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Optical properties of chiral three-dimensional photonic crystals
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We perform a theoretical and numerical study of the optical properties of both direct and inverse three-
dimensional (3D) chiral woodpile structures and a corresponding chiral Bragg stack, also known as a Reusch pile.
We compute transmission spectra in the helical direction for finite crystals and photonic band structures, where
we ensure the effective index of all structures to be the same. We find that both 3D structures show dual-band
circular dichroism, where light with a particular circular polarization state—either left- or right-handed—reveals
a broad stop band with major attenuation, whereas the other polarization state is transmitted nearly unimpeded.
We observe such gaps in different frequency ranges with alternating handedness. The appearance of the circular-
polarized gaps is successfully interpreted with a physical model wherein the circular polarization either corotates
or counterrotates with the chiral structure, thereby effectively leading to a spatially dependent or a constant
refractive index, and thus to the presence or absence of a gap. We find that the presence or absence of circularly
polarized gaps is tuned by the transverse periods perpendicular to the chiral axis in both the 3D direct and inverse
chiral woodpile crystal structures. The tunability of circular dichroism may find applications as on-chip sensors

for circularly polarized light and in the on-chip detection of chiral molecules.

DOLI: 10.1103/PhysRevB.107.165307

I. INTRODUCTION

Inspired by the well-known occurrence of circular dichro-
ism in chiral molecules like glucose and many amino
acids [1]—where the optical response depends on the cir-
cular polarization of incident light—recent years have seen
a fast-growing interest in the study and control of dichro-
ism with chiral nanostructures in nanophotonics [2—7]. The
favorable prospects of nanophotonics are that devices are
tiny, which allows for ready on-chip integration, notably
when the nanostructures are fabricated from semiconductor
materials, which is the main direction of the present work.
Simultaneously, the integration with modern microelectron-
ics is readily foreseeable, therefore, promising the advent of
efficient miniature sensors of chiral molecules for myriad
applications in organic and biochemistry, personal health, and
safety [8,9]. In parallel, chiral nanostructures open the road
to realizing circularly polarized laser emission without ad-
ditional lossy or expensive components [10-12], and also to
polarization-controlled guiding for photonic applications [13].
As is relevant to topological photonics, chiral structures break
spatial inversion symmetry, hence intriguing photonic Weyl
points can appear in photonic band structures even in the
absence of an external magnetic field [14]. By analogy with
Dirac points that allow large-volume single-mode lasers in
two dimensions [15], it is proposed that Weyl points may
yield similar large-volume single-mode lasers in three dimen-
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sions. Moreover, three-dimensional (3D) chiral nanostructures
may find applications in quantum information technology by
promoting the long-range interactions between quantum emit-
ters [16,17]. Controlling circular polarization opens intriguing
prospects in light-matter physics, namely, the manipulation of
spin states in atomic physics and bulk semiconductors [18],
or in semiconductor quantum dots and quantum wells for
quantum information processing [19,20].

Early work in chiral nanophotonics studied metamaterials,
man-made nanostructures with building blocks that are typi-
cally much smaller than the wavelength of light. Following the
pioneering work of Gansel et al. broadband circular dichroism
has been demonstrated with chiral metamaterials [21-27].
By using the effective medium approximation, the permit-
tivity and permeability tensors are effectively determined in
metamaterials [2], and the use of (noble) metals as build-
ing block serves to strongly modify these tensors, including
even the off-diagonal elements [28]. In these structures, the
light is scattered by the dielectric components [29], as well
as absorbed by the metal constituents [30]. To circumvent
absorption, attention has therefore turned to dielectric chiral
photonic structures including photonic crystals that typically
have “photonic lengthscales” [31], in other words, typical
feature sizes of the order of the wavelength (a = A).

Photonic crystals are nanostructures consisting of nonab-
sorbing dielectrics [32—35] that control light propagation by
multiple Bragg interference [36-38], hence effective medium

©2023 American Physical Society
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FIG. 1. Left: Bird’s eye view of a three-dimensional (3D) three-
layer left-handed chiral woodpile structure consisting of layers of
nanorods that are stacked in the z-direction. From bottom to top
(+4z direction), the nanorods are rotated in a counterclockwise sense,
hence left handed. For clarity, the width of the nanorods is shown to
be smaller (w = 0.3a) than in the computations.

approximations are no longer valid. A distinguishing prop-
erty of 3D photonic crystals is the fundamental control of
the density of optical states (DOS), especially with the oc-
currence of photonic gaps that control light-matter physics
such as spontaneous emission [39-45]. A number of studies
have been reported on 3D chiral photonic crystals, notably
the class of structures consisting of spirals, see Refs. [46—49].
In a theoretical study for dielectric contrasts representative
of semiconductor nanostructures, Lee and Chan found that
spiral structures reveal a complete 3D band gap or a trans-
mission gap for either circular polarized light state separately,
depending on whether the spirals are connected or spatially
separated [49]. Another important class of 3D chiral photonic
crystals consists of layers of nanorods that are stacked in the
z-direction (see Fig. 1), also called spiral woodpile structures.
A main characteristic of this class of structures is the number
of layers N within each spiral unit along the z-direction. The
examples shown in Fig. 1 have N = 3, as will also be studied
in this paper. With such chiral woodpile crystals broadband
circular dichroism has been reported due to circularly polar-
ized Bragg diffraction and apparent as circularly polarized
reflectivity gaps [50].

In this paper, we theoretically and numerically study the
optical properties of chiral 3D photonic crystals made from
semiconductors that reveal broad gaps. The open questions
addressed here are whether the circularly polarized gaps are
apparent not only in direct 3D chiral woodpile crystals, but
also in inverse chiral woodpile structures. Moreover, we in-
vestigate the role of the transverse periodicity (or even lack
thereof) in the plane perpendicular to the chiral stacking direc-
tion. These questions are relevant for applications since such
structures are amenable to modern nanofabrication processes,
in the case of GaAs by micromanipulation as experimentally
studied by us [35,50-52] and in the case of silicon by deep
reactive ion etching through tailored etch masks [53,54]. Fur-
thermore, we study a chiral-layered Bragg stack, also known
as a Reusch pile [5,55,56], that is the counterpart of both 3D
chiral crystal structures with a homogenized lateral structure,
to study the effects of the periodicity perpendicular to the
helical axis on the polarized transport.

(b) Inverse

(a) Direct

FIG. 2. Schematic of left-handed direct and inverse chiral wood-
pile structures. In (a,b) the structures are viewed in the —z direction.
(a) Direct woodpile structure, with the red nanorods are at the top, the
green nanorods in the middle, and the blue nanorods at the bottom
of the unit cell. Dotted lines indicate the axes of the air rods that
correspond to the nanopore axes in the inverse structure. (b) Inverse
woodpile structure, where red indicates the dielectric material in be-
tween the nanopores in the top layer, green is dielectric in the middle
layer, and blue in the bottom layer. For clarity and transparency, the
width of the dielectric is smaller (w = 0.3a) than in the calculations.
In the inverted structure, the projection of the layers of dielectric
material in one plane form a 2D Kagome lattice. Panels (c,d) show
the (x, z)-cleaved crystal structures in a slightly tilted perspective
view. The colors of the dielectric in the three layers matches the top
views in (a,b). The cleavage plane of the front surfaces is shown in
(a,b) with the horizontal dashed line.

II. STRUCTURES AND METHODS

A. Chiral crystal structures

The three-layer direct woodpile chiral photonic crystal
structure is schematically shown in Fig. 1 [35,50,52]. Each
layer consists of an array of parallel nanorods spaced by a.
The crystal structure consists of a sequence of (N = 3) layers
whose main axes are rotated by 60° compared to those of the
neighboring layers. Thus, there is an obvious staircase-like
chiral appearance, as is visible in the exploded view on the
right of Fig. 1. As a result, the (N + 1)th or fourth layer is
directly above the first layer. A complete helical unit is thus
composed of three layers and we call its lattice spacing c.

The detailed structure of both the direct and inverse crystal
structures is shown in Figs. 2(a) to 2(d). In Figs. 2(a) and 2(c)
the colored units are the nanorods that are the basis of the di-
rect structure, in Figs. 2(b) and 2(d) the colored units indicate
the material in between the nanopores in the inverse structure.
The rods and the pores are spaced by lattice spacing a and
we set the ratio of lattice parameters to ¢/a = 1.35, inspired
by previous experimental work [50-52]. Each nanorod has a
rectangular cross-section with width w = 0.5a and thickness
t = 0.45a. Similarly, each nanopore also has a rectangular
cross-section with width w = 0.5a and thickness t = 0.45a.
Due to our choice w = 0.5a, the inversion of high-to-low
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index material and vice versa keeps the average refractive
index the same between both structures, which facilitates a
comparison since the slope of bands away from zero fre-
quency and the gap centers are to a first approximation the
same. We also performed calculations for a second woodpile
structure with a much larger transverse period yet the same
average index, namely, a’ = 2a, w’ = 0.54',¢' =t = 0.2254/,
¢’ = ¢ =0.6754'. An interesting consequence of our choice
for the chiral inverse woodpile structure is that the crossing
points of consecutive pairs of dielectric material are not on top
of each other anymore (projected in the z-direction) as in the
direct structure; therefore, the projection of each pair of layers
of dielectric material forms a two-dimensional (2D) Kagome
lattice [57,58].

In both 3D chiral crystal structures, the high-refractive
index material is taken to be a semiconductor such as GaAs
or Si with a refractive index n = 3.4, and the low-index
material is taken to be air (n = 1.0). The structural aver-
aged index is nge = 2.2 within each plane of nanorods.
Recently, the chiral direct 3D photonic crystal structure has
been realized from GaAs by an advanced micromanipulation
technique [35,38,59-64].

B. Computational methods

We calculate the photonic band structure using the well-
known plane-wave expansion (PWE) method [34,65,66] using
the commercially available code (SYNOPSIS RSOFT BAND-
SOLVE). We calculate the first n» = 8 bands in the first
Brillouin zone. For generality, in all the results presented here,
we normalize the frequency to the chiral lattice parameter ¢
called the reduced frequency @ = c/.

We calculate the transmission spectra for each circu-
larly polarized incidence by a finite-difference time domain
(FDTD) method [67,68] using commercially available code
(Synopsis Rsoft FullWAVE). In the FDTD simulations, pe-
riodic boundary conditions are imposed in both the x and y
directions; in the stacking direction z, perfectly matched lay-
ers are attached at a distance 15¢ away from the center of the
structure. We take M = 16 stacked layers in the FDTD calcu-
lations, corresponding to a structure with a total thickness L =
5% unit cells that is surrounded on both sides by air; the 16th
layer has the same orientation as the first [69]. This total thick-
ness is sufficient to detect substantial gaps in the transmission
spectra. The incident light is a plane wave with either LCP or
RCP polarization, incident normally to the top of the structure
in the —z direction and detected in transmission. To provide
frequency bandwidth, the incident light is taken to be a pulse
in the time domain, with a pulse duration equal to a single
optical cycle at the central frequency @ = 0.38. The time-
dependent electric fields of the transmitted light are recorded
for both circular-polarized incidences. We analyze the spectral
responses by taking a Fourier transform of the time-dependent
fields. The transmittance is calculated as the ratio of transmit-
tance with and the one without a crystal structure.

III. RESULTS AND DISCUSSION

A. 3D photonic band structures

The main distinction between the chiral direct and inverse
woodpile structures on the one hand and the chiral Bragg stack
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FIG. 3. Three-dimensional band structures calculated for (a) the
direct woodpile structure and (b) the inverse woodpile structure. The
insets show the Brillouin zone, for simplicity only the upper half for
k. > 0.

on the other hand is of course that the woodpile structures have
a 3D periodicity, whereas the chiral Bragg stack has only one-
dimensional (1D) periodicity in the z-direction. Therefore, it
is expected that the (x, y) structure plays a role in the optical
properties, which is the topic of this subsection.

Figures 3(a) and 3(b) show the 3D photonic band structures
of the direct and inverse woodpile structures, respectively,
including all directions away from the chiral I'-Z direction.
Since we chose the width of the rods and the nanopores in the
two structures to be the same, both structures have the same
averaged index. Therefore, the two band structures strongly
resemble each other, not only in the stacking direction z (cor-
respondingly the I'-Z high-symmetry direction in reciprocal
space), but also in the transverse directions. Whereas trian-
gular lattices (relevant for the direct woodpile) and Kagome
lattices (relevant for the inverse woodpile) have different pho-
tonic band structures [70], it is remarkable that both woodpile
structures reveal Weyl points (at the K point) [71,72], which
we attribute to the structures having the same lattice symme-
try.

While direct and inverse structures are usually considered
to have very similar optical properties, we nevertheless ob-
serve several differences in the 3D photonic band structures
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FIG. 4. (Left panel) Transmission spectrum of each circularly
polarized incidence for the chiral woodpile structure composed of
N = 16 layers. Circular dichroism occurs at different frequency for
LCP and RCP. (Right panel) Photonic band structure in the z direc-
tion for the chiral woodpile structure. The lower bands are strongly
polarized in LCP or RCP, which is consistent with the transmission
spectra.

between these structures that even help to refine the interpre-
tation of several features in the band structures. First, between
the I" and M points, the inverse band structure seems to have
avoided crossing near reduced frequency @ = 0.38, whereas
the direct band structure shows that these bands are on top
of each other. Therefore, we conclude that these bands ap-
parently have different symmetry. Second, near @ = 0.38 in
the band structure of the direct crystal, there appears to be a
crossing of three bands at the K point. At the same frequency
and wave vector, the band structure for the inverse structure
shows that only two bands cross, whereas the third band has
shifted up. Thus, the triple crossing in the direct crystal is
likely accidental and not symmetry imposed.

B. Chiral crystal direction

Figure 4 shows both the transmission spectrum (left panel)
for circularly polarized light propagating in the z direction
inside the 3D direct chiral woodpile structure shown in Figs. 1
and 2(a) and 2(c), as well as the band structure (right panel)
in the chiral I"-Z high-symmetry direction. At low frequen-
cies up to @ = 0.19 the transmission shows Fabry-Perot-like
oscillations, as expected for a slab-shaped sample with finite
thickness. The transmission is the same for both left- and
right-handed circular polarizations, which is sensible since the
periodicities are much smaller than the wavelength.

Starting at a lower edge at @, = 0.19 the left-hand
circular-polarized light has a deep and broad stopband up to
an upper edge at @;; = 0.29. In contrast, throughout the whole

stopband, the transmission of the right-hand circularly polar-
ized light is very high. Therefore, in this frequency range the
chiral photonic crystal shows strong circular dichroism. This
behavior agrees very well with the band structures that show
a broad stop gap for left-handed circularly polarized light,
whereas the bands for the right-handed circularly polarized
light show band folding and no stop gap at all.

The width of the stopband corresponds to a large photonic
interaction strength [73,74] S = Ad/d. = 41%, with Adg =
(®p — @y,) the band width, and @, the central frequency of the
stopband. The width and center frequency of the transmission
stopband are in excellent agreement with those of the stop gap
in the band structure, as expected. The transmittance at the
stop gap center is about 7 = 0.12 at @ = 0.24, in reasonable
agreement with a model based on 1D Bragg stacks, where one
expects the minimum transmission (at the stop gap center) to
decrease exponentially with increasing thickness L as

T (L)min = exp(=L/£p), ey

with £p the characteristic Bragg length that is expressed in
terms of the photonic strength as

2d  wy
g =

T Awg’ @
with d the lattice spacing. In this model, we expect
L =2d/(0.417) = 1.55d, and hence T (L)min =
exp(—5.33/1.55) = 0.03, which is in reasonable agreement
with the results in Fig. 4 in view of the limitations of the
model, namely, a low index contrast, and one reciprocal
lattice vector instead of a full 3D set of reciprocal lattice
vectors (as illustrated in Ref. [38]).

With increasing frequency, the transmission shows a sec-
ond pronounced stopband, from &;, = 0.375 to @, = 0.46,
corresponding to a relative bandwidth S = 20%. In contrast
to the first stopband, this one shows a strong attenuation
for right-hand circularly polarized (RCP) light. This is the
second order (m = 2) of the Bragg condition corresponding
to a wavelength A = (2/m)nyy. - ¢, as schematically illustrated
in Figs. 7(c) and 7(d) in the Appendix. The stopband shape is
asymmetric, with a transmission 7 = 0.18 near the gap center
(@ = 0.417), and an absolute minimum 7 = 0.05 near the
upper edge at @ = 0.45. From the photonic strength, we de-
rive £ = 2d/(0.27) = 3.18d, and hence predict T (L)min =
exp(—5.33/3.18) = 0.19, which matches well with the trans-
mission at the gap center. At this time, we have no explanation
for the sharply decreased transmission near the upper edge, we
only note that the model invoked here does not capture such
features.

The left panel of Fig. 5 shows transmission spectra in the
z direction for the inverse chiral woodpile structure in Fig. 2.
Because the averaged index is same as for the direct chiral
woodpile structure, the dual circular dichroism appears at the
almost same frequencies. In brief, at lower frequencies near
@ = 0.2 to 0.28, a broad stopband for the LCP polarization
due to a first-order Bragg condition for the LCP polarized
light and simultaneously no RCP gap [see schematic Figs. 7(a)
and 7(b)]. And at higher frequencies near @ = 0.37 to 0.46
in Fig. 5, a broad stopband occurs for the RCP polarization
due to a second-order Bragg condition for RCP polarized light
and simultaneously no LCP gap, see Figs. 7(c) and 7(d). Dif-
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FIG. 5. (Left panel) Transmission spectrum of each circularly
polarized incidence for the inverse chiral woodpile structure com-
posed of N = 16 layers. Circular dichroism occurs at different
frequency for LCP and RCP. (Right panel) Photonic band structure
in the z direction for the inverse chiral woodpile structure. The lower
bands are strongly polarized in LCP or RCP, which is consistent with
the transmission spectra.

ferences occur at even higher frequencies @ > 0.5, where the
bands in the transverse directions will be seen to be different.
This is reasonable since small structural differences in real
space correspond to slight differences at large wave vectors,
which usually appear at high frequencies.

C. In-plane periodicity

In Fig. 6, we show the transmission spectrum and the band
structures in the z-direction for a 3D chiral woodpile struc-
ture with a much larger transverse period, namely, ¢’ = 2a.
With increasing frequency, the transmission reveals finite-size
Fabry-Perot fringes and an LCP stop band from & = 0.17
to about 0.23. The narrower polarization gap (compared to
Figs. 4, 5, and 9) is explained by the smaller difference in the
effective anisotropic indices n;, = 2.18 and n},, = 2.79 in the
crystal with a large transverse period (as again derived from
the slope of bands, see also Sec. II). The relative difference
amounts to (n}, — n,)/(n}, +n},) = 0.12, which is twice as
small 0.24 in the case of the small transverse periods a dis-
cussed above.

Simultaneously, the band structures in Fig. 6 reveal a stop
gap for LCP-polarized light, but remarkably, no gap for RCP-
polarized light. With further increasing the frequency, the
transmission spectrum shows strong variations: both LCP and
RCP transmission quickly vary between near-O and near-1
over narrow frequency ranges, whereby both polarizations
show different behavior. Simultaneously, the band structures
show that many bands have appeared. Both features strongly

0.5
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FIG. 6. (Left panel) Transmission spectrum of each circularly
polarized incidence for the direct chiral woodpile structure with a
large transverse period (¢’ = 2a). Circular dichroism occurs only for
RCP waves, at ® = 0.2. (Right panel) Photonic band structure in the
z direction for the inverse chiral woodpile structure. The lower bands
are strongly polarized in LCP or RCP, which is consistent with the
transmission spectra.

differ from the ones in Figs. 4, 5, and 9, and are the result of
the larger transverse lattice parameter a: with increasing a, the
bands associated with propagation and diffraction in all other
directions than the exact z-direction shift to lower frequency.
As a result, the second-order gap that is apparent in Figs. 4,
5, and 9 (around @ = 0.4) has vanished as it gets filled with
the bands in the transverse directions. Consequently, this 3D
crystal reveals only one circular dichroism gap (for LCP light)
near @ = 0.2. In both 3D crystal’s band structures in Figs. 4
and 5, a few non-z diffraction bands are apparent starting at
high frequencies near @ = 0.48. As a further confirmation of
this notion, we point out that the band structures in Fig. 9 of
the 1D Bragg stack are completely “clean” all the way up to
high frequencies as high as @ = 0.8 since this 1D structure
does not reveal any diffraction in non-z directions. Taking
together all the results in Figs. 4-6, and 9, when the chiral
period ¢ and the transverse anisotropic index are the same,
the dual circular dichroism is observed at almost the same
frequency, independent of the transverse nanostructure.

Two novel physical features are apparent in the transmis-
sion spectrum. First, the transmission spectrum above the
gap is very different from the nonchiral inverse woodpile
counterparts [75] because here there are strong variations
of the transmission, whereas the nonchiral structure shows
a constant high reflectivity corresponding to constant low
transmission. Second, the transmission spectrum in the range
of many bands at reduced frequency @ = 0.25 and up looks
very complicated. But the pattern is not chaotic since the
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FIG. 7. Schematic of the energy density (sketched for the center
of each layer) for (a) LCP and (b) RCP light in the first-order Bragg
condition (wavelength A = 2n,,. - ¢). We illustrate a particular time
(during an optical cycle) such that in the first layer, the electric field
vector is parallel to the rods. While propagating, the electric vector
of LCP (RCP) light counterrotates (corotates) with the rotation of
the rods. Thus, LCP light experiences a spatially varying refractive
index, and RCP light experiences a constant refractive index during
propagation. (c, d) Schematic energy density at the m =second-
order Bragg condition [A = (2/m)n,. - ¢] for LCP and RCP light,
respectively. The electric vector of RCP (LCP) light counterrotates
(corotates) with the rotation of the rods and experiences a spatially
varying (constant) refractive index during propagation, hence a gap
(no gap) appears.

bands are very well organized. Therefore, this situation here
is completely different from the random speckle typical of
random photonic structures [76] that is indeed truly chaotic.

IV. SUMMARY AND OUTLOOK

We performed a numerical study of photonic band
structures and transmission spectra in direct and inverse three-

FIG. 8. Schematic of a three-layer left-handed chiral Bragg stack
where the blue layer is at the bottom, the green layer in the middle,
and the red layer at the top. With increasing z the extraordinary index
n, rotates counterclockwise, so this Bragg stack is left handed.
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FIG. 9. (Left panel) Transmission spectrum of each circularly
polarized incidence for the chiral Bragg stack composed of N = 30
layers. Circular dichroism occurs at different frequency for LCP and
RCP. (Right panel) Photonic band structure in the z direction for the
chiral Bragg stack. The lower bands are strongly polarized in LCP
or RCP, which is consistent with the transmission spectra. The stop
band for both circularly polarized incidence at around & = 0.72 is
caused for +45° linear polarized light, as discussed in the main text.

dimensional (3D) chiral photonic band-gap structures. The
structural motif of both crystal structures consists of three lay-
ers of nanorods or nanopores that are rotated by plus or minus
60° degrees in the stacking direction. We compared the 3D
structures to chiral Bragg stacks that are originally known as
Reusch piles, without periodicity in the lateral, nonchiral, di-
rections. Both 3D crystal structures show circular dichroism,
frequency bands where light with one polarization handedness
experiences a gap while the other handedness is transported
nearly unimpeded. The frequency ranges agree with the phys-
ical arguments for the spatial dielectric function that corotates
or counterrotates with the propagating circularly polarized
light. Moreover, both direct and inverse 3D crystal structures
reveal a dual-band dichroism where light with either left- or
right-handed circular polarization with a stop gap at different
frequency bands. Such polarization gaps are basically related
to the helical periods with either handedness and structural
averaged indices. Here we find that the polarization band gaps
can also be tuned by the transverse periods in the 3D direct
and inverse chiral woodpile structures. This tunability of the
circularly polarized gaps in semiconductor nanostructures can
potentially be applied to design on-chip sensing devices for,
e.g., the polarization states of single photons for quantum
applications, guided light for integrated photonics, and for
the sensitive detection of chiral molecules for biochemistry or
even point-of-care devices. In addition, there is an additional
possible application of 3D chiral structures for sensing. Previ-
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ously, it was pointed out by Polo et al. that 3D chiral structures
may sustain several surface states such as Dyakonov-Tamm
waves, or even topological surface states derived from Weyl
points, both of which are intriguing and thus merit further
research in the future [77].
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APPENDIX

1. Chiral woodpile structures

The marked presence and absence of the stop gap for the
two circular polarizations is understood in a real-space picture
from the left-handed structure, as schematically illustrated in
Figs. 7(a) and 7(b). The figure shows the energy density for
either LCP and RCP light with a wavelength A = 2n4. - ¢,
corresponding to the first-order Bragg condition [78]. We
show the situation for a particular time during the optical
cycle, such that the electric field vector is oriented in the
direction parallel to the rods in the first layer. The electric
vector of LCP (RCP) is counterrotated (corotated) for the
rotation of the rods. The LCP light experiences the spatial
variation of the energy density and therefore refractive index,
whereas the RCP light experiences a constant energy density
and thus constant refractive index n, during the propagation.
Since the LCP light experiences a spatial variation, this simple
picture leads to the occurrence of a gap, whereas the absence
of spatial variation for RCP light leads to the absence of a gap,
as found in Fig. 4.

In the second-order (m = 2) Bragg condition corre-
sponding to a wavelength A = (2/m)ny. - ¢, contrary to the
first-order Bragg condition in Figs. 7(a) and 7(b), the elec-
tric vector of RCP (LCP) counterrotates (corotates) with the
rotation of the nanorods. The RCP light thus experiences
a spatially varying refractive index n.(r), whereas the LCP
light experiences a spatially constant refractive index during
propagation through a unit cell, leading to the appearance of
the RCP stopband and no LCP stopband, in agreement with
the spectral features in Fig. 4.

2. Chiral Bragg stack or Reusch pile

To interpret the role of the transverse periodicity, we also
study the optical properties of a chiral structure with the
simplest (homogeneous) transverse structure, namely, a chiral
Bragg stack, also known as a Reusch pile (shown in Fig. 8)
with properties as similar as possible in the stacking direction
as both direct and inverse woodpile structures in Fig. 2. The
layers of nanorods or nanopores are homogenized in the (x, y)
plane to yield a three-layer chiral Bragg stack, see Fig. 8
for a left-handed Reusch pile. Each of the three constituent
homogeneous layers are optically anisotropic since the layers

of both woodpile structures are also anisotropic, with ordinary
index n, and extraordinary index n,. From layer to layer with
increasing z, the optical axis is rotated by 60°, either clock-
wise or counterclockwise depending on whether the structure
is right handed or left handed, as in Fig. 8. The thickness of
each homogeneous plate is also the same as the 3D chiral
woodpile structure t = 0.45a (with ¢ = 1.354a). In the first
plate, the optical axis is along y. The anisotropic indices
are chosen to obtain homogeneous counterparts of both 3D
chiral photonic crystals, as follows. We start with one layer of
nanorods that we infinitely extend in the z-direction (thus the
rods are extended in the z-direction to become plates). Next,
we compute the 3D band structures in the z-direction that
yields two sets of linearly polarized bands without gaps (due
to the structural homogeneity of the plates). From the slopes of
these two sets of bands, we obtain the effective refractive in-
dices of the two polarizations that are taken as the anisotropic
indices n,, = 1.6 and n,, = 2.6. The index in the z-direction
is set by imposing the linear bands in the I"-Z direction to have
the same slope as in the woodpile structures (compare Fig. 9
to Figs. 4 and 5). Thus the diagonal anisotropic indices are
Ny =1, = 1.6, ny, =n, =2.6, n; =2.3, the off-diagonal
components are all zero (n;+; = 0), and the structural aver-
aged effective index is naye = 2.2.

The left panel of Fig. 9 shows transmission spectra in the
stacking z direction for the chiral Bragg stack. Near nor-
malized frequency & = 0.25, RCP-polarized incident light
is strongly reflected by the chiral Bragg resonance, whereas
LCP-polarized incident light is readily transmitted though the
structure. The converse transport—LCP being reflected and
RCP readily transmitted—occurs near @ = 0.45. These polar-
ization dependencies are consistent with the band structures in
the z direction, shown in the right panel in Fig. 9. In these
band structures, each band is clearly identified as RCP or
LCP, as indicated by the red and blue colors, and following
Lee and Chan [49]. The RCP-polarized light has a gap near
@ = 0.25 and the LCP light near @ = 0.45, consistent with
the transmission spectra. This dual circular dichroism is ex-
plained by the coexistence of two helical structures in the
chiral PhC, a left-handed helix with 120° rotation per single
layer and a right-handed helix with 60° rotation per single
layer [50,79,80].

For this chiral Bragg stack, even a third-order stop
band is apparent near @ = 0.7, remarkably, for both LCP
and RCP polarizations simultaneously. To interpret the
appearance of this stopband, we consider linearly polarized
light with polarization planes at £45° in the x-y plane, from
which circularly polarized light can be constructed. For
these linear polarizations, Bragg diffraction occurs: While
progressing in z through the Bragg stack (see Fig. 8), the
+45°-polarized light experiences refractive indices equal to
ng, = (ngcos45° + n,cos45°), np = (ngcos75° + n.cosl5°),
and n, = (ngcos15° + n.cos75°) from the red, to the green,
to the blue layer. Conversely, the —45°-polarized light expe-
riences refractive indices n, = (nycos45° + n,cos45°), n. =
(npcos15° + n,cos75°), and n, = (npcos75° + n.cos15°).
These indices are the same for both polarizations but differ
in their stacking order. Since both £45°-polarized light
experiences the same spatial refractive index profile, it is
clear that these polarizations experiences the same Bragg
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diffraction condition. Consequently, since the circularly
polarizations are constructed from these orthogonal linear

polarizations, both RCP and LCP light experience the same
stopband near ® = 0.7.
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