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Abstract: The surface of multilayered opal crystals resulted in homeotropic alignment of
liquid crystal (LC), originated from the surface topography of opal crystals rather than a
chemical nature of the nanoparticles. The polar anchoring energy (5.51 x 107 J/m?®) of the
crystal surface for nematic LC molecules was in a similar range to the conventional polyimide
alignment layer (2.11 x 107> J/m?) used for commercial applications. The critical length scale
for anchoring transition was approximately L,, = ~1 um. If a diameter of particle d << 1 pm
for opal crystals, LC molecules preferred to anchor vertically to the surface to minimize
elastic free energy of bulk LCs. The LC favored a planar anchoring if d >> 1 pm. The results
provide crucial insights to understand the homeotropic alignment of LCs on solid surfaces
and therefore offer opportunities to develop novel materials for a vertical alignment of LCs.
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1. Introduction

Liquid crystal (LC) is a fascinating state of matter with soft crystalline nature. On a broader
sense, self-assembly of molecules with shape anisotropy constitutes the simplest liquid
crystalline phase with nematic order. Soft crystalline nature with orientational order along
with large optical anisotropy made nematic LC as a powerful component for electro-optical
devices. Usually to make an effective device, orientation of nematic molecules needs to be
controlled by electric field from external source. To yield a specific orientation of the
molecules without any external field, however, an anisotropically modified surface is used.
Thus a specially treated surface is a prerequisite component for electro-optic device
applications [1]. The most widely adopted method for controlling the director orientation
adjacent to solid surface is coating of polyimide layer on a substrate with transparent
electrodes [1]. For homogenous or planar alignment, in which LC director is parallel to the
substrate plane, polyimide with short or no side chain is used. In case of homeotropic or
vertical alignment, where the LC director is perpendicular to the substrate, polyimide with
relatively longer side chain is used. However, the use of polyimide layer has some drawbacks,
such as static electric charges and debris due to mechanical rubbing, and high curing
temperature, etc. Since alignment control is one of the most crucial and essential process for
the fabrication of LC displays, various researches have been performed to find potential
alternatives to replace polyimide.

To overcome the problem, for the alignment of LCs, the non-contact techniques such as
the oblique evaporation [2,3], photo-alignment [4,5], Langmuir-Blodgett films [6] and ion-
beam alignment [7-9], were proposed to resolve the drawbacks of the contact (i.e. rubbing)
technique and have been a great topic of interest for last two decades. More recently,
numerous inorganic materials, such as diamond like carbon [7,10], SiOy [11,12], SiC [13,14]
and SiN, [7,15] were studied with ion-beam alignment technique and attracted much attention
due to their potential for achieving good uniformity in large-sized substrates as well as having
strong anchoring energy with high thermal stability, as compared with photo-alignment and
oblique evaporation approaches. However, many issues related to the mechanism of
alignment of LCs were not yet established, especially in the case of the vertical alignment of
the LCs on the inorganic alignment layer. Not only may the chemical nature of the surface,
but also its roughness cause homeotropic alignment. Lu [3] showed that the sign of dielectric
anisotropy (Ag) of the LC, rather than the columnar structure of a-SiOy thin film, plays an
important role in the final alignment of the LCs. In their report, vertical alignment was
usually obtained for a LC with a negative Ag, while planar alignment was obtained with a
positive Ae. On the other hand, Chen and associates [3,16—18] showed that the addition of
material having a strong longitudinal dipole moment to a LC with large negative Ae brings
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about an alignment transition from the planar to the vertical alignment. Yi, et al. [19] clearly
demonstrated how a physically modified or nano-imprinted patterned substrate causes
anchoring transition from planar to homeotropic alignment. Although LC molecules are prone
to be planar aligned on a smooth polymer surface, once the surface is roughened causing
enough elastic distortion to overcome the surface anchoring, adjacent LC medium
experiences anchoring transition from planar to homeotropic state. The fact goes very well
with the famous work of Berreman’s theory [20] for LC anchoring on solid substrates.

In continuation, Jeong et al. [21] also described a method for vertical alignment using
nano-patterns of ITO electrodes, fabricated based on the secondary sputtering phenomenon.
Kundu et al. [22] demonstrated the concept of irreversible photo-stimulated anchoring
transitions to a homeotropic state. Oh et al. [23] proposed an idea of vertical alignment as
well as in situ stabilization of the director tilt, achieved by bifunctional photo-reactive self-
assembled monolayer. Recently, Kim et al. [24] reported cyanobiphenyl substituted POSS
nanoparticles for vertical alignment of LC. Chung et al. [25] demonstrated that the pretilt
angle of LCs can be tuned from ~0° to ~90° using ZnO nanoparticles arrays with modified
chemical property and surface wettability. Chen et al. [26] reported nanoparticle-induced
vertical alignment using conductive transparent PEDOT: PSS film and illustrated the
potential of flexible LC devices with high transmittance for ITO-free LC displays.

On the other hand, self-assembly of inorganic materials evidences a process by which
nanoparticles spontaneously organize into ordered structure directly or indirectly, depending
on their mutual interaction or an externally imposed force, respectively [27-29]. Self-
assembly of such particles often yields two-dimensional (2D) mono-domain crystals over a
large area. Several methods have been followed to fabricate 2D crystals such as self-assembly
under capillary forces [30], electrophoretic deposition [31-33], spin casting [34,35] and
Langmuir-Blodgett deposition [36], etc. Convective assembly [37-39], has been one of the
most frequently used methods because of its ruggedness and minimalism. In this technique, a
three-phase contact line at the meniscus of the suspension film is formed by slow evaporation
liquid film and solvent thickness becomes comparable to the colloidal particle size as well as
a lateral capillary force between adjacent particles drags them into contact. Gradually,
evaporation and convective drag progressively free particles move toward settled colloids and
lead to an entropy-favorable close packed lattice in two dimensions. This 2D assembly of NPs
creates a uniform layer and can be used as an alignment controlling surface for nematic LCs.

Consequently, in present work, multilayered crystalline silica nanoparticles (i.e., opal
crystal) on the ITO-glass substrate were deposited by evaporation-induced self-assembly
technique and used for vertical alignment of nematic LCs. Both monodisperse and
polydisperse silica nanoparticles (SNPs) were used in the separate sets of experiments to
create SNPs-layers on ITO-glass substrates. Surface morphologies of the SNPs-coated
substrates were studied by field emission scanning electron microscopy (FE-SEM) and
atomic force microscopy (AFM). Electro-optical properties of the LC cell and polar
anchoring energy of LC molecules on the SNPs-coated surface were measured and compared
with the value obtained from a conventional Pl-coated substrate. In our results, both
crystalline layers and irregular aggregates of SNPs induced effective homeotropic anchoring
of LC molecules at the surfaces. The results behind the homeotropic anchoring have been
discussed based on the physical interaction with the help of Berreman’s theory [20] and its
further developments [40—42].

2. Experimental section
2.1. Preparation of the silica multilayer

Spherical SNPs powder having average particle diameter 15 nm (polydisperse,
Nanostructured & Amorphous Materials, Inc., USA), 80 nm (polydisperse, Nanostructured &
Amorphous Materials, Inc., USA) and 320 nm (monodisperse, Bangs Laboratories, Inc.,
USA) were purchased and used as received. Each powder was added to de-ionized water
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separately by 0.05 ~0.2 weight percent. Homogeneous dispersions of the SNPs were obtained
by stirring overnight, followed by ultrasonic process at a frequency of 20 kHz for 24 hrs at the
60°C by using sonicator (S-400 Qsonica,LLC). The mixture vials were sealed with para film
to avoid evaporation of the solvents. In the experiment for the multilayer deposition, Indium-
tin-oxide (ITO) coated glass plates were used as substrate. ITO-coated glass plates were
cleaned in a soap solution filled sonic bath and then rinsed by deionized water, acetone and
isopropyl alcohol, consecutively. The cleaned ITO-plates were kept in an oven at 120 °C for
1hr for drying. Clean and dried ITO-coated glass plates were dipped vertically in homogenous
dispersions of SNPs with different sizes separately. The whole system was kept in a pre-
heated chamber at 60 °C for slow evaporation of solvent. Multi-layered self-assembly of
SNPs was achieved on the ITO-glass plates upon evaporation of the solvent. These SNPs
coated ITO-glass substrates were used for cell fabrication to study alignment of LC molecules
at the surfaces of SNPs and resulting electro-optic properties of LCs in a confined cell.

2.2. LC Cell fabrication

Multiple numbers of test cells were fabricated by using SNPs-deposited [TO-glass substrates.
The cell gap of each LC cell was maintained by using tape spacers and varied according to its
purpose. Some cells were fabricated with ball spacer of diameters 4.0 um, mixed uniformly
with UV-curable sealant. These cells were examined under polarizing optical microscope
(POM) and used for measurements of electro-optical properties. Some other cells were
fabricated using 10 and 20 um tape spacers and used for measurements of anchoring strength
of LC at SNPs-surfaces. The cells were loaded with commercially available nematic LC
(Merck Performance Materials, Korea) with negative dielectric anisotropy (Ae = — 4) by
capillary action at its isotropic temperature. The ordinary and extraordinary refractive indices
of the LC material are 1.4742 and 1.5512, respectively. The elastic coefficients of splay and
bend deformation are 13.5 pN and 15.1 pN, respectively. The nematic-to-isotropic transition
temperature corresponds to 75.0 °C. For the reference homeotropic LC cell, conventional PI
with no rubbing (JSR Micro Korea Co. Ltd.) was used as alignment layers.

2.3. Characterizations

To study the anchoring behaviors of LC molecules at the surface of self-assembled SNPs, the
surface morphology and roughness profile of the SNPs-multilayer were examined through a
field emission scanning electron microscope (FE-SEM, S4700, Hitachi, Japan) and atomic
force microscopy (Agilent 550 AFM, Agilent Technologies). The optical textures and
conoscopic figures were observed using a polarized optical microscope (POM, NIKON
LV100POL) in order to confirm the alignment of LC molecules at the surfaces. Electro-
optical properties of 4 um cell, placed between a pair of crossed polarizers, were investigated
by using the LCMS 200 (Sesim Photonics Technology). Optical retardations of the 10 um cell
were measured as a function of applied voltage across a cell, using the REMS-150 (Sesim
Photonics Technology). Anchoring energy was calculated from the measured retardation
values.

3. Results and discussion

For the study, a thin layer of SNPs was deposited on ITO-glass substrates by the capillary
convection method. Either monodisperse or polydisperse SNPs in a colloidal dispersion self-
assembled into a closely packed layer. During solvent evaporation, capillary force and
convection bring particles together and form a thin uniform layer with a protruded surface
[42,43]. The surfaces were characterized and used for the control of LC alignment. Fig. 1
shows structured surface morphology of the opal crystal with monodisperse 320 nm SNPs
and shows resulting vertical alignment of LCs on the surface. Normal (a-i) and 20° tilted (a-ii)
FE-SEM views on the surface layer corroborate closely packed crystalline order of the SNPs.
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Fig. 1. Periodic surface structure of the opal crystal and electro-optical switching of the LC cell
fabricated by the same: (a-i) Normal and (a-ii) tilted FE-SEM views of the surface of the opal
crystal, formed by monodisperse 320 nm silica particles; (b) AFM data exemplifying regular
embossed surface with a hexagonal pattern; (c) and (d) POM images of the cell at 0 V and 5.0
V, respectively. The arrows denote the transmission axes of the polarizers. The inset in (c) is
the corresponding conoscopic figure.

The height profile of a surface shows regular interstitial indents at least 100 nm depth for
every 320 nm. Fig. 1(c) shows the POM image of nematic LC sandwiched by the surface of
opal crystals. The completely dark image with the conoscopic figure in the inset confirms a
homeotropic alignment of LCs in the cell. Upon applied electric field, the texture changed to
a uniform planar state at a local area as shown in Fig. 1(d). Since a director orientation in the
plane of a substrate was not predetermined, azimuthal orientation of a director was not
uniform in the entire cell. However, observed overall tendency was that a director reorient
toward the direction of LC filling, presumably affected by a flow.

The regular crystalline order of SNPs was not a critical requirement for a homeotropic
anchoring of LC molecules at the surface. Irregular stacks of SNP-aggregates also induced
homeotropic alignment. Fig. 2 shows such results obtained using polydisperse SNPs with
approximately 15 nm diameter. The thickness of a deposited silica layer sensitively relied on
evaporation rate of a water solvent. The POM image in Fig. 2(a) exhibits two distinct regions.
As shown in Fig. 2(a), relatively faster process resulted in a uniform thin layer (upper part)
with a weak iridescent color while the slow evaporation produced a thick layer with many
cracks (lower part), formed by volume shrinkage during drying. Fig. 2(b) represents the
optical texture of a thick deposition. The texture reveals evenly thick layer with many
cleavages in a wide area.

The FE-SEM images present detailed surface morphology of the SNPs-layer. The
magnified FE-SEM micrograph in Fig. 2(c) corresponds to the upper uniform region in Fig.
2(a). It presents a close packing of the SNPs with no crystalline order, probably due to
polydispersity of a particle size. On the other hand, a flat smooth but quite thick deposition
with a wide crack was observed in the slow processed region as shown in Fig. 2(d). The
magnified view of a surface in Fig. 2(e) is quite distinct from the surface in (c). Here the
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packing of SNPs was less dense with embedded pores and consequently the surface became
rougher than that in a thin densely packed area.

Fig. 2. Optical, scanning electron, and polarized optical micrographs of the multi-layered SNPs
with an average 15 nm diameter: (a) Optical image of the silica layer formed by varied
deposition rate; (b) Optical image of the thick deposition; FE-SEM visualizations of the (c)
thin layer with a normal view, (d) thick layer with a tilted view, and (e) magnified normal view
of the thick layer; POM and conoscopic images of the LC cells fabricated with (f) thin and (g)
thick silica layers. Scale bars for optical images correspond to 10 um. Bright lines in (g)
correspond to the crack-lines in (b).

Although no crystalline nature of the packing was observed for both cases, LC molecules
were aligned vertical to the substrate for both thin and thick regions as observed on the opal
crystal. Fig. 2(f) demonstrates a uniform vertical alignment of the LC cell fabricated by
employing thin layers of SNPs-deposition. The conoscopic Figure in the inset confirms a
vertical orientation of the optic axis (i.e., nematic director). The thick deposition also induced
homeotropic anchoring on the surface as seen in Fig. 2(g). Although a random planar
alignment was evidenced by the bright lines in cracked areas with a bare ITO-surface, the
horizontally leveled SNPs-surfaces promoted uniform vertical alignment.

The other example of irregular roughened surface of the SNPs-layer was prepared using
polydisperse 80 nm SNPs. Optical, scanning electron, and polarized optical images of the
SNPs-layer showed similar characteristics to those in Fig. 2. More detailed characterization
on the surface was performed by AFM and results were presented in Fig. 3. Fig. 3(a) shows a
surface topography of the bare ITO-substrate. 2D and 3D views present irregularity of the
surface. The green plot shows a surface profile along the green line in 2D image. The average
and RMS roughness were 0.25 nm and 0.32 nm, respectively. The histogram shows the height
distribution of protrusions, showing a 1.4 nm of average height. Fig. 3(b) reveals a surface
topography of the SNPs-layer. Much distinct roughness was observed in 2D/3D images and
surface profile (green plot) by noting difference in the depth scale (z-axis). In this case, the
average and RMS roughness were 22.4 nm and 28.9 nm, respectively. The histogram shows a
214.3 nm of average height of protrusions. The surface roughness of the SNPs-layer is
approximately two orders of magnitude larger than that of a bare ITO-surface.

Electro-optical properties were characterized using the LC cells with And ~300 nm. Fig.
4(a) shows measured transmittance as a function of applied voltage. Two types of LC cells
were prepared using conventional PI-films (black circles) and 15 nm SNPs-layers (blue
diamonds) as alignment layers. The inset corresponds to the POM images for the dark and
bright states of the cell with the SNP-layers. The LC cell with SNPs responded to slightly
lower threshold (Tyg) voltage (2.2 V vs. 2.4 V) while the saturation (Tog,) voltage of the
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SNPs-cell was higher (4.0 V and 3.9 V). The discrepancies between the SNPs-cell and
conventional PI-cell seems originating from the flow-induced pretilt of director on the SNPs-

i 3
L} l | | S
1__I ‘ ‘ ‘ 1‘|If'll 2
SRS .
os-il Il .\J‘ "HM } ” | | ‘ boa o
o ALY 0
04l \ L / ,I"‘ I AL '!,‘ 2
‘ | I | l l‘. £
T I S v e S X ST Height (nm) 2.85

nm -
~N
™~
Fig P>
| " A 4
1500: hoA f ®
[, VI th €
r | { Nk [| @
I, 1 L | u>_|
100 U [
°
[ \l “.’; s
sof- | | £
=)
L z
pm o
)] S Saa— e [ TR Rl | ]
0 1 2 3 4 5 6 0.0 Height (nm) 325.8

Fig. 3. Surface topographies of the (a) bare ITO-substrate and (b) thick silica layer, deposited
using polydisperse 80 nm SNPs. The plots correspond to the surface profiles along the green
diagonal lines in 2D-images. The histograms exhibit the number of events counted by the
height of discrete aggregates.
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surface. Otherwise, this could be attributed to the slight difference in cell gap rather than
alignment layers.

Turn-on and -off time of the SNPs-cell were compared to those of the Pl-cell. Turn-on
(off) time was defined as the time taken for the transmittance to reach from Tjgy (Togo,) to
Tooe, (T1005) With 5.0 V applied voltage. The turn-off time was in a similar range; 12.2 ms and
13.0 ms for the SNPs- and PI-cell, respectively. However, significant difference in the turn-on
time was observed for the SNP-cell (11.5 ms) and Pl-cell (27.9 ms). It seemed that much
faster turn-on response was attributed to the less populated transient defects, occurring during
switching. In general, appearance of populated transient defects, caused by random fall-over
of the LC director to the substrate plane, slows down the turn-on response time [21-23]. The

100

o]
o

[o2]
o

Transmittance (%)
~
o

N
o

[(R/Rg)-1] (V-V ) Volts

25 L I 1 I I 1

6 9 12 15 18 21
(V-V) Volts

Fig. 4. Electro-optical switching characteristics and measured retardation values of the LC
cells with 15 nm SNPs-layer (blue diamonds) and conventional Pl-layer (black circles): (a)
Voltage vs. Transmittance curves of the LC cells with different alignment layers, and (b) plots
of measured (R/Ro—1) (V=V’) vs. (V=V’) used for the calculation of polar anchoring energy.
The inset in (a) presents POM images of the dark and bright states for the SNPs-cell at the
corresponding applied voltage. Scale bars correspond to 20 pm.

rougher homeotropic surface showed a tendency to form a less transient defect during
switching even with no predetermined director pretilt [21-23].
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In addition, the surface anchoring energy is an important parameter for a LC cell, as it
affects not only the LC alignment but also the electro-optic properties. To evaluate anchoring
strength of LC molecules on each surface, the retardation values of both SNPs-cell and PI-cell
were measured, and plotted as in Fig. 4(b). The results showed a good linear fit for both
SNPs-cell (blue diamonds) and PI-cell (black circles) in a high voltage region. The slope of
linear fitted line was used to calculate polar anchoring energy of LC molecules on each
surface. The resulting polar anchoring energy on SNPs- and Pl-surface was found to be 5.51
x 107 J/m® and 2.11 x 107 J/m’, respectively. This result demonstrates that anchoring
strength of the SNPs-layer is stronger than that of the conventional PI used as reference and
therefore is sufficiently strong for device applications.

In general, LC alignment on a solid surface is understood either by chemical [3,17,44,45]
or physical [19,20,42] interactions between LC molecules and the surface. Anchoring of LC
molecules on a smooth amorphous solid surface is mostly known as random planar alignment
(i.e., tangential anchoring of long molecular axis to a surface with no in-plane order), which
maximizes van der Waals interaction between a LC and surface. When the surface consists of
oriented chemical segments, however, a LC director aligns specifically with respect to the
anisotropic segments (i.e., chemical interaction determined by chemical components). If the
surface is composed of amorphous solid with a grooved structure, a LC director aligns
parallel to the groove [40—42]. The grooved surface with a planar anchoring enhances elastic
deformation of LCs in the bulk to a great extent if the director aligns transverse to the groove.
In this case, the LC director preferably aligns parallel to the groove to avoid elastic
deformation although the surface has no chemical anisotropy (i.e., physical interaction) [40—
42]. For the same reason, anchoring transition from a planar to homeotropic state
spontaneously occurs when LC molecules are placed on a two-dimensional grooved surface.
Because the LC director in any direction in the surface plane induces high elastic deformation
of LCs, the director escapes to the third dimension (i.e., normal to the surface) [40,41].

Homeotropic alignment of LCs on the opal crystal can be explained in the same context
by the Berreman’s model [20]. The anchoring of LCs on a smooth untreated silica surface is
generally known as a planar state [46,47]. The physical interaction concentrates on elastic
energy of bulk LCs while the chemical interaction focuses on the coupling, mainly through
vander Waals interaction, between a surface and LC molecule. Ultimately LC alignment is
determined by the competition between the chemical and physical interactions to minimize a
total free energy of the system. Therefore, the competition between the chemical anchoring
strength on a flat smooth surface and elastic deformation of LCs caused by an uneven surface
should be considered to understand the anchoring transition of LC alignment at different
surface topographies. If chemical anchoring is strong enough to overwhelm elastic
deformation, LCs will align preferable to the chemical interactions, yielding tangential
anchoring to the surface. However, LC alignment will favor the physical interaction to
minimize elastic free energy when elastic deformation energy predominates chemical
anchoring energy.

Figs. 5(a) and 5(b) schematically illustrate a planar and homeotropic LC alignment at the
surface of closely packed SNPs [40—42]. The LC anchoring depends on competition between
surface anchoring energy (W,) and bulk elastic energy (W,) of the system. As shown in Fig.
5(a) for a planar anchoring, elastic deformation of LCs critically depends on the amplitude-
frequency ratio (a/A). If a/A << 1, the elastic deformation is comparatively weaker than the
chemical anchoring. Therefore LC molecules prefer to align tangential to the surface of SNPs.
If a/A >> 1, however, the chemical anchoring energy is overwhelmed by the elastic energy. As
a result, LC molecules favor homeotropic anchoring as shown in Fig. 5(b).
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Fig. 5. Schematic illustration of LC alignment at the surface of closely packed nanoparticles.
The green solid lines in (a) depict tangential direction of a local LC director. The green ellipse
in (b) represents LC molecule. W, and W, denote anchoring energy and elastic energy of LCs,
respectively.

For the monolayer of spherical particles (i.e., 2D opal crystal), the a/A = 1 and LC
anchoring depends on the size of particles. If the chemical anchoring is infinitely strong, the
director is aligned tangential to the surface of SNPs despite of elastic deformation of LCs. For
finite anchoring strength, however, the critical diameter d of SNPs for anchoring transition
can be approximated by the estimation on typical anchoring energy at ordinary surfaces and
elastic constant of LC material. The polar anchoring energy of smooth solid surfaces ranges
W, ~107° J/m. The elastic constant of LCs is in the order of K ~10™'' N. In this case, the
anchoring scale, which is defined as the critical length for the anchoring transition from a
planar to homeotropic state, is L,, = K/W, =10 Sm=~1 um for the chemical interaction to a
smooth surface [48]. Similarly for the 2D-grooved surface with a frequency A and amplitude
a, approximate anchoring energy [40] is W, ~Ka’/A’ and the measured polar anchoring energy
was in the order of W, ~107° N/m in the present experiment. Thus the anchoring scale L,, =
KIW,~¥/a’ =~1 ym.

The anchoring scale based on both chemical and physical interactions suggests that a
critical length scale for the anchoring transition from a planar to homeotropic state is ~1 um.
If a diameter d >> 1 um, anchoring energy contribution to the total free energy is dominant
over elastic free energy and thus LC anchors planar to a surface. On the contrary, for the d <<
1 um, LC director aligns vertical to the surface. The estimation is valid for particles with
various chemical compositions with polar anchoring energy W, ~10~> N/m. According to the
discussion, Fig. 5(a) illustrates a planar anchoring condition, where A’/a° >> 1um representing
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W, >> W,. Contrariwise, when 1>/a’ << 1 um, LCs anchor vertical to the surface as illustrated
in Fig. 5(b), where elastic energy dominates anchoring energy (i.e., W, << W,).

Based on our results with polydisperse SNPs, roughness of a surface is a critical
parameter for a homeotropic alignment rather than regularity of protruded surface. For the flat
surface with closely packed small particles with d (diameter) ~/ (molecular length), the
surface may not be rough enough to induce elastic deformation of LCs. This doesn’t mean
that the particles with d ~/ are not able to induce homeotropic alignment. The SNP-layers
composed of irregular clusters of primary aggregates can form a rough enough surface with
embedded pores similarly as in Fig. 2. In this case, the anchoring energy W, depends on the
average amplitude-to-frequency ratio of protrusions (4/4). Here A is the average amplitude of
the protrusions and A is the average of spatial periodicity (frequency). Consequently, critical
length scale for anchoring transition can be approximated by L,, = K/W, ~4°/4* = ~1 pm. If
A%/47 << ~1 pm, the elastic deformation of a bulk LC overwhelms the anchoring energy at the
surface and thus leads anchoring transition to a vertical alignment.

4. Conclusion

In this work, homeotropic alignment of LCs on the SNPs-depositions has been demonstrated.
Self-assembled opal crystals were deposited on flat substrates by the capillary convection
method and used as LC alignment layers. The SNPs-layers with regular or irregular protruded
surface induced vertical alignment of LC director with respect to a surface plane. Compared
to the conventional Pl-cell, the SNPs-cells showed sufficient optical, electro-optical, and
anchoring properties for device applications.

The origin of homeotropic anchoring of LC molecules on the opal crystal is physical in
nature. The results corroborate the model of physical interaction first proposed by Berreman.
For polar anchoring of LC molecules on the surface of SNPs-layer, topography (i.c.,
roughness) plays a crucial role rather than chemical composition of nanoparticles or regularity
of the surface. Approximate estimation resulted the critical length scale L,, = ~1 pm for
anchoring transition. If a diameter of particle d << 1 pm for a 2D opal crystal, LC molecules
prefer to anchor vertically to the surface to minimize elastic free energy of bulk LCs. For the
SNPs-layers composed of irregular clusters of primary aggregates, LC anchoring is
determined by the average amplitude-to-frequency ratio of protrusions (4/4). If L,, = A4°4° <<
~1 pm, the elastic deformation of a bulk LC governs the anchoring at the surface and thus
leads to homeotropic alignment. The results and discussion provide crucial intuition regarding
the LC-anchoring on a solid surface. This suggests that homeotropic alignment of LCs can be
achieved by various unconventional approaches, making rough surfaces instead of forming a
conventional polymer layer.
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