crystals MoPY

Communication
External-Voltage-Free Dielectrophoresis of Liquid
Crystal Droplets

Sheng-Kuang Wu !, Ting-Shan Mo %* (7, Jia-De Lin !, Shuan-Yu Huang 3, Hui-Chen Yeh %,

Lin-Jer Chen ! and Chia-Rong Lee '*

1 Department of Photonics and Advanced Optoelectronics Technology Center,

National Cheng Kung University, Tainan 701, Taiwan; okdyolka@yahoo.com.tw (5.-K.W.);
geman1218@yahoo.com.tw (J.-D.L.); jer5409@yahoo.com.tw (L.-J.C.)
Department of Electro-Optical Engineering, Kun Shan University of Technology, Tainan 710, Taiwan
Department of Optometry, Chung Shan Medical University, Taichung 402, Taiwan; syhuang0508@gmail.com
Department of Ophthalmology, Chung Shan Medical University Hospital, Taichung 402, Taiwan
Graduate Institute of Electrical Engineering, National Kaohsiung First University of Science and Technology,
Kaohsiung 824, Taiwan; hcyeh@nkfust.edu.tw
*  Correspondence: crlee@mail ncku.edu.tw (C.-R.L.); dsmo@mail ksu.edu.tw (T.-S.M.);

Tel.: +886-06-275-7575 (C.-R.L.)

G = W N

Academic Editor: Wei Lee
Received: 12 May 2017; Accepted: 30 June 2017; Published: 3 July 2017

Abstract: This work reports, for the first time, a dielectrophoresis (DEP) effect-induced motion of
liquid crystal (LC) droplets in an LC/monomer mixture sample with a poly-(N-vinyl carbazole)
PVK-coated substrate without an external voltage. With the UV pre-irradiation of the PVK
layer through a binary mask, a laterally non-uniform electric field can be induced between the
pre-illuminated regions and the neighboring non-pre-illuminated PVK regions near the borders
of the two regions. The phase separation occurs once the temperature is lower than 50 °C and
the LC droplets can form in the sample. The pre-formed non-uniform field provides a DEP-like
force to manipulate the small LC microdroplets in the pre-illuminated regions to effectively
migrate to the adjacent non-pre-illuminated regions. The continuous supply of the LC from the
pre-illuminated regions to the adjacent non-pre-illuminated regions significantly increases the
diffraction efficiency of the grating sample. This study provides an insight into developing new
external-voltage-free DEP-based devices that can be applied on various fields, such as photonics,
displays, and biomedicines.
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1. Introduction

Dielectrophoresis (DEP) is a phenomenon in which a dielectric particle is subjected to a force in
a non-uniform electric field [1-5]. DEP was first understood and named by Herbert A. Pohl in the
1950s [6,7]. Particles need not be charged to exhibit DEP. In particular, all particles in the presence of
an electric field can show DEP as long as the particles can be polarized. The DEP force exerted on a
particle is dependent on the properties of the particle and its suspending medium, such as the dielectric
property, shape, and size of the particle and the permittivity and conductivity of the suspending
medium and the externally applied electric field [2,7]. The DEP force can be described as follows:

— —
F = 27R%,,KVE} 1)

where R is the radius of the particle, g, is the permittivity of the suspending medium, and Ej is the
magnitude of the applied electric field [2,6]. The factor K is known as the Clausius-Mossotti function,
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which depends on the complex permittivity of the particle and the medium and is a measure of the
effective polarizability of the particle [4]. In the case of spherical particles, this factor is given by:

K — (ep — &m) ?)
(ep + 2em)
where ¢, is the permittivity of the particle [8]. If the particle moves in the direction of increasing electric
field, then the behavior is referred to as positive DEP (K > 0). On the contrary, if the particle moves
away from the high field region, then it is known as negative DEP (K < 0). This diversification provides
a simple means for the separation of bio cells or the orientation and manipulation of nanoparticles and
nanowires [2,6]. The increasing availability of micro-fabricated devices for silicon-based integrated
systems has brought rapid advancement in a considerable amount DEP research and application since
the late 1980s [9].
Liquid crystal (LC) has been widely used in many areas, especially in displays and photonics.
The main attraction of LC is its externally controllable characteristics, for example, its optical properties
can be modulated by applying electric, optical, or magnetic fields [10-12]. In addition to displays
and photonic devices, basic works on LCs have drawn increasing attention recently, particularly the
dynamically controllable movements of particles in LC media or LC droplets in dielectric media by
use of DEP mechanisms [13-15]. Traditional DEP mechanisms to manipulate LC or non-LC particles
require application of an external voltage. The current work reports for the first time a DEP-like
effect that can induce the motion of LC droplets in a monomer matrix filled in a sample with a binary
poly-(N-vinyl carbazole) (PVK)-coated substrate without the need of an external voltage. PVK is
a polymeric photoconductor, and is widely used in organic devices as a hole transport layer [16].
PVK can also be integrated into LC devices as alignment film or patterned electrodes for developing
configurable optical elements such as tunable spatial filter, Fresnel lens, and lasers [17-19]. In the
present investigation, the binary PVK pattern can be obtained by pre-irradiating one UV light on the
PVK-coated substrate via a binary photomask. A laterally non-uniform electric field can be pre-built
between the pre-illuminated regions and the adjacent non-pre-illuminated PVK regions near the
borders of the two regions. Following cooling of the sample below 50 °C, the LC droplets can form,
and the non-uniform field may induce a DEP-like force. This force can drive the small LC microdroplets
in the pre-illuminated regions to effectively move to the adjacent non-pre-illuminated regions, thereby
significantly increasing the diffraction efficiency of the grating. The present DEP-like mechanism
provides a new approach to simply controlling the movement of LC droplets with sizes ranging from
micron to nanometer without the need of an external voltage.

2. Sample Preparation and Experimental Setup

The chemical structures of the materials used in this study are shown in Figure 1. The LC used
(Figure 1a) is TL205 (1, = 1.5309, 1, = 1.74 at 589 nm and 25 °C, clearing point: T¢ ~ 85 °C), purchased
from Merck. The photoconductive polymer (Figure 1b) used is PVK, purchased from Sigma-Aldrich.
A solution of chlorobenzene solvent with PVK at a weight ratio of 98:2 is prepared and spin-coated
onto an indium-tin-oxide (ITO)-coated glass slide at two steps with 2000 rpm for 30 s and 500 rpm for
10 s. The coated substrate is then pre-baked in an oven at 80 °C for 20 min and post-baked at 120 °C
for 60 min after the pre-bake. A binary photomask is used in this work; it has transparent and opaque
stripes with equal widths of 150 um. The photomask is custom-made by etching a chromium oxide
layer using electron-beam lithography. The binary PVK layer with alternatively pre-illuminated and
non-pre-illuminated stripes on the ITO slide can be obtained after the irradiation of a non-polarized
UV light with an intensity of 9.2 mW /cm? from a 7.5 W Hg lamp through binary photomask for 48 h.
Thereafter, another ITO substrate without any alignment film and treatment is combined with the
binary PVK-coated one to fabricate the empty cell with a cell gap of 12 um. TL205 and monomer
[Norland Optical Adhesive 63 (NOA63)] at a weight ratio of 35:65 cannot dissolve with each other;
thus, the phase separation between them occurs when the temperature is lower than 50 °C. Once the
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temperature is equal to or higher than 50 °C, the LC in the mixture becomes isotropic. Accordingly, the
materials can instead uniformly mix after appropriate stirring. The uniform mixture is then transferred
into an empty cell, which is prefixed at a hot stage at 50 °C. The edges of the sample are sealed with
epoxy, and then the sample undergoes a cooling process to room temperature (I = 25 °C) at a rate
of 5 °C/min in 5 mins. The image of the sample is observed and recorded in two steps: the cooling
step from 50 °C to T for 5 min and then the constant-T step for 16 h under the polarizing optical
microscope (POM) with crossed polarizers (IX-71, Olympus, Taichung city, Taiwan). A long-pass filter
is used to filter out the illumination with a wavelength shorter than 500 nm from light source of POM
to prevent the radical polymerization of NOA63. Notably, no external voltage bias is applied on the
sample in this study.
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N
F
(a) (b)

Figure 1. Chemical structures of materials used in the present work: (a) LCs (TL205) and (b)
photoconductive polymer (PVK).

3. Results and Discussion

3.1. Formation of LC Droplets with Significantly Different Sizes between the Pre-Illuminated and
Non-Pre-llluminated Regions in the Grating Sample at the Cooling Step

The dynamic variation in the formation of LC droplets in the LC/monomer mixture sample
with the binary PVK layer under the POM with crossed polarizers is displayed in Video S1 (in the
Supplementary File), in which the displayed speed is accelerated eight-fold at the cooling step.
Figure 2a—e shows the selected images of the sample in Video S1 at cooling time tc = 0, 30, 60,
150, 300 s. Figure 2f shows the photomask pattern under the POM (with no analyzer), in which the
bright and dark regions of the pattern correspond to the pre-illuminated and non-pre-illuminated
regions in the grating sample, respectively. The experimental results show that the small LC droplets
can form simultaneously in the pre-illuminated and non-pre-illuminated regions of the grating sample
via the phase separation of the monomer and LC once the temperature is lower than 50 °C. In the
non-pre-illuminated regions, the LC droplets quickly become large at the cooling step through the
random coalescence among neighboring droplets; these droplets randomly move due to the strong
thermal fluctuation. On the contrary, the small LC droplets in the pre-illuminated regions expand
slightly; as a result, the droplets nearly sustain their very small sizes (approximately a few micrometers)
at the entire cooling step. Thus, the discrepancy between the average sizes of the LC droplets in the
two regions at Tr become very large (Figure 2e). Consequently, a grating with alternative distribution
of small and large droplets forms, and the grating has a first-order diffraction efficiency of nearly 4.7%
(Figure 3) at the end of the cooling step.

To acquire additional information about the origin of such a result, the motions of the small and
large droplets in the pre-illuminated and non-pre-illuminated regions are surveyed, as well as their
relation in Video S2 (in the Supplementary File) which is a film produced via local magnification in
Video S1. Clearly, the small LC droplets in the pre-illuminated regions continually migrate to and
accumulate in the non-pre-illuminated regions near the borders between the two regions. At the
same time, the large LC droplets in the non-pre-illuminated regions continually enlarge via random
coalesce with adjacent small droplets; these droplets are generated by those accumulated droplets
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originally located in the non-pre-illuminated regions near the borders of the two regions. From the
observed result, the key factor for inducing the binary distribution of large and small LC droplets
at the cooling step must be associated with a specific force that induces the small microdroplets in
the pre-illuminated regions to continually migrate to the non-illuminated regions near the borders
of the two regions. To determine the origin of the force, the motion of the LC droplets formed in the
monomer matrix of the grating sample is further observed and recorded at the constant-Ty step for a
long period (16 h). Associated experimental results are shown below.

()

Figure 2. Images of the LC/monomer mixture sample with binary PVK layer at the cooling step
from 50 °C to T in 5 mins at a rate of 5 °C/min observed under the POM with crossed polarizers at
cooling time fc = (a) 0's, (b) 30's, (c) 60 s, (d) 150 s, and (e) 300 s. (f) The binary photomask pattern
observed under the POM (with no analyzer) is displayed for reference to identify the pre-illuminated
and non-pre-illuminated regions of the UV light on the PVK layer. The area inside the rectangular
dotted frame of this pattern corresponds to the zone of the recorded images shown in (a—e).

3.2. Phenomenon of Migration of Small LC Microdroplets from the Pre-Illuminated Regions to the
Non-Pre-Illuminated Regions of the Grating Sample at the Constant-Tg Step

After the sample undergoes the cooling step from 50 °C to Tg, the image of the grating sample is
further observed and recorded at the constant-Tg step for 16 h under the POM with crossed polarizers.
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The time-lapse photograph for observing the variation in the grating sample image at Tr for 16 h
is displayed in Video S3 (in the Supplementary File). Figure 3a—h show the observed images of the
grating sample at Ty selected at observation time tg =0, 1,2, 4, 7, 10, 13, and 16 h in order. Apparently,
the large droplets in the non-pre-illuminated regions exhibit less motion, and the migration of the
small droplets in the pre-illuminated regions to the non-pre-illuminated regions near the borders of
the two regions becomes slow at the constant-Ty step. The reason is that the viscosity of the monomer
matrix becomes low at Tr. The migration of the small droplets is slow but apparently lasts for a long
duration of approximately 10 h from fg = 0 to tg = 10 h. After tg = 10 h, the migration of the small
droplets nearly ceases. The corresponding first-order diffracted dynamics for the grating during the
migration of the small droplets is recorded from ¢z = 0 to tg = 16 h using a He-Ne laser beam with a
wavelength of 633 nm to probe the grating. The result is plotted in Figure 4, which shows that the
grating efficiency increases quickly from 4.7 % at tg = 0 to 7.9% at tg = 4 h and slowly from 7.9% at
tr =4 hto 8.6% at tgr = 10 h. After tg = 10 h, the efficiency saturates to a constant value. This result is
consistent with the migration dynamics of the small droplets from the pre-illuminated regions to the
adjacent non-pre-illuminated regions near the borders of the two regions (Figure 3a-h).

The above-mentioned experimental results displayed in Figure 3 present a DEP-like phenomenon.
As a result, the small droplets present a uni-directional migration by the DEP force from the
pre-illuminated regions to the adjacent non-pre-illuminated regions near the borders of the two regions.
To the best of our knowledge, this work is the first discovery of such an unusual DEP effect without
the need for an external voltage. The above-mentioned results, and the fact that the LC droplets are
electrically neutral, show that a laterally non-uniform electric field with an increasing strength from the
pre-illuminated regions to the adjacent non-pre-illuminated regions near the borders between the two
regions must be developed after the UV pre-exposure on the PVK layer through the binary photomask.
To explain the DEP-like phenomenon at constant-Tr step emerging in Figure 3, a model as displayed in
Figure 5 is addressed by the enlightenment of the photorefractive (PR) effect described in detail in the
reviewed literature, as PVK is known to be a popular PR polymer [20]. To clearly illustrate the model,
a figure that separates the interior of the grating sample into LC-droplets/monomer and PVK layers is
shown in Figure 5, in which the two layers are connected in reality in the sample. Electron-hole pairs
can generally be created in the pre-illuminated regions, but less so in the non-pre-illuminated regions
of the PVK layer under the UV pre-irradiation through the binary photomask. The holes are the mobile
charge carriers after the UV irradiation on the PVK [20]. The generation of the photocharges mainly
occurs on the exposed surface in the pre-illuminated regions of the PVK because the absorption of
PVK in the UV band is strong [21]. The mobile holes in the pre-illuminated regions diffuse toward
the non-pre-illuminated regions as a result of its inhomogeneous concentration after the non-uniform
UV illumination (in the present case, no drift for holes can occur because no external voltage is
applied on the sample). When these holes diffuse toward the non-pre-illuminated regions, part of
them will be trapped by the defects. The trap of the holes mainly occurs in the non-pre-illuminated
region near the borders between the two regions, because the mobile holes present low probability
to further diffuse into the deeper, non-conductive non-pre-illuminated regions. The net charge left
in the pre-illuminated regions then becomes negative. The trap of these holes in the non-illuminated
regions is limited on the borders between the two regions; thus, compared with the broad distribution
of the net negative charges in the entire pre-illuminated regions, the positive surface charge density
in the non-pre-illuminated regions near the borders [o(+)] is higher than the negative one in the
pre-illuminated regions [o(-)]; this phenomenon induces a non-uniform internal electric field with
a strength gradient increasing from the pre-illuminated regions to the non-pre-illuminated regions
near the borders in the sample (Figure 5). The non-uniform internal electric field exhibits a gradient
from the pre-illuminated to the adjacent non-pre-illuminated regions, and the dielectric constant of the
LC droplet (¢, /eg = €| /eg = 9.1 at 1 kHz) is larger than that of the monomer (e, /¢y = 3.2 at 1 kHz).
Thus, the small LC droplets in the pre-illuminated regions bear a DEP force toward the adjacent
non-pre-illuminated regions according to Equations (1) and (2). These small droplets can continually
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move toward, and then accumulate and merge with, one another in the non-pre-illuminated regions
near the borders of the two regions (Figure 3a—h or Video S3).

&’
. @

Figure 3. Image of the grating sample with binary PVK layer recorded at the constant-Tx step under
the POM with crossed polarizers at observation time tg = (a) 0 h, (b) 1 h, (¢) 2 h, (d) 4 h, (e) 7h, (f) 10 h,
(g) 13h, and (h) 16 h.
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Figure 4. Dynamic variation in the measured diffraction efficiency of the LC/monomer grating sample
with the observation time at Tg.

LC/monomer
mixture layer

Preilluminated Non-preilluminated
region region

Figure 5. Model to explain the DEP-like phenomenon at constant-Tg step. The non-uniform internal
electric field has an increasing strength gradient from the pre-illuminated regions to the adjacent
non-pre-illuminated regions near the borders of the two regions (the lower half part). The
small LC droplets in the pre-illuminated regions uni-directionally migrate toward the adjacent
non-pre-illuminated regions near the borders.

3.3. Further Discussion about the Key Role of the Discovered Non-Uniform Internal Field Playing at the
Cooling Step

In this section, the key role of the discovered non-uniform internal field playing at the cooling
step is discussed. As explained by the above-mentioned model, the non-uniform electric field has
been pre-built after the UV pre-exposure on the PVK layer through the binary photomask. The small
microdroplets in the pre-illuminated regions of the sample should be driven by the DEP force, owing
to the non-uniform internal field once the phase separation occurs at the beginning of the cooling
step. This claim has been proven previously by the dynamic display in Video S2. When the small
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droplets approach the non-illuminated regions near the borders, they can accumulate and merge with
one another to become large droplets. In the initial stage of the generation of the LC droplets, this
uni-directional migration is very animated, because of the low viscosity of the monomer matrix at high
temperature. At the same time, the random coalescence of the LC droplets in the non-pre-illuminated
regions is also active, because of the strong thermal fluctuation at high temperatures. The strong
thermal fluctuation can activate the accumulated LC droplets at the borders originally from the
pre-illuminated regions; thus, these droplets can escape from the confinement of the internal field and
then randomly move to the deeper field-free regions of the non-pre-illumination. In these regions,
they have a high probability of meeting and merging into large droplets. However, as the temperature
gradually decreases to Ty, the viscosity of the monomer matrix increases. Consequently, the motion of
the LC droplets in the two regions becomes much inactive, as shown in Video S3. In other words, the
analysis shows that the non-uniform internal electric field plays a key role in effectively inducing the
continuous output of the LC from the pre-illuminated regions and the continuous input of LC into
the non-pre-illuminated regions. This fact successively limits and enhances the enlargement of the
droplets in the pre-illuminated and non-pre-illuminated regions, respectively, at the cooling process.
Therefore, the final distribution of the LC droplets with a significant difference between the average
droplet sizes in the two regions of the grating can be obtained at Tg.

4. Conclusions

In this study, the dynamic variation in the formation of the LC-droplet/ monomer grating with
a PVK pattern is investigated. The PVK pattern is pre-obtained after the exposure of one UV light
through a binary photomask. The experimental results show that an internal electric field can be
induced between the pre-illuminated regions and the adjacent non-pre-illuminated regions near the
borders of the two regions, thereby possibly producing a DEP-like force that effectively migrates
LC microdroplets from pre-illuminated regions to non-pre-illuminated regions. To the best of our
knowledge, this work is the first to demonstrate the DEP phenomenon without the need for applying
a bias voltage. The continuous supply of the LC from the pre-illuminated regions to the adjacent
non-pre-illuminated regions significantly increases the diffraction efficiency of the grating sample.
The external-voltage-free DEP mechanism provides a new approach to control micro- to nano-scaled
particles in various applications, such as photonics, displays, and biomedicine.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4352/7/7/202/s1,
Video S1: Dynamic formation of LC droplets in the pre-illuminated and non-pre-illuminated regions in the
grating sample at the cooling step; Video S2: Local magnification of Video S1; Video S3: Dynamics of migration of
small LC microdroplets from the pre-illuminated regions to the non-pre-illuminated regions of the grating sample
at the constant-Ty step.
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