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ABSTRACT: Planar cholesteric liquid crystals (CLCs) are well known for having
vibrant reflective coloration that is associated with the handedness and the pitch
length of the helicoidal twist of the liquid crystalline molecules. If one observes these
films at oblique angles, the reflected colors blue-shift with increasing angles from
normal. On the other hand, uniform lying helix (ULH) CLCs, where the helicoidal
axis lies in the plane of the substrate, are well-known but are not typically associated
with vibrant colors. Here, we examine the unique optical properties of CLCs at
oblique incidence angles, specifically the spectral and polarization changes associated
with switching between planar and ULH CLCs for various incidence angles. At small
angles of incidence (0° < ψ < 45°, where ψ is the angle of incidence relative to the
surface normal at the substrate−CLC interface), the electrically driven helical
reorientation from planar to ULH results in a blue-shifting of the color and circularly
polarized to unpolarized switching behavior. At large angles (45° < ψ < 90°), the
behavior is reversed, with a red-shifting color change occurring and the polarization
switching from unpolarized to circularly polarized. Modeling of the light propagation through ULH CLCs is used to confirm the
change in position and polarization characteristic of the reflection band with incidence angle observed experimentally. This study
provides a new perspective on ULH CLCs and reveals a unique reconfigurable angular chromaticity.

KEYWORDS: cholesteric liquid crystals, uniform lying helix, total reflection, oblique incidence angle, circular polarization,
3D display technology

■ INTRODUCTION

Our visual perception of our surroundings is a result of the
complex interplay among our environment, light, our eyes, and
our mind’s interpretation of these received visual signals.1 A
defining characteristic of our visual perception that we share
with other primates is our excellent stereoscopic acuity enabled
by our binocular vision.2 Immersive and realistic experiences
can be created by taking advantage of our stereoscopic vision
with three-dimensional (3D) display technologies that deliver
slightly different information to each eye. Often, stereoscopic
displays use unique eyewear to present each eye with the
information representing our natural perspective, such as
glasses with red/blue lenses for stereovisualization. Recently,
movie theaters have employed polarization-based stereo-
visualization through the use of glasses with circular polarizers
of opposite handedness for each eye. In addition to common
two-dimensional liquid crystal displays, liquid crystals are also a
common medium used to create 3D displays, such as
commercial liquid crystal-based eyewear that exposes the
eyes to differing perspectives on a temporal basis through a
shuttering mechanism. Cholesteric liquid crystals (CLCs) are a
liquid crystalline phase that offers unique characteristics for 3D

visualization through the ability to separate light spectrally and
based on polarization handedness.
CLCs self-assemble into periodic helicoidal arrangements

that exhibit selective reflection, typically observed when the
helical axis is perpendicular to the cell surface.3−5 The spectral
reflection associated with planar homogeneous CLCs probed
orthogonal to the sample surface has a center wavelength given
by λB = n̅ × P, where n̅ is the average refractive index and P is
the pitch length of the CLC. The pitch length can be adjusted
by controlling the concentration [c] of chiral dopant molecules
in an achiral nematic host through the following relationship: P
= 1/([c] × HTP), where the helical twisting power, HTP, is a
measure of the relative chiral dopant strength in twisting the
nematic liquid crystalline host. When probed at near normal
incidence angles, CLCs have a circularly polarized photonic
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band gap associated with the handedness of the twisting
direction of the CLC.
There have been numerous studies on the stimuli-responsive

nature of the vivid colors in CLCs including spectral and
efficiency changes in response to heat,6−8 light,9−14 and
electrical9,15−19 stimuli. There have also been many studies
aimed at pushing the boundaries of the reflection contrast by
affecting the reflection polarization.8,20−25 The vast majority of
this work involved using polymer stabilization of CLCs in the
planar conformation, enabling CLC structures of opposite
handedness to coexist in the same sample. An alternative
approach is to exploit the intrinsic change in the polarization
characteristics of the reflected light when the propagation
direction is not along the helical axis.26−30 As first reported by
Fergason in 1966, greater than 50% reflectance can be achieved
in planar CLCs at high angles of incidence with respect to the
CLC helical axis.26 Increasing the incidence angle of the planar
CLC cell also shifts the reflection band to shorter wavelengths
(blue tuning) according to the equation

λ θ θ= ̅nP( ) cosB (1)

where θ is the angle between the light propagation direction
and the helical axis.27−30 For a planar CLC, this angle is
equivalent to the incidence angle measured in the liquid crystal
(LC) medium, ψ: θP = ψ, where the subscript P has been used
to indicate the planar conformation (see Figure 1a). The

reflectivity near the center of the band becomes larger than
50% for θ ≈ 30°, and it progressively increases with increasing
incidence angles until almost complete reflection is observed at
θ ≳ 60°. This behavior can be seen in the schematic diagram
and transmission spectra shown in Figure 2. As the planar CLC
is tilted with respect to the direction of the probing light to an
angle ψ = θP of up to 60°, there is a noticeable blue shift in the
transmission notch from 1100 to 580 nm, consistent with eq 1.
The unique feature seen in Figure 2 is the transition from
circularly polarized reflection (∼50% transmission) at angles
near normal incidence to unpolarized reflection (>99%
reflection) at high incidence angles. There have been several
other theoretical and experimental explorations aimed at better
understanding this angle-dependent spectral and polarization
behavior.31−36 At normal incidence, one of the two
eigenmodes cannot propagate through the CLC medium and
is reflected, while the other does not interact with the medium
and is transmitted. At oblique incidence, both eigenmodes are
diffracted by the medium to various extents. For large
incidence angles, a region of total reflection is observed
around λB(θ), together with regions of polarized reflection on
the red and blue sides of λB(θ).

28,31,36 The width of the regions
of unpolarized and circularly polarized reflection depends on
the birefringence of the LC.35 Recently, by exploiting the
properties of planar CLCs with polymer stabilization at large
incidence angles, we demonstrated a device with electrically
tunable unpolarized reflection.37

All previous studies accessed the unpolarized reflection
regime by tilting the glass cell substrates with respect to the
incident light, as in the case of Figure 2. The alternative
approach of changing the orientation of the CLC helix within
the glass cell itself is not typically associated with vivid
coloration and thus has not been fully explored. Achieving a
short-pitch CLC with the helical axis tilted relative to the cell
substrate has been demonstrated experimentally only very
recently.38,39 In these cases, the surface alignment required to
create a thermodynamically stable tilted CLC is a complex
periodic pattern that cannot be obtained by rubbing. However,
photoalignment techniques have been used to create a
periodically varying alignment orientation pattern using the
interference of two circularly polarized laser beams, and tilted
helices have resulted when the period of the surface orientation
is on the order of the pitch.38,40 These volumetric diffractive
gratings have been the subject of several recent studies.38−42

Figure 1. Diagram of relevant directions and angles for probing CLCs
in the (a) planar or (b) ULH configuration: k = light propagation
direction, N = normal to the CLC−glass interface, H = helical axis, ψ
= angle between k and N (incidence angle at the CLC−glass
interface), θP and θL = angle between k and H in the planar (subscript
P) and ULH (subscript L) cases, respectively. k, H, and N are all in
the same plane for cases (a,b).

Figure 2. (a) Schematic illustrations of a planar CLC with light propagating at angles ψ of 0, 30, 45, and 60° relative to the helical axis. For angles
other than 0°, pairs of glass prisms (graded light-gray regions) are used for approximate index matching and minimization of refraction at the glass−
CLC interface. The light is incident from the top of each image (at normal incidence relative to the glass−air interface). (b) Transmission spectra
of a planar CLC with a cell thickness of 18.8 μm and a pitch of ∼700 nm taken at incidence angles ψ of 0, 30, 45, and 60° with unpolarized light.
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In uniform lying helix (ULH) CLCs, the helical axis is in the
plane of the substrate (H ⊥ N; see Figure 1b). Various
methods have been reported to induce the ULH CLC
conformation, including the application of electric fields
through the thickness of the cell43−45 often while slowly
cooling the material from the isotropic phase46 or shearing the
sample;47,48 the gradual decrease of the electric field amplitude
starting from the homeotropic state of the material;49 the
preparation of scratches,50 grooves, or polymer stripes51 on the
substrate; or the use of periodic alignment conditions imposed
by photoalignment52 or other photopatterning processes.53,54

Short-pitched ULH CLCs (L/P ≫ 1, where L is the cell
thickness) have been obtained mainly by the electric field
method with either high-frequency49,55,56 or low-frequency45

fields. The formation of the ULH CLC, its stability, and the
presence of defects are dependent on several factors, including
surface anchoring (alignment materials), applied electric field,
pitch length, and cell thickness.43,45 There is active research
interest in exploiting their electro-optic, flexoelectric, and
diffractive properties for a variety of applications.52,57−60

The mechanism of electrically induced orthogonal orienta-
tion switching of the CLC axis from the planar CLC (H ∥ N)
to the ULH CLC (H ⊥ N) configuration is shown in Figure
3a. In this example, a low-frequency electric field was used, as
in the case reported by Wang et al.45 The switching of the
helical axis orientation is enabled by an electric field of a
moderate strength and a low frequency (∼2−4 V/μm, 30 Hz)
when the CLC has positive dielectric anisotropy. At low field
strengths, the cell surface alignment dominates and the CLC
remains in the planar state. At high field strengths, the director
reorients parallel to the electric field, resulting in homeotropic

alignment and loss of the helical structure, as typical. At
intermediate voltages and low driving frequencies, it is possible
to induce a ULH CLC alignment where the helical axis orients
parallel to the cell substrate because of the electrohydrody-
namic effect.45 This electrically induced orthogonal orientation
change can be seen in Figure 3b, which shows the polarized
optical microscopy (POM) images of a planar homogeneous
aligned CLC sample on the left and the electrically switched
(∼20 V, 30 Hz) ULH texture on the right side. The images in
Figure 3b are obtained using a sample with a relatively long
pitch length (P = 1.47 μm) so that striations associated with
the modulation of the refractive index with periodicity along
the helical axis can be resolved by optical microscopy. The
texture in Figure 3b is characteristic of ULH CLCs with a pitch
on the order of a micron or longer.44,61 ULH CLCs with a
shorter pitch typically appear of uniform color under cross
polarizers and away from defects.45,50,62 In Figure 3c, a
conventional planar CLC sample probed at normal incidence
(H ∥ N and k ∥ N; see Figure 1a for definitions) with a notch
at 1060 nm (50% transmittance) becomes transmissive upon
electrically switching the helix orientation (H ⊥ N and H ⊥ k;
see Figure 1b). The transmission spectrum of the ULH CLC
sample at normal incidence exhibits some oscillations,
indicative of diffraction associated with the periodicity of the
ULH CLC state in the direction perpendicular to the light
propagation (Figure 3c, right).
ULH CLCs produced by the electrohydrodynamic approach

are used here to investigate the angle dependence of the
reflection color and polarization, and their relationship to those
of planar CLCs. A switchable color change can be obtained by
combining this helical orientation switching mechanism from

Figure 3. (a) Schematic illustration and (b) POM images of a planar CLC and ULH CLC. The pitch for the sample in (b) was 1470 nm, the cell
thickness was 18.8 μm, and the ULH was obtained applying 15 V at 30 Hz. The red arrow in the right image in (b) indicates the rubbing direction;
the yellow ones indicate the transmission axes of the polarizer and analyzer. (c) Transmission spectra of (left) a planar CLC and (right) ULH CLC
sample at a normal angle of incidence relative to the substrate for unpolarized light. In (c), a cell thickness of 18.8 μm and a CLC with a pitch of
∼700 nm were used, and 21 V at 30 Hz was applied in the ULH case.
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the planar CLC to the ULH CLC state with the inherent
angular sensitivity of the Bragg wavelength in CLCs.

■ RESULTS AND DISCUSSION
For the investigation of the angle dependence of the
transmission properties, the cells were mounted between
prisms of various angles with an index-matching fluid as shown
in Figure 1. In this configuration, the probe beam is normal to
the top surface of the top prism, and the angle of incidence at
the CLC−glass interface, ψ, is equal to the prism angle as the
refractive indices of the glass and CLC medium are similar.
Both the planar CLC and the ULH CLC states can be probed
in this configuration at the same ψ. In the ULH CLC case, the
angle between the incident light and the helical axis is θL = 90°
− ψ (Figure 1b), whereas in the planar case, θP = ψ (Figure
1a). After electrically driving the ULH state, the helical axis H
is oriented perpendicular to the surface alignment axis and in
the substrate plane. It should be stated that for all the
measurements discussed here, the cell was oriented so that the

helical axis H of the ULH CLC was in the incidence plane. For
the samples in this investigation, it was found that the helical
axis of the ULH CLCs was perpendicular to the surface
alignment direction. Thus, in Figure 1b, the surface alignment
direction is pointing out of the page (see Figure S1 for a
comparison of the behavior when H is in the incidence plane
or perpendicular to it).
As shown in Figure 4a,b, for ψ = 30°, the planar CLC (θP =

30°) shows a notch wavelength of 960 nm with ∼50%
transmission, while the ULH CLC (θL = 60°) exhibits a
transmission notch at 580 nm and high contrast (<1%
transmission, unpolarized incident light). In the arrangement
depicted in Figure 4c, where the cell substrate is tilted to 45°
with respect to the incident light, the planar CLC (θP = 45°)
shows a band gap position of ∼800 nm with ∼20%
transmittance (Figure 4d). The sample in the ULH orientation
(θL = 45°) shows a band in the same position but with a
different shape (Figure 4d). When the cell substrate normal is
tilted to 60° with respect to the incident light (Figure 4e), the

Figure 4. (a,c,e) Schematic diagrams and (b,d,f) transmission spectra of planar and ULH CLCs at oblique incidence angles ψ of (a,b) 30, (c,d) 45,
and (e,f) 60°. The incident light is unpolarized. A voltage of 21 V (1.1 V/μm at 30 Hz) was applied to generate the ULH CLC and during the
measurements for the ULH CLC case.
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planar CLC (θP = 60°) exhibits a notch at ∼575 nm and low
transmittance (<1%), whereas upon electrically driving the
ULH orientation (θL = 30°), the transmission notch red-shifts
to ∼900 nm and becomes circularly polarized (∼50%
transmission for unpolarized incident light), as is shown in
the transmission spectra presented in Figure 4f. There is near
equivalence in the transmission notch wavelength and
polarization state (as estimated from the depth of the
transmission band) of the planar CLC at ψ = 30° and the
ULH CLC at ψ = 60° as for these θP = θL = 30°, and thus, the
same Bragg wavelength λB is expected (eq 1). Similarly, the
ULH CLC at ψ = 30° and the planar CLC at ψ = 60° have
equivalent spectra (θP = θL = 60°). Specifically in both cases,
the minimum transmittance is very low, a signature of
unpolarized reflection. For ψ = 45°, θP = 45° and θL = 45°,
and thus, no change in λB is expected (eq 1) when the CLC is
switched from the planar to the ULH configuration, as is
indeed observed in Figure 4d.

Modeling of light propagation in a liquid crystalline medium
(see Figure S2 and the Experimental Section for details) was
performed for a ULH CLC with P = 705 nm, a cell thickness of
L = 18.8 μm, a nematic LC with refractive indices no = 1.52
and ne = 1.73, and glass substrates with refractive index nglass =
1.52. Refractive index dispersion and Fresnel reflections were
neglected. As can be seen in Figure S2, the experimental and
calculation results generally are in good agreement for the
spectra calculated for the planar CLC and ULH CLC. The
modeled spectra capture the main features of the experimental
spectra; specifically, the wavelength position of the spectral
notch shifts as the incidence angle is changed, which is in
qualitative agreement with eq 1 and the experimental results.
In addition, the transmittance at the center of the ULH CLC
notch is significantly lower than 50% for ψ = 30 and 45° and
increases with increasing ψ, as is the case experimentally. This
supports the interpretation that the unpolarized regime of the
CLC helix can be accessed in the ULH configuration for
appropriate probing angles. The modeled transmission curves

Figure 5. Summary of the experimental (filled symbols) and modeled (open symbols) transmission notch positions of the planar CLC and ULH
CLC (a) at various incidence angles ψ and (b) as a function of θP and θL for the planar and ULH CLC orientations, respectively. The same samples
as in Figure 4 (experimental data) and Figure S2 (modeled data) were used. An electric field of 1.1 V/μm (30 Hz) was applied during the
measurements for the ULH CLC case.

Figure 6. Electric field-controlled pitch in ULH CLCs: (a) POM images and (b) pitch change of a ULH CLC sample as a function of ac voltage. In
(a,b), the pitch for the corresponding planar CLC is 1500 nm and the cell thickness is 8 μm. (c) Transmission spectra of a ULH CLC sample at ψ
= 30°: upon increasing the voltage from 5 to 16 V at 30 Hz, the notch position shifts from 600 to about 700 nm (red arrow); the transmission
spectrum for the corresponding planar CLC (at θP = 0°) is also shown; cell thickness = 8 μm; (d) notch wavelength position of the ULH CLC
from graph (c) for various incidence angles and voltages and (e) normalized tuning range for each of the incidence angles as a function of electric
field [same color legend as in (d)].
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have additional intricacies in the band shape that are not
observed in the experimental spectra, which could be a result
of the helical arrangement of the liquid crystal molecules in
ULH CLCs being deformed from an ideal helix near the
substrates because of the anchoring conditions imposed by the
alignment layer,44,61 which is not accounted for in the
modeling. These deformations could also be responsible for
the different band shapes observed experimentally for planar
and ULH CLCs at the same angle θ (see Figure 4b,d,f). In
addition, in the ULH CLC configuration, there is a local
periodic variation of the refractive index at the CLC−glass
interface because H is in the plane of the substrate. This index
modulation could lead to refractive effects that are not present
in the case of planar CLCs, where the refractive index
experienced by the incident beam is the same across the beam
profile.
The transmission notch wavelengths in the planar CLC and

the ULH CLC state for the same sample are summarized in
Figure 5a as a function of incidence angle ψ. As discussed
earlier, the band gap of the planar CLCs blue-shifts as the angle
of incidence increases (see Figure 2b and the blue line in
Figure 5b), whereas the transmission notch in the ULH CLCs
red-shifts with increasing incidence angle, as shown by the red
line in Figure 5a. When these data are reported as a function of
θP and θL, the two curves almost overlap (see Figure 5b), given
the relationship described earlier between these angles, and
follow approximately the trend of eq 1. The data in Figure 5b
also suggest that the underlying pitch is the same for the planar
and ULH CLC states of the sample (under the experimental
conditions used here, the effect of the electric field on the pitch
was negligible, as discussed below).
Lavrentovich and colleagues investigated the behavior of

ULH CLC samples exhibiting Bragg or Raman−Nath
diffraction.43,44 For cells with L/P > 1 (where L is the cell
thickness), the diffraction angle was found to depend on the
applied voltage for voltage magnitudes larger than the
reorienting threshold. This change was associated with a
pitch increase as a result of the progressive unwinding of the
CLC helix by the electric field until, at a high field, the LC
molecules align along the electric field (homeotropic state) and
the cell becomes transparent.44,45,61,62 An example of this pitch
length increase in a ULH CLC with ac voltage is shown in
Figure 6a,b, where the pitch changes from 1.46 to 1.67 μm
when the applied voltage is increased from 7 to 20 V. The
pitch change in Figure 6b is consistent with the one previously
observed in the literature for ULH CLCs,44,61 which in turn is
similar to the helix unwinding behavior of an unbound CLC in
an electric field.63

Exploiting this field-induced pitch change, the ULH CLC
devices described above can be made electrically tunable for
any of the probing angles. Figure 6c shows the transmission
spectra of a CLC cell at ψ = 30°. The planar CLC before the
application of the electric field shows a notch at 1080 nm. The
notch position shifts to ∼600 nm when the ULH CLC is
produced by applying a low voltage (5 V, 0.625 V/μm), and it
shifts by about 100 nm to the red when the voltage is increased
to 16 V (2.0 V/μm). Red shifting of the ULH CLC
transmission notch wavelength is seen for all angles of
incidence (Figure 6d). It can also be seen from Figure 6d
that there is almost no change in peak position below 9 V. The
experimental results in Figures 4 and 5 were obtained with
voltages in the corresponding flat regime for each of the
samples so that the field-induced pitch elongation was

negligible. The tuning ranges for the planar CLC and ULH
CLC are equivalent once normalized to the starting position
for each angle (Figure 6e), as expected for a tuning process
associated with the field-induced pitch dilation. Thus, a tuning
range of about 15% can be obtained in ULH CLC devices
before they become unstable at high fields.

■ CONCLUSIONS
In this study, we report CLC devices with an electrically
switchable color. The devices exploit the electrical reorienta-
tion of the helical axis from perpendicular to the cell substrate
(planar CLC) to parallel to the substrate (ULH CLC). When
the cells are probed away from the substrate normal, both
states exhibit selective coloration. The direction of color
change (red or blue shift) as a result of the helix reorientation
from planar to ULH depends on the incidence angle. In
addition, for the probing geometry used here, at least one of
the two states is characterized by an unpolarized transmission
notch. This characteristic and the fact that the ULH CLC color
can be electrically tuned over approximately 15% of the notch
position provide the devices with properties that are hard to
achieve in other LC configurations. This study provides a new
perspective on ULH CLCs, which have previously mainly been
studied as diffraction gratings43,44,58,64 or to exploit the
flexoelectric effect.46,47 The use of prisms to access various
incidence angles brings to light the complementarity of
behavior between ULH and planar CLCs.
This work suggests that the reconfigurability of CLCs can be

exploited in a different way by using ULH CLCs as the
material platform and oblique incidences for probing of their
optical properties. As discussed in the Introduction, the
polarization state and center wavelength of the selective
reflection from CLCs depend on the angle of inci-
dence.27,29,35,65 This work suggests a device geometry that
allows to access this effect in both the planar and ULH CLC
configurations on the same physical sample. The device can be
switched by applying an electric field between the top and
bottom electrodes, and both states are reflective for any prism
or any incidence angle ψ > 0°. The lengthening of the
cholesteric pitch and unwinding of the helix in the presence of
an electric field directed along the helical axis were used to
achieve tuning of the Bragg reflection band using uniform top
and bottom electrodes and a ULH CLC probed at oblique
incidence. The reconfigurable polarization and angular
chromaticity of these materials are particularly promising for
3D display applications where controlling the properties of
light as a function of angle is important to transmit different
perspectives to each eye.

■ EXPERIMENTAL SECTION
Preparation of Cells and Planar and ULH CLCs. Alignment

cells were prepared from indium tin oxide-coated glass slides
(Colorado Concept Coatings LLC). The substrates were then
cleaned in acetone and methanol and treated with air plasma. The
substrates were subsequently coated with a polyimide alignment layer
(PI2555, HD Microsystems) and rubbed with velvet. The cell gap was
controlled by mixing glass rod spacers into an optical adhesive, and it
was measured using an optical interference method. CLC samples
were prepared by mixing right-handed chiral dopants (CB15 and/or
R1011, Merck) and a positive Δε nematic LC (E7, TNI = 58 °C, Δε =
13.8, birefringence Δn = 0.2253, and average refractive index ⟨n⟩ =
(ne + 2no)/3 = 1.5937 at λ = 589 nm and 20 °C, Merck). All materials
were used as received without any purification. The ULH CLC
samples were prepared by application of ac voltages at a low frequency
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(30 Hz) to the planar CLC samples. Once the ULH state was formed,
no instabilities were observed in the samples if the low-frequency
voltage was applied continuously for periods on the order of 60 min.
The samples did not exhibit an electric field dependence of the
orientation of the ULH CLC helical axis of the type reported by Lee
and Patel55 or by Salter et al.66 (dependence on 1/E, where E is the
electric field). The difference could arise from the type of alignment
layers in use. The rotation of the helical axis due to the flexoelectric
effect is expected to be small for the samples used in this study (see
the Supporting Information).
Experimental Setup and Measurements. Transmission spectra

were recorded with a fiber optic spectrometer (resolution ∼ 1.5 nm).
Measurements at oblique angles of incidence relative to the cell
substrate were performed by mounting the cell between Littrow or
right angle prisms (Edmund Optics) and using mineral oil (refractive
index = 1.467, Sigma-Aldrich) as an index-matching fluid between the
cell and the prisms. Additional incidence angles were accessed by
immersing the sample in a home-made quartz box filled with the
mineral oil. Unpolarized light was used as the probe beam.
Transmission spectra were recorded before, during, and after the
application of ac fields. The spectra have not been corrected for
reflection losses. It should be mentioned that observing the sample at
oblique incidence while applying moderate fields allowed for an easy
determination of the threshold voltage necessary to induce the ULH
CLC state.
Modeling of Light Propagation in CLCs. COMSOL Multi-

physics software was used. The modeling domain included a CLC in
the ULH or planar configuration placed between two glass substrates
and bounded by perfectly matched layers. Fresnel reflections were
neglected. The transmittance for transverse-magnetic and transverse-
electric polarized light was calculated separately and then combined to
obtain the transmittance for unpolarized light. The results for the
planar and ULH CLCs are shown in Figure S2a,b, respectively. The
spectra in Figure S2 have been scaled to have, approximately, the
same off-band transmittance (T ∼ 0.8) as the experimental spectra,
which are affected by reflection and scattering losses.

■ ASSOCIATED CONTENT
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Schematic of ULH CLCs and transmission spectra for
two orientations of the helical axis, H, relative to the
incidence plane; calculated transmission spectra for a
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of the axis tilt due to the flexoelectric effect (PDF)
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