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Herein, we demonstrate the ability to optically tune the mobility of electrically powered Janus parti-
cles (JPs) that are half-coated with various zinc oxide (Zn0O) semiconducting layers, i.e., polycrystalline,
amorphous, and amorphous with a SiO; passivation layer. The ZnO semiconductor photoresponse causes
an increase in its electrical conductivity with light having wavelengths of sufficient photon energy with
respect to the semiconductor band gap. This effect, which we name optically modulated electrokinetic
propulsion (OMEP), can be harnessed to increase the contrast in polarizability between the dielectric and
semiconducting hemispheres, which, in turn, results in an increased electrokinetic mobility. Optical control
of electrical field propulsion enables an additional degree of control of JP mobility. We also demonstrate
optical modulation of collective behavior and particle-particle interactions for dense semiconducting Janus

particle populations.
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L. INTRODUCTION

Active particles have emerged as a topic of scientific
interest due to their ability to convert energy from their
environment into autonomous translational and/or rota-
tional motion (“self-propulsion”) [1-3]. The underlying
mechanism driving such motion is encoded in the active
particle design, as they asymmetrically draw and dissi-
pate energy, thus creating local field gradients, resulting
in particle mobility [4]. For inactive particles, gradients of
externally imposed macroscopic fields can lead to parti-
cle motion by effects such as electrophoresis [5], dielec-
trophoresis [6], magnetophoresis [7], and thermophoresis
[8,9]. However, these all result in distinct phoretic motion,
i.e., migrating en masse in an externally prescribed direc-
tion along the applied-field gradients, in clear contrast
to self-propelling particles, where each particle is free
to travel along its individual trajectory. Active particles
are a subject of great research activity and focus, due
to their promise in diverse applications, such as remote
microsurgery, medical analytics, self-repairing systems,
and self-motile devices [10,11].

Electric fields are a facile and controllable source of
energy for powering the motion of active particles, as these
fields can be modulated in both frequency and intensity.
This enables the precise tuning of the induced propulsion
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forces exerted on particles in real time (affecting parti-
cle motion) and can also simultaneously provide a means
for controlling particle-particle interactions [12]. Changes
in the frequency of the applied electric fields can switch
between several distinct electrokinetic propulsion mecha-
nisms, such as electrohydrodynamic flows [13], induced-
charge electrophoresis (ICEP) [14], self-dielectrophoresis
(SDEP) [15], and self-electrophoresis by diode rectifi-
cation [16—-18]. By rationally designing particles that
respond to ambient ac electric fields using these mecha-
nisms at different frequencies, it is thus possible to make
them change multimodally their direction of motion on
demand [19].

To supplement the electrical control parameters of fre-
quency and amplitude, we introduce here an additional
means of motility control. This is achieved by using Janus
microspheres that are half-coated with a semiconductor
shell and illuminated by light of varying intensities and
wavelengths. Semiconducting materials are photoconduc-
tive, meaning that their electronic conductivity is gener-
ally increased upon absorption of photons with sufficient
photon energy. In the context of electrokinetic propul-
sion, the photoconductive effect allows us to change and
control the amount of free charge carriers within the
semiconducting layer, thereby increasing its electrical con-
ductivity and ideally altering its electrical response from
that of being dielectric to a conductor. The change in
electrical polarizability under an externally applied electric

© 2022 American Physical Society



MATAN ZEHAVI et al.

PHYS. REV. APPLIED 18, 024060 (2022)

field results in a change of particle mobility through the
abovementioned electrokinetic propulsion mechanisms, a
phenomenon we term optically modulated electrokinetic
propulsion (OMEP). Previous studies involving optical
control of photosensitive semiconducting materials under
an external electric field report electrorotation of sili-
con nanowires [20,21]. Studies have also been conducted
where particle collective behavior can affect their optical
response [22]. The optical activation of active particles
reported here adds another degree of control that can be
used for addressing only a subpopulation of active particles
within a larger heterogeneous population.

II. MATERIALS AND METHODS

The fabrication of semiconducting Janus particles is
based on the modification of silica microspheres of 5 ym
in diameter (Polysciences Inc., Cat. No. 24332) that are
deposited over a standard microscope slide. Following
I-min O, plasma cleaning, the metal or semiconductor
coating on their top half is deposited. ZnO coatings are
100 nm thick sputter-deposited from a 99.95% pure ZnO
target, with a chamber pressure of 3 mTorr and 100-W
gun power. Polycrystalline ZnO is deposited at =300 °C
on a rotating stage, while amorphous ZnO is deposited at
room temperature in a direct vertical deposition. On some
of the amorphous samples, an additional 10-nm-thick layer
of Si0; is deposited (room-temperature deposition, 200-W
gun power, chamber pressure of 3 mTorr). For the metal-
lic coating, 10 nm of Ti and 35 nm of Au are deposited
using an e-beam evaporator. Following partial coating
deposition, the resulting Janus particles are released and
suspended for at least 2 h in a low-concentration KCl
solution, 3 uS/cm, pH =6.4, containing 0.05% Vol./Vol.
Tween 20 surfactant to reduce particle adhesion to the floor
of the test chamber [23].

The test chamber is comprised of two glass slides sep-
arated by 360-um-thick adhesive tape. The bottom side is
a 1.1-mm-thick microscope slide covered by a 4-10 £2/sq
ITO layer (Delta technologies, Cat. No. CB-40IN-0111)
with a 15-nm sputtered SiO; layer on top for suppres-
sion of particle adsorption. The top side is a 0.7-mm-thick
microscope slide covered by a 4-10 €2/sq ITO layer (Delta
technologies, Cat. No. CB-40IN-1107) with drilled holes
of 1 mm in diameter for the inlet and outlet (see Fig.
S1 within the Supplemental Material [24]). Copper con-
ductive tapes are used to connect the ITO-coated glass
slides to the function generator. The test chamber is placed
onto a Nikon TI inverted microscope with an ANDOR
iXon3 CMOS camera and a Yokogawa CSU-X1 spinning-
disk confocal system. The image light is introduced using
the microscope’s bright-field light source filtered through
a green interference filter. The UV light source is a
Prizmatix Mic-LED-365L light-emitting diode (LED),
with peak wavelengths of 365 nm, introduced into the light

path through a 400-nm dichroic mirror. The electric field
is introduced using an Agilent 33250A function wave-
form generator amplified with a Falco systems WMA300
amplifier and filtered through a 10-uF capacitor. The sig-
nal parameters are monitored for fidelity using a Tektronix
TPS 2024 oscilloscope (see Fig. S2 within the Supplemen-
tal Material [24]). For light-power-density measurements,
the sample is replaced with a photodiode (Ophir photon-
ics PD300 UV sensor) through a 150-um-diameter circular
aperture, measured with an Ophir photonics VEGA power
meter. Light-power measurements for the mobility exper-
iments are performed through the same ITO-coated slide
used in the test chamber (Delta technologies, Cat. No.
CB-40IN-1107).

To directly measure the ZnO-layer conductivity
response to light, a photoresistor test structure is fab-
ricated using common photolithography techniques (see
Fig. S3 within the Supplemental Material for manufac-
turing schematics [24]). The photoconductive layer is
deposited onto a 1-mm-thick glass slide and patterned
into a 0.5 x 0.5-mm? photoresistor, in the same deposition
process as the Janus particles. Electrical contacts of 50-
nm-thick Ti followed by 200-nm-thick Au are deposited
by an ion-beam evaporator and soldered to wires for
connectivity.

II1. RESULTS

A. OMEP

The electrokinetic mobility of a Janus particle (JP)
relies on the contrast between the electrical polarizabilities
of its opposite hemispheres. The electrical conductivity
of the ZnO-coated JP side is changed due to illumina-
tion by light of wavelengths that have sufficient photon
energy relative to the coating band gap. The active par-
ticle mobility can be thus controlled by means of ICEP
[Fig. 1(a)] and SDEP electrokinetic propulsion mecha-
nisms. We coat the Janus particles with polycrystalline
ZnO [Fig. 1(b)], a semiconductor material with a band
gap of about 3.4 eV [25], to achieve a response to light
activation with wavelengths below 365 nm. Figure 1(c)
shows a particle’s velocity response to UV under a fixed
electric field amplitude and frequency, when suspended in
low-conductivity (3 uS/cm) KCl solution. As clearly seen,
the particle velocity increases significantly with UV illu-
mination. The small velocity without UV light is a result
of the non-negligible polycrystalline ZnO dark conduc-
tivity [see Fig. 2(c)]. No mobility response is observed
when applying UV light with no external electric field (see
Video S1 within the Supplemental Material [24]). There-
fore, self-thermophoretic [26,27] and photocatalytic [28]
mechanisms can be excluded as a cause for particle propul-
sion. Thermal convection effects can also be negated due to
our test conditions of low-conductivity solution (3 x#S/cm)
and spatially uniform applied electric field (supported also
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FIG. 1.

Optically modulated electrokinetic propulsion (OMEP). (a) Schematics of the optical (UV) gated mobility of electrically

powered semiconducting Janus particles at low frequencies corresponding to ICEP mode. (b) SEM image of silica microparticles half-
coated with a 100-nm-thick layer of polycrystalline ZnO. (c) Representative velocity plot of a Janus particle at 8 kHz, 166.7 kVpp/m,
electric field under UV (365 nm) light switching. (d) JP trajectory under continuous illumination of UV light with electric field
frequency switching between 5 and 100 kHz, corresponding to ICEO and SDEP propulsion modes, respectively, acting in opposite
directions. See Video S1 within the Supplemental Material [24] for representative mobility videos.

by the scaling analysis of Zehavi ef al. [29]). To illustrate
the transition between different electrokinetic propulsion
modes, Fig. 1(d) shows a Janus-particle path traced under
frequency switching between 5 and 100 kHz subject to
fixed UV illumination and electric field amplitude. The
propulsion mechanisms that are switched correspond to
ICEO and SDEP and act in opposite directions.

B. Photoconductivity characterization

The ZnO test structure Fig. 2(a) is exposed to different
intensities of UV light and its electrical behavior is eval-
vated using /-V measurements, using a Keithley 2636A
source meter (see Fig. S4 within the Supplemental Material
[24]). To examine the wavelength dependency (quantum
effect) of the photoconductive response, we illuminate the
photoresistor with varying wavelengths at the same power
density and measure its conductivity [Fig. 2(b)]. It can
be clearly seen that, for wavelengths higher than 365 nm,
which correspond to the ZnO band-gap energy, the pho-
toconductivity decreases by a few orders of magnitude, as
expected from ZnO absorption [30]. However, for wave-
lengths near the band gap, the photoconductivity response
is found to be sufficient for the JP to clearly exhibit propul-
sion (see Fig. S5 within the Supplemental Material for

the mobility response of a polycrystalline ZnO JP under
illumination at 390 nm [24]).

As seen in Fig. 2(c), the electronic conductivity of the
semiconductor layer can be continuously tuned via varia-
tion of the power density of UV illumination. We further
demonstrate the ability to tune the mobility of a Janus par-
ticle via optical gating of varying optical power densities
under a continuous fixed electric field [Fig. 2(d) and Video
S1 within the Supplemental Material [24] ].

C. Characterization of photoconductive JP mobility

Figure 3(a) depicts the frequency dispersion of JP
mobility under a constant applied ac electric field of
166.7 kVpp/m and UV-activation power density of
4.4 W/cm?. The photoconductive particles show a simi-
lar frequency-response behavior to that of the controlled
metallodielectric (“Au”) particles, demonstrating distinct
low-frequency ICEP and high-frequency SDEP regions.
In accordance with the photoconductive responses mea-
sured for the different coating types, the mobility of the
ZnO Janus particles changes with the coating conductivity.
Data in Fig. 3(b) show increasing JP mobility by optically
changing the semiconductor conductivity. These experi-
mental results are in qualitative agreement with the theo-
retical predictions in Ref. [31] for ICEP. The results for the
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FIG. 2. Optical control over electrical conductivity and Janus particle mobility. (a) SEM image of the conductivity test structure
used in the photoconductivity measurements; inset, photograph of a test chip. (b) Conductivity measurements of polycrystalline ZnO
test structure under various illumination sources at 0.14 W/cm? and their source spectrum. (c) Electrical conductivity measurements
of different types of ZnO photoresponsive coatings under varying UV (365 nm) illumination intensity. Measurement corresponding to
zero UV power density is taken under ambient light conditions. (d) Effect of dynamic optical gating of polycrystalline ZnO JP mobility
at varying optical power densities, under constant application of an electric field of 100 kHz and 166.7 kVpp/m. Error bars in (b),(c)
represent the standard deviation of ZnO-layer thickness that is inversely related to the measured conductance.

SDEP region are in qualitative agreement with the numeri-
cally calculated JP velocity [see inset of Fig. 3(b)], exhibit-
ing a monotonic increase in magnitude with increasing
electrical conductivity, o;, of the semiconducting coating.
Boundary-condition formulation and simulation details are
available in Appendixes A and B.

D. Collective response in a densely populated
photoconductive JP system

The collective behavior of a high-density population of
amorphous ZnO JPs with Si0O; passivation, as well as poly-
crystalline ZnO JPs and bare silica beads, is explored by
applying a fixed-amplitude electric field at low (8 kHz) and
high (1 MHz) frequencies while transitioning between UV
on and off states. The images in Fig. 4 depict the behavior
of the three different particle types, as well as their motion
path, along within a 5-s period to give a qualitative sense
of their mobility and collective behavior. To avoid the tran-
sients upon application of an electric field with UV off;

analysis begins 5 s after the application of the field. In
the low-frequency regime and upon electric field activa-
tion with UV off; the JPs behave as dielectric silica spheres
and self-assemble into a structure with uniform interpar-
ticle spacing. Upon UV illumination, the JPs still exhibit
repulsive dipolar interactions with neighboring particles
[due to the induced electric double layer (EDL) screening
of the photoactivated semiconducting hemisphere], while
some of the JPs move due to ICEP effects.

At the other extreme end of the high-frequency region,
as demonstrated in the 1 MHz case, there is practi-
cally no induced EDL screening of the JPs. Therefore,
the JP can be considered as an entity including two
dipoles of opposite directions, corresponding to the dielec-
tric and semiconducting sides. With no UV activation,
the amorphous ZnO with SiO, passivation JP’s collec-
tive response is similar to that of the 8-kHz case as
the semiconducting hemisphere is not photoactivated, and
the dielectric dipole dominates dipolar repulsion. How-
ever, under UV exposure, we observe an attractive dipolar

024060-4



OPTICALLY MODULATED PROPULSION OF...

PHYS. REV. APPLIED 18, 024060 (2022)

(a) 80
* Amorphous ZnO + 5i0;

* Polycrystalline ZnO
60 - L] * Ay

Velocity (um/s)
8 8

(-]

|
-t
| p—.—y
|

T

—20 _
{1 1 {
il g
—40 -
1 10 100 1000 10 000
Frequency (kHz)
FIG. 3.

(b) 20
o Polycrystalline ZnO 5 kHz
15 - a Polycrystalline ZnO 100 kHz
 Amorphous Zn0 + 5i0; 5 kHz
10 4 4 Amorphous Zn0 + 5i0: 100 kHz { }}H
4
L
- Y (31
g 0 : - T
] iz
> -5 E}HIIi}}H{
8 _10 ] £ 00
o &
- 15 § -0.5 1
3
=20 2
3 -1.0 T
-25 0.1 10 1000
Gi /O
=30
10°3 1072 10-1 10*0 10+l

Conductivity (S/m)

Frequency dispersion of the JP mobility and its dependency on the optical illumination intensity. (a) Mobility of JPs with

different coatings versus frequency under an applied electric field of 166.7 kVpp/m and 4.4 W/cm? UV intensity (365 nm). (b) Depen-
dency of JP mobility on ZnO conductivity (subject to UV intensity; see Fig. S6 within the Supplemental Material [24]) at applied
electric field frequencies of 5 and 100 kHz under 166.7 kVpp/m and corresponding to ICEP and SDEP modes, respectively. The
transition from UV intensity to electrical conductivity was based on the experimental measurements depicted in Fig. 2(c). Inset:
Numerically calculated normalized JP velocity (under SDEP mode at a normalized frequency of Q= (wipa/D) = 100) for varying
ratio of semiconducting coating (o ;) to electrolyte solution (¢ .) conductivities. Error-bars are velocity standard deviation.

interaction between the dipole of the dielectric JP side with
the corresponding dipole of its neighbor’s photoactivated
semiconducting side, resulting in chain formation. These
results are in qualitative agreement with previous find-
ings [32—-34], which also observe such collective behavior
but with metallic (Au) coated JPs at the low- and high-
frequency extremes. They suggested that the dielectric
dependent frequency mismatch between the two JP hemi-
spheres allowed simultaneous control of particle mobility
and colloidal interactions. For a similar ITO parallel-plate
system, [32] it is shown that it is possible to recon-
figure active particles into various collective states by

Silica Amorphous ZnO + 5i0, JP
UV off

Spheres

8 kHz

1 MHz

UV on

introducing imbalanced interactions to realize phases of
swarms, chains, clusters, and isotropic gases from the same
precursor particle by changing the electric field
frequency.

To further understand the effect of optical modulation
on the JP’s collective behavior, we generalize the JP-JP
dipolar interaction model of Yan ef al. [32] to account
for the electric field frequency and complex permittivity
of the semiconducting hemisphere with varying electrical
conductivity. The model is in qualitative agreement with
the experiments, in the sense that it succeeds at predict-
ing the repulsive interaction at low frequencies (regardless

Polycrystalline ZnO JP
UV off UV on

FIG. 4. Collective behavior of highly dense JPs of different types shown for 8 kHz and 1 MHz frequencies under 166.7 kVpp/m
electric field, with and without UV activation (7 W/cm?). Path trajectories are drawn for a period of 5 s. The corresponding MSD
(mean square displacement) analysis is depicted in Fig. S7 within the Supplemental Material [24]. See also Videos S2 and S3 within

the Supplemental Material [24].
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of UV illumination), as well as the transition to attractive
interactions (i.e., formation of chains) with increasing
frequency and UV illumination (see Appendix C for
details).

IV. CONCLUSIONS AND OUTLOOK

To summarize, we report an approach for controlling
the mobility of electrokinetically driven active Janus par-
ticles and modulating their collective behavior by means
of optically controlling the electrical properties of their
semiconducting half-sphere coating. Specifically, we use
silica particles that are half-coated with photoconductive
ZnO layers to form a Janus particle with a semiconducting
side. We characterize the photoconductivity effect using a
test chip for several coating types (polycrystalline ZnO,
amorphous ZnO, and amorphous ZnO with a passiva-
tion Si0; layer) for varying optical illumination intensities
and wavelengths. We then proceed to measure the veloc-
ity of electrokinetically driven JPs under varying electric
fields and UV power densities. The results show that the
added degree of UV-light control enables not just “on-off ”
switching but also continuous tuning of the electroki-
netic ICEP and sDEP velocities for isolated particles. The
optically modulated electrokinetic propulsion also allows
efficient control and switching between different collec-
tive behavior types in dense particle populations, by tuning
the JP-induced dipoles and the resulting dipolar interaction
between interacting JPs. This control of OMEP enables
additional degrees of freedom in active semiconducting
particle design, as they can be selectively activated within
a heterogenous population of particles by judicious selec-
tion of the excitation wavelength (i.e., according to the
band gap of different semiconducting coatings). Combin-
ing different semiconducting coatings onto the same active
particle can also enable control of not only its velocity
but also its trajectory via deterministic optical steering
(unlike purely electrical steering [35], in which random
diffusional rotation is harnessed into directed motion using
a feedback-based particle-guiding method), as well as the
collective interactions of systems of such engineered active
particles.
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APPENDIX A: ANALYTICAL FORMULATION OF
AN EFFECTIVE BOUNDARY CONDITION FOR A
MACROSCALE (i.e., OUTSIDE THE EDL)
SOLUTION FOR JANUS PARTICLES WITH
VARYING COMPLEX PERMITTIVITY

In the case of a polarizable particle placed in a uni-
form ac field, utilizing the standard model based on the
linearized (weak-field) formulation [36], one can obtain
an expression for the relationship between the phasors of
the electric potential, ¢. (normalized with respect to the
thermal scale, ¢ = kpT/ze), and the charge density, Q.
(normalized by zeny,, where ny, is the number of ions in
the bulk under equilibrium), in terms of the physical (real)
Debye length, A,, as

iw

A2V, =0, =-222V,, — =— . (Al
Q Q 0 (b: 22 }.%+D ( )

Thus, the corresponding expressions for the electric poten-
tial and charge distribution are given by Re[(¢@e, Qc)e™!],
where Re[] represents the real part; @ is the forcing fre-
quency and D denotes the diffusivity of the (symmetric)
electrolyte. The solution to Eq. (A1) can be written as

2
A
2¢e = _(J\.—) Qe + Xes VZXE — 0-: (AZ)
0

where x, is a harmonic function to be determined. The
fact that the particle surface is impervious to both ions and
cations renders [36]

2
2\ 80,  ax.
:1——) L S
%/ ) 3R " 3R

wherein R is the radial coordinate normalized by the parti-
cle radius, a. For a thin EDL (A¢/a <« 1), it is plausible to
assume that (Q,/dR) ~ —(aQ./A). Denoting the phasor
of the interior (inside the particle) potential as ¢; and the
corresponding complex permittivities in a fluid and parti-
cleasé,; = ¢,; + (io,;/w), the boundary conditions on the
surface of the particle, §, can be expressed as

3. | 3Q.
R ' 9R

2

(A3)

(be = ¢ia (A4)
g 00 . 50 Beile  ClUMN) s
AR AR 2 3R 2(1 — (A /A0)D)

Assuming, for simplicity, that ¢; depends linearly (to lead-
ing order) on R, this implies that (8¢;/dR) ~¢; on R=1,
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and thus,

e a ) fa N
R (1 B (T) ) (l_o) £
_a Ao 2
= _I (1 - (T) ) (Xe — z(be),
%5~ () (o)
R 1 A Xe ™ “3R
_af,_ (@)‘* ( _ (ée/é,-)(axe/aR))
T & x A" oD )

(A6)

(A7)
from which one obtains
dxe —(a/N(1— (Ao/2))
R~ 1+ @D/ Gl
iQ(ho/3) A8)

= 1+ @N) 0/ GSE)

wherein © = wioa/D represents the dimensionless fre-
quency scaled by the corresponding RC frequency.

APPENDIX B: NUMERICAL SIMULATIONS

A simplified two-dimensional numerical simulation of
the electrostatic problem is performed in COMSOL™ 5.3
following the procedure used by Boymelgreen et al. [37].
Herein, we focus only on solving the SDEP response of the
JP particle, which extends the previously obtained solution
for the ICEP response [31]. The height of the domain is
set at H = 10a, where a is the radius of the Janus particle.
The particle is positioned at a distance h = 0.01a (mea-
sured from the bottom of the particle) above a powered
electrode. This value of the gap between the JP and the bot-
tom substrate is chosen somewhat arbitrarily, as we cannot
experimentally measure it for a moving JP. In our recent
paper [37], we performed a parameteric study of varying
gap values and found the resulting JP velocity to be highly
sensitive to it.

The electrodes are subject to a voltage difference
directed along the x; direction with a magnitude of V(f) =
Re{Vpe''}, where ¥y is the peak magnitude. Recognizing
that, for micron-sized particles, the physical Debye length,
Ao, is much smaller than the particle radius (Ao/a < 1).
The distributed charge, Q., is located in a thin layer
adjacent to the solid-liquid interfaces such that, outside
this layer, O, — 0, and one can thus describe the elec-
tric field in the bulk by Laplace’s equation, VZy, = 0.
The bottom electrode is polarizable and subject to an

applied field of magnitude 1V, while the upper elec-
trode is grounded (¥ =0). The electrostatic boundary
condition for the lower electrode is of a mixed (Robin)
type and can be written in terms of the normal deriva-
tive as (xe/dR)|x,—0 = iQ(xe — 1), where lengths are
scaled by a. The boundary condition on the right metal-
lic hemisphere of the JP is described by simplifying Eq.
(A8) using the assumption that the applied frequency
is much smaller than the Maxwell-Wagner relaxation
time of the EDL, 2 = (wk%/D) = fZ(lg/a) « 1, yielding
(OXe/3R) = (I Q2(Xe — x0)/(1 + (a/A0)(Ec/E}))). Herein,
Xo represents a reference potential to obey the zero-
induced net charge condition on the particle. The dielectric
(left side) of the JP is assumed to be insulating, satisfy-
ing a Neumann-type boundary condition of (3 x./3R) = 0.
The electrostatic force is then obtained by the integration
of the time-averaged Maxwell stress tensor, M;;, over the
surface of the Janus sphere, namely, F 0 — i ¢ M;n;dS; My;
= (1/2)Re{(dxe/0x:)(dXe"/0x;) — (1/2)(3 Xe/0xk)(3Xe"/
dxx)d;; }, where * denotes the complex conjugate and S is
any surface that envelopes the particle. The corresponding
velocity for a freely suspended particle is finally found by
equating the nondimensional electrostatic force applied in
the x; direction to the corresponding dimensionless Stokes
drag, Faag = 6 Uf , where f* denotes the correction factor
of Stokes’ law due to wall proximity [37]. However, since
we seek here only qualitative behavior, we normalize the
electrostatic force by its maximum value in the inset of
Fig. 3(b).

APPENDIX C: A MODEL FOR JP-JP
INTERACTIONS

Herein, we generalize the JP-JP interaction model of
Yan ef al. [32] to account for the electric field frequency
and complex permittivity of the semiconducting hemi-
sphere. Consider an isotropic spherical particle of radius a
and complex permittivity &, = &, + (i(0p + 0x%))/w sus-
pended within a symmetric unbounded electrolyte, &, =
&, + (io,/w), and subjected to a uniform electric field,
Eoe™!, wherein ox = (2/a)K; is the effective conductiv-
ity stemming from the surface conductance, K. Based on
our previous work [37], the equivalent dipole, normalized
by 41 &, a® Ey, is given by

d=—
2

(3/2)iQ

+ 5
2(0/20)*(1 + (@/M)Ee/7p)) +i (1 + 2(Be/5p))
(C1)

where Q = (wia/D), (1/A%) = (1/&%) + (iw/D). For
a low frequency, (JL/JLU)2 =1, and metallic sphere,
(8e/8p) < (A/a), we get diow =—(1/2) +((3/2)i2)/
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FIG. 5. Calculated interaction force between JP-JP particles for varying ZnO conductivity and low (1 kHz) and high (1 MHz)

frequency levels.

(2 +i€2), which, for a dc (2 =0), gives dgc = —1/2.
For high frequencies, (*/20)* — 0 and apigh = —(1/2) 4+
B/2/(1+2Ge/)) = (1 — Ge/E) /(1 + 2Ee/5,))).
Thus, the general dipole term provides a unified dispersion
for all frequencies (including low-frequency EDL screen-
ing and the Clasius-Mossotti term for high frequency).

Next, consider the JP pair model of Yan ef al. [32] for
metallodielectric hemispheres, denoting the corresponding
dipoles as d,, (metallic/semiconducting) and d; (dielec-
tric). Since both dipoles are complex, the dimensional
electrostatic attractive force between the two JPs can be
written, in terms of dimensional dipoles, as

3 1
8mep (2a)*

1 R L
ot 5 Ay o) (ﬁ) +(§) |

(€2)

Assuming a perfect dielectric, (£./,) > 1, one gets
Re(dy) ~ —(1/2) and Im(dy) ~ 0.

Figure (5) depicts the JP-JP interaction force, Eq. (C2)
(only the expression in the square brackets with the minus
sign), calculated for a JP of radius @ = 5 pum, silica dielec-
tric constant £;/gp = 3.5, ZnO dielectric constant &,, /g9 =
8.3, silica effective conductivity o; = 1 x 104 S/m [38],
ionic diffusion coefficient D = 2 x 10~7 m?/s, electrolyte
conductivity o, = 3 x 10~* S/m, and electrolyte dielec-
tric constant £,/gg = 80, wherein g9 = 8.854 % 1012 F/m
is the vacuum permittivity. Interestingly, it explains the JP-
JP repulsion at low frequency (8 kHz) (negative value)
seen in Fig. 4 for all particle types with or without UV.
In the high-frequency regime (1 MHz), it also explains
the transition from repulsive to attractive JP-JP inter-
actions observed for the case of amorphous ZnO with

Si0, coating upon UV illumination. In this case, the
force changes its sign upon photoactivation (conductivity
increase to ~10~2 S/m), which is in qualitative accordance
with measured photoconductivity values. Furthermore, the
dark conductivity of polycrystalline ZnO [see Fig. 2(c)] is
of the same order as the abovementioned case, explain-
ing the JP-JP chains formation observed even without UV
illumination (see Fig. 4).
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