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ABSTRACT

Developing materials for active matter that can efficiently respond to external stimuli with designed multifold mechanical motions remains
a major challenge, and overcoming this will greatly propel the advancement of micromachines and microrobots toward unprecedented
biomedical, electronic, and particle-separation applications. Here, we propose an innovative working mechanism that allows multifold-
translational-motion control of semiconductor microentities by AC dielectrophoresis with simple visible-light stimulation. We study the
dielectrophoresis forces on semiconducting particles of various geometries in aqueous suspension by modeling with the consideration of
both the Maxwell-Wagner relaxation and the electrical-double-layer-charging effect. With the obtained understanding, we rationally design
a manipulation system that can versatilely transport semiconductors and orient them toward desired directions simultaneously by tuning
the light intensity in an electric field. This research could provide insights toward developing a new class of micromachines with rarely
found control flexibility and precision and offer a new route toward separation and purification of optoelectric microparticles of different
geometries.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0052117

INTRODUCTION

Future microrobots require a high degree of freedom in
motion control to perform complex tasks by individuals or in a
swarm. However, on a miniaturized scale, it is a daunting task to
apply established actuation approaches used in macroscale robots
to microrobots. Once the dimension of a system reduces to
microscale, the complexity in integrating multiple functional

within a swarm in the same manipulation platform, not to
mention to achieve it agilely and reconfigurably with desired
orientations.”’

Recently, we reported original working mechanisms that can
rapidly switch the motion style and finely modulate the speed of
both the mechanical rotation and alignment of a semiconductor
microparticle in an AC electric field with simple visible light.”**
With experimental and theoretical simulation, we clarified that it

components into one structure, resembling those in bulk
machines, increases dramatically. However, the level of required
forces to drive a microrobot is much reduced. The interactions
that are insufficient for macroscale robots can become prominent
for microrobots. Such forces include those generated by external
magnetic,l’12 electrical,>™"° optical,“”17 and acoustic fields,'® as
well as biochemical reactions,'””’ which have successfully com-
pelled versatile locomotion of micromotors. However, it remains
arduous to control the manipulation of individual micromotors

is the visible-light-induced photoconductivity that modulates
both the real and imaginary parts of the electric polarizability of a
silicon nanorod at selected AC frequencies. As a result, the
electromechanical phenomena such as the electrorotation and
electroalignment can be modulated. The reconfigurable manipu-
lations of the rotation and alignment of a micromotor are demon-
strated with several potential implementations, including the
differentiation of metallic/semiconductor microparticles’ and
communication of information via Morse-coded mechanical
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motions.”” Nevertheless, achieving versatile translocation of indi-
vidual micromotors on a 2D surface in a swarm remains
unknown and challenging. In addition, accomplishing this task
may also suggest a new route for the separation and purification
of photosensitive microparticles.

Previously, the combined electrophoresis (EP) and dielectro-
phoresis (DEP) have been exploited to compel longitudinal
microparticles into linear transport with simultaneously con-
trolled alignment.”* In a DC electric field, electrophoresis is origi-
nated from the coulomb and electrokinetic interactions between a
surface-charged particle and an external DC field, where the
transport of the particle is either along or against the direction of
the DC field, depending on the sign of its surface charge. In a
non-uniform electric field (either DC or AC), a particle can expe-
rience a DEP force toward or opposite to the direction of the field
gradient. The DEP force is governed by the real part of the elec-
tric polarizability of the particle, which is frequency dependent.
In a uniform AC electric field, the DEP force becomes zero, but
the interaction between the electric torque on the particle and the
applied field can align a particle toward the field with controlled
orientation. Thus, with a combined AC and DC electric field, a
non-spherical particle can be manipulated on a 2D surface with
transport and alignment controlled by the DC and AC fields,
respectively. Here, this technique focuses on manipulating parti-
cles in an aqueous suspension where the DEP force has a promi-
nent effect in an AC field while diminished in a DC field since a
high-frequency field can effectively circumvent the countering
polarization from mobile jons in an aqueous medium, i.e., the
electric-double-layer effect. Therefore, the AC and DC fields
result in distinct forces that can be utilized independently. While,
in such a system, all particles of the same surface charges largely
behave the same, they synchronously move and align in the same
manner.

In this work, we propose an original manipulation method
that can compel microparticles with multimode linear locomotion
and simultaneously controlled alignment. The working mechanism
is based on controlling interactions of light, electric fields, and
semiconductors. The proposed mechanism is based on systematic
calculation and simulation. The results provide a guidance on how
to utilize light to modulate DEP forces applied to silicon micropar-
ticles of various geometries to select their different actuation
modes. To be noticed, the proposed mechanism differs from the
optoelectronic tweezers, although they both involve a photorespon-
sive semiconductor material with conductivity change upon local
light illumination.

The optoelectronic tweezers utilize the light-induced pho-
toconductivity change in the a:Si substrate to locally modulate
the electrical field intensity and gradient for DEP genera-
tion.”” Distinctly, our approach does not affect the distribu-
tion of the applied electrical field, but the polarizability of the
particles is fine-tuned by light intensity. A successful imple-
mentation of the proposed approach could enable a new class
of micromachines with rarely found individually controllable
locomotion in a swarm. This work could also be applied
toward the separation and purification of optoelectric micro-
particles with similar electric conductivities in dark but differ-
ent geometries.
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FIG. 1. Schematic of light-guided dielectrophoretic propulsion of silicon micro-
particles of different geometries and numerical simulation of electric-field distri-
butions. For example, a pair of concentric circular microelectrodes with inner
and outer electrodes generates a non-uniform AC field (as indicated by the blue
arrows). Silicon particles of various geometries in de-ionized (DI) water are pro-
pelled by the light-controlled DEP forces. Light patterns projected onto individual
particles excite photogenerated carriers and result in an increase in the conduc-
tivity of the particle so that both the direction and magnitude of the DEP forces
can be tuned.

Design of concentric microelectrodes to generate a 1D
radial electric field

We show one example on electrode design, i.e., concentric cir-
cular microelectrodes to generate the required non-uniform electric
field for the DEP forces. This type of circular electrodes can be uti-
lized for 1D manipulation along the radial direction (Fig. 1). The
field can be generated via applying two AC signals with a 180°
phase shift to the inner and outer electrodes, respectively. Any
other electrode geometry with a non-zero field gradient can also be
used for generating DEP forces.

Fundamentals of DEP based on the effective moment
method

When a particle is subjected to an electric field, an electrical
polarization is induced. The dipole moment is given by p = aE,
where « is the polarizability tensor of the particle. If the field is
slightly non-uniform where a gradient exists, a force termed as a
dielectrophoretic force is exerted on the particle, given by
Fpep(t) = p(t) - VE(¢). For an AC electric field with a general expres-
sion of E(r, t) = E(r, t) - exp(iwt), the DEP force is calculated as™®

Fpep(t) = Re [gexp(iwt)} - VRe [@exp(iwt)], (1)

where p and E are the phasor of the dipole moment and electric
field, respectively. Since the AC electric-field period is generally
much shorter than the time scale of the particle movement, what
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can be observed is the time-averaged force ({(Fpgp(t))) exerted on a
particle as follows:

(Foep(t)) = %Re p-VE | = %Re(g)VEfms, )
where the asterisk refers to complex conjugation, o, is the complex
polarizability tensor of the particle, and E,ys is the root mean
square of the electric-field intensity. A positive DEP force (pDEP),
which requires a positive real part of polarizability along the direc-
tion of the electrical field gradient, drags the particle toward the
high-electric-field region. A negative DEP force (nDEP) occurs
with a negative real-part polarizability and repels the particle away
from the high-electric-field region. If the particle is non-spherical
with anisotropy in the electric polarizability, an alignment torque is
exerted on the particles, which is termed electro-alignment. For
example, if a particle changes its orientation within the x-y plane,
the alignment torque can be given by

1 N
Talignment = —EEéRe[ocx —ay]sin 6 cos 6z, 3)

where 6 is the angle between the electric field and the x axis. When
Re(o) > Re(ay), the particle’s x axis orients toward the direction
of the electric field; otherwise, the particle’s y axis aligns in the
direction of the electric field.

Here, we specifically study ellipsoid particles with a, b, c as
half the length of the principal axes for two reasons: (1) an analyti-
cal solution exists for ellipsoid particles when it is subjected to a
uniform electric field along the principal axes. (2) A model of ellip-
soid particles can predict the behavior of microparticles of interest
with shapes ranging from spheres and disks to rods, which are
often made and used. In terms of the boundary value problem of
an ellipsoid particle suspended in a uniform medium and a
uniform electric field, an analytical solution exists. Suppose that the
a, b, ¢ axes of the ellipsoid particle are aligned along x, y, z axes of
the coordinate system, respectively, the x component of the parti-
cle’s electric polarization, for example, can be expressed as

4mabc
x = 3

& —&
&1 — —
£ + (&2 — €1)Lx

E, = a,Ey, (4)

where £, is the real permittivity of the medium; £, &, are the
complex permittivity of the medium and the particle, respectively,
given by ; = &; — %, and L, is the depolarization factor defined by
the following elliptical integral:

L _a_ch“ ds
2 )y eV + )6+ A)

Similarly, the expression for p, and p, can be obtained by the
substitution of L, and E, in Eq. (4) with the corresponding terms
for the respective direction. The Clausius—Mossotti factor K is

defined as %, which governs both the frequency depen-

dence and the geometry dependence of the polarization.
The frequency-dependent electric polarization of dielectric
materials is known as dispersion. In optical frequencies, the

ARTICLE scitation.org/journalljap

Lorentz model can well explain the dispersion relation of dielectric
materials that originate from multiple relaxation mechanisms. In
most dielectrophoresis experiments, however, the frequency range
of the alternating electric field is much lower and falls in the range
of kHz to MHz, where the relaxation processes of atomic dipole,
ionic polarization, and electronic polarization are not observed.”’
The only possible relaxation mechanism in these frequencies is the
interface relaxation, also known as the Maxwell-Wagner interfacial
polarization, which is originated from the discontinuity of the elec-
trical properties at the interface between two mediums. Besides the
effect of Maxwell-Wagner polarization that has been calculated in
Eq. (4), due to the existence of ions in an aqueous solution, once
the nanowire is polarized, the ions of opposite charges are sponta-
neously attracted toward the polarized surface to counter the
surface charges and thus form charge electric layers, the so-called
electrical double layers (EDLs). The behavior of the electrical
double layer in an AC electric field could be very complex, and
several models have been developed in order to predict the electro-
kinetic phenomena.”* A full electrokinetic model that takes the
induced-charge electroosmosis (ACEO) into consideration has
been developed for particles with specific shapes.”"’* Here, we
utilize a simplified effective dipole moment model to represent the
EDL effect, governed by an RC model”* analysis. The effective
dipole from EDL is generally opposite to the dipole from the
Maxwell-Wagner relaxation with a certain phase lag and can be
described by a Randles circuit as shown in Fig. 2(a). The equivalent
circuit describes the electrokinetic process at the electrically polar-
ized interfaces of the particle, where the EDL is forming to counter
the surface charge from the polarized particle. The ionic resistance
Rg connects in series with the double layer capacitance Cgpy, and
charge transfer resistance Ry in parallel with Cgpr. However, in
our discussion, the potential drop across the particle is insufficient
for electrolysis so that no Faradaic reaction takes place, indicating
an infinitely large Rcr. Thus, the circuit can be further simplified
as an RC series circuit shown in Fig. 2(b), with a time constant zc.
The phase relation between the local electric field, the dipole
moment from the Maxwell-Wagner polarization, and EDL is illus-
trated in Fig. 2(c), where the electric field is rotating counterclock-
wise with frequency , the dipole moment from the Maxwell-
Wagner polarization (p,,) falls behind, and the dipole moment
from EDL (pgp;) is further behind the p,,,, with a phase lag of &
in the opposite direction. The effective dipole from the induced
electrical double layer can be expressed as™

_ [Re(Pyw)sin 6 + Im(Pypw)cos 8]

Im(Pgpr) = P
RC

(@)

[Re(Pypw)cos & — Im(Pyw)sin 8]

where Tp¢ is the time constant for EDL charging and tan 6§ = —w7pc
as the dielectric loss tangent (here, the minus sign shows that
the phase of EDL falls behind the Maxwell-Wagner polarization).
The value of 7rc (2 X 107%s) is obtained from the fitting result
of the previous experimental study in electro-rotation of silicon
nanowires in the same de-ionized (DI) water medium.”> We note

Re(Pgpr) = — (6)
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—~ E exp(iwt)

pMW

FIG. 2. Equivalent circuit at the interface of a polarized particle and the geometric representation of the phase relation of dipole moments in the complex plane. (a) The
Randles circuit model describes the processes at the electrochemical interface, where Rs is the ionic resistance, Cgp, is the double layer capacitance, and Rer is the
charge transfer resistance. (b) Simplified circuit when there is no Faradaic reaction at the interface. (c) Geometric representation of the phase relation among electric

fields, and dipole moments from the Maxwell-Wagner polarization and EDL.

that DI water has a finite conductivity of 4uS/cm, indicating the
existence of trace amount of ions so that the EDL can still
form in such a medium. On the other hand, this simplified RC
model for the EDL has several restrictions. The currently
adopted value of 7pc is obtained from experiments of silicon
nanowires of 500 nm diameter in DI water of 4uS/cm, where the
thickness of the double layer is much smaller than the diameter
of the nanowires so that the system lies in the thin double layer
limit. The same limitation is required for our model. In the fol-
lowing, we discuss and calculate micrometer scale particles and
in DI water.

Both the Maxwell-Wagner polarization and the electrical
double layer contribute to the total electric dipole moment of the
particles. Both the real and imaginary parts of the total dipole
moment can be calculated accordingly. In this study, we select
silicon as the material of the particle and de-ionized water as the
suspension medium. Silicon is chosen due to the earthly abun-
dance, high photoconductivity, and relevance to various practical
applications. To understand the effect of light on the modulation of
the DEP forces on Si microparticles via the tuning of their electric
conductivities, we systematically sweep the electrical conductivity
from 0.001 to 1S/m in the calculation. The conductivity range is
selected with the lower limit for the intrinsic silicon conductivity at
room temperature, which can have a range depending on the fabri-
cation process and the upper limit for an estimated magnitude of
photoconductivity of microparticles under 1W/cm? visible-light
illumination.”

It is worth noting that the formation of EDL can modify the
total external electric field that induces the electric polarization of
the particle. To evaluate this effect, we introduce a correction factor
B that represents the ratio between the applied external electric
field (E,) to the total field strength (E.,) that polarizes the particle
in the presence of EDL.

We consider the polarization linear to the applied field. We
start with considering the case without an electrical double layer.
The external field applied to the particle is E, = Ey, the actual
field intensity inside the particle is E;, (for an ellipsoid particle, the
field is uniform inside after polarization), and the depolarization
field originated from the charge accumulation at interfaces due to
polarization is Egepoiar- The relation between these three field com-
ponents is

Ein = Eext + Edepolar- (7)
Let A = E;,/E.x, this ratio is always a constant, as it is deter-
mined by the dielectric properties of both the particle and the sur-

rounding medium, given by

Ein = )LEexts (8)

Edepolur = (ﬂ - I)Eext- (9)
For ellipsoid particles, A along the x axis can be calculated by

1

Ay = £ — &

1+

. (10)
Ly

€]

Now, we take the electrical double layer into consideration.
The ions accumulated in the double layers at particle interfaces will
induce an additional field that can affect the polarization of the
particle. Now, the external field has two components:
E,., = Erp; + Eo. The relation between the external field, the inter-
nal field, and the depolarization field still holds as E,, = A,E, , and
Ejepotar = (x — DE,,, . We aim to solve the ratio between the

actual external field intensity and the applied field intensity with
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the double layer, which is

Eeu _ Ey + E'gpr

(11)
Eext EO

By =

To calculate the electric field from the ions accumulated in the
electrical double layers, we start with looking at its relation to the
depolarization field E:jepolm. The depolarization field is originated
by the accumulated charges at the particle-medium interfaces due
to the electric polarization. When the particle is surrounded by an
aqueous solution, a thin layer of counterions will be attracted
toward the charged surface and a double layer is formed. As a
result, the ions in the double layer will exert an additional electric
field inside the particle in the opposite direction of the depolariza-
tion field. With the thin double layer assumption, the counterions
are distributed in the region that is in close vicinity to the polarized
surface; if the polarization charge on the particle surface is fully
screened, the field from EDL should cancel out the depolarization
field inside the particle. Epp; ~ —Ej,,.,,» Which is the ideal case
under a low strength DC field. In practice, however, the amount of
charges in the double layer is always less than the polarization
charge on the surface under an alternating field, as the double layer
cannot reach equilibrium so that the counterions can only partially
screen the surface charge with a phase lag. The frequency depen-
dence of the charges in EDL and the polarization charge on the
particle surface can be described by the equivalent circuit model
discussed previously. As a result, the electric field from the charges
in EDL and the depolarization field should follow the expression

E;SDL = _E:iepolary’ (12)

where y is the factor of the phase and magnitude between the

surface charge and counterions. We inherit our previous RC circuit

exp(id)
\/wz‘rfzc+l’
the phase relation between dipole moments in Egs. (5) and (6).
Combining Egs. (9) and (12), the electric field from EDL can then
be calculated as

model to treat the frequency factor as y = the same with

(A — DEyy
/ = — — / e A
Eppp = =4 = D(Eo + E'epr)y T+G-1y (13)
Then, S can be calculated as
Eo + E'gpr 1
= = : 14
F="F% T G-y (14)

The dipole moment from the Maxwell-Wagner polarization
with the modification of the influence of EDL can now be
expressed as

4mabc & — &
. £ —&
N

pMWx - ﬂxEx = axﬁxE)r (15)

Here, we note that the correction factor j is a function of the
dielectric properties of the particle and medium, the geometry of
the particle, and the frequency of the field. We consider a spherical

ARTICLE scitation.org/journalljap

silicon particle with various conductivities in DI water, for
example, and calculated the absolute value of 8 as a function of
frequency as shown in Figs. S5 and S6 of the supplementary
material. To be noticed, |3| can be either greater or less than one.
For |B| > 1, the EDL enhances the polarization and that happens
when the polarizability of the particle is positive, and Ej, is in the
same direction Ey. For || <1, the EDL attenuates the polariza-
tion, as the polarizability of the particle is negative, and Egp; is in
the opposite direction of E,. However, when || > 1, the model
becomes unphysical as the net charge density in EDL has an upper
limitation, particularly for the DI water system proposed here. This
also is in compound with the spatial distribution of charges in EDL
from the surface. These indicate that Eq. (12) actually provides an
estimation of the upper limit of the EDL effect, and when |8| > 1,
the effect from EDL is much overestimated. Such overestimation
occurs when 4 — 0 and y — 1 at the same time, corresponding to
the case of highly conductive materials, e.g., metal and low-
frequency field. Indeed, from Figs. S5 and S6 in the supplementary
material, it is shown that only at low frequencies, i.e., below 10
kHz, and for particles with high electric conductivity, the issue of
overestimation occurs. For frequencies above 200 kHz, the influ-
ence from EDL on the Maxwell-Wagner polarization is negligible
(less than 0.1%).

Dependence of electric polarization on the AC
frequency, geometry, and conductivity of Si particles

Next, we begin our investigation of the dependence of the
Maxwell-Wagner polarization, which is the major contribution of
the total electric polarization across all frequencies on the AC fre-
quency, geometry, and conductivity of an Si particle. The real part
of K can be written in the form of

&) — &
Re(K) = — 2“1
e(K) 3e; + 3(e; — €))L
o, —0
S et (& — el — (e~ €)
L o1t (o—a)l (16)
[e1 + (&2, — &))L] 5 .
le1 + (&2 — &1)L] (1 tr———————»
' [o1 + (02 — 61)L]?
By defining the Maxwell-Wagner charge relaxation time as

£1+(e,—&1)L

TMW = 5o—or EQ- (6) can be written as

&)y — &
3e; + 3(82 — El)L

(02 —o)tmw — (&2 — &1)
[e1 + (&2 — £)L](1 + 73y @?)

Re(K) =

(17)

The low-frequency limit of the Maxwell-Wagner polarization
is K=5-5"5r and the highfrequency limit is
K =5-%% For a silicon particle and DI water with
o, — 01 >0 and &, —&; <0, the Maxwell-Wagner polarization
has a positive low-frequency limit and a negative high-frequency
limit. There is always a crossover frequency wc that divides the pos-
itive and negative polarization region, regardless of the particle

geometry. The crossover frequency wc at which Re(K) = 0 can be
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expressed as

o 0'1—0'2L62+(1—L)0'1
wc = . (18)
g, —€; Le; + (1 — L)g;

For a spheroid particle (a=0b), L, = L, = (1 — L.)/2. As the
aspect ratio B = c/a increases, L. decreases and L, increases. For
disk-like particles (a=b, c is small), L, = L, < 1 and L, = 1. For
spherical particles, L, =L, = L. =1 For needle-like particles
(a=b, c is large), L, = Ly =5 and L. < 1. The depolarization
factor vs aspect ratio is shown in Fig. S1 of the supplementary
material. Since o, > oy and &, < g, the crossover frequency
increases with the depolarization factor L. In another words, a
higher aspect ratio (c/a) leads to a lower crossover frequency along
the major axis. Furthermore, L is bounded between 0 and 1, there

naturally exist two limits of the crossover frequency, the upper limit

is limw, = ,/2=22 and the lower limit is limo, = , /2=2291
L—1 fa-& & L—0 fa=a &
Non-spherical particles have different depolarization factor L along

different axes, and the corresponding crossover frequencies are dif-
ferent (as long as Z—; # Z—:). Thus, there exist differences among the

crossover frequencies along different axes, and as a result, the parti-
cle will favor different alignment orientations at different frequen-
cies. For spheroid particles, the crossover frequency along the
major axis (the longest principal axis) wc, is lower than that along
the minor axis (the shortest principal axis) ®,. When
o < wc1 < 0cy, the particle aligns with the major axis in parallel
to the field. When w¢; < @ < ¢, the particle aligns to the orien-
tation that the minor axis is parallel to the field. When
oc1 < wc; < o, the particle favors the orientation that the major
axis is parallel to the field again. Different crossover frequencies
along different axes enable a distinct approach to control the parti-
cle orientation by tuning the AC field frequency, and a wide fre-
quency window between w¢; and w¢, is preferred. From Eq. (18),
it can be found that the depolarization factor L plays the role as a
weight coefficient in the expression. A higher aspect ratio of the
particle leads to a larger discrepancy in the depolarization factor
along major and minor axes and results in a wider frequency
window between the two crossover frequencies. Finally, with the
value of €;, &, and o; fixed, increasing the particle conductivity
o, (upon light exposure) can effectively increase the low-frequency
limit of K, as well as the crossover frequency wc. For non-spherical
particles, the width of the frequency window between w¢; and wc;
also increases with the particle conductivity o,, as the difference
between Z—zz and Z* increases with o,.

Besides the Maxwell-Wagner polarization, the electrical
double layer is also frequency dependent with a different relaxation
time 7gc. From Egs. (5) and (6), it can be found that, at low fre-
quencies (@;,. < 1), both real part and imaginary part of the total
polarization along any axes almost vanish at the low-frequency
limit due to the EDL screening, while at high frequencies, they are
asymptotic to the Maxwell-Wagner polarization as the EDL effect
gradually fades away with the increase of the AC frequency. With
consideration of the EDL effect, we separately calculate the polari-
zation components of the Maxwell-Wagner polarization and EDL
as well as the total polarization of three representative particles as
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shown in Figs. $2-54 of the supplementary material. In this system,
the relaxation time of EDL (rgc =2 x 107°s) is always longer
than the Maxwell-Wagner charge relaxation time 7y within the
considered range of particle conductivity and regardless of the par-
ticle geometry. The crossover frequency determined from the real-
part Maxwell-Wagner polarization is almost identical to the cross-
over frequency of the total polarization as shown in Figs. S2-54 of
the supplementary material.

Numerical results and analysis

With the above analytical discussion of the frequency, geome-
try, and conductivity dependence of polarization, we then con-
ducted a numerical investigation for a set of spheroid particles.
First, oblate spheroid silicon particles (a =b > ¢) are studied,
including one sphere (a = b = ¢ = 5um) and another five sphe-
roids with monotonically reduced aspect ratio 8 = ¢/a from 0.8 to
0.1 with the half-axis length a and b fixed at 5um. Both polariza-
tion at a low conductivity (o5 = 0.001 S/m) and a high conductiv-
ity (osi = 1S/m) are calculated to demonstrate the effect of
photoconductivity upon light exposure. The polarizability is calcu-
lated by using the model discussed above by considering both the
Maxwell-Wagner relaxation and the electrical-double-layer effect.

As shown in Figs. 3(b) and 3(c), the electric polarizability
along the major axes (the longest principal axes, which are a axis
and b axis in this case) always vanishes at the low-frequency limit
due to the EDL screening, while at the high-frequency limit, it
levels off to a negative value as discussed in the previous section.
The magnitude of the electric polarizability decreases when the
spheroid shrinks in the c axis, which agrees with Eq. (3), which
indicates that the electric polarization is directly proportional to the
volume of a particle. By comparing the electric polarizability at
both low and high electric conductivities controlled by light illumi-
nation, it can be readily found that the electric conductivity plays
an immense role in governing the frequency-dependent electric
polarization. First, by increasing the electric conductivity, the mag-
nitude of the peak of the positive electric polarizability can be aug-
mented by several times depending on the particle geometry, and
the peak of the positive polarization can extend to a broad range of
frequencies into a plateau, which is a result of --- « L. By tuning

RC MW,
the electric conductivity from 0.001 to 1 S/m, for the spherical par-
ticle (#1), the maximum positive polarizability can be magnified by
around three times, while for the disk-like oblate spheroid (#6)
with an aspect ratio (c/a) of 0.1, the magnification is more than 11
times (Table I). Thus, with the reduction of the dimension along
the ¢ axis, the increase in the electric polarization by the light-
enhanced electric conductivity becomes more effective. For the
negative polarizability, at the low electric conductivity, the crossover
frequency occurs at around 200 kHz, while at the high electric con-
ductivity controlled by light, the switching frequency shifts to
above 100 MHz, which is already beyond the commonly used
AC-frequency range for electrokinetics. As a result, below 200 kHz,
the positive electric polarization can be much improved by the
increase in the electric conductivity, and the positive DEP force can
be amplified several times. At the same condition, when it is above
200 kHz, the sign of the electric polarization, as well as the DEP
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FIG. 3. Calculation of the electric polarizability and anisotropy (difference between polarizabilities along the major axis and the minor axis) of various oblate spheroid Si
particles with different electric conductivities in the medium of de-ionized water with a conductivity of 4 uS/cm. (a) Six oblate spheroid particles in the simulation. (b)-(d)
The electric polarizability along the major axes (a and b axes), the minor axis (c axis), and the anisotropy of the oblate spheroid particles with a low conductivity of 0.001

Sim and (e)—(g) a high conductivity of 1 S/m.

force, can be switched from negative to positive by increasing the
conductivity.

Furthermore, when a particle changes the geometry from
spherical and oblate spherical to disk as shown in Fig. 3(a), the
directional anisotropy of electric polarizability emerges and the
electric polarizability along the c axis differs from that of a axis
for a particle of either a low [Fig. 3(d)] or high electric conductiv-
ity [Fig. 3(g)]. As the anisotropy of the electric polarizability
along different axes emerges, the orientation of the particle
should be considered since the total electrical potential energy is
different along different orientations. For an oblate spheroid, it
either orients with a and b axes or c axis along the direction of
the electric field depending on which polarizability has a greater
real-part value as shown in Eq. (3). We calculate the anisotropy
of the electric polarizability, given by Re[a, — o], of all the six
shapes [Fig. 3(a)] for a particle of either a low [Fig. 3(d)] or high
electric conductivity [Fig. 3(g)]. It is found that at a low electric
conductivity, all the oblate spheroidal particles orient toward the
a axis (or b axis) along the electric-field direction below ~77 kHz,

switch to the c-axis alignment with the electric field between 77 and
around 550 kHz (slightly different for different geometries), and
then switch back to the a-axis alignment even at higher frequencies.
At high conductivity, all of the oblate spheroidal particles align with
one of its major axes orienting along the electric-field direction
below 60 MHz, switch to the minor-axis alignment in the range of
~60 to ~100 MHz, and then switch back to the major-axis align-
ment even at higher frequencies. The sphere [#1 in Fig. 3(a)] does
not show electric anisotropy and alignment effect, but even a minor
shape change can result in such an effect [oblates #2-6 in Fig. 3(a)].
In addition, by comparing the sign of the anisotropy of the electric
polarizability between 77 and 550 kHz for a particle of low
[Fig. 3(d)] and high conductivities [Fig. 3(g)], it is clear that the ori-
entation of oblate particles can be facilely switched between the two
alignment states by tuning the electric conductivity with light. More
will be discussed later.

Another type of special geometry of interest is the prolate sphe-
roids (a=b<c). Here, we studied six prolate spheroids with an
aspect ratio £ that range from 1 to 10, where the half length a and b
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TABLE I. The maximum positive polarizability of all particles along the major axis at low and high conductivities and the magnification factors.

Oblate particle number (#) 1 2 3 4 5 6
Aspect ratio (c/a) 1 0.8 0.6 0.4 0.2 0.1
Maximum positive polarizability at low 359x 107 296x107°  231x1072  1.63x107%  884x107*  469x107%
conductivity (Cm*Vh
Maximum positive polarizability at high L11x107*  981x107%  849x10™>  720x107 594x107* 531x107>
conductivity (Cm* V™)
Magnification 3.1x 3.3x 3.7x 4.4x 6.7x 11.3x
Prolate particle number (#) 7 8 9 10 11
Aspect ratio (c/a) 1.25 1.67 2.5 5 10
Maximum positive polarizability at low 243x107°  146x107%°  699x107%°  1.92x107% 5.01 x 10727
conductivity (Cm?* V™
Maximum positive polarizability at high 8.60x107%  636x107°  439x107°  2.64x 107 1.79 x 107>
conductivity (Cm? V™
Magnification 3.5x 4.4x 6.6x 13.8x 35.7x
(@)
#1 c ¢ (major) ¢ (major) ¢ (major) ¢ (major) ¢ (major)
b b
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FIG. 4. Calculation of electric polarizability and electric anisotropy of various prolate spheroidal silicon particles with different electric conductivities suspended in de-ionized
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axes), and (d) the electric anisotropy of the six prolate spheroid particles of a low electric conductivity of 0.001 S/m and (e)-(g) a high conductivity of 1 S/m.
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range from 5 to 0.5um and ¢ = 5um. As shown in Figs. 4(a)-4(f),
the prolate spheroid polarizability spectrum is generally similar to
that of the oblate spheroid, with moderate differences in amplitude
and frequency. Particularly, it is found that the amplification of the
positive electric polarizability along the major axis (c axis) between
the low and high conductivities increases with the aspect ratio <. The
needle-like prolate particle (#11), for example, has an aspect ratio of
10, and its polarizability along the c¢ axis amplifies more than 35
times as the electric conductivity increases from 0.001 to 1 S/m by
light, while with the same change in electric conductivity, the electric
polarizability of a spherical particle (#1) can only be enhanced by
around three times [Figs. 4(b) and 4(e), Table I]. Thus, the prolate
spheroids are better shapes for obtaining a large range of light-
tunable DEP forces with high sensitivity to electric conductivity.

The above discussion summarizes the systematic study of the
frequency, geometry, and conductivity dependence of electric
polarizabilities of silicon spheroid particles in DI water from both
numerical results and analytical discussion. The obtained under-
standing is essential to realize the function-oriented design of
microparticles for efficient light-reconfigurable manipulation and
applications.

Light-stimulated transport of microparticles with
simultaneously controlled alignment

The obtained results of the dependence of the electric polariz-
ability of Si microparticles on the geometry, AC frequency, and
electric conductivity are critical for us to design innovative systems
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for light-stimulated versatile transport of microparticles with simul-
taneously controlled alignment. For simplicity, we first consider the
scenario that the electric-field gradient is parallel to the electric-
field direction. Such an electric-field distribution can be imple-
mented by applying an AC voltage onto two concentric circular
electrodes as shown in Fig. 1. Both the electric field and the gradi-
ent of the electric field are radial, pointing toward the center of the
inner electrode (to be quantitatively discussed later). We select par-
ticle #1 (sphere), #6 (oblate spheroid, disk-like, aspect ratio 0.1),
and #11 (prolate spheroid, needle-like, aspect ratio 10) as three rep-
resentative geometries and demonstrate versatile manipulation in
both transport and alignment tuned by the frequency and photo-
conductivity modulation.

Due to the geometric symmetry, a spherical particle experi-
ences zero alignment torque in an AC electric field, and the
polarizability is isotropic. Within a concentric electric field, there
are only three possible modes of motion for the spherical parti-
cles: (1) moving toward the center, (2) moving away from the
center, and (3) no motion. It is possible to switch the motion
modes by just controlling the light intensity at a given AC fre-
quency, a result of the tuning of the photoconductivity of the
silicon particles. Here, in addition to the light-controlled photo-
conductivity, there could be additional electric conductivity from
doping and thermal excitation. For simplicity, we consider that Si
is undoped, and the photoconductivity is the dominant source of
electric conductivity due to its change of many orders of magni-
tude. We calculate the electric polarizability of the spherical parti-
cle #1 by varying the electric conductivities from 0.001 to 1 S/m
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FIG. 5. Calculation of the electric polarizability of the spherical particle (#1). (a) Electric polarizability of a spherical particle vs AC frequency with different electric conduc-
tivities. At 700 kHz, |, Il, and Ill show three possible motion modes with positive, zero, and negative DEP forces, respectively. (b) Corresponding diagrams of the three

motion modes.
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as shown in Fig. 5(a). The AC frequency is selected to be 700
kHz, where a transition of the polarizability from negative to pos-
itive occurs. A base light intensity is defined at which the parti-
cle’s electric conductivity equals 0.004 S/m. At this condition, the
real-part electric polarizability equals zero, and the particle
remains stationary as indicated as point II in Figs. 5(a) and 5(c).
If the light intensity increases higher than this base value, a posi-
tive DEP force is triggered, and the particle transports toward the
center electrode [point I in Figs. 5(a) and 5(b)]. If the light inten-
sity decreases below this base value, a negative DEP force is pro-
duced, and the particle moves outward from the center [point III
in Figs. 5(a) and 5(d)].

For the oblate particle #6 (disk-like, aspect ratio 0.1), there are
more possible modes of motion. To depict the general behavior, we
first calculate the real-part polarizability along the major axes (a
and b axes) and minor axis (c axis) as well as the polarizability
anisotropy (Re[a, — a.]) at a series of electric conductivities from
1 to 0.001S/m as shown in Figs. 6(a)-6(c). With the obtained

6 X107 ‘ i i (b

-26
6><10
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results, we select an AC frequency at 1 MHz, where we can obtain
five distinct motion modes as summarized in Fig. 6(d) and
Table II.

By utilizing the same approach, we analyze the electric polar-
izability, anisotropy, and motion modes of the prolate particle #11
(needle-like, aspect ratio 10) as shown in Figs. 7(a)-7(d) and
Table III. For the prolate particle #11, a, b axes are the minor axes
and c¢ axis is the major axis. The anisotropy is defined as
Rela, — a,]. The selected AC frequency is 2 MHz, at which the
maximum number of motion modes occurs.

In summary, we demonstrate that for either the prolate or
oblate spheroid particles, by selecting proper AC frequencies, one
can rationally select and switch the translocation direction and
alignment of a particle among five possible modes by simply mod-
ulating the photoconductivity. Two orientations either alignment
along the semi-major or the semi-minor axis with the electric field
can be obtained. Within each orientation, the DEP force can be
finely tuned from a negative value to a positive value.
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TABLE Il. Five inter-switchable motion modes of the oblate silicon particle (#6, disk-like, aspect ratio 0.1) with tunable electric conductivity by light in an electric field at 1 MHz.

Motion modes I I I v Vv
Conductivity (S/m) <0.0015 0.0015-0.0024 ~0.0024 0.0024-0.0219 >0.0219
Orientation along the E-field Major axis Minor axis Minor axis Minor axis Major axis
Sign of a DEP force Negative (—) Negative (—) Zero Positive (+) Positive (+)

DISCUSSION

In this work, we conducted a theoretical investigation on the
tunable polarization of semiconductor microparticles under
various light illumination and electric-field frequencies. The
model we applied is based on the Maxwell-Wagner polarization
at the particle-medium interface as well as the electrical-double-
layer effect at the charged surfaces. The description of the
Maxwell-Wagner polarization is analytical for the spheroid parti-
cles, while the model for the EDL is a RC model. In our model,
the EDL is represented by an effective dipole moment in the

(a 18 X107 i (b)

27
B><10

opposite direction to the dipole from the Maxwell-Wagner polar-
ization, which has proved its effectiveness in understanding
experimental results in electrorotation and electroalignment in
previously reported works.”>*’ Note that this model cannot
predict the effect when the particle size is small enough to be
comparable with the EDL thickness. In this work, we only con-
sider the particle above the micrometer scale as the particle size
is much larger than the electrical double layer thickness, ie., a
thin double layer approximation. A more sophisticated model can
assist to understand a case when the size of a particle is
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TABLE IIl. Five inter-switchable motion modes of the prolate silicon particle (#11, needle-like, aspect ratio 10) with tunable electric conductivity by light in an electric field at

2MHz.

Motion modes I I I I\Y \%
Conductivity (S/m) <0.0024 0.0024-0.0045 ~0.0045 0.0045-0.0437 >0.0437
Orientation along the E-field Major axis Minor axis Minor axis Minor axis Major axis
Sign of a DEP force Negative Negative Zero Positive Positive

comparable to electric double by coupling the ion transfer, elec-
trostatic (quasi-static), and hydrodynamics (osmosis flow) simul-
taneously.””””*> Also, as shown by a recent experiment that for
particles with a size comparable to the EDL thickness, the
Maxwell-Wagner polarization can be much overwhelmed by the
space charge from the electrical double layer.”

In this work, we presented a theoretical investigation. It is
desirable to further study the proposed light-controlled DEP
manipulation to observe possible unforeseen efforts and unveil
the potential limit. Here, we would like to point out the potential
challenges that could arise in the experimental study. In this theo-
retical study, we considered an ideal 2D planar electric field and
omitted all the possible effects from the specific design of elec-
trodes. With practically fabricated microelectrodes, the electric
field can have a non-ideal distribution in 3D at their edges that
should be considered in experimental testing. When using thin
film microelectrodes for electric manipulation, AC electroosmosis
(ACEO) flow could be induced around the microelectrodes when
applying an AC voltage at frequencies below tens of kHz. This
could disturb the motion of the particles near the microelec-
trodes. Such ACEO flows can be suppressed by choosing a sus-
pension medium with low electric conductivity and apply a
high-frequency AC field. Moreover, the electrically polarized
microparticles near the thin film metallic microelectrode could
experience an attractive dipole-dipole interaction originated from
the induced charges. To minimize such an interaction, the parti-
cles under investigation should be manipulated sufficiently away
from the electrodes. The properties of Si microparticles that can
vary with different fabrication processes should be considered as
well, including the size, geometry, doping level, and surface con-
ditions. The size may affect the EDL formation as previously
mentioned. The geometry of particles will be influential to the
light absorption at different wavelengths. Both doping level and
surface oxidation will impact electric properties of the particle,
deviating them from those of bulk silicon.

Here, we only presented an example of electrode design, i.e.,
circular microelectrodes. The same working principle could be
extended to 2D and 3D manipulations by utilizing strategically
designed microelectrodes to generate the required field gradient in
three dimensions. For instance, multipole electrodes that are sym-
metrically arranged circularly could be applied to generate desired
in-plane field gradient in both x and y directions, simply by adjust-
ing the electrical potential applied on each of the microelectrode
pads. By increasing the number of microelectrodes, fine control of
the field gradient can be realized with the assistance of electrostatic
simulation. Introducing the same electrode array on the top of the
experimental cell, spaced by a thin separation layer, the electrical

potential in 3D can be obtained, modulated, so does the field gradi-
ent. As a result, we expect the same working principle being appli-
cable for 3D manipulation.

In terms of applications, in addition to micromachines, we
envision that our work can add a new strategy to the current
DEP-based cell/particle sorting techniques in continuous flow. For
instance, controlling the orientation of non-spherical particles can
change the drag coefficient for DEP-enabled particle sorting by
geometry. Furthermore, if the particles are photo-responsive, a
digital light projection system with a real-time image analysis will
be able to generate and project dynamic light patterns and realize
the modulation of each particle’s conductivity and movement both
simultaneously and independently.

CONCLUSION

In this work, we propose a new and versatile working mecha-
nism that could be applied for developing an array of
semiconductor-based light-controlled dielectrophoresis manipula-
tion systems. The electrical property of a semiconductor micromo-
tor can be controlled by external light stimuli and is exhibited as
tunable mechanical motions in an external AC electric field.
Systematic investigation of the polarization behavior of semicon-
ductor particles has been conducted, focusing on the dependence
on geometry, AC frequency, and electric conductivity. The selection
and switching of modes of mechanical motion with only light
modulated electric conductivity has been shown on spherical,
oblate, and prolate particles.

In summary, this work could be particularly interesting for
applications related to the remote and independent control of
translocation of micromotors (or robots), such as the delivery of
cargos to live cells in a biological study. It also could be utilized as
a general platform that coordinates activities of micromotor
swarms by large light patterns for a collaborative task force.
Furthermore, it may be exploited for the applications of particle
sorting based on geometry and photo-responsiveness.

SUPPLEMENTARY MATERIAL

See the supplementary material for the separated components
of dipole moments from the Maxwell-Wagner polarization and the
electrical double layer charging.
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