optical fields.
Consequently, we demonstrate the ability to intentionally and controllably power the
particles through multiple selectable mechanisms, including electrohydrodynamic
(EHD)

flows,

induced-charge

electrophoresis
3

(ICEP),

dielectrophoresis

(DEP),

magnetohydrodynamic (MHD) flows, and magnetophoresis (MAP). As we describe
herein, this level of control enables a wide range of directional and rotational motions
that can be used for remotely powering the locomotion and interactions of the particles.
There are significant intellectual and practical opportunities for engineering
design to control the function of active particles, and thus, this thesis focuses on the
design, simulation, fabrication, characterization, and test of powered semiconductor
microparticles. The systems described in this study include n-type (and p-type) doped
silicon microparticles, p-n junction silicon microparticles, p-n junction diode
microparticles (electrically equivalent to a p-n junction microdiode), and n-type, p-type,
and p-n junction microparticles with metallic, dielectric, and magnetic surface patterned
surface coatings. Tens of millions of microparticles with uniform size and shaped were
fabricated per batch using standard, low-cost silicon manufacturing technology. A key
advantage of manufacturing particles with this approach is the possibility of generating
a range of shapes, sizes, doping patterns (for electric field rectification), metallic,
magnetic, and dielectric patterns, and junction interfaces to achieve a number of
engineered locomotive behaviors. These preprogrammed microparticle behaviors
include propulsion, repulsion, frequency-dependent assembly and disassembly, and
frequency-dependent rotational torqueing.
A

key

advantage

of

the

semiconductor

approach

is

the

ability

to

comprehensively design particles that can be reconfigured on-demand using external
field gradients. We selected silicon as a base material for these particles due to the large
4

infrastructure for manufacturing in massively parallel quantities, the ability to tightly
control the particle physical properties for highly monodisperse and intentionally
multidisperse sets of particles, and due to the programmable responses to stimulation by
alternating current (AC) electric and rotating magnetic fields. AC electric fields can
reduce the symmetry constraints and can lead to a better understanding of the role of
anisotropy in field-driven systems. [39] For example, AC electric fields can polarize
microparticles when immersed in a charged fluid and drive their assembly into
predetermined structures. Sharma et al. was among the first to demonstrate the remote
control of the locomotion of millimeter-sized commercial diodes in water by
electronically modifying an AC electric field. [16-17] These “swimming” diodes were
propelled when an asymmetric electric field was applied to the fluidic test vessel that
contained the diodes. These diodes altered their direction of motion when an applied
electric field asymmetry, essentially equivalent to a DC offset, was applied to the system
electrodes, which provided the external electric field input to the diode. A common
problem with just applying a continuous DC field to manipulate particles is the
macroscopic electro-osmotic bulk flow from the fluid, as it significantly disrupts particle
motion. The application of an asymmetric external electric field wave function induces
counterion redistribution in the liquid that serves as a means to remotely rotate the
diode. Sharma et. al. demonstrated that the ability to control and reverse the diode
direction of motion was a result of the rotational electrostatic torque between the
polarized diode and the ionic charges redistributed in the charged fluid. [16]
5

Herein, we report on the dynamics of custom-made active semiconductor
microparticles submerged in water in response to an AC electric field and magnetic
fields (i.e., static and rotating) applied across a fluidic reservoir. The microfabrication
procedures used to make the particles, as discussed in detail later herein, enables the
dynamic manipulation of various electrical carrier types (e.g., electrons and holes in the
silicon material, electrons exterior to a polarizable gold (Au) metal surface, ions in the
surrounding fluid, motion of electric charge, and native surface charges when silicon
material is immersed in water), thus providing numerous different ways to power the
microparticles.
Figure 1 illustrates how passive and active motile particles respond to an
external field and how these types of particles propel by electrohydrodynamic effects
and electrostatic forces. When an external uniform DC field stimulates an uncharged
(e.g., dielectric) particle that is suspended in a fluid (Fig. 1a), both poles of the particle
are equal, but have opposite forces, causing the particle to have no net motion. When an
external uniform DC field stimulates a charged particle (e.g., polarizable) that is
suspended in a fluid (Fig. 1b), counterions are created outside of the particle, causing the
particle to propel by the bulk fluid. When an external non-uniform AC field gradient
stimulates a charged particle suspended in a fluid (Fig. 1c); a localized field gradient is
created across of the particle; the two poles have unequal forces, and the particle exhibits
directional motion.

6

Active self-propelling particles are motorized autonomous agents that can break
symmetry and convert localized field gradients into mechanical motion. These particles
can be propelled by a combination of electrohydrodynamic effects, induced charge
electrokinetic forces, electrostatic, and magnetohydrodynamic forces. For example, Janus
particles are asymmetrically polarized units that can propel electrohydrodynamically by
modifying

their

surface

properties

(Fig.

1d).

Particles

(i.e.,

homogenous

or

heterogeneous in size) can also attract electrostatically and form dipolar interactions by
coalescing into short doublets or long staggered chains (Fig. 1e). New effects can also
emerge with self-propelling particles that can convert energy from a global external field
source into a localized field potential. For example, p-n junction diodes can consume
energy from an AC field gradient, convert and rectify this field into a localized DC
potential, and self-propel electroosmotically across a charged fluid (Fig. 1f).

7

Figure 1: General schematics illustrating the mechanisms of active particles. (a)
Dielectric particle in a uniform field gradient. (b) Dielectric particle in a non-uniform
field gradient. (c) Polarizable particle in a non-uniform field gradient. (d) Propulsion
of Janus colloidal particles. (e) Propulsion of two coalesced particles of different size.
(f) Propulsion of semiconductor p-n junction diode microparticles by AC-DC
rectification.

8

2
Background
2.1 Soft Matter and Colloidal Particles
Soft matter is an emerging area of research that includes materials that can easily
be deformed by external inputs. These inputs include electric fields, optical illumination,
magnetic fields, chemical fluctuations, thermal variations, as well as spatial or temporal
gradients of these inputs. These soft materials can be used to create larger micro-sized or
macro-sized structures and their unique properties can be attributed to a
thermodynamic balance between energy and entropy, which leads to dynamic phase
behavior and natural complexity. This field spans a variety of research areas such as
biomaterials, [40-42] protein dynamics, [43-45] complex fluids, [46-48] and active
colloids. [49-52]
Colloidal particles are typically nano- or micro-sized particles that can be
suspended in a solid, liquid, or gas. Colloidal self-assembly phenomenon that uses
colloidal particles to from larger functional units and has been investigated for
assembling structures such as photonic glasses, [53-54] colloidal crystals, [55] and
mechanical biomaterials. [56] The particles explored in the research herein are active
colloidal particles. Particularly, active colloidal assembly is a emerging area of soft
matter research focusing on active particles that can consume energy from an external
9

field gradient and can convert this localized energy into mechanical motion. Active
colloids can, for example, be used to develop micro-actuators that could address critical
needs in the scientific and medical community, such as drug delivery, remotely powered
micro-sensors, and reconfigurable computational systems. Two recent studies have
explored thermally active colloids, [51-52] where particles are optically responsive and
can convert this optical energy into heat. Another emerging area of active colloids is the
“collective motion of microswimmers,” [57-58] where particles respond to and are
propelled by local hydrodynamic fields. Active colloids have also been used to design
active surfaces for applications such as surface-enhanced Raman scattering (SERS). [5961] One advantage of using SERS surfaces for colloids is that there are no organic or
ionic species to affect the purity of the medium and to structurally detect a low
concentration of species.
Semiconductor particles present new and unique opportunities in active soft
matter research, since the fabrication options are extensive (shape, size, doping, metal
patterning, dielectric patterning, and junction interfaces), and enable manipulation of
particle responses to a single or combination of external stimuli. This new class of
particles can enable very simple to complex structures ranging from approximately 80
nanometers to several millimeters in individual particle size. Sharma & Velev [16]
recently investigated large semiconductor particles by manipulating commercial mmsize devices using AC external electric fields, which will be discussed in more detail later
herein.
10

2.2 Active Matter Manipulated by External Fields: Reconfigurable
Assembles & Ionic Circuits
Self-assembly is a process in which disordered components form an organized
structure that is based on their local interactions. Active colloids convert external fields
via local particle-particle and fluid-particle interactions to rotational and propulsive
forces. This conversion dominates the ever-present thermal Brownian motion with
powered motion and propulsion. Although many interactions of charged particles that
are polarized by uniform external fields do not create local gradients or net forces,
applying a non-uniform field can lead to fascinating particle motion phenomena that
include electrophoresis, [62-64] dielectrophoresis, [65-66] magnetophoresis, [67-70]
optophoresis, [71-73] thermophoresis, [74-75] and diffusiophoresis. [76-77]
An important feature of the ensemble motion of active particles is that each
particle has its own mean path distribution, while also being able to interact with its
surrounding environment. The resulting dynamic patterns exhibit distinctive behavior
in comparison to a collection of particles that are driven by external field gradients.
Figure 2 shows examples of active particles that can consume energy from external fields
and self-assemble on-demand. These examples include: (a) CdTe photocrystals that selfassemble by phoretic and osmotic forces using optical illumination, (b) metallodielectric
Janus colloids that self-assemble into various configurations by perpendicular AC
electric fields, (c) and patchy linear microcubes that from staggered chains and can
capture cells using uniform magnetic fields.
11

Figure 2: Classes of self-propelling active particles that can respond to external field
gradients and can assemble on-demand.

2.3 Active Matter Manipulated by DC (Uniform)/AC (Non-Uniform)
External Electric Fields: Reconfigurable Assembles & Ionic Circuits
Applying external electric fields and modulating different AC frequency regimes
can manipulate active matter. The use of an asymmetric field can lead to much better
understanding of anistropically-driven systems. AC electric fields are a source of
asymmetry and can be used to generate motion of objects. Several studies have
indirectly used electric fields as a means to manipulate and power asymmetrically
designed objects. Chang et al. embedded miniature semiconductor diodes into a
microfluidic channel and manipulated electro-osmotic flows to pump and mix the fluid.
[17] Melvin et al. demonstrated a lab-on-a-chip device that could congregate
microparticles using a combination of AC electro-osmotic and dielectrophoretic forces.
[78] Mittal et al. used AC electric fields to quantify the induced dipolar interaction and
order-disorder transition between microparticles. [79] Chemical fuels, such as selfelectrophoresis and bubble propulsion, can induce motion by reacting products on the
surface of the anisotropic particle. [80] External electric fields can also induce local
electrokinetic phenomena to drive the motion of particles along field lines or to
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directionally propelled semiconductor diodes on the surface of a fluid by electronically
modifying the AC electric field. [16] Calvo-Marzal et al. demonstrated semiconductor
diode nanowire motors that propelled using a spatially non-uniform AC electric field.
[28] Lin et al. also electrostatically stabilized gibbsite nanoplatelets that preferentially
oriented into higher-order structures using external DC electric fields. [82]
Conductive particles, such as semiconductor doped materials and p-n junction
diode microparticles, can be manipulated in a charged fluid by applying external electric
fields. These microparticles, when in or on the water surface, exhibit a variety of
electrohydrodynamic effects when exposed to external AC or direct current (DC) fields,
including local and global anisotropic diode polarization, ion motion in the electric
double layer, and diode propulsion. These microparticles can also harvest the electric
field energy and rectify the external AC field into a DC field potential. Based on this
rectifying behavior, the diode particles can propel and assemble themselves in ways that
include the following:
a. DC Electroosmosis (DCEO) propels a particle with surface charge in a fluid
under the influence of an external DC electric field. Particles can develop a surface
charge due to chemical interactions between the particle surface and the fluid. The
particle surface draws a thin layer of ions of the opposite polarity from the fluid to
create a layer of excess charge in the fluid surrounding the particle, which is referred
to as the Stern layer. The Stern layer interacts with ions deeper in the fluid to create a
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thicker diffuse layer of charge. Together, the Stern and diffuse layers form an electric
double layer. The diffuse layer can move, while the Stern layer is fixed in place. The
double layer interacts with the external electric field through Coulomb forces, the
diffuse layer moves, and the motion of the diffuse layer propels the particle.
Application to silicon particles: DCEO acts weakly upon all silicon microparticles
with asymmetric metal contacts (i.e., particles with an odd number of metal
contacts), but acts strongly upon symmetrically polarized silicon microparticles and
diode microparticles (i.e., particles with an even number (zero or two) of metal
contacts). Silicon particles form a thin native oxide layer when immersed in water.
[83-84] This oxide layer has positive and negative chemical groups that interact with
the fluid to produce a charged particle surface. [83-84] The surface charge induces an
electric double layer as described above, and the silicon particles move due to DCEO
forces. Silicon diode microparticles with two ohmic metal contacts exhibit DCEO
flow when placed in an AC external electric field. When a p-n diode microparticle
rectifies the external AC field, under forward bias mode, electrons and holes diffuse
across the p-n junction. This carrier flow creates an electro-osmotic flow that propels
the diode microparticle in the fluid.
c. Dielectrophoresis (DEP) propels polarizable particles under the influence of a fastvarying external AC electric field. Imagine a dielectric particle that encloses dipoles
that, when in the absence of an external electric field, are randomly oriented in space.
In the presence of the non-uniform electric field, the charges are polarized, and the
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particle aligns parallel with respect to the electric field. Positive DEP occurs if the
particle is more strongly polarizable than the liquid medium, and the particle moves
toward the higher electric field region. In contrast, negative DEP occurs if the
particle is less polarizable than the liquid medium, and the particle moves away
from the higher electric field region. The time-averaged DEP force generally depends
on several parameters, such as the volume of the particle, gradient of the electric
field, effective polarizability, and permittivity and conductivity of both the particle
and medium.
Application to silicon particles: DEP forces can propel silicon particles that are
subjected to fast-varying non-uniform external AC fields. When two or more
charged particles closely approach each other (i.e., within 5-10 nm), the electrostatic
free energy barrier of the particles is reduced, leading the particles to coalesce into
doublets or higher-order multipolar structures.
d. AC Particle Electrohydrodynamics (Induced-Charge Electroosmosis (ICEO) and
Induced-Charge Electrophoresis (ICEP)) can propel a subset of polarized particles in
an AC electric field. Similar to DEP, AC electrokinetics has a nonlinear quadratic
dependence on the magnitude of the non-uniform electric field. This quadratic
dependence can cause directional motion on a highly polarized particle in a fluid.
For ICEO, an electric double layer forms and an AC electroosmotic flow field is
created. This non-linear electro-osmotic slip velocity induces a nonlinear distribution
of carriers on the surface of the particle, which imbalances the polarizability across
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the particle. ICEP is the resultant driving force that directionally propels the particle
in the fluid, in the direction of highest to lowest polarizable region. The ICEP
velocity (UICEP) is proportional to the local double-layer charge density and the
magnitude of the AC electric field squared.
Application to silicon particles: ICEP in our system acts upon silicon particles and
p-n junction microparticles with one metal contact, in a slow-varying external
electric field, through polarization of the contact metal. When ICEP occurs, induced
charge electro-osmosis (ICEO) can also occur; creating an electrical double layer on
the surface that propels the particle. The silicon particle cases in which ICEP and
ICEO dominate the motion are single dopant microparticles (e.g., n-type or p-type)
with a metal contact or p-n junction microparticles with a single contact (reported
herein, one metal contact on the n- or p-side of the junction). ICEP can also be
present in systems where there is weak anisotropic polarization across the particle.
For p-n junction microparticles, the non-uniform doping concentration across the
particle also causes it to be anisotropically imbalanced.
One or a combination of these DC- or AC-EHD effects can propel thin film
silicon microparticles and diode microparticles in a fluid. Which effects are accessed
by particles can be determined by the engineering design of the particles. For this
thesis, we aim to dynamically control and reconfigure particles and particle
ensembles by designing particles in which different effects dominate as a function of
AC electric field magnitude and frequency. The results reported herein focus on
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engineered thin film semiconductor particles and thin film p-n junction diodes.
Figure 3 shows a pictorial summary of the combined DC electrokinetic effects on
ions and particles. [82]

Figure 3: Schematic representing an assortment of DC-electrokinetic effects. [82]

2.4 Active Matter Manipulated by External Magnetic Fields
Magnetic-driven assembly of active particles is another method of constructing
complex structures from particles. [85-89] One of the benefits of magnetic self-assembly
is that the particles do not screen their magnetic fields in solution (as is the case for two
or more mutually attractive particles in an AC electric field), leading to stronger
magnetization between mutually attractive particles. As thin film silicon particles with
patterned deposited magnetic surface coatings align with their longest axis parallel with
respect to the direction of the electric field, a superimposed magnetic field could impart
an additional torque and tilt with respect to the direction of the magnetic field direction
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and shape anisotropy (e.g., deposited surface patch) of the particle, which can be
engineered to respond to both electric and magnetic fields using doping and patterned
deposited materials on the surface of the particle.
Most magnetic particles studied to date are spherical, but changing the
conformation to slightly more complex shapes (e.g., rectangles, hexagonal for close
packings, triangular for lattices, etc.) may decouple the effects of the assembled shape in
the applied field direction. More complex geometries could also enable the
programmable directed self-assembly of desired magnetic structures. Figure 4 shows
potential non-crystalline and crystalline assemblies formed when applying a
combination of electric and magnetic fields. [90]
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Figure 4: Self-assembled crystalline and non-crystalline structures using both electric
and magnetic fields. [90]
The magnetic moment and assembly of active particles are also dependent on the
aspect ratio of the designed magnetic element. For instance, a reasonably large magnetic
moment is required to ensure a strong propulsive force from the particles, but also be in
smaller regimes where particles do not agglomerate in zero fields. The thickness of the
deposited metal pattern is also critical in the directed assembly to avoid magnetic
exchange coupling and residual magnetization from neighboring particles, while also
making sure the magnetic moment points in plane instead of out of plane. The magnetic
design choices are described later in this thesis.

2.5 External Magnetic Fields in Colloidal Self-Assembly
Particles can be assembled into even more complex and novel structures under
both external magnetic and electric fields. Applying a magnetic field alone exerts a
rotational torque, but negligible linear force on polarizable particles. Nonetheless, the
magnetic directed self-assembly of colloidal particles is particularly interesting for
applications such as reconfigurable computational systems. These types of external
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fields could potentially permanently lock and unlock the configuration of a structure,
once it is assembled (electrical fields could be used for assembly, for example). The
induced particle polarization at low applied electric and magnetic fields is directly
proportional to magnitude of the external field. At large separation distances, the
interaction between two dipoles is proportional to the applied magnetic and/or electric
field squared and inversely proportional to the separation distance of the third power.
For nearby particles, mutual polarization can increase their magnetic dipole-dipole
interaction.
Recent research has explored using directed magnetic self-organization and selfassembly for magnetically responsive particles. Yan et al. designed metallodielectric
Janus spheres that self-organize into micrometer-scale tubes. By applying a rotating
magnetic field, the particles torque with two orthogonal components: one that spins the
particle with respect to its precessing axis, and one that drives the particles to oscillate
perpendicular to the rotating magnetic plane. [33] Snezkho and Aranson also
manipulated alternating magnetic fields to dynamically self-assemble a conformationchanging aster (i.e., a flower-like assembly formed as a consequence of the interaction
between magnetic particles and the liquid-liquid interface) and arrays of asters. [23]
Smoukov et al. also explored self-assembling structures composed of Janus particles
consisting of polystyrene spheres with a thin magnetic metal shell evaporated onto one
hemisphere. [91] These asymmetric particles assembled and were stable in the absence
of the magnetic field. Mishra et al. selectively and directionally actuated elastomer films
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using magnetic anisotropy by incorporating chains of Fe3O4 magnetic nanoparticles
(MNPs) into the films. [92]
Under uniform and non-uniform magnetic fields, long-range dipolar interactions
between the MNPs favor magnetization along the long chain direction. [93] Shields et al.
designed a simple microchip device consisting of micromagnets and microwells, which
could capture magnetically labeled cells in their individual compartments. [94] In a
more recent similar study, Han et. al. designed and investigated sequence-encoded
colloidal origami and microbot assemblies from patchy magnetic cubes. These
metallodiectric magnetic particles were engineered to store energy using long-range
polarization forces and to be released on demand by uniform magnetic fields. [21]

2.6 External Optical Illumination in Colloidal Self-Assembly
Photo-activated colloidal particles, which can respond to single or a combination
of wavelengths, can also lead to fascinating self-assembled structures. Reported studies
have optically self-assembled biomaterial colloids using a single wavelength in the
ultraviolet (UV) regime. These classes of colloids were assembled into dynamic
aggregates using osmotic forces and steric hindrances. [95] These effects can be
dynamically switched on and off by illuminating the particles at a certain wavelength of
light. Cadmium telluride (CdTe) nanoparticles have also been reported, assembling into
1-4 µm long flat ribbons. [22] The photoactive crystals were illuminated using a
microscope objective (𝜆!"#$ = 490nm; UV-VIS). The particles assembled into amorphous
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configurations such as ellipsoidal clouds, ribbon bunches, and dog-bone agglomerates.
Pallaci et al. used photoactive materials to demonstrate multi-wavelength activation and
propulsion using an iron-oxide photoactive material (α-Fe2O3) with a bandgap of about
2.2 eV, corresponding to a visible wavelength of 𝜆!"! !! = 560 nm. [95] This group also
investigated a novel titanium dioxide (TiO2) colloidal particle in the anatase phase, with
a bandgap of 3.1 eV, corresponding to a wavelength of 𝜆 !"!! = 400 nm. [96] Multiwavelength excitation was also observed from the two photoactive materials using
wavelengths above their respective energy bandgaps. [96] Stenhammar et al. presented a
computational study to explore light-induced self-assembly of active rectification
devices. This research “demonstrated irreversible motion of light-controlled selfpropelling particles that can be used to self-assemble active rectification devices and
circuits directly from active colloidal suspensions.” [97] Chen et al. also designed lightsteered isotropic semiconductor micromotors by using isotropic solid-state structures.
By taking advantage of light penetration in a semiconductor material, the group altered
the asymmetrical chemical reactions on the isotropic semiconductor, inducing
diffusiophoretic forces to propel the particles. [98] Finally, England et al. recently
fabricated optical Janus thin films and manipulated the films using the optical Janus
effect, in which the optical absorption in the thin film is localized, so that the particle
displayed asymmetric reflections between the substrate and the dielectric. [99]

22

2.7 Active Matter Manipulated by External Optical Fields
Light-activated colloidal assembly, in addition to the directed self-assembly
mechanisms described in the previous sections, can also tune the performance and
configurability of active self-propelled colloids. For instance, p-n junction silicon
microparticles and diode microparticles can create photogenerated electron-hole pairs
when exposed to a range of wavelengths with photon energies greater than the
bandgap, which enables the absorption of a photon. The electric field in the p-n junction
causes the photogenerated excess electrons and hole to drift to the n and p-sides,
separating the photogenerated carriers. This separation of charge carriers creates an
electric field at the junction that opposes the built-in p-n junction electric field, thereby
reducing the electric field across the p-n junction. This change in electric field can affect
the polarizability across a microparticle. Particularly, the change in voltage across the pn junction can reduce or increase the potential barrier across the particle, affecting the
ionic polarizability in the charged fluid. The ability to optically affect the potential
difference and electric field across the p-n junction diode, which varies with optical
wavelength (and with optical particle coating), could provide an interesting method of
selectively modifying the powered motion of semiconductor particles in an electric field.
For example, electrical and optical interconnects could be physically realized, using
layered materials such as direct metal contact or soft ionic conductor grafted layers.
Figure 5 illustrates single conductive particles that can be electrically reconfigured and
welded together to form an array of self-powered “rafts.”
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Figure 5: Polarizable p-n junction silicon diodes self-assembling into larger
interconnected frameworks.

2.8 Active Matter Manipulated by Alternative External Stimuli
Active matter can also be manipulated by other external stimuli, such as
chemical, thermal, and diffusion gradients. Using chemical field gradients, Aydogan et
al. reversibly assembled and disassembled gold nanoparticles by modulating between
noncovalent anion-host interactions. [100] Hiramatsu and Osterloh also reversibly
assembled and disassembled particles by manipulating various pH levels of
nanoparticle clusters of silica spheres, carboxylic acid modified gold, and CdTe spheres.
The nanoparticles were assembled by exposure to Au and easily disassembled by
thoroughly washing the particles with water. [101] Acuna et al. also assembled
nanoantennas to enhance the fluorescence intensity in a plasmonic hotspot. The
nanoantennas were realized by attaching gold nanoparticles to a three-dimensional,
pillar-shaped DNA origami. [102]
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Zheng et al. assembled and disassembled bi-functional patchy particles using
thermal field gradients. The particles were synthesized and functionalized by grafting
two differentiating types of DNA on their surfaces. [103] Jiang et al. assembled and
propelled Janus colloids using thermophoretic forces. The microparticles were irradiated
by a Nd:YAG laser beam, creating a temperature slip velocity and flow field across the
particle. [104]
Active particles can also be propelled using specific chemical signaling
mechanisms such as diffusion gradients. Theurkauff et al. explored the phase behavior
of active self-propelled colloids. The colloids were gold-coated particles that were halfcovered with platinum. These particles formed solid-like, gas-like, and cluster phases for
varying particle densities (low to high densities). [105] Buttinoni et al. designed Janus
active-Brownian motile particles by thermally heating the particle. The irradiation
induced an asymmetric diffusive flow field in the binary mixture, generating a spatial
chemical concentration gradient. [106] Uspal et al. designed catalytically active micronsized particles that were propelled through a solution using self-generated chemical
gradients. The particle hydrodynamically sensed the boundary wall conditions, which
generated disturbance flows in the fluid, and sent this information back to the particle as
a chemical gradient. [107]

25

3
Theory

3.1 DC-Electrohydrodynamic Effects in Colloidal Based Systems
A colloid is defined as small matter where heterogeneous mixtures (i.e., solids
suspended in a liquid) interact with each other. For example, a colloidal particle can be
suspended in a liquid medium, acquire a surface charge, and induce a surrounding
electric double layer (EDL) in the liquid. For example, P-N junction microdiodes (i.e.,
solid-state semiconductor devices), when suspended in a liquid, constitute a colloid
suspension. However, new effects emerge when these types of conductive particles are
manipulated by external fields (i.e., uniform and non-uniform).
One of the major advantages of manipulating and assembling particles in an
external field is that local particle-to-particle and particle-to-fluid interactions can tune
their reactive forces. Some of the variable parameters characterizing an AC-modifiable
electronic signal include frequency, wave shape, and wave symmetry. The second major
advantage of manipulating particles with electric fields is the inexpensive infrastructure
needed to perform experiments. For example, an experimental cell can be massproduced using simple components such as attachable metal electrodes, a culture dish,
and a pellet of responsive particles.
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Particle-to-particle interactions can be understood based on how each particle
responds to an external electric field. When an external electric field is applied to a
uniformly polarized particle (e.g., a n-type doped microparticle), long-range DEP effects
are dominant at low AC frequencies and DEP electrostatic effects dominate at high AC
frequencies. When an external electric field is applied to a weakly polarized particle
(e.g., n-type, p-type, or a p-n junction microparticle), weak AC electrokinetics dominate
at low AC frequencies and DEP electrostatic effects dominate at high AC frequencies.
When an external electric field is applied to a moderately polarized particle (e.g., a ntype or p-type microparticle with one metal contact), a rich variety of effects can emerge
at low AC frequencies. For example, microparticles with one metal contact can
synchronously rebound by repelling hydrodynamic currents. These same types of
microparticles can reversibly assemble by switching between low and high AC
frequencies. At low AC frequencies, the microparticles can disassemble and propel by
ICEP forces; at high AC frequencies they can assemble through DEP forces. When an
external electric field is applied to a strongly polarized particle (e.g., a p-n junction
microparticle with one metal contact), strong hydrodynamic flows can emerge around
the particle. At low AC frequencies, these microparticles can strongly disassemble by
ICEP forces. At high AC frequencies, the microparticles assemble by DEP forces. When
an external electric field is applied to a microparticle that is symmetrically polarized
(e.g., a p-n junction diode microparticle), DC electro-osmotic flows dominant at all
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frequencies and propel the microparticles across the fluid. Table 1 illustrates the rich
variety of effects as a function of active particle composition.
Table 1: Microparticle AC-EHD, DEP, and diode propulsion for different types of
particles and external electric fields.

The major electrophoretic characteristic of a particle is the electrophoretic
mobility, which is the mobility of charged particles in a fluid under the influence of an
external electric field. Particularly, an electrophoretic mobility is created when a cloud of
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counterions from the fluid surrounds a polarizable particle, and the particle-counterion
complex has a net electric charge of zero. The ions in the fluid layer (i.e., the Stern layer),
are strongly attracted to the bottom of the vessel, and are immobile. Applying an
external electric field can repel some of the ions outside of this layer, which propels the
particle in the fluid. The electrophoretic mobility can be calculated using Equation 1
below: [81]

𝜇!" =

𝑢
𝐸

(1)

where u is the particle velocity and E is the electric field intensity. The HelmholtzSmoluchowski theory describes how the electrophoretic mobility increases with the
particle’s zeta potential ζ and decreases with the viscosity of the medium η [81]. The zeta
potential is the potential at the shear plane of the particle some distance from the particle
surface. The effective mobility for non-spherical particles only holds when “the radius of
the particle is larger than the Debye length of the counterionic layer.” [81] The Debye
length is defined as the minimal distance where charge separation occurs. This
electrophoretic relationship is described using the expression below: [81]

𝜇!" =

!!! !

(2)

!

where 𝜁 is the electrokinetic zeta potential, 𝜀 is the relative permittivity of the fluid, 𝜖! is
the dielectric constant in a vacuum, and 𝜂 is the viscosity of the medium.
The electrophoretic velocity is also a characteristic electrohydrodynamic (EHD)
parameter for colloidal particles and can be described using the expressions: [81]
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𝜀! 𝜁
𝐸
𝜇 !
𝑉!
𝐸! =
𝑙!
1
𝑉! = 𝐸!"# − 𝐸!! 𝑙!
2
𝑣!" = −

(3)
(4)
(5)

where Ed is the electric field across the diode surface, Vd is the voltage across the diode,
εm is the effective permittivity of the fluid medium, Eext is the external electric field, and
Ed0 is the electric field across the diode. The negative sign in the electrophoretic velocity
equation is derived from the diode with two metal contacts, which, when in forward
bias, electroosmotically propels the diode across the fluid. A general equivalent electrical
circuit diagram is shown in Figure 6, and Figure 7 shows an expanded version of the
system that will be described herein. [81]

Figure 6: Equivalent electrical circuit diagram of a general diode-liquid-electrode
system. [81]
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Figure 7: Illustration of an electrically powered p-n junction diode microparticles in
water.
Figure 6 shows three separate resistor-capacitor (RC) networks, which exist across
the fluid medium. At low DC frequencies (<= 1kHz), the resistive elements dominate; at
high AC frequencies (> 1 kHz) the capacitors dominate the circuit. The diode mobility
can be described using Equation 6 below: [81]

𝜇! = 𝛽

!! !
!!

𝐸!"# − 𝐸!!

(6)

A common problem with applying only a continuous DC field to manipulate
colloidal particles is the motion of the bulk electroosmotic flow in the liquid. Macroscopic
bulk flow from the liquid is very undesirable for this particular system, as it significantly
disrupts the diode motion and propulsion. Counterions generated at the metal electrodes
propel the diode across the fluid, creating a drag force opposite the particle motion. Thus,
the mobile bulk liquid can drag the particles in random directions and distort the
directed self-assembly process. For this reason, DC electrophoresis is rarely used for
transporting colloidal particles.
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A more conventional method for manipulating colloidal particles in a liquid is to
use external AC fields. Applying an external AC field across a collection of particles can
lead to the emergence of dielectrophoresis (DEP) and other long-range EHD forces. As
the voltage oscillates between positive and negative, the DEP force is generated from
dipoles induced due to the gradient of the non-uniform electric field. The DEP force can
be described using the expression: [81]

𝐹!"# = 2𝜋𝜀! 𝑅𝑒 𝐾 𝜔 𝑟 ! ∇𝐸 !

(7)

where 𝜀! is the permittivity of the water medium, 𝑟 is the radius of the particle, 𝐾 𝜔 is
the Clausis Mossotti coefficient at a crossover frequency where the DEP changes from
attractive at 𝑅𝑒 𝐾 𝜔

> 0 to repulsive at 𝑅𝑒 𝐾 𝜔

< 0, and 𝐸 is the magnitude of the

electric field. The sign and magnitude of the DEP force are dependent on the
polarizability of the particle (σp). This force equation can be described by the real part of
the Clausis-Mossotti function, K, using the expression: [81]
! !!

𝑅𝑒 𝐾 = ! !!!!! + !
!

!

!(!! !! !!! !! )
!
! !
!
!" ! !!!! (!!! !!" )

(8)

where ε1,2 and σ1,2 are the effective permittivity and conductivity of the medium and
particle, respectively, 𝜏!" is the Maxwell-Wagner charge relaxation time, and 𝜔 is the
crossover frequency where the DEP force oscillates between attractive to repulsive. Based
on these equations, polarized particles (microparticles and microparticles with metal
contacts) are always drawn towards regions of the highest electric field.
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DEP effects are also dominant when higher concentrations of particles are
subjected to an external electric field. The particles can align in linear chains and other
higher-order structures when their orientation is parallel with respect to the applied
electric field. The chaining force is proportional to the magnitude of the electric field
squared and the radius of the particle squared. The chaining force is governed using the
expression: [81]

𝐹!!!"# = −𝐶𝜋𝜀! 𝑟 ! 𝐾 ! 𝐸 !

(9)

where the coefficient C ranges from 3 to > 103 depending on the distance between
particles and the length of the particle chain force, r is the radius of the particle, 𝐸 is the
applied electric field, and K is the Clausis-Mossotti factor. Once DEP electrostatic forces
align a homogenous mixture of particles with their longest axis parallel to the electric
field, the particles should directionally propel across the fluid, regardless of their
respective polarizability to the media, while heterogeneous particles could form unique
alternating chains in random orientations. In addition to the DEP force, particle
momentum can also come from other forces such as the drag, gravitational, Brownian,
and electric. These forces can be described using Equation 10-Equation 13: [86]

𝐹!"#$ =

1
𝑚! 𝒖 − 𝒗
𝜏!

(10)

where 𝑚! is the mass of the particle, 𝒖 is the velocity of the medium, 𝒗 is the velocity of
the particle, and 𝜏! is the particle velocity response time.
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𝐹!"#$ = 𝑚! 𝑔

!! !!
!!

(11)

where 𝑚! is the mass of the particle, 𝜌! is the mass density of the particle, 𝜌 is the mass
density of the fluid, and g is the gravitational coefficient.

𝐹!"#$%&'% = 𝜁

!"!!! !"#
!!

(12)

where 𝜁 Is the zeta potential, 𝑘! 𝑇 is the product of the Boltzmann constant and
temperature T, 𝜇 is the mobility of the particle, and r is the radius of the particle,

𝐹!"!#$%&# = 𝑒𝑍𝑬

(13)

where 𝑒 is the electron charge, 𝑍 is the charge number, and 𝑬 is the electric field vector.
The summation of the particle momentum can be described using the expression below:
[108]
!
!"

𝑚! 𝑣 = 𝐹!"# + 𝐹!"#$ + 𝐹!"#$ + 𝐹!"#$%&'% + 𝐹!"!#$%&#

(14)

where 𝑚! is the mass and 𝑣 is the velocity of the particle, respectively. For micron-sized
colloidal particles (e.g., thin film silicon) that are suspended in a charged fluid (e.g.
water), gravitational forces are negligible; however, since the density of Si (ρSi = 2.328
g/cm3) is greater than the density of water (ρwater = 1 g/cm3), the particles sediment in the
fluid. Since our particles are also not nanometer-sized and our system is driven by
strong applied electric fields, Brownian motion is also negligible.
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3.2 AC-Electrohydrodynamic/Magnetohydrodynamic Effects in Colloidal
Based Systems
3.2.1 Induced-Charge Electroosmosis/Electrophoresis
AC electrokinetic phenomena have garnered recent interest in the field of active
colloidal matter, and offer interesting applications in the areas of electrochemistry, cell
biology, microelectronics, and microfluidics. Electrokinetics can propel electrolytes that
are inside a fluidic vessel, created on the surface of the particle, or created around the
particle. The previous literature on electrokinetics has focused on particles that show
linear propulsion as a function of the applied voltage. [62, 63] This behavior is only
accurate for dielectric and insulating particles and not an accurate representation for
highly polarized particles. Linear electrokinetics is disadvantageous for active colloidalbased systems, as large DC voltages must be applied to sustain reasonable electric-field
strengths, control local field gradients, and active particle propulsion.
To address this disadvantage, Ramos et al. first discovered and coined the term
“AC electroosmosis (ACEO).” [109] The group investigated the “frequency dependence
and magnitude of electro-thermally induced fluid flow,” also referred to as Joule
heating. [110] Later, Ramos et al. demonstrated this phenomenon by demonstrating
ACEO with microfluidic interdigitated electrodes. [111] This strategy involved using
“asymmetric electrical geometries to pump liquids in channels or drive droplets on
surfaces.” [111] Bazant & Squires later took the generalized theory on asymmetric fluid
flow in a liquid (ACEO) and coined the term “induced-charge electroosmosis (ICEO),”
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where DC or low-frequency AC electric fields can create a nonlinear distribution of ionic
charges on a polarizable surface. [112-113] This phenomenon was also supported
experimentally by other researchers in the area of AC electrokinetics and physically
realized for lab-on-a-chip systems. When the applied field is turned on, electrons form at
the surface of an asymmetrically polarized particle and drift towards one side of the
pole, inducing unbalanced forces on both poles of the particle and creating directionally
localized motion. This mechanism induces a dipole moment across the surface potential
of the particle, creating an asymmetric flow field in the fluid. The quadrupolar ICEO
flow field (dipolar vertical flows that propagate in opposite directions) creates a nonuniform voltage distribution on the electrical double layer and is expressed by the
following equation [112-113]:

𝑢!"#$ ∝

!"! !
!

(15)

where ε is the dielectric permittivity of the fluid, R is the radius of the particle, E is the
electric field magnitude, and η is the viscosity of the fluid. Designing breaks in particle
symmetry, such as size (e.g., rectangular rods, hexagonal closed packings, triangular
lattices, etc.), polarizability (e.g., electrical, magnetic, and/or dielectric coatings), and
field effects (e.g., electrical, magnetic, optical, chemical, and thermal), can affect ICEO
fluid flow.
Bazant & Squires were interested in manipulating anisotropically polarized
particles by exploiting their asymmetries in ICEO flow [112]. It was predicted that a
break in particle symmetry could be realized using DC- or AC electric fields (below the
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double-layer charge frequency). While a stationary anisotropic particle could pump
fluid using ICEO quadrupolar flow, a motile anisotropic particle could propel or rotate
by induced-charge electrophoretic forces, also referred to as ICEP. Figure 8 highlights
example of polarized particles driven by AC electrokinetic flows and forces. These
examples include: (a) induced-charge electroosmotic flows around an uncharged
spherical particle, (b) induced-charge electrophoretic forces driving a spherical metallodielectric Janus colloid, (c) induced-charge electroosmotic flows at the sharp corner of a
dielectric particle, and (d) AC-electroosmotic flows around a pair of electrodes.

Figure 8: Schematics illustrating active propulsive mechanisms
electrohydrodynamic flows and AC-electrophoretic forces. [112]

by

AC-

Bazant also reported numerical methods to model ICEO/ICEP flow around a
polarizable metallic cylinder in a microchannel. [114] This model was a follow-up to the
experimental demonstration previously shown by Levitan et al. [115] The simulation
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results in Figure 9 shows the AC frequency dependence of the flow field around an
asymmetrically polarized particle (i.e., 100 µm platinum cylinder in 0.01 mM KCl). The
asymmetric fluid flows become stronger when the field is closer to the surface of the
particle. At low frequencies, the particle can be modeled as an insulator, and at high
frequencies, the particle can be modeled as a bare conductor. The real (i.e., in-phase
polarization) and complex (i.e., out-of-phase polarization) part of the induced dipole
moment can be empirically expressed using the equations below [112]:

2 − 𝜔!
𝑅𝑒 𝑝 =
4 + 𝜔!
𝐼𝑚 𝑝 =

3𝜔
4 + 𝜔!

(16)

(17)

Figure 9: Finite-element model (FEM) and solution of ICEO flows around a 100 µm
platinum cylinder in 0.1 mM KCl. [115]
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At low frequencies, the electrolytes in the fluid have enought time to respond to
the varying AC electric field. The in-phase electric field can be modeled as an insulator
in a DC field while the out-of-phase electric field is negligible. At the transition
frequency ωt, the electrolytes in the fluid are in sync with the varying AC electric field.
The in-phase electric field can be modeled as a point dipole while the out-of-phase
electric field has flow lines radiating outside of the particle. At high frequencies, the
electrolytes in the fluid do not have enough time to respond to the varying AC electric
field. The in-phase electric field can be modeled as a perfect conductor in a DC electric
field, while the out-of-phase electric field/ICEO flow is negligible. These three regimes
exist for all asymmetrically polarized particles in powered fluids and the particles can be
dynamically tuned and reconfigured on demand.
Early electrokinetic studies focused on mobility perturbations for polarizable
particles. Murtsovkin et al. further pursued this area by being the first to observe AC
electrokinetic motion of polarizable particles. [116] Particularly, the group used AC
electric fields to create nonlinear fluid flow around asymmetric quartz particles. The
electrophoretic velocity scaled with the magnitude of the electric field squared and
increased as a function of particle size. Bazant & Squires were also pioneers in this
emerging area and coined the term “induced-charge electrophoresis,” where asymmetric
particles could undergo “arbitrary translation and/or rotation” in AC electric fields. [112]
Particularly, they studied the motion and propulsion “Janus particles,” where one half of
the particle was coated with a metal and the other half of the particle was coated with a
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dielectric. Since then, a number of studies have exploited the unique properties of Januscoated particles related to their asymmetric structure and surface functionalization.
More recently, Janus particles have now formed a fundamental basis of what has
become active colloidal matter. For example, Gangwal et al. experimentally observed the
ICEP motion of Janus microparticles. [34] The group demonstrated the motion and
propulsion of metallodielectric Janus particles suspended in water by applying
perpendicular, uniform, low frequency AC electric fields. At low-frequency fields, the
ICEO flow created a nonlinear distribution of ionic charges at the surface of the Janus
particle and the ICEP force directionally propelled the particle with the metal half
serving as the guide. The ICEP force can be represented by the following equation [34]:

𝑈!"#$

9 𝜀𝑅𝐸!!
=
64 𝜂 1 + 𝛿

(18)

where ε is the permittivity, R is the radius of the particle, E0 is the amplitude of the
electric field, η is the viscosity of the fluid, and “δ is the ratio of the differential
capacitances of the compact and diffuse layers.” [34] While these particles propel by the
“left-right” orientation with respect to a perpendicular electric field, particles can also
propel in a “fore-aft” orientation with respect to a parallel electric field. For particles that
propel in a fore-aft orientation (e.g., microparticles in our electric field setup that are
described later herein), the zeta potential and ICEP velocity can be generally expressed
as: [34]
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𝜁 = 2𝐸! 𝑅 𝑐𝑜𝑠𝜃 −

2
𝜋

2
𝑈!"#$ = − 𝑈! 𝒙
3

(19)
(20)

where U0 is the ICEO velocity and 𝒙 is the directional vector of the applied parallel
electric field. Figure 10 (and Figure 11) illustrates symmetrically (and asymmetrically)
polarized particles directionally propelling (i.e., left-right in Figure 10a and 11a-b; “foreaft” in Figure 10b and 11c-d) by streamlined ICEO flows and ICEP forces. [117]

Figure 10: Asymmetrically-polarized particles which directionally propel by inducedcharge electrokinetic forces in (a) left-right and (b) fore-aft orientation. [117]
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Figure 11: Asymmetrically-polarized particles which directionally propel by inducedcharge electrokinetic forces in (a-b) left-right and (c-d) fore-aft orientation. [117]

3.2.2 AC Dielectrophoresis
Dielectrophoresis is a useful phenomenon that has been exploited in notable
research areas such as microfluidics, [118-119] cell biology, [120-121], and medical
diagnostics. [122-123] AC dielectrophoresis is an electrokinetic technique that can
employ forces (e.g., separation, [124-125] torque, [34, 126] and chaining [34, 127]) on
particles by applying a non-uniform AC electric field. This AC field can induce (i) longrange dipole moments on individually disconnected micron-sized particles and (ii)
short-range dipole moments on mutually attractive/repulsive micron-sized particles that
are closely spaced from one another. [34] For the former case, the DEP force is weakened
since disconnected particles screen their electric fields in water since the energy potential
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barrier is too steep to overcome for mutual electrostatic interaction. Therefore, higherorder multipole moments would need to be considered. These multipole moments can
be further expressed in three dimensions as: [117]

4𝜋𝜀 Φ − Φ! ~

𝑄! 𝒑 ∙ 𝒓 1 𝑸: 𝒓𝒓
+ ! +
+ ⋯ 𝑎𝑠 𝑟 → ∞
𝑟
𝑟
2 𝑟!

(21)

where 𝑄! is the monopole moment term, p is the dipole moment term from the static
electric field, and Q is the quadrupole moment term generated from the non-uniform
electric field. For closely spaced particles, the dipole force/DEP term typically dominates
since these particles are mutually attracted to each other and lower their energy
potential barrier when interacting in a charged fluid. Comprehensively, the DEP
electrostatic force can be expressed as: [117]

𝑈!"# ∝

𝜀𝑅! !
∇𝐸
𝜂

(22)

Anisotropically polarized particles can also rotate and reorient in a charged fluid,
with their longest axis parallel to the AC electric field, using DEP forces. As AC electric
fields can exert a rotational torque and align a particle, ICEO flows, ICEP electrokinetic
forces, and DEP electrostatic forces can be counterbalanced when AC frequencies are
dynamically tuned. As AC-EHD flow and ICEP forces are dominant at low AC
frequencies, DEP becomes dominant at high AC frequencies. In the high-frequency
regime, charged particles in water do not have enough time to respond to the fastvarying AC electric field and prefer to form dipoles with their nearest neighbor.
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3.2.3 Magnetophoresis
External magnetic fields can also exert short- and long-range dipolar forces on
magnetically polarized particles. This phenomenon is referred to as magnetophoresis
and has similar analogs to dielectrophoresis for electric fields. However, because most
magnetic particles exhibit nonlinearities and are diamagnetic in their behavior, there are
differences that must be considered. For instance, magnetically conductive particles
suspended in a charged fluid can exhibit a diamagnetic response due to induced eddy
currents in the flow field. [128]
To understand how paramagnetic (i.e., particles that exhibit a weak magnetic
repulsion), diamagnetic (i.e., particles that exhibit a weak magnetic attraction), or
ferromagnetic particles (i.e., particles that exhibit a strong magnetic susceptibility)
respond to external magnetic fields, imagine applying a uniform magnetic field intensity
𝐻 across a homogeneous particle suspended in a linear fluid, with radius R and net
magnetic polarization M: [128]

𝑀 = 𝜒! 𝐻! = 𝑀! 𝑥𝑐𝑜𝑠𝜔𝑡 + 𝑦𝑠𝑖𝑛𝜔𝑡

(23)

where 𝜔𝑡 is the product of the angular frequency and time. The magnetic flux density B
and magnetic torque Tm of a particle in a static magnetic field can be generally expressed
as: [128]

𝐵 = 𝜇! 𝐻 + 𝑀

(24)

𝑇 ! = 𝜇! 𝑀×𝐻

(25)
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where 𝜇! is the magnetic permeability of free space. When considering (i) variablydoped material (i.e., crystalline silicon) and shape (i.e., rectangular) anisotropies, (ii) the
continuous magnetostatic potential inside and outside of the particle, and (iii) a
continuous magnetic flux density across the particle-fluid interface, the effective static
magnetic torque in the y- and z-axes (note that the magnetic torque in x-axis is zero) can
be expressed as: [128]
!
𝑇!

=

−𝑇!!

𝜒!!,!! − 𝜒!! + 𝜒!!,!! 𝜒!! 𝐿! − 𝐿!,!
4𝜋𝑎𝑏 !
=
𝜇! 𝐻!!
3
1 + 𝜒!!,!! 𝐿!,! 1 + 𝜒!! 𝐿!

𝑐! 𝑐!

(26)

where a, b, and c are the particles’ semi-major axes (i.e., one half of the x-, y-, and z-axes),
L is the complex Clausis-Mossotti coefficient for magnetically polarized particles, and
𝜒 !" is the magnetic susceptibility in three dimensions (one axis is constant). The
effective magnetic moment can also be expressed as: [128]

𝑚!"" = 4𝜋𝑅!

𝜇! − 𝜇!
𝜇!
𝐻! +
𝑀
𝜇! + 2𝜇!
𝜇! + 2𝜇! !

(27)

where the leftmost bracketed term is the net magnetic moment of the fluid and the
rightmost bracketed term is the net magnetic moment of the particle. For magnetically
linear particles in a non-uniform magnetic field (i.e., an in-plane magnetic field), the
magnetic dipole and magnetophoretic force can be expressed, respectively, as: [128]

𝐹!"#$%& = 𝜇! 𝑚!"" ∙ ∇𝐻!
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(28)

𝐹!"# = 2𝜋𝜇! 𝑅! 𝐾 𝜇! , 𝜇! ∇𝐻!!

(29)

where K is the Clausis-Mossotti chaining factor. Equation 27-29 are similar to equations
describing how particles respond to DC dielectrophoretic forces in electric fields, where
𝜇! and 𝜇! are the magnetic permeability of the particle and the fluid (𝜀! and 𝜀! are the
electric permittivity of the particle and the fluid), ∇𝐻!! is the gradient of the magnetic
field intensity squared (∇𝐸!! is the gradient of the electric field intensity squared),
𝐾 𝜇! , 𝜇! is the Clausius-Mossotti chaining coefficient for magnetically polarized
particles, and (𝐾 𝜀! , 𝜀! is the Clausius-Mossotti chaining coefficient for electrically
polarized particles.
Magnetically polarized particles can exhibit other interesting motile patterns,
such as gyration in a rotating magnetic field. These types of particles can also exhibit
magnetic hysteresis, which induces a net torque when the induced magnetic moment is
delayed with respect to the rotating magnetic field. Imagine a particle in a counter
clockwise (CCW) rotating external magnetic field of frequency ω. The time-varying
magnetic field strength and magnetic moment can be expressed, respectively, as: [128]

𝐻 𝑡 = 𝐻! 𝑥𝑐𝑜𝑠𝜔𝑡 + 𝑦𝑠𝑖𝑛𝜔𝑡
𝑚!"" = 4𝜋𝑅! 𝐿𝐻! 𝑥𝑐𝑜𝑠𝜔𝑡 + 𝑦𝑠𝑖𝑛𝜔𝑡

(30)

(31)

where L is the complex Clausis-Mossotti chaining coefficient for magnetically polarized
particles. As the rotating magnetic field is applied, the particle is strongly propelled by
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magnetohydrodynamic forces from the initial magnetization of the magnetic coating
(NiFe) and from short-range attractive forces. These forces are generally opposed by
inertial and drag hydrodynamic forces. When translating to the Cartesian coordinate
system for rotating magnetic fields, the magnetohydrodynamic propulsive force for a
magnetically polarized particle in a rotating magnetic field can be expressed as: [128]

𝐹!"#$%#!& + 𝐹!"#$ = 𝜇! 𝑚! 𝐻! 𝑠𝑖𝑛∆= 𝜇! 𝑚! 𝐻! 𝑠𝑖𝑛 𝜃 − 𝜔𝑡

(32)

Likewise when a rotating magnetic field is applied, the magnetic moment could lag
behind the field, causing the particle to synchronously rotate about its z-axes. As the
magnetic moment lags behind the magnetic field by an angle 0° < α < 90°, the particle
torques CCW, which causes it to rotate in the same direction as the magnetic field. The
time-varying magnetic torque can be expressed as: [128]

𝑇 ! 𝑡 = −4𝜋𝜇! 𝑅! 𝐼𝑚 𝐿 𝐻!! 𝑧 = = 𝜇! 𝑀! 𝐻! 𝑠𝑖𝑛 𝜃 − 𝜔𝑡 𝑧

(33)

The magnetic moment will continuously rotate at a synchronized lag angle α while the
particle attempts to catch up to the rotating magnetic field. For magnetically polarized
particles that synchronously rotate in a charged fluid, the lag angle can be expressed as:
[128]

𝛼 = 𝑠𝑖𝑛!!

8𝜋𝜂! 𝑅! 𝜔
𝜇! 𝑚!"# 𝐻!

(34)

where η1 is the viscosity of the fluid and 𝑚!"# is the remnant magnetization of the
particle. Referring to the equation above, the maximum magnetic torque shows that the
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particle is limited rotationally when α = 90°. When the particle reaches a critical
crossover frequency (Equation 35) [128]:

𝜔 ≤ 𝜔!"# =

𝜇! 𝑚!"# 𝐻!
8𝜋𝜂! 𝑅!

(35)

the particle can no longer keep up with the rotating magnetic field and its rotation is
hindered. [128] This behavior is synonymous to how phase-locked loops function in
electronic systems.

3.3 Thin Film Semiconductor Devices for Active Colloidal Self-Assembly
The key to the realization of the powered self-assembly of semiconductor
particles (i.e., using external electrical, optical, and magnetic fields) is the custom design
and simultaneous fabrication of millions of monodisperse thin film silicon particles.
Packaged commercial p-n junction diodes (with their native substrate and packaging
attached) are bulky and heavy, impeding the directed self-assembly process, and are
only available in off the shelf designs that are not optimized for fluidic self-assembly. In
contrast, by designing custom silicon particles that take advantage of specific selfassembly capabilities, different particles and mixtures of particles can be fabricated with
customized assembly properties.
Thin film silicon particles can be physically realized through separation of the
uppermost thin silicon (i.e., device) layer from a Silicon-on-Insulator (SOI) material (i.e.,
thin Si (0.1-10 microns thick) on top of a thin SiO2 layer, called a buried oxide (BOX), on
top of the standard silicon (500 microns thick) bulk substrate). SOI structures are a
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subset of silicon manufacturing technology, and SOI integrated circuits (ICs) are offered
through fabrication manufacturing services such as the MOSIS foundry. [129]
First, we will discuss semiconductor diodes in general, short- and long-range
electrostatic effects for two or more approaching semiconductor particle colloids, and
then methods for fabricating thin film p-n junction diodes for their directed selfassembly in electrically- and magnetically-powered liquids.

3.3.1 Semiconductor Diodes
Microparticles and microdiodes can be fabricated from semiconducting
materials, such as monocrystalline silicon. A silicon microparticle is formed with initially
n- or p-type semiconducting material. A p-n junction microparticle is formed when
initially n- or p-type semiconducting material is doped with the opposite dopant (i.e., a
counter-dopant).

In a thought experiment, we can imagine bringing n and p type

materials into contact, and the significant difference in carrier concentration between the
two materials causes mobile carriers to diffuse into the oppositely doped material
(electrons from n to p and holes from p to n). The free carriers are then left to recombine,
which

leaves

behind

uncompensated

dopant

atoms

near

the

junction

(this

uncompensated space charge region is called the depletion region), generating an
electric field in the depletion region. The field creates an electric potential barrier
between the p and n materials. When thermal equilibrium is reached, the magnitude of
the field is such that the tendency of electrons to diffuse from the n-type region to the ptype region is exactly balanced by the tendency of electrons to drift in the opposite
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direction under the influence of the built-in field. Figure 12 shows the energy band
diagram of a p-n junction at thermal equilibrium, including the conduction band edge
Ec, valence band edge Ev, Fermi-level band edge Ef, and intrinsic band edge Ei. [130]

Figure 12: Energy-band diagram of a p-n junction diode [130]
Using the abrupt junction approximation, a semiconductor can be divided into
distinct zones that are either neutral or completely depleted of mobile carriers. These
zones join each other at the edge of the depletion region, where the majority carrier
concentration is assumed to change abruptly from the dopant concentration to zero. The
width of the depletion region can be described using the expression below: [131]

𝑊=

2𝜀! 𝜀! 1
1
+
𝑞
𝑁! 𝑁!

−𝑉!"

(36)

where 𝑉!" is the built-in potential across the junction, 𝜀! is the permittivity of the
semiconductor, 𝜀! is the free-space permittivity, q is the electron charge, 𝑁! is the donor
concentration, and 𝑁! is the acceptor concentration.
Diffusion of impurities is a common fabrication technique for doping in
semiconductors. The process is a thermally activated random motion process,
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characterized by a diffusion coefficient, D. There are generally two types of diffusion
processes, both determined by the amount of source (impurity) atoms. The profile used
to create the junction of the active particles described herein is constant source diffusion,
where the impurity concentration is unlimited and constant over time. The following
expression below represents the dopant carrier concentration as a function of depth and
annealing time: [132]

𝑁 𝑥, 𝑡 = 𝑁! 𝑒𝑟𝑓𝑐(!

!
!"

(37)

)

where 𝑁! is the impurity concentration at the wafer surface, x is the depth across the
wafer, the diffusion constant is D and time, t. This equation indicates that the profile
moves deeper into the wafer with increasing time, increasing temperature, or a
combination of both. At any given temperature, the upper limit to the amount of
impurity that can be absorbed by the wafer represents the solid solubility limit to that
dopant. Hence at higher dopant concentrations, only a fraction of the dopant is
electrically conductive.
Generally, there are two major components of current that can flow across a p-n
junction, drift and diffusion. The additive current from forward and reverse-bias carrier
injection can be described using the expressions below: [131]
!

𝐽! = 𝐽! 0

!

+ 𝐽! 0

𝐽! = −𝑞

=𝑞

!! !!!
!!

!! !!!

+
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𝑒
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−1

(38)
(39)

where 𝐽! 0! and 𝐽! 0! are the hole and electron current density at the interface
between the p-n junction and quasi-neutral region, 𝑞 is the electron charge, 𝐷! and 𝐷!
are the hole and electron diffusion constants, 𝑝!! and 𝑛!! is the minority-carrier
concentration in the majority-carrier region, 𝐿! and 𝐿! are the hole and electron diffusion
lengths, 𝑉! is the forward voltage, kBT is the product of the Boltzmann constant, kB and
temperature, T, 𝑉! is the applied voltage, and nf is the ideality factor.

3.3.2 Short- and Long-Range Electrohydrodynamic/Electrostatic Effects of Approaching
Semiconductor Colloids
Semiconductor microparticles suspended in a charged fluid (e.g., water) respond
to DC and AC fields in a multitude of ways, including directional motion along the
electric field, field-time dependent response, particle-particle interaction, and particlefluid interaction. This next section reviews some of the electrostatic effects for particle
manipulation, particle-fluid interaction, and particle-particle assembly. This section also
serves as a guide for the experimental results that will be presented later in this thesis.

3.3.2.a Symmetrically-Polarized Semiconductor Particles in Water
The interface between a semiconductor material and a charged fluid, such as
water, when under the influence of an external AC electric field, presents very
interesting dynamics from both a fundamental and an applied perspective. Both the
semiconductor device and fluid have mobile charges, which can spatially redistribute,
depending on the applied electric field. When the particles and fluid are in contact with
each other, an electrostatic interaction is induced via boundary conditions at the
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interface. The Derjaguin-Landau-Verwy-Overbeck (DLVO) theory describes the balance
between the electrostatic repulsion and van der Waals attraction of colloidal
suspensions. [133] This theory was applied by Fleharty et al. to study the electrostatics of
single-dopant semiconductor interfaces and to the interaction of two approaching
semiconductor particles suspended in a fluid. [83-84]
As previously mentioned, the balance between electrostatic repulsion and van
der Waals attraction is the basic foundation of the DLVO theory. Electrostatic repulsion
becomes significant when two charged particles approach each other and when their
electrical double layers begin to interfere. This force is dominant when the particles
almost touch and the surface potential is almost zero outside the double layer. On the
other hand, van der Waals attraction results between the molecules of colloidal particles
when they are separated by about 6-8 nm. Each molecule of the colloidal particle has a
van der Waals attraction to each molecule of a neighboring colloid. The total energy of
interaction of two or more approaching particles, U(h) is described by the expression:
[84]

𝑈 ℎ = 𝑈! ℎ + 𝑈!"# (ℎ)

(42)

where 𝑈! ℎ is the electrostatic interaction energy as a function of separation distance
and 𝑈!"# (ℎ) is the van Der Waals interaction energy as a function of separation distance.
The electrostatic energy of interaction between two approaching particles is given using
the expression below: [84]
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𝑈! ℎ = 2𝜋

!
!
𝑑𝑧 ! 𝑑𝑟Π!
!

𝑟, 𝑧 𝑟

(43)

where z is a distance variable, h is the center-to-center separation between the two
particles, and 𝛱! is the osmotic pressure, which is dependent on the electrostatic
potentials, and hence on the separation between the flat surfaces (i.e., two-dimensional
representation of a three-dimensional object) of the spherical particles. The osmotic
pressure 𝛱! is derived from the electric double layer between two semiconducting
particles in a fluid. [84] Figure 13 shows the flat surfaces of the two approaching silicon
colloids that are suspended in water.

Figure 13: Neighboring semiconductor particles on z-axis of radius a are separated by
distance h [84].
The van der Waals attractive energy, Uvdw(h), without taking retardation effects
(i.e., change of ionic charge configuration when ionic effects are generated by the time-
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varying ionic currents or ionic charge distributions) into account and by integrating at
the mid-plane between two closely separated particles, is given by the expression: [84]

𝑈!"# ℎ =

!!!
!

!! !
!!!!

!! !

!

+ !! !!!! + 𝑙𝑛

! !!!!
!!!!

(44)

!

and can be simplified to the following expression: [84]

𝑈!"# ℎ =

!! !

(45)

!"#

where 𝐴! is the Hamaker constant, h is the separation distance between particles, and a
is the radius of the particle. This constant determines the interaction parameter from the
van der Waals potential and can be theoretically obtained by adding the Hamaker
attractive and repulsive potential curves (i.e., potential energy curves generated between
two neighboring particles).

Fleharty et al. described the interaction energy versus

separation distance for two n-doped silicon colloids, two p-doped silicon colloids, and
one n-doped silicon colloid interacting with a p-doped silicon colloid. They observed a
difference between the interaction energies based on these different dopant particle
cases and that the different mobile charges in these different semiconductor particles
responded differently with the always negatively charged SiO2 particle/solution
interface.

[83-84]. Figure 14 plots the interaction energy versus separation distance

relationships of approaching singly doped silicon colloids.
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Figure 14: Interaction energy vs. separation-distance plots of approaching singly
doped semiconductor colloids [84].
The particle-solution interface is critically important to the behavior of two or
more interacting particles, as the behavior of two approaching particles suspended in an
electrolyte solution is affected by this interface. Silicon, for example, will form a native
SiO2 layer when in contact with deionized water. This oxide layer generates chemical
groups that are exposed to the electrolyte and may be involved in chemical reactions
with some of the dissolved species. Often, the important specimens in solution are
hydrogen ions, which can bind or dissociate from the oxide surface.
When surface groups are involved in chemical processes (e.g., when silicon
microparticles are suspended in water), the native oxide layer can be described by the
following chemical reactions: [84]
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𝐴𝐻!! ⇄ 𝐴𝐻 + 𝐻! , 𝑝𝐾! = −𝑙𝑜𝑔!" 𝐾!
𝐴𝐻 ⇄ 𝐴! + 𝐻! , 𝑝𝐾! = −𝑙𝑜𝑔!" 𝐾!
The negatively charged surface groups (𝐴! )

(45)
(46)

are typically part of the solid

material (e.g., oxide layer). The chemical equilibrium constants 𝐾! and 𝐾! determine the
overall charge for a given pH. The surface charges affect the ionic polarizability of the
fluid and introduce an electrostatic potential Ψ, which can be derived by solving the
Poisson equation: [84]

∇! 𝜓 = − !

(47)

!
! !!

where 𝜌 is the charge density, 𝜀! is the permittivity of vacuum, and 𝜀! is the relative
permittivity. The entire system, however, consists of a semiconductor region, ohmic
metal layer, oxide layer, and electrolyte solution. The charge density for each of these
separate entities is given as: [84]

𝜌!"!#$%&"'$! = 𝑒∑𝑛!! 𝑧! 𝑒𝑥𝑝

!!! !"
!! !

(49)

𝜌!"#$% = 𝐼/𝐴𝑒𝑣
𝜌!" = 𝑒𝑁! 1 − 𝜒𝐹!/!

(48)

!!!"

(50)

!! !

𝜌!"!! = 0

(51)

where 𝐹!/! is ½ Fermi integral, which is the probability a free electron occupies an
energy state, e is the electron charge, ni is the number concentration of the ith ionic
component, 𝑘! 𝑇 is the product of the Boltzmann constant, kB and temperature, T, 𝑁! is
the donor concentration, 𝜒 is the electron affinity, 𝜓 is the electrostatic potential, 𝜇 is the
Fermi level, and 𝑧! is the valence charge of the counterions in the electrolyte.
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As shown later herein, our experimental results show that the charge density in
the n-type silicon particle and in the silicon p-n junction diode interior plays a role in
particle velocity and end-to-end particle interactions, and can significantly modify the
overall interaction energy between particles. In agreement with the Fleharty et al.
theoretical analyses on manipulating semiconductor colloidal stability (i.e., electrostatic
interactions between particles) through doping, we experimentally validated that the
internal charge redistribution due to external field perturbation should strongly affect
the short-range and long-range forces between approaching semiconductor particles.
[83-84] This theory also predicts a difference in the particle velocity and particle-toparticle interaction when comparing uniform silicon doped to silicon p-n junction
diodes. Lastly, the theory indicates a difference in the overall particle velocity and
particle-to-particle interaction when comparing these same studies with asymmetrically
and symmetrically polarized particles. The interior mobile charge carriers vary in each
of the different cases listed above (two n-doped silicon colloids, two p-doped silicon
colloids, and one n-doped silicon colloid interacting with a p-doped silicon colloid),
leading to a different redistribution of charges in the semiconductor and liquid phases in
each case. These theoretical understandings give us the ability to engineer and, through
custom fabrication, engineer the behaviors of these semiconductor particles.

3.3.2.b Asymmetrically-Polarized Semiconductor Particles in Water
Asymmetrically polarized silicon microparticles exhibit behavior that can be
informed by examining asymmetric Janus particles. Silicon microparticles are excellent
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devices for the study of ICEO/ICEP forces, as one side of the particle/p-n junction is
much more polarizable than the other side of the particle/p-n junction when a metal
ohmic contact is deposited on one side of a singly doped or diode material. Selfpropulsion is caused by the asymmetric ionic mobility on the particle surface. Thus, the
particles are propelled in a defined direction, moving across the electric field while
interacting with other particles in their path.

3.3.3 Semiconductor Optical Properties
The operation of most optoelectronic devices is based on the generation or
recombination

of

photogenerated

electron-hole

pairs.

Photons

incident

on

a

semiconductor, which has energy equal to or larger than the bandgap, Eg, are absorbed
and generate electron-hole pairs, by raising an electron from the valence band to the
conduction band.
A semiconductor in equilibrium, without incident photons or injection of
electrons, has carrier densities that can be calculated from the equilibrium Fermi level by
using Fermi-Dirac statistics. When excess carriers are created, non-equilibrium
conditions are created. Non-equilibrium distributions for electrons and holes are given
using the following expressions: [131]

𝑓! ℰ =
𝑓! ℰ =

1
1 + exp
1
1 + exp
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where ℰ! 𝑎𝑛𝑑 ℰ! as the conduction and valence band energy levels, ℰ!" and ℰ!" as the
quasi-Fermi levels for electrons and holes, and kBT as the product of the Boltzmann
constant, kB and temperature, T.
A p-n junction irradiated with an optical source creates a large density of excess
carriers in any region of the semiconductor where absorption occurs. As the incident
optical power traverses the semiconductor, Beer’s Law applies, and the photo-generated
excess carrier concentration is a function of illuminated depth in the semiconductor. The
non-equilibrium electron and non-equilibrium hole concentrations in a uniformly doped
semiconductor that is uniformly illuminated is: [131]

𝑛 = △ 𝑛 + 𝑛!
𝑝 =△𝑛+

𝑛!!
𝑛!

(54)
(55)

where △ 𝑛 is the excess electron concentration, 𝑛! is the intrinsic carrier concentration,
and 𝑛! is the background electron concentration. The excess carriers created under
steady-state recombination conditions must be equal to the generation rate and can be
described by: [131]

𝐺=𝑅

(56)

For indirect bandgap semiconductors such as silicon, impurities and defects in
the lattice manifest as traps or as recombination centers. Therefore, carriers can
recombine non-radiatively through a defect center, and the excess energy is dissipated
into the lattice as heat.
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Silicon p-n junction photodiodes are very unique when comparing materials that
have been previously used for optical self-assembly, in that silicon has a high quantum
efficiency and a high responsivity in the visible wavelength range. Figure 15 shows the
responsivity and quantum efficiency of silicon as a function of wavelength.

Figure 15: Responsivity and quantum efficiency of silicon as a function of optical
wavelength.
The device responsivity, as a function of wavelength, is a ratio of generated
photocurrent to the incident optical power. This can be described using the expression
below: [131]

𝑅(𝜆) =

!!! !
!!"#

=

!!!
!!

!

!

!
𝑄𝐸(𝜆) = !.!"#
!

(57)

where 𝐼!! 𝜆 is the photocurrent as a function of wavelength, 𝑃!"# is the incident optical
power intensity, q is the electron charge, ℎ𝑐 is the product of the Planck’s constant and
speed of light, and 𝑄𝐸(𝜆) is the quantum efficiency as a function of wavelength. The
quantum efficiency is defined as the ratio of the number of collected carriers to the
number of photons of a given energy incident in the depletion region.
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Using light to affect the electrically powered assembly and propulsion of thin
film silicon particles and silicon p-n junction diodes present some interesting
opportunities in the area of active soft matter. While silicon particles designed on the
micro-scale may not function as the most efficient photovoltaic cell for impacting motion
due to light interaction such as absorption, silicon nanostructures (e.g., nanowires and
nanocrystals) could potentially provide stronger particle responses to light by enhancing
the interaction of the semiconductor with the optical field. [134] For example, novel light
trapping schemes that increase the quantum efficiency of the thin film silicon material
are interesting. Nanofabrication processes (e.g., electron-beam lithography, thin film
sputtering, chemical vapor deposition, ion implantation, metal-assisted chemical
etching, shallow deep reaction ion etching), quantum confinement techniques (e.g.,
plasmonic and diffractive light trapping), and surface-enhanced effects (e.g., antireflective dielectric coatings and atomic layer deposition) for silicon nanostructures
could improve the photovoltaic energy conversion. Optically illuminating particles to
selectively affect the propulsion of a subset of particles is another function of interest
that could be utilized with optically wavelength selective coatings.

3.3.4 Reconfigurable, Self-Assembled Computer Architectures
Silicon is also an industry standard material for electronic circuits, and thus an
attractive material for reconfigurable computer architectures, since electronic devices
can be integrated directly into the silicon particles. The prospect of introducing
reconfigurable electrical interconnections and reconfigurable electronic architectures are
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extremely interesting applications in the field of computer engineering. The long-term
prospects for dynamically reconfigurable computer architectures based upon silicon
integrated circuit powered self-assembly, separation, and reassembly is very tantalizing.
One significant challenge is to create low resistivity electrical contacts between particles
that can be formed and disassembled on particles that either contain or carry integrated
circuits.
Computer systems that could migrate from traditional silicon technology to
micro- and nano-scale self-assembling technologies have been explored. Snider et al.
explored building self-organizing and self-healing networks that implemented
massively parallel computation. This research was accomplished by using memristive
devices to implement reconfigurable, adaptive networks. [135] Phillips et al. also
explored reconfigurable computational clusters, which consisted of N colloidal particles
bound to a colloidal sphere. Each cluster could store a single of bit information,
representing a one bit computational digital colloid. [136] Imagining dynamically
reconfigurable computer architectures based upon silicon integrated circuit particles
with powered, self-assembly physical configurability is a long-term vision that may be
fundamentally enabled by the research described herein.
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4
Design, Simulation, and Fabrication of Active Thin Film
Silicon Microparticles for the Directed Self-Assembly in
Electrically- and Magnetically-Powered Fluids

This chapter introduces and reports upon the design, fabrication, and
experimental validation of a new class of engineered semiconductor microparticles that
can be precisely and comprehensively designed (e.g., in size, shape, metal/dielectric
patterned coatings, polarizability, electrical rectification, and junction interfaces) to draw
energy from external electric fields and magnetic fields to actively rotate, propel,
assemble, and reconfigure on-demand.

4.1 Design of Semiconductor Microparticles (Powered by Electric Fields)
The first particles designed and fabricated were thin film silicon particles that
were electrically powered and suspended in a fluid. Since most studies on active particle
propulsion have been reported on spherical objects, the rectangular shape of the
microparticle was the design chosen to explore different reconfigurable self-assembled
structures. Secondly, the microparticle material chosen was silicon. Silicon was chosen
since it is the material pervasively used for semiconductor circuits, and, in the future,
will be possible to integrate circuits directly into or on top of the silicon microparticles.
Thus, to electrical engineers, the use of silicon for microparticles has the potential to add
physical reconfigurability to electronic systems. Thus, the use of silicon is motivated by
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the ability to vary the charge configuration in the material through doping and optical
excitation, as well as due to the response of silicon devices in an external electric field.
Fourth, the ability to use inexpensive standard manufacturing processes on
silicon enables different sizes and shapes of the microparticles. In addition, the
application of patterned doping and coatings to be integrated into and onto the silicon
enables a wide variety of engineered particles. Finally, these same manufacturing
processes enable the designer to fabricate millions of microparticles that are highly
monodisperse or intentionally multidisperse, in sizes ranging from millimeters to
hundreds of nanometers, in a single fabrication run.
To physically realize colloidal suspensions (typically a few nanometers to a
couple of microns in size), the particles were fabricated and defined in the device layer
using silicon-on-insulator (SOI) material, and, for any particles with doping (i.e., n-type
or p-type), the dopant was diffused to the bottom of the device layer. The metal contacts
were chosen to be ohmic and had the same thicknesses on each side of the p-n junction
diode microparticle.
The different microparticle compositions were chosen so we could engineer and
reconfigure encoded responses into the material. Microparticles with a symmetric
number of contacts (described below) were chosen to study the DEP polarization forces,
weak anisotropic forces, and DCEO propulsion in water. Microparticles with an
asymmetric number of contacts (described below) were chosen to study the DEP
polarization and strong anisotropic polarization forces in water.
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4.2 Semiconductor Microparticle Design (Powered by Electric Fields)
The rectangular semiconductor microparticles (10 µm x 20 µm (surface area) x
3.5 µm (thick)) were fabricated from SOI material, where the uppermost (device) layer
consisted of either n-type Si (Nphosphorous ~ 1015 cm-3) or p-type Si (Nboron ~ 1018 cm-3) that
served as the core material for fabricating the microparticles. This material was
processed differently based upon the composition of the microparticle or microdiode
being fabricated. Once the fabrication procedure was complete, the microparticles were
sacrificially released from the bulk silicon substrate, washed to remove impurities, and
suspended in Millipore deionized water for experimental testing. We noted that as soon
as the silicon microparticles were exposed to water, a thin silicon dioxide layer (SiO2)
typically formed over any exposed silicon surface.
In this study, twelve types of microparticles were designed, fabricated, and
stimulated by an AC electric field (Figure 16 and Figure 17 illustrate a full listing of
fabricated microparticles and microdiodes with their respective nomenclature): n-type
or p-type 0 (N-0 or P-0) is a n-type or p-type semiconductor microparticle without metal
contacts; n-type or p-type I (N-I or P-I) is an n-type or p-type silicon microparticle with
one contact on the particle; p-n junction 0 (PN-0) is a p-n junction microparticle (either a
n-type particle diffused with a p-type dopant or a p-type particle diffused with a n-type
dopant) without metal contacts; p-n junction I (PN-I) describes two types of p-n junction
microparticles, one with a metal contact on the p-side and one with a metal contact the
n-side of the p-n junction; and diode II (D-II) has a p-n junction with metal contacts on
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both the n and p sides. While our particles were 10 µm x 20 µm (surface area), we note
that this approach can be adapted to the fabrication of particles of smaller or larger size
and smaller or larger thicknesses. Traditional top-down photolithography can create
well-defined features as small as 0.5 µm, and electron-beam lithography can be used to
pattern features as small as 50 nm.39
A key advantage of this integrated circuit fabrication approach is the ability to
diffuse dopants into patterned regions of the microparticles. For the case of the PN-0,
PN-II, and PN-I microparticles, we altered their electrical properties and hydrodynamic
flows (Figure 18a) by diffusing dopants into regions of the microparticles to attain ptype compositions on half of the n-type microparticle, thus forming p-n junctions, which
allowed for distinct differences in their behaviors compared to microparticles with a
single doping when stimulated by AC electric fields. We also deposited ohmic metal
contacts on the particles to alter the hydrodynamic flows around the microparticles. The
PN-II microparticle has two metal contacts, which were necessary to enable the internal
rectifying flow of electronic carriers (electrons and holes) across the p-n junction. We
also note that we fabricated pure n-type microparticles (N-0) with uniform doping and
without metallization.
Once fabricated, the microparticles were sacrificially released from the silicon
substrate, washed to remove impurities, and suspended in deionized (Millipore) water
for experimental testing As soon as such microparticles are exposed to water, a thin
silicon dioxide layer (SiO2) typically formed over the exposed silicon surfaces. [83-84]
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Each type of microparticle was subjected to an external AC electric field generated in a
fluidic chamber with co-planar gold electrodes. The independent variables of the electric
field, E, used to power the microparticles include the field strength (E2 ∼ 10 – 75 kV2/cm2)
and AC frequency (0.05 – 500 kHz). In all cases, the microparticles initially aligned with
their longest axis parallel to the electric field due to dielectrophoretic torque. [85]
Given the intrinsic connection between particle design and function (or
behavior), [137-138] we have developed a class of active semiconductor and diode
microparticles that can be comprehensively designed in size, shape, composition (Figure
16 and Figure 17), and polarizability (Figure 18a-b). This design capability can lead to
control over the internal and external charge distributions, polarizabilities, and field
rectification of the particles in AC electric fields. Thus, these particles can be engineered
to draw energy to interact and propel in a variety of controllable fashions. We show the
empowerment of their motion through multiple concurrent mechanisms, including
dielectrophoresis (DEP), [139] induced charge electrophoresis (ICEP), [34] and diodebased propulsion by AC field rectification (Figure 18c). [16-17] This combination of
mechanisms enables a broad range of programmed collective behaviors (e.g., repulsion,
bidirectional locomotion, particle chaining, and reversible assembly; Figure 18d), which
could enable their use in applications such as self-healing materials and reconfigurable
networks.
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Figure 16: Fabricated doped silicon microparticles with n-type and p-n junction
compositions.

Figure 17: Fabricated doped silicon microparticles with p-type and p-n junction
compositions.

69

Figure 18: Semiconductor microparticles and their controlled locomotion in AC
electric fields. (a) Scanning electron microscope (SEM) images of silicon (Si)
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microparticles and schematics of different types of microparticles. (b) Electrical circuit
analogs of microparticle compositions. (c) Various electrical propulsive effects of
microparticles (d) Reconfigurable assembly dynamics of active silicon microparticles.

4.3 Semiconductor Microparticle Simulations (Electric)
4.3.1 Semiconductor Device Modeling of an n-type microparticle (in vacuum)
A 3D simulation was implemented in ATLAS® (Silvaco, Inc.) to model the
electrical device characteristics (e.g., doping profiles, energy band characteristics, and
energy potentials) of the silicon microparticles and p-n junction diode microparticles.
The simulated structure consisted of a 10 µm x 20 µm (surface area) x 3.5 µm (thickness)
of n-type silicon (Figure 19a shows a 2D cross-sectional view of the microparticle; Figure
19b shows a 3D view of the microparticle). The model used the background dopant
concentration of the starting wafer, as specified by the vendor (N0 = 7.22 x 1014 cm-3;
resistivity, ρ = 6.17 Ω-cm; UniversityWafer, Inc.). The thickness of the epitaxial layer was
3.5 µm. The n-type background dopant concentration was measured using a four point
probe to be 7.22 x 1014 cm-3 (Figure 19e). A complementary error-function profile (along
the vertical depth of the microparticle) was simulated to model the diffusion of boron
into the n-type silicon; the surface concentration of boron (C0) used in the model was
6.57 x 1020 cm-3, using the surface doping concentration and diffusion profile of boron
from the manufactured boron doped spin-on-glass used for fabricating the p-n junction
microdiodes. For all microparticles with metal contacts used in this study (i.e., n-type
microparticles with one metal contact, p-n junction microparticles with one metal on the
n-side of the junction, p-n junction microparticles with metal on the p-side of the
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junction and p-n junction microparticles with one metal contact on the n-side of the
junction and one metal contact on the p-side of the junction), the metal contacts were
assumed to be ideal ohmic contacts for the simulation. [140]

4.3.2 Semiconductor Device Modeling of a p-n junction microparticle (in vacuum)
When an n-type silicon material interfaces with a p-type silicon material (i.e.,
forming a p-n junction; Figure 19c shows a two-dimensional cross section of the p-n
junction microparticle), a depletion region is formed across the junction, with ionized
donors and acceptors, creating a potential barrier (Figure 19f) in the p-n junction
microparticle. These ionized charges create an electric field across the microparticle,
which in turn causes drift of electronic carriers (i.e., electrons and holes) in the
microparticle. The diffusion current density balances the drift currently density, thereby
maintaining charge neutrality in the device.
The p-n junction microparticle has an internal (built-in) potential given by:

𝑉!" = 𝑉! 𝑙𝑛

!! !!
!!!

where Vt is the thermal voltage (~26 mV), Nd (~7.22 x 1014 cm-3), Na is the acceptor
concentration of silicon (~6.57 x 1020 cm-3; surface resistivity measured by Ben Lariviere
in Jokerst Group using four point probe tool) and ni (~1.07 x 1010 cm-3) is the intrinsic
carrier concentration of silicon. The built in potential across the p-n junction
microparticle was calculated to be 0.935V. Figure 19d illustrates a two-dimensional cross

72

(58)

sectional electric potential profile of the p-n junction microparticle. The same models
were used for the n-type microparticle simulations.
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Figure 19: Silvaco simulations illustrating electrical device properties of
microparticles. (a) 2D net doping profile of N-0 microparticle. (b) 3D electric potential
profile of N-0 microparticle. (c) 2D net doping profile of PN-0 microparticle. (d) 2D
electric potential profile of PN-0 microparticle. (e) Doping profile of N-0
microparticle. (f) Energy band diagram of PN-0 microparticle. (g) Doping profile of
PN-II diode microparticle. (h) Energy band diagram of PN-II microparticle.

4.4 Semiconductor Microparticle Fabrication & Release (Electric)
4.4.1 Fabrication of silicon n-type/p-type microparticles, p-n junction microparticles, and
p-n junction microdiodes
All of the silicon microparticles were fabricated in the Shared Materials
Instrumentation Cleanroom Facility (SMIF) at Duke University. The materials used to
fabricate all of the microparticles were of (100) orientation n-type and p-type silicon on
insulator (SOI) wafers. The SOI wafers of n-type composition were comprised of: p-type
silicon (3.5 µm thick, phosphorous-doped) device layer/silicon dioxide (SiO2; 2 µm thick,
also referred to as a buried oxide, or BOX layer)/n-type silicon (525 µm thick, antimonydoped) handle substrate. The background doping concentration of the device layer was
specified by the vendor to be ρ = 10 Ω-cm (UniversityWafer, Inc.). The background
resistivity and doping concentration of the n-type device layer was characterized after
SOI purchase by a four point probe resisitivity measurement which yielded a resistivity
of ρ = 6.17 Ω-cm, which corresponded to a donor doping concentration of Nphosphorous = 7.22
x 1014 cm-3.
The SOI wafers of p-type silicon device layer composition were composed of: ptype Si (4 µm thick, boron-doped) device layer/silicon dioxide (SiO2; 2 µm thick, also
referred to as a buried oxide, or BOX layer)/p-type silicon (270 µm thick, boron-doped)
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handle substrate. The background doping concentration of the device layer was
specified by the vendor to be ρ = 10 Ω-cm (UniversityWafer, Inc.). The background
resistivity and doping concentration of the p-type device layer was characterized after
SOI purchase by a four point probe resisitivity measurement which yielded a resistivity
of ρ = 8.31 Ω-cm, which corresponded to a donor doping concentration of Nboron = 2 x 1018
cm-3.
The shape, size, and metallic patterns on the microparticles were defined by
photomasks, which were designed in AutoCAD® (Autodesk, Inc.) and printed by a
photomask manufacturer (Photo Sciences, Inc.). The masks were chrome patterns on
soda lime glass, and included fiducial alignment markers to ensure that the sequential
process steps, which defined the particle, dopants and metal contact areas, were
correctly aligned on the microparticles.
The thin film fabrication process began with cleaving a 4’’ SOI wafer into 1 cm x
1 cm pieces, followed by a three-part standard Radio Corporation of America (RCA)
clean to remove: (i) organic contaminants (5:1:1 H2O:H2O2:NH4OH, 10 minutes), (ii) thin
native oxide layers (submergence in buffered oxide etchant (BOE), 10 sec) and (iii) any
ionic contaminates (6:1:1 H2O:H2O2:HCl, 10 min) on the surface of the silicon device
layer (Figure 19a). The next step depended upon which type of microparticle was being
fabricated.

4.4.2 Fabrication of n-type or p-type microparticles without a metal contact (N-0 or P-0)
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For the n-type or p-type microparticles, individual rectangular mesas were
patterned using topside positive photolithography (Microposit® S1813® Positive
Photoresist) and a mask aligner (Karl Suss MA6). These mesas were then dry etched
using a Deep Reactive Ion Etcher (DRIE; SPTS Pegasus). The etch rate (~50 nm/cycle) of
the DRIE was validated by measuring the etch depth as a function of time using a
profilometer (Bruker Dektak 150) scan. The DRIE etch was timed to stop at the BOX
layer. Next, the wafer was submerged in BOE for approximately 2 hours in an orbital
shaker (VWR® Scientific Standard Orbital Shaker, Model 5000) set to 70 rpm to etch the
BOX layer and release the particles from the silicon handle substrate. When the
microparticles were released from the silicon handle substrate, they were rinsed into a
petri dish using deionized (DI) water. Next, a calibrated pipette was used to extract 5 µL
of the microparticles and DI water. In a second petri dish, this 5 µL volume of water and
the microparticles were mixed with 20 µL of Millipore deionized water. This mixed
volume containing the microparticles was then dispensed into a small plastic Eppendorf
vial. The vial was then centrifuged (4000 rpm for approximately 5 min, VWR® Scientific
Centrifuge), the supernatant was discarded and the pellet of microparticles was diluted
with deionized water to a final volume of 30 µL. A 5 µL droplet of the suspended
microparticles was then dispensed into the experimental liquid chamber with electrodes
for testing (further explained later herein).

4.4.3 Fabrication of n-type or p-type microparticles with one metal contact (N-I or P-I)
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For the n-type microparticles with one metal contact (N-I), 4 µm x 4 µm square
metal contacts were patterned (Figure 23b) using topside negative photolithography
(JSR Micro NFR Negative Photoresist Series) and a mask aligner (Karl Suss MA6). The
sample was then ashed in an oxygen (O2) plasma (Emitech K-1050X), dipped in BOE,
and was rinsed in water, for good metal adhesion. The metal contacts were then vacuum
deposited using electron-beam (e-beam) metal evaporation (Kurt Lesker PVD 75). The
deposited contacts were Titanium (Ti; 800 Å)/Nickel (Ni; 600 Å)/Gold (Au; 2000 Å). The
Ti layer served as a barrier metal to avoid the gold from diffusing into the silicon. [141]
The negative photoresist was then lifted-off using a chemical solvent (Microposit®
Remover 1165; Dow®). Next, the metal contacts were annealed using a rapid thermal
annealer (Jipelec JetFirst 100 RTA) at 350°C for 10 sec to form a lower resistance contact
and to improve adhesion of the contacts.
For the p-type microparticles with one contact (P-I), 4 µm x 4 µm square metal
contacts were patterned (Figure 23b) using topside negative photolithography (JSR
Micro NFR Negative Photoresist Series) and a mask aligner (Karl Suss MA6). The
sample was then ashed in an oxygen (O2) plasma (Emitech K-1050X), dipped in BOE,
and rinsed in water for good metal adhesion, and the metal contacts were vacuum
deposited using electron-beam (e-beam) metal evaporation (Kurt Lesker PVD 75). The
deposited contacts were Aluminum (Al; 600 Å)/Titanium (Ti; 500 Å)/Nickel (Ni; 400
Å)/Gold (Au; 1900 Å). The aluminum layer served as an ohmic contact on high-doped ptype silicon. The Ti layer served as a barrier metal to avoid the gold from diffusing into
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the silicon. [141] The negative photoresist was then lifted-off using a chemical solvent
(Microposit® Remover 1165; Dow®). Next, the metal contacts were annealed using a
rapid thermal annealer (Jipelec JetFirst 100 RTA) at 350°C for 10 sec to form a lower
resistance contact and to improve adhesion of the contacts.
Next, the individual rectangular microparticle mesas were aligned to the metal
contacts using fiducial markers and a mask aligner (Karl Suss MA6), patterned using
topside positive photolithography (Microposit® S1813® Positive Photoresist), dryetched (Figure 23c) using DRIE (SPTS Pegasus), wet-etched (BOE), and released (BOE)
from the substrate using the same process as described in the fabrication of the N-0
microparticle. Nitride (and SU-8) processing was optionally undertaken for the N-I and
P-I (Figure 23d). This was briefly studied to understand the dielectric-metal-insulatorsemiconductor junction interfaces in water.

4.4.4 Fabrication of p-n junction microparticles without a metal contact (PN-0)
To form a p-n junction, a p-type region was defined and diffused into the n-type
silicon device layer in the SOI material. First, a 150 nm thermal oxide layer was grown
(Figure 22b) by heating the wafer to 1000°C for 5 hours in a high-temperature dry
oxidation furnace (Tempress 6304 4-Stack O2 atmosphere). Next, the thermal SiO2 was
patterned and wet-etched (BOE) to form diffusion windows for the microparticles, as
this SiO2 layer served as a diffusion mask for the formation of the p-n junction (Figure
22c). Next, the n-type silicon device layer was coated with a boron-doped spin-on-glass
(SOG, Borosilicate Film (Filmtronics, Inc.), surface concentration, Csurface = 6.57 x 1020 cm-3)
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to diffuse p-type regions into the silicon device layer at the locations of the etched oxide
window areas (Figure 22d). The SOG was annealed (Figure 22e) at 1050°C for 17.5 hours
in a high-temperature (N2 and O2 atmosphere) furnace (Tempress 6304 4-Stack) to
achieve a targeted 3.5 µm junction diffusion depth. A MATLAB script was optimized to
theoretically calculate the diffusion (Figure 20 and Figure 21) profile to achieve the
optimal junction depth (xj):
For the n-type particle composition diffused with p-type counter-dopant:
•
•
•
•
•

Background Dopant Concentration (Cbg): 7.22 x 1014/cm3
Surface Dopant Concentration (Cs): 6.57 x 1020/cm3
Diffusivity Constant (D0): 7.87 cm2/sec
Activation Energy (EA): 3.75 eV
Annealing Temperature & Time (Tanneal, tanneal): 1050°C, 17.5 hrs

For the p-type particle composition diffused with n-type counter-dopant:
•
•
•
•
•

Background Dopant Concentration (Cbg): 2 x 1018/cm3
Surface Dopant Concentration (Cs): 1.18 x 1020/cm3
Diffusivity Constant (D0): 8.14 cm2/sec
Activation Energy (EA): 3.66 eV
Annealing Temperature & Time (Tanneal, tanneal): 1050°C, 42.5 hrs
Once the annealing process was complete, the residual dopant oxide and the

thermal oxide diffusion mask were removed (Figure 22f) using a reactive ion etcher
(Trion Technology Phantom II RIE; conditions: Pressure: 1500 mT, Power: 25 W RIE and
ICP: 500 W for 5 min). A polymer resist etch (Trion Technology Phantom II RIE;
conditions: Pressure: 500 mT, Power: 25 W RIE, ICP: 500 W and 50 sccm O2 for 3 min),
BOE submersion (until the surface became hydrophobic) and a piranha clean (3:1
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volume ratio of H2SO4:H2O2 at 105°C for 10 min) were performed to ensure that any
residual oxides were fully removed.
Next, the individual rectangular mesas were patterned, dry-etched (Figure 23gh), wet etched, and sacrificially released from the substrate using the same process as
described in the fabrication of the N-0 microparticles. Note that the fiducial markers on
the masks for the p-type dopant ensured that the mesas were aligned with the doped
regions to form a lateral p-n junction. Also, the DRIE timed process took 84 cycles to
complete; Figure 23i shows scalloping effect as the silicon is being etched down to the
BOX layer.
http://www.scientific-illustrations.com/component/k2/author/695-ellamaru

Figure 20: MATLAB simulation showing p-n junction depth for n-type particle
composition diffused with a boron p-type counter-dopant.
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Figure 21: MATLAB simulation showing p-n junction depth profile for p-type particle
composition diffused with a phosphorous n-type counter-dopant.

4.4.5 Fabrication of p-n junction microparticles with one metal contact (PN-I) or p-n
junction diode microparticles with two metal contacts (PN-II)
For the p-n junction microparticles with one metal on the n-side of the junction,
first, the p-n junctions were lithographically defined as described in the fabrication of
the N-0 microparticle. Next, the metal contact (single) or contacts (two) were aligned,
patterned, deposited (Figure 22g-h), and annealed as described in the fabrication of the
N-0 microparticle. Then, the individual rectangular mesas were aligned, patterned, dryetched (Figure 22i and Figure 22j-l), wet etched, and sacrificially released from the
substrate using the same processes as described in the fabrication of the N-0
microparticle.
The images in Figure 23 show microparticles at different optical magnifications.
These images include photomicrographs of n-type microparticles without metal contacts
(Figure 23a) photomicrographs of n-type microparticles with one metal contact (Figure
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23c), photomicrographs of p-n junction microparticles without metal contacts (Figure
23g), a scanning electron microscope (SEM) image of p-n junction microparticles without
metal contacts (Figure 23h-i), photomicrographs of p-n junction microparticles with one
metal contact (Figure 23j), photomicrographs (Figure 23k) and SEM images (Figure 23l)
of p-n junction diode microparticles with two metal contacts; in all cases, after the DRIE
mesa etch process was completed. Figure 23 and Figure 24 highlights the monodisperse
nature of the particles, which is common for semiconductor microfabrication processing,
and in particular, emphasizes that many monodisperse particles can be fabricated in a
single wafer run.
The images in Figure 24 show the sacrificial release process of the microparticles
at different optical magnifications. The thickness of the BOX layer varied as a function of
release time in the BOE. Figures 24a-f show the microparticles partially released from
the native bulk silicon substrate. Figure 24g show the microparticles fully released and
sticking to the native bulk silicon substrate. Figure 24h show the microparticles fully
released, removed from the native bulk silicon substrate, and sitting on a glass slide.
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Figure 22: Fabrication process flow for active silicon microparticles. (a) RCA Clean (b)
Thermal Oxidation (c) BOE to open diffusion windows (d) Counter spin-on-dopant
(e) High Temperature diffusion and anneal (f) Removal of spin-on-dopant (g) Ohmic
Metallization on n- and p-side of p-n junction (h) DRIE mesa etch between
microparticles (i) BOX layer removal (j) Release of silicon microparticles.

Figure 23: Photomicrographs of customized fabrication of active silicon microparticles
on bulk semiconductor substrate. (a) DRIE of N-0 (b) Metallization of N-I (c) DRIE of
N-I (d) Si3N4 deposition on N-I (e) Diffusion of PN-0 (f) Diffusion of PN-0 (g) DRIE of
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PN-0 (h) DRIE SEM of PN-0 (i) DRIE SEM of PN-0 (j) DRIE of PN-I (k) DRIE of PN-II
diode (l) DRIE SEM of PN-II.

Figure 24: Photomicrographs of sacrificial release process for silicon microparticles.
(a) 5000 sec release of N-0 (b) 5000 sec release of N-I (c) 1600 sec release of PN-0 (d)
4000 sec release of PN-I (e) 5500 sec release of PN-I (f) 6000 sec release of PN-II (g) Full
release of N-I (h) Full release of PN-0 (i) Pellet of microparticles in an Eppendorf tube.

4.5 Semiconductor Microparticle Characterization (Electric)
To electrically characterize the p-type and n-type semiconductor-metal
interfaces, prior to mesa etching and sacrificially releasing from the handle substrate, a
representative subset of N-I microparticles and PN-II diode microparticles were
electrically probed using a Keithley 4200 Source Measurement Unit (SMU); the SMU
was used to acquire a current-voltage (I-V) characteristic. In all cases, two 200 nm
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diameter, 2” long Tungsten Cat Whisker electrical probe tips (Lucas Signatone, Corp.)
were used to probe the metal contacts on the devices, as shown in Figure 25.

Figure 25: Characterization setup of silicon microparticles sitting on the bulk silicon
substrate.

4.5.1 n-type microparticle with one metal contact (N-I)
For the n-type microparticles with a single metal contact (N-I), the probes were
used to contact the n-to-n side of the particles; the resulting I-V characteristic for the ntype microparticles with one contact is shown in Figure 26. The n-n measurement
yielded an I-V curve that is linear, and thus ohmic. This is due to the ohmic metal
contact forming on a low-doped n-type silicon material.
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Figure 26: Current-Voltage (I-V) characterization of six n-n ohmic metal contacts on NI microparticles sitting on the bulk silicon substrate.

4.5.2 p-n junction microparticle with one metal on the p- and n-side (PN-I)
For the p-n junction diode microparticles with a single metal contact (PN-I), the
two probes were used to contact p-to-p (metal on the p-side of the diode) and n-to-n
(metal on the n-side of the diode before the mesa etch; the I-V characteristic for the p-n
junction diode microparticle with probes on the n-n and p-p sides of the device is shown
in Figure 27. The n-n ohmic measurement (probing between n-ohmic metal contacts on
two neighboring diode microparticles) yielded an I-V curve that was more resistive than
the same p-p measurement (probing between p-ohmic metal contacts on two
neighboring diode microparticles). This is due to the low doping concentration of the ntype semiconductor at the n-semiconductor-metal interface (which makes a more
resistive contact than more heavily doped material) compared to the higher p-type
diffused doping concentration at the p-semiconductor-metal interface.
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Figure 27: Current-Voltage (I-V) characterization of n-n and p-p resistivity
measurements on PN-II diode microparticles sitting on the bulk silicon substrate.

4.5.3 p-n junction diode microparticle with two metal contacts (PN-II)
For the PN-II diode microparticles, the two probes were used to contact p-to-n
(metal on the p- and n-side of the junction); the I-V characteristic for the PN-II diode
microparticles is shown in Figure 28.

Figure 28: Current-Voltage (I-V) characterization of PN-II diode microparticles sitting
on the bulk silicon substrate.
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4.6 Semiconductor Microparticle Design (Rotated by Magnetic Fields)
The magnetically polarized rectangular microparticles were similarly designed to
the electrically polarized microparticles described above. The experimental results
conducted on thin film silicon microparticles using AC electric fields motivated the
design of the magnetically polarized thin film microparticles. This design aimed to
realize the following motion: as the AC electric field aligned and powered the particles,
the external magnetic field would induce a rotational torque on the magnetic surface
pattern. In collaboration with Dr. Benjamin Yellen and his graduate student An Pham, a
magnetic response was studied for doped n-type particles and p-n junction
microparticles. Two different magnetic designs were pursued for this study: (i) an
anisotropic diagonal magnetic strip (5µm wide and 11.5 µm long) along the particle ydirection; and (ii) an asymmetric square magnetic patch (4µm x 4µm). Figure 29
illustrates the two different magnetic particle designs.
The design of the magnetically polarized microparticles was guided by the
directed self-assembly using rotating magnetic fields, without an external electric field.
The magnetic patterns were shaped and placed on the microparticle to cause the
diagonal or square magnetic metal patch to rotate in the magnetic field direction. The
thickness of the magnetic element had a high aspect ratio (~5-10 width to thickness),
which leads to a stronger magnetic moment from the microparticle, which leads to a
stronger magnetic response. However, it is important to optimize the aspect ratio to be
small enough to be in a regime where the microparticles agglomerate in a zero field and
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where there is no residual magnetization. If a smaller aspect ratio were chosen, magnetic
exchange coupling to the magnetic pattern would likely be much smaller, and the
magnetic moment would point in plane rather than out-of-plane.

Figure 29: Photomask design of magnetically polarized active silicon microparticles.

4.7 Semiconductor Microparticle Fabrication & Release (Magnetic)
The material used to fabricate the magnetically polarized rectangular
microparticles was (100) orientation n-type and p-type silicon on insulator (SOI) wafers.
The only difference in the fabrication process from that of the electrically propelled
particles was that a magnetic pattern (Ti; 15 nm)/Nickel-Iron (NiFe permalloy; 40 nm)
was deposited on the surface of the particle. Figure 30 shows photomicrographs of
fabricated magnetic microparticles with an anisotropic metal stripe.
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Figure 30: Fabrication photomicrographs of magnetically polarized silicon
microparticles. (a) Ti/NiFe metallization of N-0 with a 3 µm diagonal magnetic stripe
(b) Ti/NiFe metallization of N-0 with a 5 µm diagonal magnetic stripe (c) DRIE etch of
magnetic silicon microparticles (d) Full release of magnetic silicon particles

4.8 Semiconductor Microparticle Design (Electric & Magnetic)
The electrically- and magnetically polarized rectangular microparticles were
similarly designed to the microparticles described previously. The materials used to
fabricate all of the microparticles were of (100) orientation n-type and p-type silicon on
insulator (SOI) wafers.
The design of the electrically- and magnetically polarized microparticle was
guided by the directed self-assembly in AC electric fields and rotating magnetic fields.
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The electric patterns were designed to propel the microparticle by AC-EHD forces and
the magnetic patterns were deposited to cause the microparticle to rotate in the magnetic
field direction. The thickness of the electric metal patch was the same as the electrically
powered microparticles (Ti; 800 Å, Ni; 600 Å, Au 2000 Å). The thickness of the magnetic
element was chosen to optimize for a high aspect ratio, as outlined previously. As the
microparticles propel at low AC electric field frequencies and chain at high AC electric
field frequencies, the particle would also rotate at low DC magnetic frequencies.

4.9 Semiconductor Microparticle Fabrication & Release (Electric &
Magnetic)
The electrically- and magnetically polarized rectangular microparticles were
fabricated as described in the previous chapters. The material used to fabricate all of the
microparticles was (100) orientation n-type and p-type silicon on insulator (SOI) wafers.
The only difference in the fabrication process was that an ohmic metal contact (Titanium
(Ti; 800Å)/Nickel (Ni; 600Å)/Gold (Au; 2000Å) was deposited on the n-side of the
particle, an ohmic metal contact (Aluminum (Al; 600Å)/Titanium (Ti; 500Å)/Nickel (Ni;
400Å)/Gold (Au; 1900Å)) was deposited on the p-side of the particle; if the particle was
of p-type composition or a p-type counter dopant was diffused into the n-device layer)
and a magnetic contact (Titanium (Ti; 15 nm)/Nickel-Iron (NiFe permalloy; 40 nm)) was
deposited on the surface of the particle. Figure 31 shows photomicrographs of
electrically- and magnetically fabricated microparticles: Figure 31a is a photomicrograph
of square magnetic patches (Ti/NiFe) on n-type microparticles; Figure 31b is a
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photomicrograph of etched n-type microparticles with a square magnetic patch; Figure
29c is a photomicrograph of square electric patches (Ti/Ni/Au) on an n-type
microparticle; Figure 31d is a photomicrograph of square magnetic and electric patches
on an n-type microparticle; Figure 31e is a photomicrograph of square magnetic and
electric patches on a p-n junction microparticle; Figure 31f is a photomicrograph of
etched n-type silicon microparticles with a square electric and magnetic patch.

Figure 31: Photomicrographs of electrically- and magnetically-polarized
microparticles. (a) Ti/NiFe metallization of n-type magnetic silicon microparticles (b)
DRIE of n-type magnetic silicon microparticles (c) Ti/Ni/Au metallization of n-type
ohmic silicon microparticles. (d) Ti/NiFe & Ti/Ni/Au metallization of n-type ohmic
and magnetic microparticles (e) Ti/Ni/Au metallization of p-n junction ohmic and
magnetic microparticles (f) DRIE of n-type silicon ohmic and magnetic microparticles.
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5
Active Thin Film Silicon Microparticle Experiments on
Electrically- and Magnetically-Powered Self-Assembly in
Fluids

This chapter introduces and reports upon experiments and analysis on a new class of
engineered semiconductor microparticles that can be precisely and
This chapter introduces and reports upon experiments and analysis on a new
class of engineered semiconductor microparticles that can be precisely and
comprehensively designed (e.g., in size, shape, junction interfaces, polarizability,
electrical rectification) to draw energy from external electric and magnetic fields to
actively propel, assemble, and reconfigure on-demand.

5.1 Electrically-Powered Semiconductor Microparticle Experiments in
Fluids
5.1.1 Experimental Testing Chamber & External Field Experimental Setup
Testing chambers were constructed to test the silicon microparticles under the
influence of an external AC electric field. The chamber was necessary to capture and test
not only the smallest volume of fluid, but also a variety of microparticle concentrations.
The experimental chamber was constructed (by collaborator Koohee Han, NCSU) on a
glass slide where two co-planar gold electrodes (10 cm long x 1 cm wide with a 3 mm
inter-electrode gap) were vacuum deposited by evaporating 100 Å of Cr followed by
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1000 Å of Au. A 20-µL suspension consisting of Millipore water and varying
concentration of microparticles was placed into an enclosure formed by a 100 µm tall
spacer frame (Grace Bio-Labs, Inc.) on the glass slide (VWR® Scientific) containing the
electrodes. A glass coverslip (VWR® Scientific) was placed on top of the spacer, thus
forming a thin experimental cell between the glass slide and the coverslip. The droplet
spread throughout the inside of the spacer frame, and, since the frame overlapped with
the electrodes, the fluid was in contact with both electrodes. Copper connective wires
were attached to the gold electrodes in the testing chamber. An AC electric field was
supplied to the electrodes through the copper wires using a function generator (33120A,
Agilent Technologies, Inc.) that was connected to a power amplifier (PZD 700, Trek Inc.).
All experiments were performed under a bright-field optical microscope (Olympus SZ61).

5.1.2 Experimental Analysis (Overview)
For n-type (and p-type) silicon microparticles (N-0 and P-0), DEP was the
dominant propelling force. For n-type silicon microparticles with one metal contact and
p-type silicon microparticles with one metal contact (N-I and P-I, respectively), ICEP
was the dominant propelling force. For p-n junction microparticles without a metal
contact (PN-0), weak-ICEP propulsion was the dominant propelling force. For p-n
junction microparticles with one metal on the n- or p-side of the junction (PN-I), ICEP
propulsion was the dominant propelling force. For p-n junction diode microparticles
with two metal contacts (PN-II), DCEO propulsion was the dominant propelling force.
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Table 2 and Table 3 illustrate the different active modes of propulsion as a function of
active microparticle composition.
Table 2: EHD electrostatic effects and active modes of propulsion for silicon
microparticles with n-type composition.
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Table 3: EHD electrostatic effects and active modes of propulsion for silicon
microparticles with p-type composition.

5.1.3 Experimental Analysis: Hydrodynamic analysis of active self-propelling particles
First, we performed a series of tracer experiments (E2 = 54.4 kV2/cm2 and 500 Hz)
to understand the relationship between particle design and the mechanism of
propulsion of PN-0 (Fig. 32b-c), N-I (Fig. 32e-f), and PN-I (Fig. 32h-i) microparticles.
Prior to the start of each experiment, 500 nm latex beads were suspended in the chamber
and were randomly dispersed around the microparticles. We used ImageJ (NIH) to
quantify the speed of tracer bead movement, and thus localized fluid flow [142]. In
separate experiments without tracer beads, we tracked the speed (PIVlab: Digital
Particle Image Velocimetry Tool for MATLAB) of the semiconductor microparticles in
response to stimulation from AC electric fields (E2 = 54.4 kV2/cm2 and 500 Hz). We found
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that the N-0 microparticles had the slowest propulsion velocities and that the PN-I
microparticles had the fastest velocities.
For the case of the N-0 microparticles, the tracer beads revealed a slow flow
towards the n-type particle along the sides of the microparticle. In Figure 32b-c, the
tracer beads flow, by DEP polarization forces, with an average speed of 150 nm/sec in
the x-direction. The N-0 microparticles propelled with the n-side facing forward; the
tracer beads predominantly moved in the opposite direction. As is common for firstorder propulsive effects such as DEP, the velocity of the N-0 microparticles was
dependent on the electric field E, 𝑈!"# ∝ 𝐸 (at a fixed frequency of 500 Hz; reported
later

herein).

Weak

isotropic

polarization

forces

directionally

propelled

the

microparticles through the fluid. The uniform doping concentration across the n-type
microparticle caused this effect. The N-0 microparticle had a uniform dopant
concentration of ~1015/cm3. This uniform doping concentration creates a uniform charge
distribution of counterions in the surrounding fluid, [83-84] causing weak-ICEP flows
and slow propulsion of the N-0 microparticles when exposed to an AC electric field. To
understand the relationship between the doping concentration, counterionic charge
distribution, and polarizability, we also evaluated the surface potential for each silicon
microparticle composition (in water) and found that the magnitude of the potential was
qualitatively correlated to the particle propulsive speeds. The most likely reason for this
correlation is that the particles with uniform doping (N-0) had a lower estimated surface
potential than particles with non-uniform doping (PN-0). Particles with a metal contact
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(N-I and PN-I) had a higher estimated surface potential (analyzed later herein) than
particles with uniform doping (N-0) or particles that were symmetrically polarized (PNII).
For the case of the PN-0 particles, the tracer beads revealed a slow flow towards
the p-n junction along the sides of the microparticle. In Figure 32d-e, the tracer beads
flow, due to weak anisotropic polarization forces, with an average speed of 250 nm/sec
in the x-direction. The PN-0 microparticles propelled with the p-side facing forward; the
tracer beads predominantly moved in the opposite direction. As is common for secondorder propulsive effects such as ICEP, the velocity of the PN-0 microparticles is
dependent on the squared electric field, E2, where 𝑈!"#$ ∝ 𝐸 ! (at a fixed frequency of
500 Hz; reported later herein). Weak anisotropic polarization (weak-ICEP) forces
directionally propelled the microparticles through the fluid, where the electrical
conductivity of the n-type phosphorous atoms (σ ~ 1 × 105 S/cm) is higher than that of the
p-type boron atoms (σ ~ 1 × 10-6 S/cm). This effect is caused by the non-uniform dopant
concentration across the p-n junction of the microparticle, where the n-side acts as a
propeller and the p-side acts as an insulating coating. [117] In this case, the n-side of the
microparticle had a uniform dopant concentration of ~1015/cm3. The p-side of the
microparticle, which was an n-type material counter-doped with p-type boron spin-on
diffusants, had a maximum dopant concentration of p ~1020/cm3 at the surface and n
~1015/cm3 at the bottom of the device layer. This non-uniform doping concentration
creates a non-uniform charge distribution of counterions in the surrounding fluid, [8399

84] causing weak-ICEP flows and propulsion of the PN-0 microparticles when exposed
to an AC electric field.
For the PN-II microparticles, the tracer beads revealed a flow towards the p-n
junction and metal contact along the sides of the microparticle. In Figure 32f-g, the tracer
beads flow, due to DC electroosmotic flows (DCEO), at an average speed of 200 nm/sec
in the x-direction. Note that the PN-II diode microparticle propelled with the n-side
metallized side facing forward, as the tracer beads predominately moved in the opposite
direction. As expected, the average velocity of the PN-II diode microparticle was
dependent on the electric field E (at a fixed frequency of 500 Hz; as reported later
herein). In this case, the presence of the p-n junction enabled weak anisotropic
polarization forces that actively propelled the particles through the fluid. However, the
presence of the metal contact on both sides of the p-n junction allowed for stronger
anisotropic polarization forces that actively propelled the particles through the fluid.
The metal contacts deposited on the semiconductor material formed two different metalsemiconductor junction interfaces (n-ohmic metal contact on the n-side and p-ohmic
metal contact on the p-side). When an ohmic metal contacts the low-doped n-type
silicon, electrons transfer from the n-type semiconductor into the metal at the metalsemiconductor interface. Therefore, the n-type semiconductor is slightly in depletion
(net positively charged) at the interface, and the metal is slightly negatively charged at
the interface, which balances to produce no net charge in the structure. When an ohmic
metal contacts a high-doped p-type silicon material, the electrons transfer from the metal
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into the p-type semiconductor. Therefore, the metal is slightly positively charged and
the p-type semiconductor is in depletion (net negatively charged), both near the
semiconductor – metal interface. [147-148]
For the case of the N-I microparticles, the tracer beads revealed a flow towards
the metal contact along the sides of the microparticle. In Figure 32h-i, the tracer beads
flow, due to strong anisotropic polarization forces, at an average speed of 300 nm/sec in
the x-direction. Note that the N-I microparticle propels with the non-metal side facing
forward; the tracer beads predominately moved in the opposite direction. The average
velocity of the N-I microparticle was nearly proportional to the squared electric field (at
a fixed frequency of 500 Hz; reported later herein). The presence of the metal contact
enabled strong anisotropic polarization forces that actively propelled the particles
through the fluid. This phenomenon was first observed with metallodielectric Janus
particles, [34] and was studied in various systems of polarized asymmetric particles and
electrodes. [109, 143-144]
It has been shown that motion by ICEP can be achieved in the following
frequency regime: D/kL ≤ w ≤ D/ka, where 1/k is the Debye length, D is the ion diffusion
coefficient, 2L is the electrode separation, and a is the particle size. [34] This propulsion
originates from the non-linear distribution of the ionic double layer induced around the
microparticles. [34] In the case herein, the electrical conductivity of the metal (σ ~ 1.4 x
108 S/cm) [145] is orders of magnitude higher than that of the n-type silicon (σ ~ 2.7 x 10-1
S/cm). [146] This asymmetric induced charge distribution generates macroscopic ion101

driven fluid flows that drive microparticle propulsion in the direction opposite to the
metal contact. [117] The slight nonlinearities in the velocity of the N-I microparticle can
be attributed to the charge build-up from the metal-semiconductor junction interfaces
when a highly polarizable metal (Ti/Ni/Au) is in contact with a low-doped n-type
semiconductor material (1015/cm3). When an ohmic contact metal is deposited on n-type
silicon (i.e., Ti/Ni/Au), the Fermi level bends towards the valence band at the metalsemiconductor interface and, in an ideal ohmic contact, there is no potential barrier for
electrons (current) to pass between the metal and the semiconductor. There is charge
distribution near the metal-semiconductor junction such that electrons flow from the
semiconductor into the metal, causing the metal to be negatively charged near the
junction, although the structure has no net charge, and the semiconductor equilibrates
with the metal. [147-148]
For the case of the PN-I microparticles, the tracer beads rapidly flowed towards
the p-n junction and the metal contact from the sides of the microparticles. In Figure 32jk, the tracer beads flow, due to strong anisotropic polarization forces, at an average
speed of 750 nm/sec in the x-direction. The PN-I microparticles propelled with the nonmetal side facing forward, and the tracer beads predominately moved in the opposite
direction. The relatively high fluid velocity generated by the PN-I microparticle is due to
the presence of the combined p-n junction and highly polarizable metal. We have
observed several PN-I microparticles moving (under a fixed frequency of 500 Hz;
reported later herein) by the combination of the p-n junction and ICEP effect (from the
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metal). These two effects also increase the total range of velocities measured from the
tracer particles, as seen in Figure 32k, which has more distributed velocity data that in
the other cases (Figure 32c, 32e, 32g, 32i). As expected, the average PN-I microparticle
velocity was proportional to the square of the electric field (reported later herein).
Overall, these results indicate that the p-n junction, metal contact, and the
interface between the two materials contribute to active propulsion of the microparticles
via ICEP; however, the metal contact is more polarizable, and it drives much larger fluid
flows. This makes it possible to program different modes of active electrical propulsion
simply by changing the design of the microparticles. Importantly, as we discuss next, we
can also control the fluid flows around the microparticles simply by changing the signal
of the AC electric field, which can lead to direct control over the collective interactions
between microparticles. Specifically, we show that we can electrically program the
microparticles to: (i) continuously rebound in a controllable fashion and (ii) controllably
assemble and disassemble the microparticles on demand by switching the frequency of
the external electric field.
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Figure 32: Hydrodynamic analysis of microparticles. (a) Electrical circuit equivalent.
(b and c) x-y tracer velocity distribution of N-0. (d and e) x-y tracer velocity
distribution of PN-0. (f and g) x-y tracer velocity distribution of PN-II. (h and i) x-y
tracer velocity distribution of N-I. (j and k) x-y tracer velocity distribution of PN-I.

5.1.4 Experimental Analysis: Synchronized Rebounding and Reversible Assembly of N-I
Microparticles
By making use of the well-controlled fluid flows that exist around the N-I
microparticles (Fig. 32h-i), we demonstrate the ability of a pair of microparticles to
synchronously rebound (cyclically attract and repel). In Figure 33a (at a fixed frequency
of 100 Hz), two N-I microparticles propelled in the same direction when sharing the
same orientation (i.e., when the two metal contacts were aligned side by side). In this
case, cyclic rebounding occurred as the particles drew closer around 4, 5, and 7 sec.
While the N-I microparticles were propelled by ICEP, [34] they approached each other
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by long-range dipolar attraction forces. [33] However, the rebounding occurred due to
the overlap of the hydrodynamic flows that were driven by (i) the double layer ionic
charges in the moving liquid around each microparticle (Fig. 32h-i), and (ii) the repelling
current flows from the metal-semiconductor interface. This collective swimming effect is
a direct result of the design of the N-I microparticles, and thus, we believe it is possible
to design systems that take advantage of such synchronized swimming and rebounding
dynamics.
To investigate the effect of the frequency modulation on particle interactions and
dynamics, we analyzed the reversible assembly of two N-I microparticles by switching
the frequency of the external AC electric field (Fig. 33b).

The microparticles were

actively propelled at low frequencies (< 10 kHz) by ICEP forces. At high frequencies (≥
10 kHz), the microparticles assembled into a short, staggered chain by DEP polarization
forces. From t = 0.0 to 6.0 sec (low frequencies), the microparticles separated due to the
decrease in the polarizability of the ionic layer stemming from the metallic patches on
the surface of the particles. Electrokinetically, the electric double layer had sufficient
time to charge in this frequency regime and to generate flow that powered the
microparticles to propel through the fluid. Physically, the particles separated and
synchronously propelled due to the overlap of the hydrodynamic flows that were driven
by the double layer charges in the moving liquid around each similarly oriented
microparticle. The active propulsion of the N-I microparticles during their disassembled
state can thus enable rapid mixing and rearrangement, which would otherwise be slow
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given the near-negligible diffusivity rate of the microparticles due to their size.
However, from t = 6.0 to 12.0 sec, a high frequency electric signal was applied and ICEP
was suppressed, thus allowing DEP to drive the microparticles to assemble. At 100 kHz,
the mobility of the induced charges around the microparticles is suppressed, and thus
they assembled spontaneously by dipolar attraction. [85, 110, 149] Interestingly, these
two dynamic modes of attraction and repulsion are completely reversible. This process
is investigated further and reported in detail later herein.
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Figure 33: Photomicrographs showing the synchronized rebounding and reversible
assembly of N-I microparticles. (a) Trajectories of rebounding N-I, plotted in
Cartesian coordinates. The graphical inset also illustrates the synchronized
rebounding motion of the N-I. (b) Micrographs of two N-I microparticles assembled
at high frequencies (100 kHz; 27.8 kV2/cm2). The two microparticles reversibly
assemble and propel at low AC field frequencies (100 Hz).

5.1.5 Experimental Analysis: Reversible Assembly of p-n junction microparticles
Next, we investigated the switchable assembly and disassembly of ensembles of
two types of microparticles (PN-0 and PN-I). For the case of PN-0 microparticles, weak
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anisotropic polarization (weak-ICEP) propelled the particles through the fluid, as
described above (Fig. 30b-d).

As seen in Figure 34 (at E2 = 40 kV2/cm2), the

microparticles propelled with the p-side facing forward, as expected. At low frequencies
(100 Hz; Fig. 34a), the PN-0 microparticles disassembled and propelled by weak
anisotropic polarization forces from the non-uniform dopant distribution across the p-n
junction. At higher frequencies (1 kHz; Fig. 34b), the PN-0 microparticles assembled into
a staggered chain due to dipolar polarization attraction. The PN-I microparticles also
disassembled and propelled at low frequencies (100 Hz; Fig. 34c) due to strong
anisotropic polarization forces from the combination of the highly polarizable metal and
weak non-uniform doping across the p-n junction (Fig. 32d-e). At higher AC electric
field frequencies (1 kHz), the PN-I microparticles assembled into well-organized
staggered chains due to strong dipolar polarization forces (Fig. 34d).
To better understand the relationship between microparticle type and behavior,
we measured the separation distance between PN-0 and PN-I microparticles during
their active disassembly process (100 Hz; Fig. 34e).

One second after reducing the

frequency from 1 kHz to 100 Hz, the PN-0 and PN-I microparticles had an average
separation distance of 2.8 and 9.0 µm, respectively (p < 0.05), which is consistent with
our findings from the hydrodynamic flows around the microparticles (Fig. 32). The
anisotropic polarization forces from the non-uniform doping across the p-n junction
caused the PN-0 microparticles to weakly repel, while the anisotropic polarization from
the metal contact and the repelling current flows from the metal-semiconductor junction
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interface caused the PN-I microparticles to strongly repel. To further study the
relationship between different propulsive mechanisms involved during the disassembly
process, tracer experiments were performed on PN-0 and PN-I microparticles (reported
later herein).

Figure 34: Photomicrographs showing switchable assembly and disassembly of PN-0
and PN-I microparticles. (a-d) Interaction of six PN-0 (a, b) and four PN-I (c, d)
microparticles at frequencies of 100 Hz (left) and 1 kHz (right). (e) Average separation
distance between microparticles. The blue bars correspond to the average distance
between PN-0 microparticles (at t1 = 6.0 and t2 = 12.0 sec). The red bars correspond to
the average distance between PN-I microparticles (t1 = 6.0 and t2 = 12.0 sec). The error
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bars represent standard deviation for measurements between multiple disassembly
events in a single experiment.

5.1.6 Experimental Analysis: Collective phenomena of self-propelling active
microparticles (with tracer particles): Reversible assembly of PN-0 and PN-I
microparticles
Polystyrene tracer particles with a 500 nm diameter (4% w/v polystyrene;
Thermo Fisher Scientific Inc.) were suspended in a dilute concentration of silicon
microparticles to understand the propulsion of the silicon particles. Tracer particle
experiments (E2 = 54.4 kV2/cm2) were performed to visualize the relationship between
the anisotropic polarizability and the ICEP propulsion of the microparticles.
For the PN-0 case, the microparticles disassembled (Fig. 35a, Fig. 35c, and Fig.
35e) and propelled at a low electric field frequency (500 Hz). At this frequency,
encircling tracer particles actively flowed towards the p-n junction region of the
microparticle, the polarizability from the ionic layer around the p-n junction decreased,
and weak anisotropic forces (weak-ICEP from the non-uniform doping concentration)
were dominant. At high electric field frequencies (500 kHz), the encircling tracer
particles passively flowed towards the self-propelling PN-0 microparticle, the
polarizability from the ionic layer around the PN-0 microparticle increased, and the PN0 microparticles assembled (Fig. 35b, Fig. 35d, and Fig. 35f) by dipolar polarization
forces. The encircling tracer particles passively flowed towards the self-propelling
particle.
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For the PN-I case, the microparticles disassembled (Fig. 36a, Fig. 36c, and Fig.
36e) and propelled at a low electric field frequency (500 Hz). At this frequency,
encircling tracer particles actively flowed towards the p-n junction and metal region of
the microparticle, the polarizability from the ionic layer around the metal contact and
the p-n junction decreased, and strong anisotropic polarization forces (strong-ICEP from
highly polarizable metal) were dominant. At the high electric field frequency (500 kHz),
the encircling tracer particles passively flowed towards the metal contact and the PN-I
microparticle, the polarizability from the ionic layer around the metal contact and the
PN-I microparticle increased, and the PN-I microparticles assembled (Fig. 36b, Fig. 36d,
and Fig. 36f) by dipolar polarization forces.

Figure 35: Photomicrographs showing reversible assembly of PN-0 microparticles
(with encircling tracer particles). (a, c, and e) At low electric field frequencies (500 Hz),
the microparticles disassembled by weak anisotropic polarization forces (non-
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uniform doping concentration across particle). (b, d, and f) At high electric field
frequencies (500 kHz), the microparticles assembled by dipolar polarization forces.

Figure 36: Photomicrographs showing reversible assembly of PN-I microparticles
(with encircling tracer particles). (a, c, and e) At low electric field frequencies (500 Hz),
the microparticles disassembled by strong anisotropic polarization forces (highly
polarizable metal contact and weak anisotropy stemming from non-uniform doping
concentration). (b, d, and f) At high electric field frequencies (500 kHz), the
microparticles assembled by dipolar polarization forces.

5.1.7 Experimental Analysis: Collective phenomena of self-propelling active
microparticles: Dielectrophoretic chaining at high electric field frequencies (≥ 10 kHz)
One of the attractive features of silicon microparticles was the ability to
inexpensively fabricate millions of monodisperse or intentionally multidisperse particles
in a single fabrication run. When studied at varying concentrations, the microparticles
assembled into a variety of architectures, as can be seen in Figure 37. For the case of two
self-propelling microparticles (Fig. 37a-b), doublet structures were formed at high
electric field frequencies. For the case of about fifty to a few hundred self-propelling
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microparticles (Fig. 37c-d), staggered or linear chain structures were formed at high
electric field frequencies. For the case of about several hundred to a thousand selfpropelling microparticles (Fig. 37e-f), “traffic-jamming” structures were formed at high
electric field frequencies. The microparticles were sterically constrained in this traffic
jam, which is a saturated condition, due to the formation of longer structured chains. In
Figure 37, the arrows between the sets of images indicate that the assembled

structures can be assembled and disassembled by changing the frequency. These
conditions are potentially interesting for applications such as rapidly reconfigurable
neural networks, since modulating electric fields and frequencies could dynamically
assemble and re-assemble these types of networks.
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Figure 37: Directional assembly and programmable disassembly of PN-I type
microparticles. (a-b) Photomicrographs of PN-I microparticles assembling into a
doublet. (c-d) Photomicrographs showing hundreds of microparticles assembling into
many linear chains. (e-f) Photomicrographs showing several hundreds of
microparticles assembling into longer chains.

5.1.8 Experimental Analysis: Powered Propulsion of p-n junction diode microparticles
We also investigated PN-II diode microparticles, which are the only “true”
diodes in this study, with a metallic contact on both the n-side and p-side of each of the
junctions. The electrical characteristics of the PN-II diode microparticles was verified by
measuring the I-V (current-voltage) curves on the SOI substrate after metallization and
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before lateral etching between the diode microparticles. Similar to the PN-0, N-I, and
PN-I microparticles, the PN-II diode microparticles propelled through the fluid in
response to an AC electric field. As established previously, the diode microparticles are
polarized only in the positive half of the cycle, and rectified the AC electric field into a
local DC potential. [16-17] This DC potential directionally propelled the diode
microparticles by electro-osmotic flows generated around their surfaces. [16-17]
Once released from the substrate and exposed to an AC electric field (at a fixed
electric field strength of E2 = 54.4 kV2/cm2), the tracking analysis revealed significant
differences in the velocity of the asymmetrically polarized microparticles and the
symmetrically polarized microparticles (PN-II). Both the N-I and the two types of PN-I
microparticles exhibited a strong frequency-dependent propulsion behavior. The
particles attained high speeds compared to the PN-II (and other symmetricallypolarized microparticles) at low frequencies (< 10 kHz), but were slower at high
frequencies (≥ 10 kHz). In contrast, the PN-II diode microparticles demonstrated a
frequency-independent propulsion behavior different from all the other species of
particles. Specifically, as the frequency increased above 10 kHz, the particles maintained
their motion at nearly constant velocity. This finding reveals that strong-ICEP effects
from the metal contacts dominate the motion of microparticles with one metal contact at
low frequencies (i.e., < 10 kHz), which does not occur with the PN-II diode
microparticles. Further, these results show that the diode microparticles are able to
rectify the AC signal at frequencies above 10 kHz, which enables another level of control
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and might potentially be used for creating microdevices that actively propel even when
energy is provided at ultrahigh (e.g., radio) frequencies.

5.1.9 Experimental Analysis: Tracking Analysis of active self-propelling particles of ntype microparticle composition
All microparticles velocities were tracked using Fiji, an image-processing
package based on ImageJ (NIH) [142]. Each experiment captured a minimum of five
microparticles that were tracked by the software. We only considered microparticles
where the metal contacts were facing up. We classified the microparticles into two
different groups depending on their propulsion mechanism: (i) microparticles with one
metal contact (i.e., N-I, P-I, and PN-I,) (ii) microparticles with zero or two symmetrical
metal contacts (i.e., N-0, P-0, PN-0, and PN-II).
N-type microparticles with symmetrical metal contacts (N-0, PN-0, and PN-II)
exhibited frequency-independent behavior. The likely reason for this behavior is that the
microparticles (i) were weakly polarized or (ii) were rectified by the external AC electric
field into a local DC potential. For the N-0 case, the uniform doping concentration (Nd =
1015/cm3) created frequency-independent behavior across the microparticle. For the PN-0
case, the non-uniform doping concentration (Nd = 1015/cm3 on n-side; Na ~ 1020/cm3 on the
p-side surface and follows a complementary error function (erfc) profile toward the
bottom of the particle) resulted in frequency-independent behavior across the
microparticle. For the PN-II case, the AC electric field is rectified during the positive half
of the cycle and converts this energy into a local DC field potential. This DC field creates
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a self-electroosmotic flow around the microparticles, leading to powered self-propulsion
by driving the induced negative charges in the electric double layer into the cathode of
the diode microparticles. [16-17] The DC electroosmotic velocity can be derived using
the Helmholtz-Smoluchowski equation: [16-17]
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where veo is the electroosmotic velocity, ε0 is the dielectric permittivity of vacuum, εm is
the dielectric permittivity of the medium, ζ is the induced zeta potential at the surface of
the microparticle, µ is the dynamic viscosity of the medium and Eapplied is the applied AC
electric field.10 The velocity across the n-type microparticle (N-0) and the p-n junction
microparticle (PN-0) can be expressed by: [17]
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where β is the hydrodynamic-resistance correction factor. The velocity across the p-n
junction diode microparticle can be expressed by [17]:
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where Ed0 is the built-in electric field in the microparticle diode. Equations 59-61
indicates that the velocity of the microparticles with symmetrical contacts is dependent
on the applied AC electric field, but independent on the frequency of the field. Fig. 38a
shows the field-strength dependent phenomenon across n-type microparticles with
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symmetric contacts. Fig. 38b shows the frequency-independent phenomenon across ntype microparticles with symmetrical contacts.
The p-n junction microparticles with one metal contact exhibited velocity
dependence as a function of the electric field magnitude squared (E2). For the PN-I case,
the average velocity data as a function of E2 is shown in Fig. 38c. Given the similarity in
velocities of both types of PN-I microparticles, it is likely that their motions are
dominated by a combination of strong-ICEP effects (at low AC electric field frequencies)
from the metal contact and DEP effects (at high AC electric field frequencies) from
dipolar interactions. While the non-uniform doping concentration (weak-ICEP) across
the p-n junction is also present, the strong-ICEP effects from the metal still dominated
the propelling direction of the particle.
The microparticles with one metal contact exhibited distinct behaviors
depending on the frequency of the externally applied AC electric field. [34, 117] We
hypothesize that, at low frequencies (i.e., <10 kHz), a nonlinear distribution of induced
charges formed on the surface and across the microparticles, and created an imbalanced
electroosmotic flow, contributing to microparticle powered propulsion. [34, 117] When
the electric field was turned on, the electric double layer on the metallized side of the
microparticles was more strongly polarized than the non-metallized side. Consequently,
a stronger induced-charge electroosmotic (ICEO) slip was formed around the metal
region and the induced-charge electrophoretic (ICEP) force propelled the microparticles
with the metal contact as the propeller. At high frequencies (i.e., ≥ 10 kHz),
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dielectrophoretic forces were dominant, causing the microparticles to self-assemble and
form linear chains. [34] In this frequency regime, AC-electrohydrodynamic (AC-EHD)
flow was negligible and the dominant fluid flow was due to electrothermal effects. [110]
This effect can be explained by referring to the Stern layer developed across the fluid,
which can be modeled as a fixed electrolytic capacitor between the cell electrodes. [110]
At high ionic conductivities (e.g., high frequencies), the diffuse layer was negligible and
a large potential drop existed across this layer. Since the microparticle velocity was
proportional to the free charge across the diffuse layer, AC-EHD flow decreased and the
overall velocity of the microparticle decreased. Fig. 38d illustrates the two frequency
regimes of the asymmetrically polarized n-type (N-I) and p-n junction microparticles
(PN-I: one metal contact on n-side of junction or one metal contact on p-side of junction).
Finding the average and standard deviation from five microparticles in a single
experiment generated the error bars, which express one standard deviation above and
below the data value.
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Figure 38: Tracking analysis of active silicon microparticles of n-type composition.
Each data point is the average and standard deviation (one above and one below for
the error bars), as measured from five different microparticles in a single experiment.
(a) Tracking analysis of microparticles with symmetrical metal contact(s). (b) Tracking
analysis of microparticles with symmetrical metal contact(s). (c) Tracking analysis of
microparticles with one metal contact. (d) Tracking analysis of microparticles with an
asymmetrical metal contact.

5.1.10 Experimental Analysis: Tracking of active self-propelling particles of p-type
microparticle composition
Next, the electric field and frequency dependence of microparticles, with p-type
composition, was explored. For the P-0 case, long-range DEP forces were the dominant
propelling force at low AC frequencies and short-range DEP forces were the dominant
propelling force at high AC frequencies. Similar to the N-0 microparticles, the P-0
microparticles showed a first-order effect and were dependent on the AC electric field
magnitude 𝑈!"# ∝ 𝐸 (Fig. 39). The weak linear velocity dependence on the electric field
can be ascribed to the uniform polarizability of the P-0 microparticle and the low
conductivity of the silicon doped with boron atoms; the P-0 microparticle becomes
strongly polarizable at E > 100 V/cm. In comparison to the N-0 microparticle, the P-0
microparticle showed frequency-independent behavior at high AC frequencies, but did
show frequency-dependent behavior at lower AC frequencies (Fig. 39b). This
phenomenon could be ascribed to the interactions between the p-type particle and the
fluid in the different frequency regimes. At low AC frequencies, the polarizability of the
ionic layer decreases, and essentially powers the P-0 microparticle across the fluid. At
high AC frequencies, the polarizability of the ionic layer increases, and the counterions
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in the fluid propel the P-0 microparticle. The velocities of the P-0 and N-0 microparticles
exhibited similar propulsive characteristics and were plotted as a function of the electric
field (Fig. 39c). The P-0 microparticle (Na = 1018 cm-3), in comparison to the N-0
microparticle (Nd = 1015 cm-3), had higher propulsion velocities due to the higher doping
concentration. Finding the average and standard deviation from five microparticles in a
single experiment generated the error bars, which express one standard deviation above
and below the data value.
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Figure 39: Tracking analysis of self-propelling P-0 microparticles. Each data point is
the average and standard deviation (one above and one below for the error bars), as
measured from five different microparticles in a single experiment. (a) First-order
velocity dependence of P-0 (at a fixed frequency of 100 Hz). (b) Frequency-effect of P0. The AC electric field strength was fixed at 54.4 kV2/cm2. (c) Velocity dependence of
P-0 and N-0 (at a fixed frequency of 100 Hz).
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For the P-I case, the microparticles showed a second-order velocity effect with
respect to the square of the electric field magnitude 𝑈!"#$ ∝ 𝐸 ! . This relationship is
analogous to the behavior of “Janus-like particles,” where one half of the particle is more
strongly polarizable than the other half of the particle. Figure 40a shows the velocity
dependence, of the P-I microparticle, as a function of the electric field.
The frequency dependence of the P-I microparticles showed reversible behavior
in the N-I case, at both low and high AC frequencies. At low AC frequencies (i.e., <10
kHz), the P-I microparticles propel by negative-ICEP forces with the metal contact as the
propeller. At these low frequencies, we hypothesize that a nonlinear distribution of
induced charges formed on the surface across the microparticles and created an
imbalanced electroosmotic flow, contributing to microparticle powered propulsion. [34]
When the electric field was turned on, the electric double layer on the metallized side of
the P-I microparticles was more strongly polarized than the non-metallized side.
Consequently, a stronger induced-charge electroosmotic (ICEO) slip was formed around
the metal region and the induced-charge electrophoretic (ICEP) force propelled the
microparticles with the metal contact as the propeller.
At high frequencies (i.e., ≥ 10 kHz), negative-DEP forces were dominant. [110] In
this frequency regime, AC-electrohydrodynamic (AC-EHD) flow was negligible and the
dominant fluid flow was due to electrothermal effects. [110] AC-EHD flow decreased
and the overall velocity of the microparticle decreased. Figure 40b illustrates the two
frequency regimes of the asymmetrically polarized P-I microparticles.
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Figure 40c shows the linear velocity dependence of the N-I and P-I microparticles
as a function of the electric field. At low electric fields, the N-I microparticles are more
polarizable than the P-I microparticles, but at high electric fields, the P-I microparticles
are more polarizable than the N-I microparticles. At lower electric fields, the higher
conductivity of the N-I microparticles dominates the propulsion mechanisms, and at
higher electric fields, the higher doping concentration of the P-I microparticles
dominates the propulsion mechanisms. Finding the average and standard deviation
from five microparticles in a single experiment generated the error bars, which express
one standard deviation above and below the data value.
The remaining microparticles of p-type composition were fabricated, but were
not experimentally tracked or tested.
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Figure 40: Tracking analysis of self-propelling P-I microparticles. Each data point is
the average and standard deviation (one above and one below for the error bars), as
measured from five different microparticles in a single experiment. (a) Second-order
velocity dependence of P-0 (at a fixed frequency of 100 Hz). (b) Frequencyindependence of P-I. The AC electric field strength was fixed at 54.4 kV2/cm2. (c)
Linear velocity dependence of P-I and N-I (at a fixed frequency of 100 Hz).

5.1.11 Experimental Analysis: Electrostatic potential distribution across various key
interfaces
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Semiconductors (e.g., silicon) can form a thin SiO2 layer when immersed in
water. This oxide layer provides positive and negative chemical groups (such that
hydrogen ions can more easily be attracted to, or repelled from, the surface) that are
polarized when exposed to an applied external electric field in water. [83-84]
The density of these surface charges can be analyzed using the Poisson equation:

∇! 𝜓 = −
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where ρ represents the charge density, ψ represents the electrostatic potential, εr
represents the relative dielectric permittivity of the water medium and ε0 represents the
relative dielectric permittivity of vacuum. The charge density for each material layer can
be described using the following equations: [83-84, 150]
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where Nc is the conduction effective density of states, ℱ!/! 𝜂! is the Fermi integral of ½,
which is the probability of occupation of an energy level by an electron. [151] The
effective density of states for electrons in the conduction band and the Fermi integral can
be expressed using the following equations:
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where 𝑚!∙
is the effective mass for the electron, 𝑘! 𝑇 is the product of the Boltzmann

constant and temperature, ℎ is the Planck constant, E is the energy at which the function
is evaluated, and Ef is the Fermi level For the charge density of a metal, the variable I
represents the current flowing through the conductor, A represents the cross sectional
area of the conductor, q is the electron charge and vd is the electron drift velocity. For the
charge density of water, ni is the concentration of the ith ionic component and zi is the
number of valence electrons of the ith ionic component in the solution.
The density of surface charges at the oxide-water interface can be represented by
the difference between the positive and negative surface charge densities. [83-84] The
surface charge density is linearly related to the electrostatic potential gradient and is
given by [83-84]:

𝜎!"#$%&' = −𝜀! 𝜀! ∇𝜓 ∙ 𝒏

(69)

where 𝒏 is the normal vector pointing to the electrolyte interface. The surface potential
was estimated by linearly fitting the velocity data as a function of the voltage (or electric
field) gradient. The slope of this line was used to measure the surface potential.
The polarizability of the microparticles strongly affected the powered propulsion
of the microparticle. For example, the p-n junction microparticles were more polarizable
than the n-type particle. Adding an asymmetric metal contact to the microparticles
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introduced a metal-semiconductor junction interface and increased the polarizability of
the particles; however, adding two symmetric contacts decreased the polarizability of
the particles. The least polarizable microparticle was the n-type microparticle without a
metal contact (N-0). When a metal contact was deposited on one-half of the n-type
material, the polarizability increased due to the metal and the interface between the
metal and the semiconductor material, and a higher particle velocity was measured. The
n-type microparticle with one metal contact (N-I) was more polarizable than the p-n
junction microparticle without metal contacts (PN-0). However, the p-n junction
microparticles with one metal contact on either side of the device (PN-I) had the highest
polarizability of all of the morphologies studied, as well as the highest velocity. Finally,
the p-n junction diode microparticle with two symmetric contacts (PN-II) was
comparable in polarizability to the PN-0 microparticle.
Image tracking analysis (ImageJ, NIH) was performed to measure the
microparticle velocity so as to estimate the electrostatic potential of the n-type
microparticles, p-n junction microparticles, and p-n junction diode microparticles [142].
The microparticles propelled in response to applied AC electric fields (ranging from 0.9
kV2/cm2 – 111 kV2/cm2) and to different applied AC electric field frequencies (ranging
from 50 Hz – 500 kHz). The average velocity of each microparticle was collected and
linearly fitted as a function of the applied electric field strength. The overall surface
potential for all of the microparticles (and their respective swimming directions) was
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estimated from the slope of the linear fit using Equation 69. These estimated surface
potentials are summarized in Table 4.

Table 4: Estimated surface potentials for various silicon microparticles using Equation
69. The black regions illustrate the n-type silicon (electrons as the majority carrier);
light grey regions illustrate the p-type silicon (holes as the majority carrier); gold
regions illustrate the metal contacts on both sides of the p-n junction. The black
arrows illustrate the propulsion direction of the microparticles

5.2 Semiconductor Microparticle Experimental Testing and Results in
Magnetic Fields
The particles designed and fabricated as outlined in Sections 4.6-4.8 were tested
in a fluidic chamber similar to that used in the electric field experiments. The
experimental chamber was constructed on a glass slide, which was vacuum deposited
by evaporating 150 Å of Ti followed by 2000 Å of Au. Two co-planar gold electrodes (20
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cm long x 1 cm wide with a 3 mm inter-electrode gap) were also vacuum deposited by
evaporating 150 Å of Ti followed by 2000 Å of Au. A 10-µL suspension consisting of
Millipore water and varying concentration of microparticles was placed in between the
gold-coated regions on the glass slide (VWR® Scientific) containing the electrodes. A
glass coverslip (VWR® Scientific) was placed on top of the sample, thus forming a thin
experimental cell between the glass slide and the coverslip.

5.2.1 Experimental Test Chamber & External Field Setup
The experimental chamber for the magnetically polarized particles was similar to
the setup described in Section 5.1. The only difference was that 15 Å of Ti and 2000 Å of
Au was vacuum deposited using an electron beam metal evaporator onto glass slides
(VWR Scientific).

Two perpendicular magnetic fields were created using two

perpendicular solenoids that had a DC electric current applied to the solenoids (Thermo
Fischer Scientific). By switching the polarities of the DC current to each solenoid, a
biaxial in-plane rotating magnetic field was created.. The currents were supplied by a
bipolar operational amplifier (Korea Electric Power Corporation; KEPCO, Model BOP
100-4D) and controlled by a LabVIEW program (National Instruments). The magnetic
field intensity and frequency was programmed using a LabVIEW interface and
measured by a gauss meter. All experiments were performed under a bright-field optical
microscope (Olympus SZ-61).

5.2.2 Experimental Analysis: n-type particle with a diagonal anisotropic magnetic stripe
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A rotating magnetic field created by driving the solenoid current at different DC
frequencies, was used to quantitatively understand the propulsion of magnetically
powered particles with a metal stripe. We found that the anisotropic diagonal metal
stripe on the particle controlled its magnetic rotation. All magnetic silicon microparticles
(10 µm x 20 µm x 3.5 µm) were tracked using Fiji, an image-processing package based
on ImageJ (NIH) [142]. At low DC frequencies (< 1 Hz), the magnetic moment of the
particle lagged behind the rotating field (9 G), creating a positive torque on the particle,
and causing the particle to rotate in the same direction as the magnetic field. The particle
had enough time to respond to the slow-varying rotating magnetic field and rotate along
its z-axes. At high DC frequencies, the magnetic moment of the particle still lags behind
the rotating field, but does not have enough time to respond to the fast-varying field.
Figure 41 plots the frequency of the magnetic particle as a function of the applied
magnetic frequency.

Figure 41: Rotational frequency response of an n-type magnetic silicon microparticle
with anisotropic diagonal stripe to a rotating external magnetic field.
132

5.2.3 Experimental Analysis: n-type particle with anisotropic square magnetic patch on
one side of the particle
A rotating magnetic field created by driving the solenoid current at different DC
frequencies, was used to study the propulsion of magnetically activated particles with a
square magnetic patch. We found that the anisotropic square metal patch controlled its
magnetic rotation. All magnetic silicon microparticles (10 µm x 20 µm x 3.5 µm) were
tracked using Fiji, an image-processing package based on ImageJ (NIH) [142]. The
results were similar as the microparticles with the magnetic stripe as described in the
previous section. At low DC frequencies (< 0.5 Hz), the magnetic moment of the particle
lagged behind the rotating field, creating a positive torque, and causing the square patch
on the magnetic particle, and thus, the particle, to rotate in the same direction as the
magnetic field. The particle had sufficient time to respond to the slow-varying magnetic
field and rotate along its z-axes. At higher DC frequencies, the magnetic moment of the
particle still lags behind the rotating field, but it does not have sufficient time to respond
to the fast-varying magnetic field. Figures 42-43 shows the magnetic particle frequency
as a function of the applied magnetic frequency. The data points in Figure 43 represent
an average of two microparticles in a single experiment and the error bars represent the
standard deviation between the averages. The tests were conducted at two different
magnetic field magnitudes (10 G and 20 G).
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Figure 42: Rotational frequency response of an n-type magnetic silicon microparticle
with an anisotropic square patch to a rotating external magnetic field.

Figure 43: Rotational frequency response of n-type magnetic silicon microparticle
with anisotropic square patch to a rotating external magnetic field (H = 10 G).
For future magnetic particle designs, it would be interesting to explore how
different geometrical configurations, magnetic patch thicknesses, and magnetic fields,
and particle compositions would affect particle rotation and propulsion. Varying the
geometry of the magnetic element could strongly affect how the microparticles
hydrodynamically assemble. Varying the aspect ratio of the magnetic patch could also
likely affect the rotational speed of the magnetic particle. Varying the magnetic fields
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could affect whether the microparticles rotate or propel. Varying the particle
composition could affect how the particle moves in the fluid. For example, in some of
our preliminary experiments, we have observed that p-n junction microparticles (with
an anisotropic magnetic element) may hinder the magnetic rotation. One explanation is
that the internal polarizability of the p-n junction could be competing with the magnetic
polarizability of the magnetic patch, leading to slower movement of the microparticle.
From our experiments, we also hypothesize that the n-type microparticles may act as
insulating dielectrics in external magnetic fields and the magnetic polarizability of the
magnetic patch rotates the particle.

5.3 Semiconductor Microparticle Experiments on Electrically- and
Magnetically Active Microparticles
5.3.1 Experimental Testing Chamber & External Field Setup
The experimental chamber for the electrically and magnetically active
microparticles had a similar design to the chamber described above. The external electric
and magnetic fields were a combination of the setups described in Section 5.1.1 and
5.2.1. The experimental chamber was constructed on a glass slide, which was vacuum
deposited by evaporating 150 Å of Ti followed by 2000 Å of Au. Two co-planar gold
electrodes (20 cm long x 1 cm wide with a 3 mm inter-electrode gap) were also vacuum
deposited by evaporating 150 Å of Ti followed by 2000 Å of Au. A 10-µL suspension
consisting of Millipore water and varying concentration of microparticles was placed in
between the gold-coated regions on the glass slide (VWR® Scientific) containing the
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electrodes. A glass coverslip (VWR® Scientific) was placed on top of the sample, thus
forming a thin experimental cell between the glass slide and the coverslip.

5.3.2 Experimental Analysis: n-type particle with magnetic patch on one side of particle
N-type microparticles with a Ti/NiFe magnetic patch were electrically and
magnetically powered in water (Millipore). These microparticles had the same
composition as the electrically powered particles described previously herein. These
particles have the Ti/NiFe magnetic patch instead of the Ti/Ni/Au ohmic contact. The
first sets of experiments were intended to demonstrate electric-field propulsion of the
self-propelling silicon microparticles. When an external electric field of E = 70 Vpp was
applied at low AC frequencies (100 Hz), the microparticles dielectrophoretically torqued
with their longest axis parallel to the electric field and propelled in the direction parallel
to the electric field. At high AC frequencies (100 kHz), the microparticles chained due to
DEP chaining forces. This behavior was the same as that for N-I (which had the
Ti/Ni/Au ohmic contact). However, the particles with the magnetic patch moved at a
lower velocity than N-I particles for the same external electric field.
The next sets of experiments were used to demonstrate only the magnetic field
driven motion of the self-propelling active n-type silicon microparticles. When an
external magnetic field of H = 10 G was applied at low magnetic solenoid DC current
frequencies (0.5 Hz), the microparticles actively rotated with the magnetic patch as the
propeller. These microparticles had the same composition as the electrically powered
particles described herein, but with the addition of a magnetic patch.
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The last sets of experiments explored the combined electric and magnetic
propulsion of the active n-type silicon microparticles with a magnetic patch. In a single
experiment, the microparticles demonstrated: (i) electrically reversible assembly and
disassembly when switching between low (long-range DEP forces) and high (shortrange DEP forces) AC frequencies, and (ii) rotation at low magnetic solenoid DC current
frequencies. These microparticles had the same composition as the electrically powered
particles described herein previously, but with no ohmic contact and a magnetic patch,
instead. As the microparticles aligned and assembled in the AC electric fields, the
microparticles also rotated in the magnetic fields. The behavior exhibited by these
particles in the combined external electric and magnetic fields was the same as the
behavior observed under the influence of the individual fields. This ability to engineer
and encode multiple modes of dynamic motion in a single particle, using multiple field
effects, could be useful for applications such as remotely-powered microsensors,
electromechanical switches, and other reconfigurable structures and systems.

5.3.3 Experimental Analysis: p-n junction microparticle with magnetic patch on one side
of the particle
P-N junction microparticles with a magnetic patch on one side of the particle
were electrically and magnetically powered in water (Millipore). The first sets of
experiments were intended to show only electric-field propulsion of the self-propelling
silicon p-n junction microparticles. When an external electric field of E = 70 Vpp was
applied at low AC frequencies (100 Hz), the microparticles weakly propelled, in a
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manner similar to the electrically polarized PN-0 microparticle (p-n junction
microparticles without ohmic contacts) previously reported.

These microparticles

dielectrophoretically torqued with their longest axis parallel to the electric field and
propelled in the direction parallel to the electric field. At high AC frequencies (100 kHz),
the microparticles slowly chained due to DEP chaining forces.
The next sets of experiments explored magnetic field movement of the p-n
junction microparticles. When an external magnetic field of H = 10 G was applied at low
DC frequencies (0.5 Hz), the microparticles weakly rotated with the magnetic patch as
the propeller. This microparticle acted as a weak conductor in the magnetic field and we
hypothesize that the anisotropic polarizability of the p-n junction competed with the
magnetic patch. In comparison to the n-type particle with a magnetic patch, the rotation
of the p-n junction was slower. We hypothesize that this may be due to the higher
polarizability of the p-n junction, which may compete with the magnetic field.
The last sets of experiments were used to show the combined electric and
magnetic propulsion of the p-n junction silicon microparticles with a magnetic path (and
without an ohmic contact). In a single experiment, the microparticles were able to (i)
propel, at low AC frequencies in the direction parallel to the electric field and (ii) weakly
rotate at low DC magnetic frequencies. The p-n microparticles with a magnetic patch
were propelled and rotated using a combination of AC electric fields (70 Vpp), rotating
magnetic fields (10 G), AC electric frequencies (500 Hz), and DC magnetic frequencies
(0.5 Hz). As the microparticles aligned and assembled in the AC electric fields, the
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microparticles also rotated in the magnetic fields. The magnetic response was negligible
and the microparticles propelled due to the electric in a similar manner to the p-n
junction with a magnetic path and similar to the PN-0 microparticles under an electric
field, as previously described herein (with the p-side facing forward).

The net

translational motion of the particle was slower under the combined electric and
magnetic field than under only the electric field. We hypothesize that this is due to the
rotation slowing down the translational motion. The rotation of the microparticle was
slower under the combined electric and magnetic field than when under only a magnetic
field. Again, we hypothesize that the rotation may be slower because there is a
competing translational motion that impedes the rotation of the microparticle.
We believe this design and field propulsion of the p-n junction microparticle
with a magnetic patch could be improved upon by either optimizing either (i) the
geometry (i.e., shape and size) of the particle or (ii) the aspect ratio of the magnetic
element (i.e., thickness and surface area).

5.3.4 Experimental Analysis: n-type microparticle with an ohmic contact on one side of
particle and magnetic patch on other side of particle
N-type microparticles with a magnetic patch and an ohmic contact were
electrically- and magnetically powered in water (Millipore). The first sets of experiments
aimed at showing ICEP propulsion of the electrically polarized ohmic metal contact.
When an external electric field of E = 70 Vpp was applied at low AC frequencies (100 Hz),
the microparticles dielectrophoretically torqued with their longest axis parallel to the
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electric field, but were weakly propelled with the metal contact as the propeller. These
unexpected results were from preliminary experiments that may not be representative
results, and we hesitate to draw conclusions based upon non-optimized experimental
conditions.
The next sets of experiments explored only rotation of the particles using a
magnetically polarized metal patch. When an external magnetic field of H = 10 G was
applied at low DC frequencies (0.05 Hz), the microparticles followed and kept up with
the rotating magnetic field (at 0.045 Hz). When higher magnetic frequencies were
applied, the microparticles reached a crossover frequency and was no longer able to
keep up with the rotating magnetic field. Figure 44 shows the frequency data from the ntype silicon microparticles that had an electric and magnetic metal patch. In comparison
to the n-type microparticles with only a magnetic patch (ωc ~0.5 Hz), these microparticles
had a lower crossover frequency and were able to keep up with the rotating magnetic
field at lower DC frequencies (ωc ~0.05 Hz).
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Figure 44: Magnetic frequency response of electrically- and magnetically active silicon
microparticles.
The last sets of experiments explored the combined electric and magnetic
propulsion of these silicon microparticles. Unfortunately, these particles did not propel
by ICEP forces at low AC frequencies, did not chain by DEP forces at high AC, and did
not rotate in magnetic fields. This was a disappointing result, but the other preliminary
results from the particles with magnetic patches and ohmic contacts do yield some
guidance on the steps to take in the next round of microparticle explorations. There are
several design changes that might improve the self-directed assembly of the electrically
and magnetically active microparticles. One design change would be to optimize the
aspect ratios of the magnetic patch and different ohmic metal stacks (original Ti/Ni/Au)
on the microparticle. We hypothesize that increasing the thickness of the magnetic metal
(Ti/NiFe) could have interfered with the magnetic rotation. Another design change
would be to optimize the aspect ratio of the magnetic patch by varying the thickness and
141

surface area of the pattern. Slightly decreasing the thickness of the magnetic patch could
lead to stronger rotation of the microparticle. We could also explore the differences in
microparticle composition (i.e., n-type versus p-type) as another tunable parameter in
our system.
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6
Conclusions and Future Work

This chapter provides an outline for the future to build upon the research
presented in this thesis and reports conclusions to the thesis.

6.1 Future Work
Semiconductor fabrication of microparticles is advantageous in that it is easier to
controllably change the geometry of the device on demand. For example, by changing
the geometry (shape and size) of the particle, doped regions, metal patterns, and
dielectric patterns, one can envision and expect to controllably generate assemblies such
as linear chains, crystallites, and large crystals with tunable packings. These assemblies,
created from a variety of anisotropically ordered particles, may provide a breakthrough
into a wider range of architectures that can be designed on the colloidal scale; which
could also provide an enhanced understanding and improved development for new
materials with useful optical, magnetic, electronic, chemical, and physical properties.
Figure 45 below shows potential assemblies and lattices that would result from
fabricating microparticles with different geometrical configurations. Figures 45a-b
illustrates a hexagonal dipolar p-n junction linear chain assembly; Figures 45c-d
illustrates a hexagonal monopolar p-type closed-packing assembly; Figures 60e-f
illustrates a square dipolar p-n junction crystallite assembly. We hypothesize that
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hexagonal structures (with a metal contact on one side of the particle), for example,
could lead to very interesting programmable and reversible assemblies, since it would
be possible to take advantage of the breaking the corner-to-corner structure.
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Figure 45: Hypothesized chain-like assemblies and lattices to form using p-n junction
silicon microparticles. (a-b) hexagonal dipolar p-n junction assembly (c-d) hexagonal
monopolar p-type assembly (e-f) square dipolar p-n junction assembly.
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Other interesting formats could be explored, such as square and circular thin film
active microparticles. Figure 46 illustrates some more assemblies (e.g., circles, rectangles,
hexagons, and squares) that have been fabricated, but not yet thoroughly tested.

Figure 46: Various geometrical configurations of thin film semiconductor
microparticles fabricated on SOI. (a) 12µm wide circular silicon microparticles (b)
11.5µm wide hexagonal silicon microparticles (c) 10µm wide x 20µm long rectangular
silicon microparticles (d) 10µm x 10µm square silicon microparticles
The research presented thus far has shown that semiconductor microparticles
can be precisely engineered to respond to electrical and magnetic stimuli, offering
unprecedented opportunities in designing dynamically reconfigurable systems. As the
AC electric fields can align and propel the particles and rotating in-plane magnetic fields
can rotate the particles, perpendicular optical fields could potentially reconfigure the
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same particles and modulate their motion. Future studies would propose illuminating
the fabricated silicon microparticles (or nanoparticles) using a variety of commercialized
laser diodes with different photon energies.

6.2 Conclusions
We report a class of custom semiconductor microparticles that have been
comprehensively designed to draw energy from AC electric fields to actively propel,
assemble, dissemble, and reconfigure on demand. The same classes of custom
microparticles can be also comprehensively designed to draw energy from rotating
magnetic fields to rotate, propel, and reconfigure on demand. We show that this
approach enables multiple modes of propulsion (driven by, e.g., DEP, ICEP, diode
rectification currents, and rotational torqueing forces), which result in multiple
deterministic collective interactions. We further reveal how the collective dynamic
behavior of small ensembles of motile particles can be tuned by changing the AC
frequency of the electric field and DC frequency of the magnetic field. To our
knowledge, this is the first demonstration of particles that can switch between multiple
modes of active locomotion while also being able to move in a long-range coordinated
cyclic manner, and be driven to rapidly assemble and disassemble on demand. This
capability has the potential to give rise to systems that can form structured networks,
and then liquefy to re-configure in new structures, towards plastically deformable
electronic circuits, advanced electromechanical switches, and synthetic neural networks.
[2] This level of engineered “knob-controlled” dynamics provides a step forward in
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realizing the synthetic expression of natural systems such as atomic freezing and
melting [152] as well as the formation of percolated gels. [153]
Understanding the physical characteristics of the semiconductor-oxide-liquid
and semiconductor-metal-oxide-liquid interfaces is critical for the design of new types of
active semiconductor microparticles. [83-84] The distribution of electronic charges in the
semiconductor, the semiconductor-oxide interface, and the interaction between the
oxide and metal surfaces affects ionic charges in the surrounding liquid, which directly
affect the polarizability and propulsion of the microparticles when subjected to AC
electric fields. The doping profile of the microparticles has a significant effect on the
formation of surface charges and on the electrostatic potential distribution in the fluid
surrounding the microparticles, which thus affects the distribution of ions in the fluid
and the multipolar interaction between groups of microparticles. [83-84] Further, the
choice of metal can lead to very interesting behaviors and properties at the
semiconductor-metal junction interface in powered fluids. Thus, the ability to engineer
the interfacial (both internal and external) electrostatic properties of the semiconductor,
[83-84] along with their size, shape, and doping, is critical to the design of future motile
assembling and self-reconfiguring microcircuits.
Exploring ways to manipulate the applied field affects could lead to intriguing
orientations of the microparticle. For example, applying perpendicular external electric
fields could introduce a rotation into the microparticle; applying out-of-plane external
magnetic fields could change the rotation of the microparticle; and switching between
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optical, magnetic, and electric fields could enable optical particle selection or create an
electromagnetic switch to create interesting metamaterial-like structures.
This study provides the groundwork for understanding the relationship between
the design of semiconductor microparticles and their response to AC electric fields,
which includes three phenomenologically distinct locomotive effects that lead to a wide
variety of controllable interactions and switchable dynamics. We anticipate that further
alterations in the geometry (e.g., shape and size), electrical properties (e.g., patterned
dopant diffusion, electric metallization, and magnetic metallization), insulating
properties (e.g., integrating dielectric patterns), and applied field effects (e.g., electrical,
and additionally, optical and magnetic) will result in higher-level functionalities that
enable their use as a class of highly programmable active matter, potentially enabling
applications that include new types of electromechanical switches, artificial muscles,
dynamically reconfigurable circuitry, and dynamically reassembled bio-inspired neural
networks. [136, 154-155]
The exciting new tools of propelling and reassembling microscopic and
nanoscopic active semiconductor particles can be explored, in the long term, to futuristic
self-connecting, self-repairing, and self-reconfiguring computer networks. This would
require exploring the means to add more complex circuit elements, and making
electrical interconnections between microparticles. For example, Professor Michael
Dickey (NCSU) is the world’s expert in achieving reliable interconnections and ondemand mechanical binding; his research uses liquid-metal based techniques that could
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“weld” together self-powered active particles with patterned electrical interconnections.
[156] This is an ambitious goal, but integrating foundry CMOS electronic devices
directly into silicon to create “smart” microparticles that can assemble and reassemble is
an intriguing challenge. Alternatively, complex circuits could be bonded (using waferbonding or thermo-compression bonding techniques) to thin film (low weight) selfpropelled microparticles that could carry the circuit for assembly and reassembly in a
“raft”-like manner, as shown in Figure 47. Finally, the use of photonic devices integrated
into or attached to microparticles could enable selection of specific subsections of
microparticles by photon energy/color.
Considering these future directions, we have performed some preliminary
experiments on 12 µm wide circular semiconductor microparticles. Figure 47a is a
photomicrograph of the circular microparticles sacrificially released and suspended in
Millipore water. Figure 47b is an optical micrograph of six circular microparticles that
have been sacrificially released and embedded in a square-like “raft.” When the AC
electric field was turned on, the raft moved to the right; when the AC electric field was
turned off, the raft stopped moving.
In conclusion, this is the first demonstration of millions of customized (e.g.,
shape and size) and engineered (e.g., diffusion, metallization, dielectric patterning, and
their junction interfaces) thin film active semiconductor microparticles optimized for the
directed self-assembly in electrically- and magnetically-powered fluids. The ability to
intentionally and dynamically switch between multiple encoded responses using a
150

single and a collective number of semiconductor microparticles offer unprecedented
opportunities in the area of active colloidal self-assembly. We believe that these results
point to a future vision for designing reconfigurable computational systems.

Figure 47: Photomicrographs showing suspended circular microparticles selfpropelling in fluid. (a) 12 µm circular silicon microparticles suspended in a fluid. (b)
Several 12 µm circular silicon microparticles embedded in a raft.
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Appendix A: Fabrication of Electrically Powered Thin Film
Silicon Microparticles
A. Radio Corporation of America (RCA) Clean to remove organic contaminants,
thin oxide layer, and ionic contaminants
a. RCA1
i. (Solution 1 at 75°C): 5:1:1 H2O:H2O2:NH4OH for 10 min; Remove
from Solution 1, rinse with DI and dry with N2
ii. (Solution 3): 20:1 H2O:HF until surface becomes hydrophobic;
Remove from Solution 3, rinse with DI and dry with N2
1. Dip sample in BOE as alternative (in plastic bin)
b. RCA2
i. (Solution 2 at 75°C): 6:1:1 H2O:H2O2:HCl for 10 min; Remove
from Solution 2, rinse with DI and dry with N2
ii. (Solution 3): 20:1 H2O:HF until surface becomes hydrophobic;
Remove from Solution 3, rinse with DI and dry with N2
1. Dip sample in BOE as alternative (in plastic bin)
B. Thermal Oxidation (5 hrs) at 1000°C to grow 146-150nm of SiO2
a. Use High-Temperature Oxidation Furnace (2)
b. The thickness may change for different orientations of sample (or day
to day variations), best to check oxide thickness in nanospectrometer
before proceeding
C. Defining Alignment Marks on Thin Film Wafer
i. Spin P20 Adhesion Promoter
1. 300rpm, 500rpm/s, 5sec
2. 3000rpm, 1000rpm/s, 30sec
3. 0rpm, 1000rpm/s, 0sec
ii. Spin Shipley 1813 (S1813) Photoresist
1. 300rpm, 500rpm/s, 5sec
2. 3000rpm, 1000rpm/s, 30sec
3. 0rpm, 1000rpm/s, 0sec
iii. Soft Bake: 115°C, 60-70 sec
iv. Mask Exposure: 10sec at 12mW (PHOTO2)
v. Develop using MF-319 for 50-60sec.
b. BOE for ~150-165sec to etch 150nm of thermal SiO2
i. Must be done in plastic bin
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c. DRIE for 10 cycles (0.15um/cycle) to etch 1.5µm of Si
d. Remove white wax/resist using 1165 (at 65°C), Acetone, IPA, and piranha
if needed.
D. P- or N-Type Dopant Patterning (Positive Resist Step)
a. Spin positive resist (AZ9260 or Shipley 1813)
i. AZ9260 Photoresist
1. 300rpm, 500rpm/s, 5sec
2. 1800rpm, 1000rpm/s, 60sec
3. 0rpm, 1000rpm/s, 0sec
ii. Shipley 1813 Photoresist
1. 300rpm, 500rpm/s, 5sec
2. 3000rpm, 1000rpm/s, 30sec
3. 0rpm, 1000rpm/s, 0sec
b. Soft Bake: 110°C, 165 sec (AZ9260) or 115°C, 60 sec (S1813)
c. Mask Exposure: 111.6sec at 14mW, 10 sec at 12mW (PHOTO2)
d. Develop using AZ400K 1:4 dilution for 5-8 min or MF319 for 60 sec
E. BOE for 150-165 sec (1nm/sec) to etch SiO2 & open 146-150nm diffusion
windows.
a. Must be done in plastic bin
b. Strip remaining photoresist using Acetone & IPA
F. P-type diffusion using Low-Temperature Furnace (3)
a. Spin borosilica film (Filmtronics Inc. p-type boron dopant, Nbg ~
1*1015/cm3; C0~6.57*1020/cm3)
i. 1000rpm, 500rpm/s, 5sec
ii. 3000rpm, 1000rpm/s, 40sec
iii. 0rpm, 1000rpm/s, 0sec
b. Hard Bake: 115°C, 15 min = 900 sec to drive out solvent
c. High temperature diffusion/anneal on Furnace 3
i. 1050°C p-type diffusion for 3.5 µm junction depth = ~17.5hr
anneal; 20.5 hr anneal for 3.8um junction depth
d. Strip borosilica film and etch residual dopant oxide layer.
i. Measure dopant oxide under nanospectrometer
ii. Perform oxide etch recipe in RIE1 (~250Å/min) until about 30-50Å
remains on the surface.
1. 350mT
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iii.
iv.

v.
vi.

2. 0 ICP
3. 350 RIE
4. 35 CHF3
Perform resist etch recipe before venting the system.
Once oxide thickness is about 30-50Å, perform resist etch for
120sec
1. 500 mT
2. 500W ICP
3. 25W RIE
4. 50 sccm O2
Suspend sample in BOE for 3-5 min until surface is hydrophobic.
If there is still residue, put in piranha (105°C) for 10 min until
residue disappears and strip resultant oxide in BOE. If dopant
oxide is still not removed, retry resist etch recipe and suspend in
BOE.

G. N-type diffusion using High-Temperature Furnace (1)
a. Spin phosphorosilica film (Filmtronics Inc. n-type phosphorous dopant,
Nbg ~ 2*1018/cm3; C0~1.18*1020/cm3)
i. 1000rpm, 500rpm/s, 5sec
ii. 3000rpm, 1000rpm/s, 40sec
iii. 0rpm, 1000rpm/s, 0sec
b. Hard Bake: 115°C, 15min = 900sec to drive out solvent.
c. High temperature diffusion/anneal on Furnace 3
i. 1100°C n-type diffusion for 4µm junction depth = ~13.3hr anneal;
42.5 hrs, at 1050°C, for 4µm junction depth
d. Strip phosphorosilica film and etch residual dopant oxide layer.
i. Suspend in BOE for 3-5 min.
ii. If there is still residue, put in piranha (105°C) for 10 min until
residue disappears and strip resultant oxide in BOE.
H. Dice sample to remove unused features above alignment makers (Optional).
I.

N-side Ohmic Metal Contact Patterning
a. Spin NFR Photoresist
i. 500rpm, 500rpm/s, 5sec
ii. 2000rpm, 1000rpm/s, 40sec
iii. 0rpm, 1000rpm/s, 0sec
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b. Perform edge-bead removal (wrap small piece of cleanroom wipe and
spray with Acetone) to resolve small feature sizes.
c. Soft Bake: 90°C, 90sec
d. Mask Patterning: 9-10sec in PHOTO2 (12mW/cm2)
e. Soft Bake: 90°C, 90sec
f. Develop: MF319 for 60-65sec.
g. Just before metal evaporation, perform mild O2 ashing (75W, 1 min) in
plasma asher followed by quick (1-2 sec) BOE dip, DI rinse, and N2
drying.
h. Metal Evaporation: Ti (800Å)/Ni (600Å)/Au (2000Å)
i. Metal Liftoff in 1165 stripper (overnight)
j. Anneal metal contacts (350°C for 10 sec) using RTA
J.

P-side Ohmic Metal Contact Patterning
a. Spin NFR Photoresist
i. 500rpm, 500rpm/s, 5sec
ii. 2000rpm, 1000rpm/s, 40sec
iii. 0rpm, 1000rpm/s, 0sec
b. Perform edge-bead removal to resolve small feature sizes
c. Soft Bake: 90°C, 90sec
d. Mask Patterning: 9-10sec in PHOTO2 (12mW/cm2)
e. Soft Bake: 90°C, 90sec
f. Develop: MF319 for 60sec
g. Just before metal evaporation, perform mild O2 ashing (75W, 1 min) in
plasma asher followed by quick BOE dip, DI rinse, and N2 drying.
h. Metal Evaporation: Al (600Å)/Ti (500Å)/Ni (400Å)/Au (1900Å)
i. Metal Liftoff in 1165 stripper (overnight)
j. Anneal metal contacts (350°C for 10sec) using RTA

K. PECVD SiO2 layer on thin film particle (optional)
a. Blanket deposit 200nm of SiO2 in PECVD for 72 min, 11 sec (2.771nm/sec)
i. Measure film under nanospectrometer to confirm deposition rate.
b. Spin NFR Photoresist
i. 500rpm, 500rpm/s, 5sec
ii. 2000rpm, 1000rpm/s, 40sec
iii. 0rpm, 1000rpm/s, 0sec
c. Soft Bake: 90°C, 90sec
d. Mask Patterning: 11-12sec for PHOTO2
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e. Soft Bake: 90°C, 90sec
f. Develop: MF319 for 60sec
g. BOE for 200-230 sec to remove thin film of SiO2.
L. SU8 Deposition on thin film particle (optional)
a. Clean the substrate with piranha; Dehydration bake at 120°C for 15 min.
b. Perform resist etch in RIE to remove any residual photoresist.
i. 100 mT
ii. 0 ICP
iii. 500 RIE
iv. 5 min
c. Spin coat SU8 adhesion promoter
d. Spin coat SU8 2002 or SU8 2000.5 negative resist (Using Shaped Particles
negative photoresist mask)
i. Recipe 1
1. 500 rpm, 100 rpm/s, 5 sec
2. 3500 rpm, 300 rpm/s, 30 sec (should expect ~2um for SU8
2002 and about 0.5um for SU8 2000.5)
3. 0 rpm, 300 rpm/s, 0 sec
ii. Recipe 2
1. 500 rpm, 100 rpm/s, 5 sec
2. 3000 rpm, 300 rpm/s, 30 sec (should expect ~2um for SU8
2002 and about 0.5um for SU8 2000.5)
3. 0 rpm, 300 rpm/s, 0 sec
iii. Recipe 3
1. 500 rpm, 100 rpm/s, 5 sec
2. 2000 rpm, 300 rpm/s, 30 sec (should expect ~2.4um for SU8
2002 and ~0.6um for SU8 2000.5)
3. 0 rpm, 300 rpm/s, 0 sec
e. Try use edge bead removal solvent or acetone on a small piece of clean
room wipe.
f. Soft Bake at 65°C for 5min (optional); 95°C for 1 min (required).
g. Mask Exposure: 6.7 sec in PHOTO2 (12mW/cm2)
h. Soft Bake at 65°C for 5min (optional); 95°C for 1 min (required).
i. Develop for 1 min using SU-8 developer. Constantly agitate in solution.
j. Rinse sample with IPA and check whether film turns white or not. If it
does not, it is fully developed. A white film produced during IPA rinse is
an indication of underdevelopment of the unexposed photoresist. If this
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occurs, immerse back into SU8 developer and complete the development
process.
k. Dry sample using nitrogen gun.
l. Final hard bake (cure) at 180°C for 15 min.
m. Pattern SU8 by spinning positive resist (AZ9260 or Shipley 1813) (Using
Shaped Particles positive resist mask)
i. AZ9260
1. 300rpm, 500rpm/s, 5sec
2. 1800rpm, 1000rpm/s, 60sec
3. 0rpm, 1000rpm/s, 0sec
ii. Shipley 1813
1. 300rpm, 500rpm/s, 5sec
2. 3000rpm, 1000rpm/s, 30sec
3. 0rpm, 1000rpm/s, 0sec
n. Soft Bake: 110°C, 165sec or 115°C, 60sec
o. Mask Exposure: 111.6sec at 14mW, 10sec at 12mW (PHOTO2)
p. Develop using AZ400K 1:4 dilution for 5-8min or MF319 for 60sec
q. RIE1 Plasma Etch:
i. 100mT
ii. 0 ICP
iii. 200W RIE
iv. 80 sccm O2
v. 8 sccm CF4
vi. Try 1 min, 2 min, 3 min, 4 min, or 5+ min etches.
M. PECVD SiO2 layer on p-side of particle (optional)
a. Spin NFR Resist
i. 500rpm, 500rpm/s, 5sec
ii. 2000rpm, 1000rpm/s, 40sec
iii. 0rpm, 1000rpm/s, 0sec
b. Soft Bake: 90°C, 90sec
c. Mask Patterning: 11-12sec for PHOTO2
d. Soft Bake: 90°C, 90sec
e. Develop: MF319 for 60sec
f. Deposit 200nm of oxide in PECVD1 for 72 min, 11 sec (2.771nm/sec)
g. Measure under nanospectrometer to confirm deposition rate.
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N. Shaped Semiconductor Particles Mask Patterning
a. Spin positive resist (AZ9260 or Shipley 1813)
i. AZ9260
1. 300rpm, 500rpm/s, 5sec
2. 1800rpm, 1000rpm/s, 60sec
3. 0rpm, 1000rpm/s, 0sec
ii. Shipley 1813
1. 300rpm, 500rpm/s, 5sec
2. 3000rpm, 1000rpm/s, 30sec
3. 0rpm, 1000rpm/s, 0sec
b. Perform edge-bead removal to resolve small feature sizes
c. Soft Bake: 110°C, 165sec or 115°C, 60sec
d. Mask Exposure: 111.6sec at 14mW, 10sec at 12mW (PHOTO2)
e. Develop using AZ400K 1:4 dilution for 5-8min or MF319 for 60sec
O. Define Shaped Si particles (3.5um deep shallow etch, no descum) laterally
using RIE3
a. Remove white wax/resist using 1165 (at 65°C), Acetone/IPA, and piranha
if needed.
b. About 84 cycles using DRIE; 5 cycles per etch; should take no longer than
01:15:00
P. Remove white wax/resist using Acetone/IPA. Piranha if needed.
Q. Release particles for 4-4.5hrs using BOE; wafer must be placed in plastic bin
and on orbital shaker; consistently agitate solution with fresh pipette of BOE
for every 75-100 sec.
a. Suspend wafer in BOE for 75-90 min (4500-5400 sec) to remove 80-90% of
the BOX layer (2 µm vertical and 10 µm undercut between particles)
b. Rinse wafer thoroughly with DI water
c. Dry wafer with nitrogen gun
d. Strip resist using heated 1165; strip residual photoresist film with Acetone
& IPA.
e. Perform heavy ash resist etch (RIE1)
i. 100 mTorr
ii. 0W ICP
iii. 500W RIE
iv. 5 min etch
158

f.
g.
h.
i.
j.
k.
l.
m.

Investigate water under SEM and optical microscope.
Suspend wafer in BOE for 500 sec; repeat steps b and c.
Investigate wafer under optical microscope.
Suspend wafer in BOE for 250 sec; repeat steps b and c.
Suspend wafer in BOE for 250 sec; repeat steps b and c.
Suspend wafer in BOE for 250 sec; repeat steps b and c.
Suspend wafer in BOE for ~470-500 sec; repeat steps b and c.
Once particles are released from native bulk-substrate post, pipette
volume of BOE to cover wafer.
n. Hold thin film wafer at 135C in plastic bowl and pipette BOE to allow
particles to roll off of wafer.
o. Collect BOE in small Eppendorf or large Falcon tube and dilute
accordingly to remove HF content.
i. Start with concentration of BOE.
ii. Allow particles to sediment and remove 5 mL of particle solution.
iii. Add 5 mL of DI water and mix accordingly (Dilution Factor: 20).
iv. Add 5 mL of DI water and mix accordingly (Dilution Factor: 40).
v. Add 5 mL of DI water and mix accordingly (Dilution Factor: 80).
vi. Add 1.59mg of CaCO3 IN solution to neutralize HF content.
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Appendix B: Fabrication of Magnetically Powered Thin
Film Silicon Microparticles
A. Radio Corporation of America (RCA) Clean to remove organic contaminants,
thin oxide layer, and ionic contaminants
a. RCA1
i. (Solution 1 at 75°C): 5:1:1 H2O:H2O2:NH4OH for 10 min; Remove
from Solution 1, rinse with DI and dry with N2
ii. (Solution 3): 20:1 H2O:HF until surface becomes hydrophobic;
Remove from Solution 3, rinse with DI and dry with N2
1. Dip sample in BOE as alternative (in plastic bin)
b. RCA2
i. (Solution 2 at 75°C): 6:1:1 H2O:H2O2:HCl for 10 min; Remove
from Solution 2, rinse with DI and dry with N2
ii. (Solution 3): 20:1 H2O:HF until surface becomes hydrophobic;
Remove from Solution 3, rinse with DI and dry with N2
1. Dip sample in BOE as alternative (in plastic bin)
B. Magnetic Metal Patterning
a. Spin NFR Resist
i. 500rpm, 500rpm/s, 5sec
ii. 2000rpm, 1000rpm/s, 40sec
iii. 0rpm, 1000rpm/s, 0sec
b. Perform edge-bead removal to resolve small feature sizes
c. Soft Bake: 90°C, 90 sec
d. Mask Patterning: 9-10sec for PHOTO2
e. Soft Bake: 90°C, 90 sec
f. Develop: MF319 for 60 sec
g. Just before metal evaporation, perform mild O2 ashing (75W, 1 min) in
plasma asher followed by quick (1-2sec) BOE dip, DI rinse, and N2
drying.
h. Metal Evaporation (EVAP2): Ti (100Å-200Å)/NiFe permalloy (100Å1000Å)
i. Metal Liftoff in 1165 (overnight)
C. PECVD Silicon Dioxide Coating (Optional)
a. Grow 100 nm of SiO2 for 2.85 min (350Å/min)
160

D. Shaped Semiconductor Particles Mask Patterning
a. Spin positive resist (AZ9260 or Shipley 1813)
i. AZ9260
1. 300rpm, 500rpm/s, 5sec
2. 1800rpm, 1000rpm/s, 60sec
3. 0rpm, 1000rpm/s, 0sec
ii. Shipley 1813
1. 300rpm, 500rpm/s, 5sec
2. 3000rpm, 1000rpm/s, 30sec
3. 0rpm, 1000rpm/s, 0sec
b. Perform edge-bead removal to resolve small feature sizes
c. Soft Bake: 110°C, 165sec or 115°C, 60sec
d. Mask Exposure: 111.6sec at 14mW, 12sec at 14mW (PHOTO2)
e. Develop using AZ400K 1:4 dilution for 5-8min or MF319 for 60sec
E. NiFe Etch (RIE2)
a. Etch #1
i. 700 W ICP; 150 W RIE; 5 mTorr, 20% Cl2 in Cl2/Ar; 5 sccm Cl2, 20
sccm Ar
b. Etch #2
i. 700 W ICP; 150 W RIE; 5 mTorr, 25% Cl2 in Cl2/Ar; 5 sccm Cl2, 15
sccm Ar
c. Etch #3
i. 700 W ICP; 150 W RIE; 5 mTorr, 50% Cl2 in Cl2/Ar; 10 sccm Cl2, 10
sccm Ar
F. Define Shaped Si particles (3.5um deep shallow etch, no descum) laterally
using RIE3
a. Remove white wax/resist using 1165 (at 65°C), Acetone/IPA, and piranha
if needed.
G. Remove white wax/resist using Acetone/IPA. Piranha if needed.
H. Release particles for 4-4.5hrs using BOE; wafer must be placed in plastic bin
and on orbital shaker; consistently agitate solution with fresh pipette of BOE
for every 75-100 sec.
a. Suspend wafer in BOE for 75 min (4500 sec) to remove 80% of the BOX
layer (2 µm vertical and 10 µm undercut between particles)
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b. Rinse wafer thoroughly with DI water
c. Dry wafer with nitrogen gun
d. Strip resist using heated 1165; strip residual photoresist film with Acetone
& IPA.
e. Perform heavy ash resist etch (RIE1)
i. 100 mTorr
ii. 0W ICP
iii. 500W RIE
iv. 5 min etch
f. Investigate water under SEM and optical microscope.
g. Suspend wafer in BOE for 500 sec; repeat steps b and c.
h. Investigate wafer under optical microscope.
i. Suspend wafer in BOE for 250 sec; repeat steps b and c.
j. Suspend wafer in BOE for 250 sec; repeat steps b and c.
k. Suspend wafer in BOE for 250 sec; repeat steps b and c.
l. Suspend wafer in BOE for ~470-500 sec; repeat steps b and c.
m. Once particles are released from native bulk-substrate post, pipette
volume of BOE to cover wafer.
n. Hold thin film wafer at 135C in plastic bowl and pipette BOE to allow
particles to roll off of wafer.
o. Collect BOE in small Eppendorf or large Falcon tube and dilute
accordingly to remove HF content.
i. Start with concentration of BOE.
ii. Allow particles to sediment and remove 5 mL of particle solution.
iii. Add 5 mL of DI water and mix accordingly (Dilution Factor: 20).
iv. Add 5 mL of DI water and mix accordingly (Dilution Factor: 40).
v. Add 5 mL of DI water and mix accordingly (Dilution Factor: 80).
vi. Add 1.59mg of CaCO3 IN solution to neutralize HF content.
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