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ABSTRACT: Photonic moire ́ lattices offer an attractive platform
for manipulating the flow and confinement of light from
remarkably simple device geometries. This emerging field draws
inspiration from the rapid research progress observed in twisted
bilayer van der Waals materials or “twistronics,” instead of applying
moire ́ physics to photon propagation in wavelength-scale optical
media. However, to date, only a limited number of experimental
studies have been performed in this area, and there is strong
interest in understanding how moire ́ effects can be tailored in
compact and scalable optical technologies such as an integrated
photonics platform. In this work, we map the moire ́ effects of one-
dimensional (1D) photonic moire ́ lattices composed of width-
modulated silicon nanowires, including the construction of a 1D experiment analogous to the twisting of a two-dimensional (2D)
lattice. Although the twist angle Δθ and/or lattice mismatch ΔΛ are the sole defining parameters for infinite moire ́ crystals, we
demonstrate how the crystal size, symmetry, and moire ́ fringe phase Δϕ also serve as important degrees of freedom. Through
tailoring these parameters, we map a wide range of behaviors including the formation of moire ́ photonic crystal cavities, the onset of
miniband formation and operation as a coupled resonator optical waveguide (CROW), widely tunable Q-factors and group
velocities, suppression of grating sidebands, and persistent vs extinguishable tunneling. These results provide insight into the moire ́
physics of 1D optical systems and highlight various operating regimes relevant to the design of finite photonic moire ́ lattices and
devices.
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■ INTRODUCTION

Recently, moire ́ lattices of bilayer van der Waals materials have
attracted significant research interest due to their distinct
physics, novel properties, and prospective opportunities for
“moire ́ engineering”. Owing to the novel material properties that
may originate from stacked van der Waals materials and the
precise twist angleΔθ between layers, as illustrated in Figure 1a,
research in this area is often referred to as “twistronics” or “twist-
optics”. These emergent fields have led to discoveries that
include controlling electronic band properties,1 magic-angle
superconductivity,2 moire ́ excitons,3 emergence of insulating
states4 and ferromagnetism,5 as well as polaritonic moire ́ effects
and nanoscale light manipulation in multilayer van der Waals
materials.6,7 Beyond van der Waals materials, we should also
expect moire ́ physics to yield similarly novel properties and
technological opportunities in optical analogues8i.e., moire ́
lattices defined in wavelength-scale photonic media. Compared
to van der Waals material systems that are constrained by fixed
lattice dimensions and delicate twist angles, photonic systems
offer enormous freedom and control over moire ́ lattice
parameters thanks to the availability of mature on-demand
patterning. This makes photonic structures especially well suited
for both investigating moire ́ effects and harnessing moire ́ effects
in scalable optical technologies.

Recent works involving 2D moire ́ lattices in the photonic
domain have now demonstrated a 2D localization−delocaliza-
tion transition alongside flat-band physics,9 optical soliton
formation,10 magic-angle resonant lasers,11 microwave regime
effective gauge fields,12 and novel types of Fourier surfaces13,14

and metasurfaces.15,16 Moire ́ patterns are not restricted to 2D
formats and can be realized in 1D lattices, as illustrated in Figure
1b. Along this vein, several works have recently reported
experiments relating to 1D moire ́ photonic lattices, or the
bichromatic lattices first conceptually described by Aubry and
Andre ́17 and Harper,18 including demonstrations of highly
tailorable optical filters,19 high Q-factor photonic crystal
cavities,20−22 and physically unclonable quasi-crystal interfer-
ometers.23 In this context, the concept of a twist angle can be
replaced with a one-dimensional lattice mismatch parameter
ΔΛ = Λ2 − Λ1, where Λ2 > Λ1. For a sufficiently large lattice
mismatch, a comparatively trivial operating regime may exist,
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where the local band structure directly reflects that of each
sublattice, effectively providing a superposition of multiple
Bragg peaks.24 However, for sufficiently small to moderate
lattice mismatch values, nontrivial transport and localization
effects can arise owing to the formation of a wavelength-scale
moire ́ fringe pattern, which coincides with the formation of
wavelength-scale effective potential wells. Yet to our knowledge,
no prior work has systematically investigated, in 1D optical
nanowires, an experiment analogous to the twisting of a 2D
moire ́ lattice, nor has sufficient attention been paid to the
nuanced operation of finite-length structures, wherein the crystal
length, symmetry, and relative phase Δϕ = ϕ2 − ϕ1 between
sublattices also play crucial roles in dictating behavior.
In this work, we study light transport in 1D moire ́ lattices of

width-modulated silicon photonic nanowires and construct an
experiment that serves as a 1D analogue to twist angle
experiments in 2D systems. In addition, we examine the effects
of skewing the lattice mismatch ΔΛ and relative phase Δϕ
between sublattices in finite-length moire ́ lattices. Freedom over
these two simple parameters, in addition to the selection of the
device length and grating type/symmetry, are shown to provide
enormous freedom in spectrally tailoring optical transport and
confinement.
Approach. As illustrated in Figure 1b, the superposition of

two sublattices creates a moire ́ fringe pattern that oscillates on a
longer scale, with a beat length LB =Λ1Λ2/ΔΛ. Themoire ́ fringe
pattern defines the arrangement of effective moire ́ potential
wells, with the maximum number of complete wells residing in a
finite crystal length, L, corresponding to the number of beat
lengths residing in the structure, N = L/LB. It should be noted

that a beat length can be defined regardless of the exact
periodicity vs aperiodicity of the underlying structure. Note: for
sublattices exhibiting an irrational value for Λ1/Λ2, the device is
quasi-crystalline and exhibits Aubry−Andre ́ analyticity breaking
owing to the lack of Bloch periodicity,17 whereas a structure
exhibiting a rational value for Λ1/Λ2 is deemed super-periodic.
However, these distinctions may lose significance in many
practical instances since compact finite-length structures with
rational Λ1/Λ2 may remain too short to exhibit their periodic
translational symmetry. Furthermore, the existence of the beat
length does not necessarily indicate or require an exactly
periodic refractive index profile but is suggestive of an
approximately periodic effective potential.25

In this study, we consider 1D light propagation in width-
modulated silicon nanowires operating near the wavelength
1550 nm. For a quasi-TE polarized silicon nanowire waveguide
with a width of 500 nm the nominal propagation constant,
β = 9.9 μm−1, leads to a Bragg period near 317 nm. In the case of
a moire ́ lattice defined with sublattice periods Λ1 = 317 nm and
Λ2 = 318 nm, or a lattice mismatch ΔΛ = 1 nm, the beat length
LB and size of a single effective potential well are ∼100 μm. In
this work, we primarily consider structures with finite crystal
length, L = 100 μm, and systematically vary the lattice mismatch
ΔΛ or initial phase Δϕ. With this approach, we probe several
general regimes including: (i) L < LB, (ii) L = LB, and (iii) L > LB.
To form our 1Dmoire ́photonic nanowires, we superimpose two
sublattices with periods Λ1 and Λ2 using two distinct design
types:

• Type-A: asymmetric sidewall modulation. The sublattices
are applied asymmetrically to either side of a sidewall
modulated silicon nanowire as shown in Figure 2a. An
SEM image of a fabricated type-A design is shown in
Figure 2b. The type-A structure lacks mirror symmetry
similar to asymmetric phase-shifted Bragg gratings.26 This
produces a three-level moire ́ lattice composed of narrow
(low), moderate, and wide (high) nanowire (effective
index) segments, which is further illustrated in Figure S2.
As such, the partial reflection amplitude at each sequential
interface does not consistently alternate between positive
and negative as in a traditional binary crystal. We note that
the type-A geometry has recently been harnessed in
specially chirped moire ́ lattices to construct highly
tailorable optical filters,19 and a related waveguide
structure involving a two-step etch has also been
theoretically examined.27 In our design, the duty cycle
of each sublattice grating is fixed to 50%.

• Type-B: symmetric sidewall modulation. The sublattice
periods are applied symmetrically to both sides of the
sidewall modulated silicon nanowires. The sublattices are
generated independently with 50% duty cycles, then
superimposed, and the final type-B moire ́ grating, as
illustrated in Figure 2d, is defined by performing a
Boolean “AND” operation, which yields a binary crystal
with grating teeth at the intersection of both sublattices.
The corresponding SEM image of an example type-B
design is shown in Figure 2e. This designmaintains mirror
symmetry and naturally produces variations in the width
and spacing of the grating teeth along the propagation
direction. In a separate work, our group has employed a
modified form of this grating type, with smaller grating
teeth and a spiral format, to synthesize quasi-crystal
interferometers for physical unclonable function.23

Figure 1. Illustration of moire ́ lattice formation in (a) 2D systems with a
slight twist in angleΔθ and (b) 1D systems with a lattice mismatchΔΛ
=Λ2−Λ1 and finite device length L. The resulting moire ́ fringe pattern
is characterized by a beat length LB and an initial phaseΔϕ derived from
the superposition of two sublattices with individual periods Λ1 and Λ2.
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We model light transport in both types of moire ́ photonic
nanowires using a dispersive transfer matrix method, which also
accounts for a nominal∼2.5 dB/cm propagation loss of standard
silicon nanowires (see the Methods section). Using this
approach, we directly model their transmission and modal
characteristics, e.g., spectral response, group index, and electric
field distribution. Type-A and type-B moire ́ photonic nanowires
were then fabricated in a standard 220 nm silicon-on-insulator
(SOI) platform and characterized by collecting grating coupled
transmission spectra near 1550 nm (see the Methods section).

■ RESULTS AND DISCUSSION

In Figure 2c,f we present the predicted transmission character-
istics of type-A and type-B waveguides for lattice mismatch
values over the range ΔΛ = 0−7 nm, where Δϕ = 0. For the
trivial case ofΔΛ = 0, each structure acts as a conventional Bragg
grating with a measured coupling coefficient “kappa” of ∼9.5 ×
103 cm−1. Note: transmission spectra of typical Bragg structures
with Λ = 317−324 nm can be found in Figure S1. As the lattice
mismatch ΔΛ is increased to ∼0.5 nm, both structures function
as apodized gratings with characteristic side-lobe suppression. In
this regime, the crystal already lacks translational symmetry,
while the effective moire ́ potential does not yet form a complete

well owing to L < LB. Then, nearΔΛ≈ 1 nm, a transition occurs
where cavity resonances are formed due to L > LB andN > 1 such
that at least one complete moire ́ potential well exists inside the
finite-length crystal. Despite the overlapping bandgaps of each
sublattice, transmission through the crystal is mediated by
input/output coupling to resonant modes formed by the moire ́
potentials. For example, at ΔΛ = 1 nm, the type-A structure
defines a moire ́ photonic crystal cavity, with the fundamental
resonance, indicated by the white arrow in Figure 2c, exhibiting a
quality (Q) factor of ∼40k. The type-B structure meanwhile
supports a multiply resonant moire ́ photonic crystal cavity,
which we discuss in greater detail upon introducing Figure 3.
Notably, the type-B structure examined in Figure 2d shows

clear signatures of both first-order Bragg reflection and
sidebands related to the spatial frequency of the moire ́ fringe
pattern, both of which suppress transmission by coupling the
forward propagating wave, β > 0, with the reverse propagating
wave, β < 0. The generalized phase matching condition for Bragg
reflection attributable to our moire ́ lattice occurs when

mG nG m n2
2 2

1 2
1 2

β π π| | = + =
Λ

+
Λ (1)

Figure 2. Illustration of the (a) type-A nanowire, (b) an example SEM image after fabrication, and (c) modeled transmission spectra vs lattice
mismatch for ΔΛ skewed from 0 to 7 nm. Illustration of the (d) type-B nanowire, (e) an example SEM image after fabrication, and (f) modeled
transmission spectra for the same lattice mismatch range considered for the type-A nanowire forΔΛ skewed from 0 to 7 nm. The other parameters are
fixed toΛ1 = 317 nm,Δϕ = 0, and L = 100 μm. The white arrows in (c) and (f) indicate the fundamental modemoire ́ resonance associated withΔΛ = 1
nm, where L = LB.
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where G1 and G2 describe the grating wavenumber 2π/Λ1 and
2π/Λ2 for each sublattice, where m and n are integers.28,29 In
addition to the Bragg peaks associated with (m,n) = (+1,0) and
(0,+1), the next most prominent features of Figure 2d are
reflection sidebands consistent with (m, n) = (+2,−1) and (−1,
+2), respectively. These sideband reflection peaks are a form of
spatial frequency mixing, which provide a net wavenumber
described by either 2G1−G2 =G1 +ΔG or 2G2−G1 =G2−ΔG,
where ΔG = 2π/LB describes the spatial frequency of the fringe
pattern. Notably however, these sideband signatures are
comparatively suppressed by the type-A moire ́ lattice and do
not appear in Figure 2c. In principle, cancellation of either ΔG
sideband can occur if, for each partial reflection contributing to
this spatial frequency, there is another partial reflection with
equal amplitude and opposite phase. The observation of this
effect only in the type-A design is attributed to its broken mirror
symmetry and three-level moire ́ lattice composed of narrow,
medium, and wide segments. As detailed in Figures S2 and S3,
the type-A moire ́ lattice contains an additional series of
multiperiodic partial reflections that are phase-delayed relative
to the reflections shared in common with the type-B lattice,
coinciding with a suppression of the ΔG Fourier component of
the grating’s neff(z)

2 profile.
Figure 3 presents the simulated modal characteristics of type-

A and type-B moire ́ photonic nanowires. In Figure 3a, we
examine the electric field intensity distribution for resonant
modes associated with the moire ́ potentials of type-A structures

whereΔΛ = {1, 1.5, 2, 2.5, 3, 7 (nm)}, and correspondingly,N =
L/LB ≈ {1, 1.5, 2, 2.5, 3, 7}. These modes were chosen from
transmission resonances in Figure 2c and correspond to λ0 =
{1550.12, 1550.725, 1551.2, 1551.66, 1552.6, 1552.75 (nm)}. It
is evident that light is localized by the formation of moire ́
potential wells. The locations of the moire ́wells are visualized by
the moire ́ fringe patterns depicted in Figure 3a. The depth and
density of the wells dictate how strongly their modes couple with
adjacent wells and/or the input/output waveguides. For
example, both N = 1 and N = 1.5 contain only a single effective
potential well. However, the resonant transmission through the
structure, from Figure 2c, is near unity for the N = 1 structure
owing to the symmetric input/output coupling configuration,
whereas the N = 1.5 structure exhibits significantly lower
transmission due to undercoupling at the output.30 This
phenomenon repeats for integer values of N, regardless of
crystal type, and could be interpreted as a magic-length effect.
Under this magic-length condition, maximum resonant trans-
mission through the crystal is observed, e.g., Figure 2c, when L =
NLB assuming Δϕ = 0, i.e., the moire ́ crystal length equals an
integer number of beat lengths and naturally exhibits symmetric
input/output coupling.
In Figure 3b, we examine the electric field intensity

distribution for resonant modes associated with the moire ́
potential of the type-B structure, where ΔΛ = 1 nm, and
correspondinglyN= L/LB = 1. This structure is found to support
multiple resonances, with a fundamental mode at λ = 1538.175

Figure 3. Mode distribution and group indices of moire ́ photonic nanowires. Electric field intensity for (a) type-A devices with varying ΔΛ,
superimposed with the corresponding moire ́ fringe pattern, and (b) resonant modes of the type-B structure, where ΔΛ = 1 nm. (c) Simulated group
index map vs lattice mismatch for type-A and (d) type-B structures. Resonant mode wavelengths in (a) were chosen from transmission resonances in
Figure 2a, and for N >2, the shortest-wavelength resonant supermode is shown.
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nm (white arrow of Figure 2f) and higher-order modes ranging
from 1545 to 1560 nm. Given that the resonant frequency
decreases with increasing mode order, this moire ́ lattice defines a
valence or dielectric band type cavity with alternating symmetric
and antisymmetric modes.31,32 These findings are therefore
distinct from but related to the multiresonant conduction or
airband-type cavities, which have recently been demonstrated in
bichromatic 2D photonic crystals where the resonant frequency
increases with increasing mode order.21 As noted in ref 21, the
frequency spacing between each resonant mode is controlled by
the shape of the potential well and recent demonstrations in the
2D PhC platform have sought to achieve harmonic (parabolic)
potentials to obtain uniform frequency spacing for applications
such as comb filters or low-mode-volume optical parametric
oscillators.22,33 In our case, however, we observe that the moire ́
potential formed in our type-B nanowires does not naturally
approximate a parabolic potential since the resonant frequencies
are not naturally uniformly spaced. Instead, the frequency
spacing shown in Figures 2f and 3b decreases with increasing
mode order, as predicted for a cosine-shaped effective potential
well.21 However, our experimental results, to be discussed
below, provide insight into how such dielectric band structures
can be modified to better approximate a harmonic potential if so
desired.
Increasing the lattice mismatch toΔΛ > 2 nm and beyond, the

moire ́ potential enters a regime where N > 2, resulting in a
cascaded series of coupled moire ́ cavities. In this regime, we
observe the formation of supermodes associated with the
coupling between modes of each moire ́ potential well, as shown
in Figure 3a. In such structures, light transport can be described
according to a tight-binding or coupled resonant optical
waveguide (CROW) description rather than a Bloch repre-
sentation.34 Operation of the moire ́ crystal as a CROW leads to
miniband formation, the onset of which is observable in Figure
2a,b, and yields high transmission states that can tunnel through
an otherwise insulating crystal.35 The dispersion relation for the
spectrally isolated miniband formed inside the band gap of an
infinitely long CROW can be expressed as

k kL( ) ( )cos( )0 Bω ω ω= + Δ + Γ (2)

where ω0 is the resonant frequency of the moire ́ well, Δ is the
frequency difference between ω0 and the center of the CROW
miniband, and Γ(ω) is the frequency-dependent coupling rate
between adjacent moire ́ resonators.36 For high-Q individual
cavities where the coupling is weak, the dispersion and group

velocity of such structures, v L kL( ) sin( )
kg

d
d B Bω= = −Γω , can

be driven toward zero to achieve flat-band transport.34,37 Such
flat-band features are a hallmark of magic-angle effects such as
those demonstrated in bilayer van der Waals materials2 or
wavelength-scale photonic analogues.8,11 This highlights the
closely related group velocity characteristics of 1D and 2Dmoire ́
lattices, which in the photonic domain draw direct analogy to 1D
CROWs34 and 2D coupled resonator superlattices.38 The
CROW-like transmission and group velocity characteristics of
type-A and type-B structures with varying L and N are further
illustrated in Figures S4 and S5. In the present study, however,
we primarily consider finite structures where N is small. To
predict the group velocity or group index, ng = c/vg, of finite-
length type-A and type-B moire ́ photonic nanowires, we apply
the transfer matrix method (see the Methods section). In
addition to providing an indication of the group delay for
transmission through the moire ́ crystal, the group index is
proportional to the density of modes39 and provides an
indication of which modes promote the strongest light−matter
interactions.
In Figure 3c,d we present the simulated group index of type-A

and type-B moire ́ photonic nanowires. These results correspond
to the predicted transmission characteristics of Figure 2 and
again consider finite L = 100 μm structures with varying ΔΛ.
The simulation of the type-A device shows an extraordinarily
high group index, ng ∼200, associated with the ΔΛ = 1 nm
magic-mismatch moire ́ cavity (Figure 2c). For ΔΛ = 2 nm and
beyond, the group index remains enhanced relative to a nominal
waveguide (ng ∼4.2) but reduces to ng ∼20 and lower owing to
the lower Q-factor associated with each individual moire ́
resonator. Similar results are displayed in Figure 3d for the
multiresonant type-B devices. Notably, resonant modes residing
inside the band gap region display significantly higher group
index than band-edge modes. Further enhancements to the

Figure 4. Transmission spectra of finite-length type-A devices showing a comparison between (a) theory and (b) experiment for varying ΔΛ, where
Λ1 = 317 nm, Δϕ = 0, and L = 100 μm. The model in (a) accounts for the experimentally realized waveguide dimensions.
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density of modes and group indices could be achieved by
intentionally engineering the Q-factor of individual moire ́
resonators.
Figures 4 and 5 report the experimentally measured

transmission of type-A and type-B devices, respectively,
alongside a modified simulation accounting for the exper-
imentally realized waveguide dimensions of 460 nm with ±45
nm sidewall modulation (see the Methods section). In this
experiment, Λ1 = 317 nm is kept constant, and a period skew is
performed on Λ2 from 317 to 324 nm in 0.5 nm intervals, for a
ΔΛ skew of 0−7 nm in 0.5 nm intervals. The sublattices are in-
phase at the start of the moire ́ crystal, e.g.,Δϕ = 0. For the type-
A geometry depicted in Figure 4, we find that the theoretical
prediction and experimental results are in general agreement
with one another. This includes the formation of a moire ́ cavity
atΔΛ = 1 nm, with a sharp resonance peak having a Q-factor of
∼25k. This cavity is realized solely by the natural moire ́
potential, without the need for any targeted system apodization
or tapering. We note that such a cavity is easy to design,
requiring only L = LB and Δϕ = 0, and that the operating
wavelength and Q-factor should depend on the choice ofΛ1 and
L, respectively. The onset of miniband formation and CROW-
like transmission behavior can be seen from ΔΛ = 2 nm and
beyond. This region does however exhibit experimental
fluctuations in transmission which deviate from simulation and
is indicative of enhanced sensitivity to fabrication disorder,
consistent with conventional CROWs. We expect that similar
fabrication disordering of moire ́ resonances is likely to be
observed in 2D magic-angle systems, which can be viewed as
moire-́based 2D coupled cavity arrays.
The experimentally measured transmission spectra of type-B

devices, as reported in Figure 5b, deviate noticeably from our
originally modeled predictions from Figure 2f. Upon close
examination of the devices and SEM images of the grating
profile, we identified the key source of discrepancy as the
fabricated critical-dimension (CD) bias systematically reducing
the width and length of the narrow grating teeth. These findings
indicate that the type-B design is inherently more fabrication-
sensitive than the type-A geometry as some grating teeth are too

narrow to be fabricated as designed owing to the nonuniform
width of grating teeth and the smaller CDs involved in the
structure. This provides some insights relevant to disorder-
sensitive applications of such devices, e.g., for realizing disorder-
induced localization−delocalization transitions or physical
unclonable function, which likely benefit from smaller nanoscale
features.23 As the grating teeth of the type-B design is narrow in
size, the impact of the CD bias becomes more apparent, and this
produces a non-negligible modulation to the waveguide width
profile, w(z), as detailed in Figure S4. Figure 5a presents
simulations that account for such a systematic CD biasing effect.
The impact of this modulation is a gradual change in the shape of
the effective moire ́ potential, as observed through its effect on
the ΔΛ = 1 nm multiresonant spectrum. Here, both the
experimentally realized results of Figure 5b and the CD bias-
modified simulation of Figure 5a show a substantially more
uniform frequency spacing between resonances than is predicted
for structures with no systematic CD biasing effect as reported in
Figures 2f and 3d. The results suggest that gradual width
modulations, applied either by process or by design, can be
utilized to further tailor or fine-tune moire ́ potentials to achieve
desired properties, e.g., for realizing customized spectral filters or
harmonic resonators.21,22 In other words, additional engineering
and/or customization of the moire ́ lattice is another available
design vector, which is readily accessible in wavelength-scale
photonic media.
Finally, we experimentally studied the effect of modulating the

initial phase Δϕ of the moire ́ fringe pattern as defined in Figure
1b and reported in Figure 6. In this experiment,Δϕ is modulated
between 0 and 2π by translating the Λ2 sublattice by an
increment Δz between 0 and Λ2 = Λ1 + ΔΛ for three separate
type-A designs: ΔΛ = 0.5, 1 and 2 nm. As we have previously
observed in Figures 2 and 4 for the case Δϕ = 0, initially the
ΔΛ = 0.5 nm lattice mismatch device behaves as an apodized
grating and produces no resonant cavity modes because a moire ́
potential well does not form within the full length of the crystal.
By applying a phase shift however, we find that it is indeed
possible to achieve a lower Q-factor resonant cavity with
ΔΛ = 0.5 nm. This occurs despite the crystal length L being

Figure 5. Transmission spectra of finite-length type-B devices showing a comparison between (a) theory and (b) experiment for varying ΔΛ, where
Λ1 = 317 nm,Δϕ = 0, and L = 100 μm.Themodel in (a) includes a nonuniform fabrication induced distortion to the experimentally realized waveguide
dimensions using an “advanced bias” as detailed in Figure S6.
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shorter than the moire ́ beat length LB and is attributed to the
phase shift Δϕ ≈ π/2 pushing a shallow potential well into the
middle of the finite-length crystal as illustrated by the moire ́
fringe patterns in Figure 6b. Conversely, it is also possible to
push a potential well out of the crystal by applying a sublattice
phase shift, as observed for the case where ΔΛ = 1 nm and L =
LB. Initially, for Δϕ = 0, there is a resonant transmission peak
that corresponds to an integer number of complete moire ́wells,
residing inside the crystal. As the phase is shifted however, the
moire ́ fringe pattern translates along the optical axis and the
effective moire ́ potential well shifts through the boundary of the
crystal. Small phase shifts initially suppress the resonant

transmission owing to a lack of symmetric input/output
coupling, then as the phase shift increases, the resonances are
fully extinguished as the fringe profile and effective moire ́
potential no longer support a well with a defined local minimum
within the finite-length structure. For ΔΛ = 2 nm in Figure 6d
however, the resonant transmission through the structure is
persistent and cannot be extinguished by varying the phase. In
this device, transport is mediated by at least one and at most two
moire ́potential wells owing to the crystal length L equaling twice
the beat length LB. While the resonant transmission in this case
remains elevated for any fringe phase, the Q-factor is
theoretically predicted and experimentally observed to be
tunable with Δϕ and maximized for Δϕ ≈ π as shown in Figure
7.

The experimental results observed in Figures 6 and 7 highlight
a key aspect of finite moire ́ lattices, i.e., the strong influence that
the phase of the moire ́ fringe plays in dictating transport. While
in theoretically infinite-sized structures only magic-angle or
magic-mismatch effects arise, in finite structures, we observe the
introduction of moire ́ effects associated with crystal length and
phase. Altogether, this expands the magic-angle or mismatch
moire ́ effects to a family of angle, mismatch, length, and phase
effects. In practice, this means that the desired design or
operating characteristics of a particular device cannot be defined
solely through any one of these parameters alone, but rather
should be defined while also choosing or constraining the
remaining degrees of freedom.
In summary, we theoretically and experimentally examined

moire ́ effects in wavelength-scale photonic structures formed
from 1D lattices defined in sidewall-modulated silicon photonic
nanowires. This 1D configuration allowed us to study some of
the basic, yet nuanced, phenomena associated with wave
transport and trapping in moire ́ potentials. Beyond exploring a
1D analogy to the magic-angle effects observed in 2D systems,
we highlight a broader range of moire ́ effects that are associated
with finite-sized structures. These effects span multiple degrees
of freedom, including angle, lattice mismatch, fringe phase, and
device size or length. A rich variety of operating characteristics
are observed to originate from very straightforward device
designs, ranging from slow-light and high Q-factor moire ́
resonators strongly coupled to the feeding waveguide, to moire-́
based CROWS, multiresonant filters, suppression of grating
sidebands, persistent vs extinguishable transmission, and readily

Figure 6. Modulating the moire ́ fringe phase Δϕ in finite nanowires
with varying lattice mismatch. (a) Illustration of the phase modulation
scheme as applied to a type-A structure. Visualization of the moire ́
fringe pattern serving as an effective potential (left) and experimental
transmission spectra vs phase shift (right) for: (b)ΔΛ = 0.5 nm, (c)ΔΛ
= 1 nm, and (d) ΔΛ = 2 nm. In this experiment, L = 100 μm and
Λ1 = 317 nm. Experimental results agree with predictions detailed in
Figure S7.

Figure 7. Experimentally measured Q-factor vs moire ́ fringe phase for
the resonance depicted in Figures 6d and S7, where ΔΛ = 2 nm,
Λ1 = 317 nm, and L = 100 μm.
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tunable Q-factors and group velocities. These findings highlight
photonic moire ́ lattices as a promising avenue for continued
innovation in integrated optics, especially for classical or
quantum optical applications, which may benefit from their
combination of simplicity, versatility, compactness, and
potential for enhanced light−matter interactions.

■ METHODS

Device Modeling. We model the transmission character-
istics and electric field distribution of the sidewall-modulated
silicon nanowires using the transfer matrix method.40 For this,
we first model the waveguide-effective indices as a function of
wavelength and waveguide width using a commercial mode
solver (Lumerical MODE). Then, we create a waveguide width
profile w(z) along the optical axis and map this into a dispersive
effective index profile neff(z,λ) = neff(λ) + dn(z) + i*k, where
neff(λ) accounts for the waveguide dispersion, dn(z) accounts for
the sidewall modulation (empirically scaled down by 2.3 for the
best agreement between our 1D approximation and real 3D
nanowires as in ref 41), and the imaginary component k
accounts for the nominal propagation loss (∼2.5 dB/cm) of a
standard nanowire. This is performed for both type-A and type-
B structures. Sequential waveguide segments with the same
width are clustered to improve simulation time. Group index
calculation: We determine the group index of finite-length
crystals using the transfer matrix method and numerically
solving for the density of modes (DOM). The DOM, kd

dω
, and

therefore c/ng are extracted from the spectral response of the
complex transmission coefficient as described in ref 39. CD bias-
corrected device modeling: We find that due to CD bias, there is
a discrepancy between the initially designed/simulated
structures and the fabricated structures. To account for the
realized CD bias, we apply an “initial” bias correction by
reducing the waveguide widths in our model to match the
fabricated structures. However, this step alone is not sufficient
for the type-B structures. To obtain better agreement between
the experiment and our model for type-B devices, we apply an
“advanced” bias correction, which reduces both the width and
length of the narrow grating teeth as observed in the SEM image
of Figure 2e. More details regarding the advanced bias and its
comparison to the initial model are provided in Figure S6.
Experiment. Devices were fabricated using the NanoSOI

MPW fabrication process by Applied Nanotools, Inc. (http://
www.appliednt.com/nanosoi; Edmonton, Canada) and meas-
ured at The University of British Columbia through the Silicon
Electronic-Photonic Integrated Circuits program.42 Silicon-on-
insulator wafers of 200 mm diameter, 220 nm device thickness,
and 2 μm buffer oxide thickness are used as the base material for
the fabrication. Devices were patterned in hydrogen silsesquiox-
ane (HSQ) resist using a Raith EBPG 5000+ electron beam
instrument with a raster step size of 5 nm. The exposure dosage
of the design was corrected for proximity effects that result from
the backscatter of electrons from exposure of nearby features.
After development, a chlorine-based anisotropic ICP-RIE etch
process was performed to etch the silicon device layer. SEM
inspection was performed after stripping the remaining resist
with a 10:1 buffer oxide wet etch, followed by plasma-enhanced
chemical vapor deposition (PECVD) of an∼2.2 μm thick oxide
top cladding layer based on tetraethyl orthosilicate (TEOS) at
300 °C. Following fabrication, grating-coupled transmission
spectra were collected under TE polarization using a tunable

laser (Agilent 81600B) and an optical power meter (Agilent
81635A) over the range 1500−1600 nm in 10 pm steps.
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