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Abstract: Blue phase (BP) liquid crystals, which self-assemble into soft three-dimensional (3D) pho-
tonic crystals, have attracted enormous research interest due to their ability to control light and
potential photonic applications. BPs have long been known as optically isotropic materials, but
recent works have revealed that achieving on-demand 3D orientation of BP crystals is necessary
to obtain improved electro-optical performance and tailored optical characteristics. Various ap-
proaches have been proposed to precisely manipulate the crystal orientation of BPs on a substrate,
through the assistance of external stimuli and directing self-assembly processes. Here, we discuss
the various orientation-controlling technologies of BP crystals, with their mechanisms, advantages,
drawbacks, and promising applications. This review first focuses on technologies to achieve the
uniform crystal plane orientation of BPs on a substrate. Further, we review a strategy to control the
azimuthal orientation of BPs along predesigned directions with a uniform crystal plane, allowing
the 3D orientation to be uniquely defined on a substrate. The potential applications such as vol-
ume holograms are also discussed with their operation principle. This review provides significant
advances in 3D photonic crystals and gives a huge potential for intelligent photonic devices with
tailored optical characteristics.

Keywords: blue phase liquid crystals; photonic crystals; 3D orientation control; photonic devices

1. Introduction

Blue phase (BP) liquid crystals (LCs), which are a kind of chiral LC state, have emerged
significant research interest in a variety of photonic applications owing to their three-
dimensional (3D) photonic structures. They are built by self-assembling so-called double
twist cylinders (DTCs) into two types of cubic symmetry: body-centered cubic (BP I, I4132)
and simple cubic (BP II, P4232), depending on the chiral twisting power and temperature
(Figure 1) [1–3]. The highly ordered structures of BPs give rise to a unique selective Bragg
reflection in the visible light region, which only reflect a circular-polarized (CP) light with
the same handedness as the helix [4,5]. The central wavelength of the selective Bragg
reflection (λc) is expressed as

λc =
2na√

h2 + k2 + l2
cos θ (1)

where n is the average refractive index of BPs, a is the lattice constant of BPs, (hkl) is
the Miller indices representing the crystal orientation, and θ is the propagation angle
of light in BPs with respect to the normal direction of a Miller plane. Because of the
external stimuli-responsivity of BPs, they can be easily switched and tuned by controlling
temperature [6,7], by applying an electric field [7–11], and by illuminating light [12,13],
making them applicable to various photonic applications such as displays [14], photonic
crystal lasers [6,15–18], biosensors [19,20], optical filters [21], polarization converters [22],
and diffractive optics with the capability of nonmechanical beam steering [23,24].
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Figure 1. (a) Temperature range in which BP I and BP II appear. (b) Structure of a double-twist cylinder (DTC) composed of
biaxial twist of the LC molecules. (c,d) Unit structures of body-centered cubic BP I (c) and simple cubic BP II (d), with their
dislocation lines (red lines).

Despite the technological potential of BPs, several issues have been raised to achieve
tailored light-matter interaction for practical applications. First, BPs typically appear in a
narrow temperature range of approximately 1–2 ◦C between cholesteric (Ch) and isotropic
state. BPs that exhibit over a wide range of temperature were obtained by adding a small
amount of photo-reactive monomers and in situ polymerization, providing a temperature
range of BPs over 50 ◦C including room temperature [25,26]. Other strategies have also
been proposed to extend the temperature range of BPs, by dispersing nanoparticles [27,28],
bent-core molecules [6,29], and T-shaped molecules [30], by confining BPs in the microsized
walls [31–33], and by designing the chemical structure of LC molecules [34]. Second, cubic
BPs generally exhibit polycrystalline structures, which are composed of small platelet
domains with different crystallographic orientations. Because of the complicated structures
of BPs, it is not a trivial task to achieve the uniform crystal orientation in the entire device
area. However, BPs with a uniform crystal plane orientation have shown superior optical
characteristics compared to multidomain BPs [35]. Moreover, it was found that BPs provide
a way to arbitrarily steer the wavefront of reflected light by azimuthally rotating the 3D
crystals [36], enabling us to fabricate various diffractive optical elements (DOEs), such as
light deflectors [36] and holograms [37]. Thus, it is necessary to accomplish the tailored 3D
orientation of BP crystals from the practical perspective.

In this review, we focus on recent developments to effectively produce monodomain
BPs in which a specific Miller plane is uniformly oriented parallel to a substrate. Various
approaches such as the assistance of external stimuli and directing the self-assembly
processes are discussed with the designs, mechanisms, and potential applications. While
the approaches allow monodomain BPs in a large area, they still exhibit grain boundaries
between the domains. An approach that realizes macroscopic single-crystal BPs using
nanopatterned templates is also discussed. Further, in contrast to the technologies that
allow only crystal plane orientation to be manipulated, we discuss a new strategy to
simultaneously control two crystal axes of BP I on a substrate. The method, which is
referred to as field-assisted directed self-assembly process, enables us to obtain a BP I
with the [110] crystal axis oriented perpendicular to the substrate and the [001] crystal
axis aligned along the predesigned surface anchoring. The mechanism with its potential
applications such as volume holograms is presented. In the following, we refer to the BP I
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and BP II with the (h k l) crystal plane oriented parallel to the substrate as BP I(hkl) and
BP II(hkl), respectively.

2. Crystal Plane Orientation-Controlling Technologies

In many researches, BPs are regarded as an isotropic material with scalar electro-optic
properties, thus less attention has been paid to the importance of controlling the crystal
orientation. However, considering that the wavelength of Bragg reflection depends on the
Miller planes (according to Equation (1)) and small platelet domains greatly degrade the
performance of BP-based optical devices, it is necessary to obtain the tailored 3D orientation
of BP crystals on a substrate. Belyakov et al. revealed that the optical rotatory power
of a single-crystal BP is significantly enhanced compared to the polycrystalline BPs [5].
Moreover, enlarging the domain size of polymer-stabilized BPs (PSBPs) enables hysteresis-
free electro-optical switching due to the reduced grain boundaries between the different
crystal orientations [38]. Thus, controlling the crystal orientation and understanding
the mechanisms are important from the fundamental and practical perspective. In the
following, we discuss recent developments to control the orientation of BP crystals over a
large area, including thermal control, the use of alignment layers, electric field treatment,
and the use of nanopatterned templates. It should be noted that we refer to BPs consisting
of small crystalline platelets with a uniform crystal plane orientation as monodomain BPs,
which still have grain boundaries between the platelets. The single-crystal BPs indicate
those consisting of a uniform crystal plane and an azimuthal orientation without the
grain boundaries.

2.1. Thermal Control

Chen et al. investigated a thermal recycling process to obtain enlarged domains of
BPs with a uniform crystal orientation [38]. By repeatedly performing the cooling and
heating process in a temperature range where BP I appears, the heterogeneous nucleation
(nucleation occurring at substrate surface) becomes dominant over the homogeneous
nucleation (nucleation occurring in the bulk) during the crystal growth. As a result,
the uniform BP I(220) was obtained with a domain size enlarged by approximately five
times compared to the initial state. The uniform BP I showed significantly improved
electro-optical hysteresis and higher transmittance due to the reduced light scattering,
demonstrating the capability of using them as photonic applications such as displays and
tunable LC lenses.

Extremely large monocrystalline BPs were attained by controlling the self-assembly
process of BPs [39]. A LC mixture was cooled from the isotropic state to a temperature
where BP I and BP II appear, and held for ten hours to induce the reassembly of the
BP platelets, as shown in the polarized optical microscope (POM) images in Figure 2a,b.
Interestingly, as a result of observing the crystal growth of BPs over time, only the domains
of the BP II were reassembled and grown larger, whereas no significant change was
observed in the domains of the BP I. This originates from the topological differences of
the lattice structure and dislocation lines between BP I and BP II. In a unit cell of BP II, all
dislocation lines are intersected at the center of the unit cell, playing as a single defect. Thus,
there exists only one minimum free energy for the formation of a monocrystal. On the other
hand, the BP I makes it difficult to form a monocrystal because the dislocation lines that
are separated from each other have many minimum free energies. Despite the difficulty
of forming a large BP I domain using a direct self-reassembly process, two approaches
were proposed: using a well-aligned BP II as a precursor for monocrystal BP I and a
gradient-temperature scanning (GTS) technique. A BP I with approximately mm2-sized
monodomains was obtained by rapidly cooling from enlarged BP II domains and holding
the temperature for 24 h. Further, for the GTS technique, the monocrystal BP I placed
on a low T-stage was exploited as a seed for nucleation (Figure 2c). When pushing the
sample towards the low T-stage, BP I was grown from the seed with a uniform crystal
plane orientation (Figure 2d). By adjusting the pushing direction two-dimensionally, a BP
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crystal having the size of 1200 × 700 µm2 with a thickness of ~300 µm was obtained. The
monocrystal BP I showed improved Bragg reflectivity, narrow bandwidth, and electrical
tunability over a wide range of wavelengths (~100 nm), demonstrating its ability as versatile
3D photonic crystal devices.

Figure 2. (a) Time evolutions of microscopic images of BP II (upper) and BP I (bottom) crystals. (b) Average domain
size of BP II and BP I at various holding times. (c) Experimental description to obtain large single-crystal BP I through
gradient-temperature scanning (GTS) method. (d) Polarized optical microscope (POM) image of single-crystal BP I obtained
by GTS method. Reproduced with permission from [39]. Copyright 2017, Nature Publishing Group.

It is possible to obtain enlarged domains of BPs using the aforementioned methods,
but only a slow rate of temperature control ensures the crystal orientation to be effectively
controlled. Thus, they are all time-consuming and require complex equipment to precisely
control the temperature.

2.2. Use of the Alignment Layer

One of the simplest methods to obtain monodomain BPs is to coat an appropriate
alignment layer on a substrate and imprint the orientational easy axis of the LC director.
Many researchers have obtained monodomain BPs particularly using a rubbing treatment
and demonstrated that they possess better electro-optical and photonic characteristics
than multidomain BPs. For example, Nayek et al. fabricated a monodomain BP using an
antiparallel rubbed cell, which showed a reduced operating voltage by 27% and hysteresis
by 63% due to the enhanced Kerr constant [40]. Similarly, a well-aligned BP II was obtained
by cooling from an isotropic state in a rubbed cell, providing significantly improved
reflectivity with a narrow photonic band gap [41]. A polarization-independent phase
modulator was also developed using monodomain PSBPs [42]. The monodomain PSBPs
showed a maximum phase shift higher than multidomain PSBPs by a factor of 1.5 under a
certain applied field. A well-aligned PSBP II has shown that the hysteresis for electro-optical
switching was drastically reduced compared to the multidomain PSBP I [43].

Further advanced capabilities of monodomain BPs as photonic applications were also
revealed. The threshold energy for laser emission from the well-aligned BP II was drasti-
cally reduced compared to multidomain BPs, as well as the full-width of half-maximum
(FWHM) of the emission became narrower by four times (Figure 3a–d) [18]. The reversibly
tunable emission wavelength over a range of 40 nm was realized by adjusting the lattice
constant of the well-aligned BP II through the thermal control.

A diffraction grating was demonstrated by inducing the local reorientation of the LC
director through the in-plane electric field (Figure 3e). The electric field induced the LC
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birefringence owing to the Kerr effect, causing spatial modulation of the refractive index.
Because the regular arrangement of the monodomain BPs has a long coherence length,
the driving voltage was reduced by 29% with the improved diffraction efficiency by 9%
(Figure 3f,g) [44].

Figure 3. (a,b) Emission spectrum with POM texture (inset) of multidomain BP I (a) and monodomain BP II (b). (c,d) Output
intensity with respect to the input energy of multidomain BP I (c) and monodomain BP II (d). (e) Far-field diffraction spots
of multidomain (upper) and monodomain (lower) BP I upon applying voltage of 40 V. (f,g) Applied voltage dependent
diffraction efficiencies of multidomain (f) and monodomain (g) PSBP I. (a–d) Reproduced with permission from [18].
Copyright 2015, The Royal Society of Chemistry (RSC). (e–g) Reproduced with permission from [44]. Copyright 2020, John
Wiley and Sons.

The 3D orientation behavior of the BPs was investigated by observing the phase
transitions of the BPs using two types of unidirectionally anchored surfaces [45]. It was
revealed that the alignment of BP II obtained by cooling from the isotropic state was
extremely sensitive to the surface conditions because different crystal planes, BP II(110)
for rubbed substrate and BP II(100) for photo-aligned substrate, were obtained. Moreover,
it was found that BPs show the strong alignment hysteresis of which the orientations of
BP crystals are determined by the preceding structures. For example, BP I(110) becomes
dominant when transited from BP II(100), whereas BP I(211) is obtained when transited
from BP II(110). Additionally, BP I obtained from a planar cholesteric liquid crystal (ChLC)
showed the (100) crystal plane oriented parallel to the substrate. This result indicates that
the orientation of BPs can be easily directed by appropriately controlling the preceding
LC structures.

A facile method to pattern the crystallographic orientation of BPs was developed
by a photo-alignment technology [46]. A micropattern that exhibits alternate uniform
(exposed region) and random (unexposed region) crystal orientations of BP II was realized
by spatially illuminating a linear polarized light through a binary photo-mask as shown in
Figure 4a. The BP crystals can be deformed by electric field treatment due to the external
stimuli-responsivity of LCs, enabling the Bragg reflection wavelength to be tuned with a fast
response time. Figure 4b shows the far-field diffraction spot from the micropatterned BP II
when applying voltage of 0 V (Figure 4b(i,ii)) and 3.5 V (Figure 4b(iii,iv)). Before applying
electric field, the diffraction pattern appears when illuminated by light with wavelength
of 532 nm that corresponds to the Bragg reflection band of the device (Figure 4bi). On
the other hand, upon application of electric voltage, the Bragg reflection band red-shifts,
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resulting in the diffraction pattern appearing at a longer wavelength region. Moreover,
the rewritable capability of the azo-based alignment layer enables the micropattern to be
switched to other patterns by illuminating light through different binary photo-masks and
electric field treatment, as shown in Figure 4c. This method gives the capability to create
various far-field diffraction patterns such as gratings and vortex beams through the binary
reflection amplitude modulation.

Figure 4. (a) Micropatterned BPs fabricated by illuminating ultraviolet (UV) light through a binary photo-mask. The
region where UV light was illuminated has a uniform crystal orientation, whereas other regions have random oriented
BP crystals. (b) External stimuli-responsive far-field diffraction patterns. (c) Rewritable capability of the micropatterns by
illuminating non-polarized UV light and treating electric field treatment (ii,iii), and by illuminating UV light through a
striped photo-mask and treating electric field treatment (iv,v). Reproduced with permission from [46]. Copyright 2017,
John Wiley and Sons.

Otón et al. developed a method to predict the crystal orientation of monodomain
BPs on a rubbed surface by controlling the precursor materials formulation [47]. They
discovered that the crystal orientation of monodomain BPs depends on the lattice constant
of BPs, and thus, the tailoring of crystal orientation can be induced by knowing the chiral
twisting power of the system and adjusting the concentration of doped chiral dopants.

2.3. Application of Electric Field

The treatment of a vertical AC field in BPs enabled monodomain BPs to be obtained
without the need of alignment layers on a substrate [48]. By applying and removing the
electric field, the (110) crystal plane became dominant parallel to the substrate, resulting
a monodomain-like BP textures with uniform reflection colors (Figure 5). This approach
allows the crystal orientation to be maintained even when the temperature is raised to
an isotropic state and then cooled to BP I. Chen et al. discussed a mechanism of the
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field-reorientation process of BP crystals by repeatedly applying and removing a vertical
electric field [49]. When the field was applied, BPs were phase-transited to focal conic
and homeotropic state. As the field was removed from the sample, the focal conic state
transited to a BP with a uniform reflection color corresponding to the (110) crystal plane,
whereas the homeotropic state turned into the BP I(200) and BP I(211). When the field was
applied again, the portion of the focal conic state became wider than the first step, resulting
in the (110) crystal plane to be dominant over a larger area as the field was removed. Thus,
by repeating the electric field treatment, the growth of the different crystal planes was
suppressed and only a monodomain BP I(110) was obtained. The monodomain BPs showed
higher reflectivity with narrower bandwidth and less hysteresis compared to multidomain
BPs (Figure 5b).

Figure 5. (a) POM textures of BP I before applying electric field (left) and after removing electric field (right). (b) Reflection
spectra of multidomain and monodomain BPs. Reproduced with permission from [48], Copyright 2013, American Institute
of Physics.

A field-induced bistable effect in the crystal orientation of BPs and its phase-transition
mechanism were revealed using a host LC mixture with a negative dielectric anisotropy [50].
Obtaining BP I by removing the electric field from the field-induced planar ChLC state
enabled a BP I(200) to become dominant, because the helical structure of the planar ChLC
has a similar structure, with the DTC aligned perpendicular to the substrate. On the
other hand, a BP I(110) was obtained when the field was removed from the field-induced
flow state that was similar to Helfrich deformation induced by the electrohydrodynamic
effect. Because the electrohydrodynamic effect increases the temperature of the sample, the
field-induced flow state is phase-transited to the BP I(110) in a similar manner to the BP I
obtained from the BP II by cooling the temperature.

A monodomain BP was obtained by initiating and growing the nuclei of BP crystals
during an application of electric field [51]. When the electric field is applied at an isotropic
state and the temperature of the sample is decreased to initiate the nucleation of BP crystals,
heterogeneous nucleation plays a dominant role for the growth of BP crystals, while the
homogeneous nucleation is suppressed. The nuclei generated through the heterogeneous
process gradually grow as the temperature decreases, providing monodomain BPs in the
entire region where the field is applied. This phenomenon becomes dominant upon high
field intensity at a certain field frequency.

The orientation control using electric field treatment allows us to rapidly obtain
monodomain BPs over a large area, but many grain boundaries still exist between the
domains. Moreover, those methods can only enable a crystallographic axis of BPs to be
oriented perpendicular to the substrate (crystal planes), and other axes still remain random.
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2.4. Use of Nanopatterned Substrates

A new strategy to obtain single-crystal BPs was recently proposed by directing the
self-assembly process of BPs using lithographically nanopatterned substrates [52,53]. The
preferred orientation of the LC molecules descripted by the scalar order parameter (S)
was theoretically considered for each crystallographic orientation of BPs to minimize the
free energy density on a substrate. Based on simulation results, various nanopatterned
templates that periodically imposed the homeotropic (H) and planar (P) alignments were
designed (Figure 6a–c). For example, a striped pattern of which the H and P alignments
exist alternately and the sum of the width in two regions is equal to the lattice constant
of BP II was employed to obtain a single-domain BP II(100) over an entire patterned area
without grain boundaries (Figure 6d). The crystal orientations of the BP II(110) and BP II(111)
were also demonstrated using different nanopatterned templates designed in the same
manner, as shown in Figure 6b,c, respectively. This method enables the single-crystal BPs
to be grown up to a device thickness of approximately 20 µm [54]. The single-crystal BP II
showed a single and sharp reflection peak compared to polycrystalline BPs that exhibit
multiple reflection peaks due to the nonuniform lattice orientations.

The nanopatterned templates were also employed to investigate the phase transition
of BPs between two different crystallographic symmetries of single-crystal BP I(110) and
BP II(100) [55]. It was revealed that the transition from the single-crystal BP II(100) to BP I(110)
could be regarded as martensitic-like transformation. When the BP reaches the transition
temperature of BP II(100)–BP I(110), the DTCs are reorganized through the local reorientation
of the LC molecules, resulting in a smooth reconfiguration of the dislocation lines in a
diffusionless manner on a sub-micrometer scale. This process has a little thermal hysteresis,
enabling the BP crystals to be simultaneously grown in the entire patterned region. This
result gives an opportunity to investigate the crystal nucleation of BPs and control the
crystal growth dynamics in soft materials.

A strategy to precisely design the grain boundaries between two single-crystal BPs
that have different crystal orientations, referred to as soft heteroepitaxy, was investigated by
using the lithographically nanopatterned templates [56]. A C-shaped template of which the
inside had a striped pattern responsible for the orientation of BP II(100) and the outside had a
rectangular pattern responsible for BP II(110) was employed to observe the grain boundaries
between those of crystal planes. Despite the curved geometry, the grain boundary was
stabilized and elaborately sculpted on a scale similar to the lattice constant of BPs. This
method was applied to fabricating a 2D diffraction grating as an external stimuli-responsive
optical device. Because of the precisely sculpted grain boundaries, the signal-to-noise ratio
(SNR) of the far-field diffraction patterns was significantly improved compared to the 2D
diffraction gratings fabricated by controlling the crystal orientation using photo-alignment
technology [46]. This work accelerates the investigation in the nucleation and growth of
BP crystals between liquid−liquid interfaces, and the fabrication of intelligent photonic
crystal devices.
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Figure 6. (a–c) Designs of lithographically nanopatterned templates for the orientation of BP II(100) (striped pattern),
BP II(110) (rectangular pattern), and BP II(111) (circular pattern), with insets of S-map representing the preferred molecular
orientation of LCs on the templates. (d) The scanning electron microscope image of nanopatterned templates, the POM
texture of BPs, and Kossel diagrams corresponding to the BP II region, on the different templates, such as (i) striped
pattern, (ii) rectangular pattern, and (iii) circular pattern. Reproduced with permission from [52]. Copyright 2017, Nature
Publishing Group.

3. Azimuthal Orientation-Controlling Technologies of BPs

The aforementioned approaches mainly focus on obtaining monodomain-like BP
textures with a uniform crystal plane orientation. However, it is required to simultane-
ously manipulate two independent crystal axes of BPs to uniquely define the 3D crystal
orientation on a substrate. Recent studies to investigate the grain boundaries between
different orientations of BP crystals [56] or realize reflective volume holograms through
the Bragg−Berry (BB) effect [36] have emphasized the importance of simultaneously con-
trolling the crystal plane and azimuthal orientation of BPs. In the following, we discuss
strategies to uniquely define 3D orientation of BPs on a substrate, with its mechanisms and
perspective photonic applications.

The highly ordered structures of BPs with a periodicity of a few hundred nm give rise
to a unique CP-selective Bragg reflection in visible light region. With the external stimuli-
responsivity of LCs, many tunable devices have been proposed by modulating either the
intensity or wavelength of Bragg reflected light from BPs. On the other hand, it was recently
found that a 0–2π full wavefront control of reflected light can be attained by azimuthally
rotating BP crystals on a substrate, which is referred to as the BB effect. The simulations
revealed that both BP I(110) and BP II(100) show the BB effect in the same manner [36]. The
theoretical prediction was experimentally demonstrated by spatially rotating BP II crystals
on a substrate through photo-alignment technology. The orientation of the BP II(100) was
manipulated with a [100] axis (azimuthal orientation) to follow a predesigned surface
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anchoring and another [100] axis (crystal plane orientation) was aligned along the substrate
normal. Whether the wavefront was indeed being controlled was confirmed through the
observation of an interferometric microscope image. This result demonstrates that a full
0–2π phase-only modulation with a CP selectivity provides opportunities for advanced
DOEs, such as flat deflectors, lenses, and holograms.

While the azimuthal orientation of the BP II(100) can be made to follow the imprinted
surface anchoring on a substrate, it had still remained a challenge to attain the tailored
azimuthal orientation of BP I on a substrate. Recently, a strategy to control the azimuthal
orientation of BP I was proposed using a field-induced directed self-assembly process [37].
At a BP I(211) prepared by cooling from the isotropic state, an electric field was applied
to unwind the twist structures and gradually reduced to reorient the BP crystals. A BP
I with a different reflection color compared to the initial BP I(211) was obtained through
the phase transitions of homeotropic–chiral nematic–BP X–BP I (Figure 7a). The two-fold
symmetry of the Kossel diagrams revealed that the field-reoriented BP I has a (110) crystal
plane parallel to the substrate (Figure 7b). Further, the Kossel patterns were rotated with a
step of 45◦, indicating that the azimuthal orientation ( [001] crystal axis) was also controlled
to follow the imprinted surface anchoring. These results showed that two crystal axes of
BP I can be simultaneously controlled along the predesigned directions. The mechanism
was investigated by observing the two field-induced intermediate phases, chiral nematic
and BP X. The chiral nematic phase plays a key role to control the [001] axis along the
predesigned direction. The field-induced chiral nematic was composed of the uniformly
lying helix (ULH) with the helical axis perpendicular to the surface anchoring with LC
molecules aligned along the surface anchoring on a substrate, which is a similar structure
to a DTC. An additional twist of the LC molecules to create the DTC from the ULH was
formed perpendicular to those of the surface anchoring and helical axis, making the DTC
to be aligned along the surface anchoring. On the other hand, the field-induced BP X was
responsible for the (110) crystal plane orientation of the field-induced BP I. This result
was consistent with the simulation results which revealed that BP X can be obtained via
continuous reorganization from BP I(110) [57,58].

The field-assisted directed self-assembly process was applied to a fabrication of a
phase-only BP-based hologram based on the BB effect. The unique 3D chiral structure of
BPs gave a capability to play back the encoded light information for only a CP light in a
wide range of incident angles (Figure 7c), which were distinct from the holograms realized
by ChLCs [59,60]. The holograms were expected to have significantly high light-conversion
efficiency compared to binary-amplitude DOEs made by spatial control of only crystal
plane orientation of BPs [12,46,56].
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Figure 7. (a) The evolution of POM images of the field-induced phase transition when the field is applied to H phase and
gradually reduced. (b) Kossel diagrams of the field-induced BP I at each striped region marked as the Roman numeral
in (a). The double-sided white arrows and the yellow arrows show the imprinted surface anchoring in each region and
the [001] crystal axis of the field-induced BP I. (c) Holograms reconstructed at incident angles of 10◦, 29◦, and 40◦ for left
(L) and right (R) CP light illumination with wavelength of 580 nm, 520 nm, and 460 nm, respectively. Reproduced with
permission from [37]. Copyright 2021, Nature Publishing Group.

4. Discussion

In this paper, we have drawn recent research progress to direct the 3D orientation of
two types of cubic BPs: body-centered BP I and simple cubic BP II, along the predesigned
directions on a substrate. Various strategies have emerged to manipulate either the crystal
plane and azimuthal orientation of BPs, such as directing the self-assembly process and
external field treatments. Controlling the 3D orientation of the BPs is one of the important
steps in both science and industry fields, because it provides a degree of freedom to ma-
nipulate the light propagating through the medium, giving tailored optical characteristics
in a thickness of a sub-micrometer scale. By combining the external stimuli-responsivity
of BPs, various photonic devices that have not been discovered yet can be developed
with high-levels and integrated optical functionalities. For example, we expect that 3D
emission direction-controllable photonic crystal lasers can be achieved by introducing a
slanted crystal plane orientation and controlling its periodicity [61]. Moreover, BPs have a
great potential to fabricate flexible films by photo-polymerizing the LC materials [62–65],
making them applicable to wearable devices such as smart-glasses. Although there still
remain several questions that should be addressed such as the orientation behavior of the
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LC molecules in grain boundaries, it is manifest that BPs have a great deal of potential in
various scientific research field and the development of practical devices in a wide range
from displays to holographic optical elements.
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