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1. Introduction

Liquid crystal is known for the combination of the fluidity of
liquid and the dielectric anisotropy of crystals. Cholesteric liquid
crystal (CLC) is a typical liquid crystalline phase with the helical
ordering of anisotropic molecules' ). Rod-like CLC molecules
self-assemble into a spiral organization along the helical axis due
to the helical twisting power of the chiral monomers. The spiral
organization is characterized by a helical pitch p, the distance
over which the molecules twist 2z. The CLC exhibits a striking
feature—Bragg reflection. Light propagating along the helix axis
with the appropriate wavelength (from #n,p to n,p) can be
reflected, where n, and n, represent extraordinary and ordinary
refractive indices, respectively. Moreover, the chiral structure
of the CLC endows the Bragg reflection with the spin-selectivity,
therein, only light with the same circular polarization chirality as
the CLC can be reflected, while the opposite one is transmitted.
Such intriguing optical properties have facilitated wide applica-
tions in filters, circular polarizers, displays, and lasers'*”".

In 2016, researchers found light reflected from CLC is
endowed with geometric phase, also known as Pancharatnam-
Berry phase (PB phase)'® "), which is determined by the orien-
tation angle of the CLC director at the front surface. Thanks to
the CLC alignment techniques with high resolution''>'*, arbi-
trary PB phase design makes patterned CLCs compelling in flat
optics"*). Vortex beam generators, flat lenses, and beam split-
ters'?*??l are representative CLC PB phase elements'®),
However, the PB phase only exists in reflected light, and the
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Cholesteric liquid crystal (CLC) has been widely used in flat optical elements due to the Pancharatnam-Berry (PB) phase
modulation. In order to achieve PB phase modulation for both circular polarizations, it is natural to come up with stacking
CLCs with opposite chirality. Here, various optical properties of diverse CLC stacking structures are systematically inves-
tigated by numerical calculations. With the thickness of the CLC sublayers becoming smaller, the reflection bandgap splits
into three main parts, and the rotatory dispersion gradually becomes negligible. Vector beams provide a more intuitive
verification. These results provide theoretical guidance for future studies on stacked chiral anisotropic media.
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transmitted light remains untailored, so only one of the circular
polarizations can be attached with PB phase. Such chirality-
selectivity limits the functions of CLC PB phase modulation.
Solutions to break this limitation can be summarized into two
kinds: spin angular momentum (SAM) reversal®*! and oppo-
site-chirality CLC stacking!***”), By adding a mirror at the back
of the CLC, the transmitted light with chirality opposite to the
CLC will reverse its SAM after specular reflection, and then a PB
phase can be attached. The other practical option is stacking
CLC layers with right-handedness and left-handedness together
so that both circularly polarized light can be Bragg reflected,
making conjugated PB phase modulation achievable. Up to
now, the cascade of a right-handed and a left-handed CLC devi-
ces®™ and a single device consisting of both handed-
ness?****’] have been demonstrated in experiments. For
diverse types of CLC stacks, there still lacks a comprehensive
model on their optical properties, especially the PB phase, which
is very important for taking more profound insight into those
observed phenomena and predicting more intriguing properties
in some unexplored structures.

In this work, we systematically investigate the optical proper-
ties of various stacked liquid crystal superstructures with oppo-
site chirality. We propose a consistent framework to describe
the trivial cascade of two CLC structures with opposite chirality,
the opposite-chirality-coexisted superstructures, and other in-
termediate configurations. Through numerical simulations,
the reflections from different stacked structures are compared
under normal and linearly polarized incidence. Both circular
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polarizations can be reflected in these opposite-chirality stacks,  left-handed CLC sublayers alternatively in the z-direction. The
and particularly the Bragg bandgap splits when the structural =~ whole stacking structure can be treated as the repeating of the
repeating units become thin enough. We also study the reflec-  smallest repeating unit. To be more specific, the repeating unit
tive PB phase and clarify how the CLC director orientation  of thickness A consists of one right-handed sublayer and one
determines the linear polarization angle of the reflected light.  left-handed sublayer, and the thickness of each sublayer is

Specifically, the reflected linear polarization also depends on  A/2. Starting from the front surface with the director orientation
the incident wavelength, attributing to the propagation phase  angle a in the x-y plane, the CLC superstructure rotates in the
difference between orthogonal circular polarization compo- positive direction (right-handed) within A/2 and continues in a
nents. Such rotatory dispersion can be wholly suppressed in  left-handed helix within the next A/2, and again with right-
the opposite-chirality-coexisted superstructures. In addition =~ handedness, and so forth. In this way, a stacked structure with
to uniform alignment, we further imprint an azimuthally  opposite chirality is established with a total thickness D along the
gradient pattern on the CLC stacks and verify the capability =~ z-axis. The dielectric tensor of the stacked CLC model with
of vector beam generation*®?*), indicating the broadband and  opposite chirality can be formulated as

&, + €,0 cos 2(2’7"2—(1) £,,0 sin 2(27”z—a) 0
er(2) = £,,6 sin 2(2’7"2—0() £ — Emd COS 2(27”2—(1) o | (k-DAsz< (k_%)A
&3
&y + £,0 oS 2(—2’7”2—(1) £,,0 sin 2(—27”z—a) 0 (1)
— 1
e(z) = €,,0 sin 2(—27”2—0:) €, — €,0 COS 2(—%”2—0{) 0| (k_z)ASZ<kA
0 &3
where k=1,2, ...,D/A.
dispersion-free manipulation of structured light. This work pro- Here, ¢, = (¢, + &,)/2 and § = (¢, — &,) /(& + &,). &, = n?

vides a full insight into the optical physics of opposite-chirality = and &, = &; = n2 are the three principal values. @ represents
CLC superstructures and offers a theoretical guidance on their  the orientation angle of the CLC director at the front surface
designs and applications. (i.e., z=0). The helical axis is along the z-axis, and the local

LC director at the surface is parallel to the x—y plane. We keep

D constant and change A from dozens of pitches to no more than
2. Results half of the pitch (p) in order to construct various kinds of stacked
superstructures. The value of A indicates the alternating rate of
sublayers with opposite chirality. For example, the case of A = D
Figure 1 illustrates the schematic of four typical types of stacked ~is composed of one layer of right-handed CLC and another layer
CLC superstructures, constructed by stacking right-handed and ~ of left-handed CLC with the same thickness [Fig. 1(b)], while the
limiting case of A= 0 represents the opposite-chirality-coex-
isted superstructures [Fig. 1(e)].

(b) (c)
"'§ % g 5 ; 5 ;"' In order to simulate the optical properties of the aforemen-
A
D

2.1. Design and principles

‘(a) RrcLC

i : tioned stacked CLCs, we use the 4 X 4 matrix algorithm intro-
E : f\% é % é_'_ duced by Berreman and Scheffer®*°), which is suitable for
: stratified and anisotropic media. We consider uniformly polar-

f N ized and normal incidence at the CLCs (i.e., light propagates
| (e) S (d) along the z-axis). According to the Maxwell equations, only four
i 22222 2 sz i i
EEEE =2=22<2 components of the electric and magnetic fields are needed to
| sss= specify the light, and the Berreman vector is defined as
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Fig. 1. Schematics of (a) common cholesteric liquid crystals (CLCs) and (b)- From the dielectric tensor between z and z + Az, we can cal-
(e) four stacked CLC superstructures. The blue and yellow spirals represent culate the propagation matrix P(z, Az) satisfying f(z + Az)=
right-handed and left-handed CLC, respectively. D means the thickness of the  P(z, Az)f(z)!***'). Through multiplying the propagation matri-
cell. Ameans the thickness of the smallest repeating unit. The z-axis is along ~ ces of single-chirality sublayers in sequence, the total matrix
the helical axis. P(0, D) of the whole CLC is obtained:
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Here, P and P; correspond to the right-handed and the left-
handed sublayers, respectively. By solving the matrix equation
firans = P(0, D) (fi,c + fref), we can calculate the reflected light
f..r and the transmitted light f, ,,; from the known incident light
fi.c. Based on this 4 X 4 matrix algorithm, we investigate the
unusual Bragg reflection from the stacked CLC superstructures.
The trivial case with uniform surface alignment (i.e., constant &)
is studied. Furthermore, we consider the patterned superstruc-
tures with a(x,y) variant in the x-y plane. The reflective PB
phase modulation from the structured CLCs is a valuable tool
for broadband structured light generation. The CLC superstruc-
ture with opposite chirality can reflect both circular polariza-
tions, allowing simultaneous PB phase control for both SAM
eigenstates®®!. The broadband generation of vector beams is
studied as a typical application.

2.2. Optical properties of uniformly aligned CLC stacks

We consider different CLC stacks with A=D, A=D/2,
A=D/4, and A~ 0 [Figs. 1(b)-1(e)], as well as the common
right-handed CLC for comparison. Their material parameters
are n, = 1.7, n, = 1.5, p = 400 nm, and D = 8000 nm. The linear
polarization along the x-axis is selected as the incidence so that
the optical response of both right-handed and left-handed cir-
cularly polarized components can be revealed. Using the home-
made 4 X 4 matrix solver loaded in MATLAB, we simulate the
dependence of the reflected light on two physical quantities, the
wavelength A and the surface director orientation a. For
common right-handed CLC, only half of the linearly polarized

input light is reflected due to the spin-selective Bragg reflection.
As displayed in Fig. 2(a), the modeled Bragg reflection bandgap
is approximately 600-680 nm, which corresponds to n,p — n,p.
The phase of the E, component in the reflected light is plotted in
Fig. 2(f), indicating the reflective PB phase of +2a. Figure 2(f)
also shows that the phase of E, depends on the input wavelength,
which results from the dynamic phase accumulation.

More intriguing properties are discovered in the CLC stacks
of opposite chirality. First of all, as shown in Figs. 2(b)-2(e), the
reflectance within the Bragg reflection bandgap reaches 100%
since both circular polarizations are reflected. It is more inter-
esting that the Bragg bandgap splits into three main parts when
A < D/2,as displayed in Figs. 2(c)-2(e). As A shortens, the cen-
tral wavelength of the central bandgap stays, while the two side
bandgaps gradually shift away from the central bandgap. The
locations and the widths of these three main bandgaps can be
deduced by Fourier analysis”****). Secondly, the reflected light
is linearly polarized, and its polarization angle depends on both
Aand @, as vividly illustrated in Figs. 2(g)-2(j). On one hand, for
a certain 4, the polarization angle is proportional to a, which
means that the rotation of the CLC surface director will cause
the rotation of the linear polarization. On the other hand, for
a fixed a, the polarization angle varies with 1. As A becomes
smaller, such dispersion becomes weaker [Fig. 2(g)-2(i)], and
finally in the limiting case of A~ 0 (i.e., opposite-chirality-
coexisted superstructure), the polarization angle is independent
of A [Fig. 2(j)].

We can explain the above dependence via the Jones vector cal-
culus®¥. The right-handed/left-handed component is endowed
with a PB phase of +2a, respectively. Additionally, the left-handed
component propagates across the right-handed sublayers be-
fore and after getting reflected in the left-handed sublayers,
so it undergoes a longer distance than the right-handed compo-
nent, and an extra dynamic phase y is attached. Since the inci-
dent polarization is x-directional (|x) = |R) + |L}), the resultant
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Fig. 2. (a), [f) The reflection spectrum and the phase of £, component of the light reflected from right-handed CLC. (b)-(e) The reflectance spectra and (g)-(j) the
polarization of the light reflected from four stacked CLC models. The stacked CLCs are (b}, (g) A= D, (c), (h) A= D/2, (d), (i) A= D/4 and (e), [j) A~ 0, respectively.
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reflected light can be deduced as (normalization factors are =~ CLC and y =& 0 in the opposite-chirality-coexisted superstruc-

omitted) tures. Secondly, we take the section at 1 =633 nm to illustrate
the relation between a and the reflected polarization, as shown
IR)et20 4 |[L)e 20+ = (% — i§)et 20 4 (% + ify)ei2etiv in Figs. 3(k)-3(0). The reflectance without the analyzer is basi-

cally independent of @, and the slight vibration can be explained
by the Fabry-Pérot harmonics arising from the air-CLC inter-
face®™. For opposite-chirality CLC stacks in Figs. 3(1)-3(o),
which vyields the linear polarization at the angle 2a —w/2.  when a ranges from 0 to 7z, the analyzed reflectance oscillates
Since y varies with 4, the reflected polarization rotates at  in the form of cos?(2a — y/2), reaching its maxima 100% and
different wavelengths, which is known as reflective rotatory = minima 0% both for two times. This rule agrees with the fact that
dispersion®”). Smaller A will reduce y, and such rotatory  the reflective PB phase equals +2a.

dispersion is fully suppressed in the opposite-chirality-coexisted
superstructures with A ~ 0 [Fig. 2(j)].

In order to vividly reveal the polarization of the reflected light,
we insert an x-directional analyzer in the reflection path,andthe ~ To verify the capability of structured light generation by the CLC
analyzed reflectance spectra are simulated in Figs. 3(a)-3(e). The stacks with opposite chirality, we imprint a delicate pattern on
reflectance within the bandgap in Fig. 3(a) reduces to about 25%  the surface directors of the CLC superstructures. As shown in
since half intensity of reflected right-handed circular polariza-  Fig. 4(a), the CLC directors at the front surface should rotate
tion is blocked. Compared to Figs. 2(b)-2(e) without analyzer,  accordingto a(x,y) = (M/2) X arctan(y/x), where M is selected
the spectra in Figs. 3(b)-3(e) are sinusoidally modulated. The = as +1. Here, M is the polarization order of the generated cylin-
reflectance reaches its maxima when the reflected polarization  drical vector beam, which means that its local polarization ori-
is parallel to the analyzer. This condition can be written as  entation rotates [2zM| per circulation about the central
2a —y/2=0 (or n), where the dynamic phase retardation v  singularity. We compare the vector beams generated from three
depends on the wavelength A. First, we analyze the effect of A by cases of CLC stacks, including A = D in Figs. 4(b)-4(e), A= D/4
taking the section of the analyzed spectra at « = z/2 [Figs. 3(f)- in Figs. 4(f)-4(i), and A = 0 in Figs. 4(j)-4(m). As shown in
3(j)]. The oscillations in the reflectance spectra clearly show Figs. 2(b), 2(d), 2(e) and Figs. 4(c), 4(g), 4(k), the reflectance
the wavelength-dependent variation in polarization direction. ~ from CLC stacks is independent of a. As an example, Fig. 4(d)
As expected, rotatory dispersion is not observed in the single-  displays the rotating polarization distribution, the donut-shaped
chirality case in Fig. 3(f) and the limiting case in Fig. 3(j) be-  spot, and the analyzed intensity profile with two lobes, which
cause the reflected light is circularly polarized for common  verifies the generation of the vector beam with M = +1.
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2.3. Vector beams generated from patterned CLC stacks
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Fig. 3. The optical properties of (a), (f), (k] the right-handed CLC and the stacked CLCs with (b), (g), (1) A= D, (c), (h), (m) A= 0/2, (d), (i), (n) A= D/4 and (e), (j), (0]
A= 0, respectively. (a)-(e) The reflectance spectra after an x-directional analyzer dependent on wand A. (f)-(j) The section at o= #/2, and (k)-(0) the section at
A = 633 nm [blue dashed lines in (a)-(e)], where the red/blue curves represent the reflectance without analyzer/with an x-directional analyzer, respectively.
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Fig. & The polarization distribution and diffracted optical field of the three patterned CLC stacks: (b)-(e) A= D, (f)-(i) A= D/4,and (j)-(m) A~ 0. (a) The designed
surface CLC alignment and phase pattern. (b), (f), (j) Schematics of three stacked CLC models, corresponding to Figs. 1(b), 1(d), 1(e), respectively. (c), (g),
(k) Reflectance spectra of the three CLC models corresponding to Figs. 2(b), 2(d), 2(e), respectively. The polarization distribution and the diffracted optical field
with/without analyzer for the generated vector beams at (d), (h), (1) 633 nm and (e), (i), (m) 650 nm, respectively. The white/yellow arrows represent the incident
polarizer/analyzer, respectively. The white dashed lines indicate the position of /2 polarization.

Now we compare two representative incident wavelengths
(633 nm and 650 nm) within the central Bragg bandgap. As indi-
cated by Figs. 4(d) and 4(e), at these two incident wavelengths,
the vector beams exhibit different polarization distributions and
different orientations of the analyzed intensity profile, which is
attributed to the evident rotatory dispersion in the cascaded
CLC with A =D. When we continue to the case of A=D/4,
the polarization variance between the vector beams becomes
smaller [Figs. 4(h) and 4(i)], and finally such variance vanishes
in the limiting case of A ~ 0 [Figs. 4(1) and 4(m)]. This phe-
nomenon again proves that the reflective rotatory dispersion
becomes weaker as A decreases. Importantly, the rotatory
dispersion is fully suppressed in the opposite-chirality-coexisted
CLC model, owing to the negligible dynamic phase difference
between the right-handed and the left-handed circularly polar-
ized components. The above results of the generated vector
beams offer a vivid illustration of the PB phase and the rotatory
dispersion in the patterned CLC stacks. This implies a promising
strategy for broadband and dispersion-free structured light
manipulation.

3. Discussion

In this work, we proposed the theoretical models of the opposite-
chirality CLC stacked superstructures and developed a 4 x 4
matrix solver for simulating corresponding optical properties.

The Bragg bandgap will split into three bandgaps if the stacking
sublayers become thin enough. This property implies the oppor-
tunities of multiple working bands, possibly enabling simultane-
ous manipulation of red, green, and blue light. The orientation of
the reflected linear polarization depends on the surface CLC
director and the wavelength, which results from the PB phase
and the propagation phase difference of two circularly polarized
components. Interestingly, this dispersion can be well controlled
by the stacking form of the opposite-chirality CLCs. On one
hand, we can make broadband and dispersion-free beam shap-
ing possible in the limiting case of A ~ 0. On the other hand,
CLC optical elements with designable wavelength dependence
can be achieved, e.g, wavelength multiplexed holograms'*”),
Furthermore, a vector beam generator by patterned CLC stacks
is numerically demonstrated. The proposed theoretical model
matches well with the reported experimental results in two
extreme cases, namely the two-layer CLC stack (A = D)*”]
and the opposite-chirality-coexisted superstructures (A & 0)12°),
Besides, other presented results of intermediate forms provide
good predictions on their optical properties and functionalities
for light control. It is possible to demonstrate the intermediate
configurations via spin-coating technique and polymerizable
materials, which are adopted in the fabrication of gradient-pitch
CLCs”**") and piecewise-twisted CLCs"**. This work gives
deeper understanding of opposite-chirality CLC stacks and
promisingly shows theoretical directions for complex chiral
anisotropic structures.
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