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ABSTRACT

The control of the speed of terahertz waves is always a challenge since the bandgap of most optical materials is much larger beyond meV with
subtle nonlinear susceptibility. Moiré metasurfaces are shown to exhibit wide tunable optical properties and extraordinary physical
phenomena at specific commensurate angles. These can be achieved by a careful design of the metasurface to manipulate terahertz slow light.
Herein, we demonstrate a triple layer Moiré metasurface with a distinct electromagnetically induced transparency (EIT) phenomenon at
commensurate angles. The proposed metasurface is composed of an intrinsic square lattice embedded into another Moiré photonic
superlattice made of twisted square lattice at commensurate angles of 10.39° and 7.63°. The coupling between adjacent meta-atoms on the
combined metasurface leads to destructive interference of dual trapped lattice modes, which results in a transparency window at the terahertz
band. A maximum group delay of 9.76 ps is found at the transparent window of 0.84 THz when the commensurate angle is 10.39°. When the
commensurate angle reduces to 7.63°, the transparency window shifts to 0.57 THz with a 5.96 ps group delay. The coupled Lorentz oscillator
model indicates that the nonlinear optical susceptibility at transparency windows is above zero. Our results create an approach to tune the
EIT as well as slow light in the terahertz band. Our device can have potential applications in terahertz signal processing and storage.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0229684
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Moiré superlattice is a structure of interference by two or more
overlapping periodic lattices of identical nano-flakes of two-
dimensional (2D) materials." They exhibit extraordinary phenomena
for potential application in optoelectronics and photonics, such as
Moiré lasers,” Moiré polaritons,”* Moiré excitons/trions,” * hybridized
excitons,”'’ symmetry-breaking optoelectronics,'"'* infrared photo-
response,'”'* etc. However, to date, the functional area of above-
mentioned devices is limited to flake-size of 2D materials at hundreds
of millimeters. An alternative approach is using artificial Moiré meta-
surface'® ' to control photons by twisting the photonic lattice at spe-
cific angles. This can have wide application, including the control of
group velocity of surface plasmon,”’ localization of photonic states,”’
bound states in the continuum,”” flat photonic band,>*® etc. These
optical features can be precisely manipulated by tuning the twisted
angles between two photonic lattices. Thus, a large-scale functional

area of photonic device with high tunability can be realized.
Furthermore, Moiré metasurfaces have abundant photonic responses
than their periodic counterparts owing to the quasi-periodicity of
Moiré fringes.

Electromagnetically induced transparency (EIT) is a phenome-
non of significant interest in modern photonics, particularly for its
applications in slow light and quantum information processing.”* *°
Traditionally, EIT has been achieved through the complex layout of
sub-wavelength resonators, such as split-ring resonators (SRRs), cut-
wires, and U-shaped resonators, which rely on the interplay between
super-radiative and sub-radiative resonators to create the necessary
quantum interference.”” " However, this approach requires precise
design and calibration, limiting the system’s practical flexibility. Moiré
photonic superlattices offer an alternative approach because of their
highly tunable optical characteristics. By simply adjusting the
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commensurate angle of the Moiré fringes, the -electromagnetic
response can be tuned, simplifying the design process and enabling
extraordinary optical phenomena. It not only eliminates the need for
complex resonator designs but also offers significant potential for
developing advanced photonic devices. However, EIT phenomena
have never been reported in Moiré photonic superlattices.

In this work, we demonstrate a unique EIT phenomenon in a
Moiré metasurface at commensurate angles, termed Moiré photonic
superlattice-induced transparency (MPSIT). Such a Moiré metasurface
is composed of a triple layer square lattice, of which the first and the sec-
ond layers twisted at a specific angle results in a photonic superlattice
with Moiré fringes. Such a specific angle is termed as commensurate
angle. In this work, we investigate the analytical and numerical insight
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into the evolution of the MPSIT windows as well as the variation of
slow light phenomenon. Furthermore, the nonlinear susceptibility
of the Moiré metasurface is calculated, and the detailed analysis is
discussed.

We propose a Moiré metasurface of twisted square photonic lat-
tice. The meta-atoms (MAs) on lattice-site are made of metallic disks.
The principle of quasi-periodic fringes of Moiré photonic superlattice
is illustrated in Fig. 1(a). First, a bilayer Moiré metasurface is con-
structed by superimposing two initial square photonic lattices with a
combined commensurate angle of 20, shown in Fig. 1. The first layer
of square photonic lattice is twisted anti-clockwise with a half com-
mensurate angle of 0 while the second layer of square lattice is twisted
clockwise with half commensurate angle of 0. The radius of metallic

Bilayer

100pm 100pm 100pm 100pm 100pm

90° 36.87° 16.26° 10.39° 7.63°
Triple layer

i [ |

100um  100pm  100pm

100pm

90° 36.87° 16.26° 10.39° 7.63°

FIG. 1. (a) Schematic of initial square lattice and corresponding Moiré fringes. The circular dots indicate the gold MAs. 6: commensurate angle, dash-area: unit cell. (b)
Microscopic images of Moiré metasurfaces composed of bilayer (upper) and triple layer square lattice (lower) samples at different commensurate angles. (c) The photograph of
the entire Moiré metasurface sample. The inset shows a microscopically enlarged image of the sample of the Moiré metasurface composed of a triple layer square lattice at the
angle of 10.39°. (d) Schematic diagram showing terahertz wave through the Moiré metasurface.
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R FIG. 2. Transmittance spectra of Moiré
metasurfaces composed of bilayer (a) and
triple layer (b) square photonic lattice at
different commensurate angles. Red line:
R measurement; blue line: simulation. The

b dash rectangles indicate the coupling
regions of MPSIT effect.
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TABLE 1. The simulated values of resonance frequency of each mode and the trans-
parent windows.

Triple layer
Bilayer
Design (20) v, (THz) v, (THz) vy (THz) vy (THz) vy (THz)
7.63° 0.75 0.88 0.50 0.57 0.62
10.39° 1.14 1.06 0.82 0.84 0.89

MAs is R= 6 um, and the spacing between the two neighboring MAs
is 8 um. Correspondingly, the period of square lattice is L =20 um.
The metal thickness of all MAs is identical to 0.2 um. Additionally, a
third layer of square lattice is overlapped on the Moiré photonic super-
lattice, resulting in a triple layer Moiré metasurface. The details about
the derivation of commensurate angles are presented in our supple-
mentary material.

The fringes of the Moiré photonic superlattice at commensurate
angles leads to a quasi-periodicity L,,, which is related to the twisted

ol 26=90° |Initial square lalttice . E o| 26=90° |Initiallsquare lalttice ) i
2 2 0.4 0.6
Frequency v (THz)

0.8 1.0 1.2

where L is the lattice constant of the initial square lattice. Moreover,
the commensurate angle 20 and m value satisfy the following relation:

20:2sin_1<1/ (2m1)2+1>, m=1,2,34,.... ()

where m is a positive integer. Here, we focus on several commensurate
angles for twisted square lattice, as is determined by m=2, 4, 6, 8,
respectively. The Moiré photonic superlattice has the commensurate
angles 20 of 36.87°, 16.26°, 10.39°, and 7.63°. The fringes of the Moiré
photonic superlattice will be degenerated to intrinsic photonic lattice
at a commensurate angle 20 =90°, owing to the C,, symmetry of
intrinsic photonic lattice. The quasi-periodicities of corresponding
Moiré photonic superlattices are L, =63.25, 141.42, 220.91, and
300.67 um. Here, the trilayer Moiré metasurface has the same quasi-
periodicity as the bilayer Moiré metasurface. Figure 1(b) presents the
microscopic images of Moiré metasurfaces composed of bilayer and
triple layer square lattice samples at different commensurate angles,
and the photograph of the entire sample of Moiré metasurface is illus-
trated in Fig. 1(c). A small commensurate angle induces a large pho-

§S'0L:10 ¥202 1890120 80

. 31-33
angle between the two layers of square lattice as follows: tonic superlattice. When the third layer of square lattice is introduced
into the Moiré photonic superlattice, its fringes become aperiodic at
= L (1) commensurate angles. The simulations of the terahertz transmittance
sin(0) of metasurface are obtained by the frequency-domain solver of CST
TABLE Il. The fitting parameters of coupled Lorentz oscillators.
Commensurate angle
Commensurate angle angle A B K w (THz) v1 (THz) 7, (THz) w, (THz) w, (THz)
7.63° 2.21 1.164 1.43 0.99 0.42 0.49 3.26 3.87
10.39° 33 6.66 3.87 0.87 0.13 0.84 4.89 525
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Microwave Studio™ platform. Figure 1(d) shows a schematic of the
metasurface incident normally with terahertz waves. The details about
the simulation, fabrication, and characterization of the Moiré metasur-
face can be found in the supplementary material.

Figure 2 presents the simulated and measured transmittance of
the Moiré metasurfaces as a function of frequency. The transmittances
of Moiré metasurfaces composed of bilayer square photonic lattice are
shown in Fig. 2(a). There are no intrinsic resonances to the single-
layer metasurface of intrinsic photonic lattice as well as the Moiré
metasurface at commensurate angles of 20=36.87° and 16.26°,
respectively, in Fig. 2. However, a resonance mode on the metasurface
with commensurate angles 20 =10.39° and 7.63° show a broad line-
width labeled as v,. This broad resonance mode shows a redshift as
the commensurate angle decreases from 10.39° to 7.63°. This

ARTICLE pubs.aip.org/aip/apl

phenomenon is consistent with our previous work,”* which confirms
that the larger the m number, the smaller the twisted angle 0, and the
lower resonance frequency v, of superlattice modes. The superlattice
mode is out of our frequency range for the case of commensurate angle
20=36.87° and 16.26°. Upon introduction of the third intrinsic
square lattice onto the Moiré photonic superlattice, the resonance
mode, v, shifts red slightly. Figure 2(b) shows an EIT phenomenon
between vy, and vy at commensurate angles 20 =10.39° and 7.63°.
The details of the superlattice mode as well as the induced transpar-
ency windows are listed in Table I.

Here, v refers to the central frequency of the EIT window, vy
and vy refers to the higher frequency and lower frequency resonance
dips crossing the induced transparency windows. Since v exhibits a
lower frequency than the superlattice mode vy, it cannot be the
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destructive interference of the photonic superlattice mode itself.
Actually, the third layer square lattice inserted into the existing Moiré
superlattice will cause a complex trapped lattice mode coupling. Thus,
the first layer lattice and the second lattice interplay with the third layer
square lattice at half commensurate angle 0. The mirror symmetry of
the above-mentioned two-body interaction must lead to dual trapped
lattice modes correspondingly, which is expected to interfere destruc-
tively, once again. Thus, it results in the aforementioned MPSIT phe-
nomenon. The deviation between simulated and experimental results is
mainly due to precision limitations in our manufacturing process and
the low spectral resolution of the THz-TDS (9.6 GHz).

To reveal the underlying physics of the MPSIT phenomenon, we
use the coupled Lorentz oscillators (CLO) model to mimic the behav-
ior of MPSIT effects on the Moiré metasurfaces composed of a triple
layer square photonic lattice in the terahertz transmission spectrum.
The equations can be written as””*°

dle(t) dxl(t) QE

i h—g t ox(t) + 1% () = M (3)
d*x,(t) dx, (t) qE

ar V2 dt + CU%.XQ(t) + K2x1 (t) = Z . (4)

Herein, the two trapped lattice modes are designated as oscillators
1 and 2, respectively. (Q, q), (M, m), (w,, @), and (yy, y,) are the effec-
tive charges, effective masses, resonance angular frequencies, and the
loss factors of the oscillators. x defines the coupling strength of the two
trapped lattice modes. Here, we consider that both oscillators interact
with the incident THz electric field E = Ege™”. In the above-mentioned
coupled equations, we substitute g = Q/A and m = M/B, where A and
B are dimensionless constants that dictate the relative coupling of
incoming radiation with the oscillators. Now by expressing the
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displacement vectors for oscillators 1 and 2 as x, = € and
X, = 2", we solve the above-mentioned coupled equations (3) and
(4) for x, and x, as follows:

B
ZKz + (0* — @2 + iwy,) Q
= —E 5
¥ Kt — (0* — 0} + ioy,) (0? — 0} + iwp,) M )
2 B o
K +K(w — o] +iwy,) Q
X2 = (6)

—E
Kt — (02 — 0F + iy, ) (w? — % +iwy,) M

The CLO models fitting results are listed in Table II. The coupling
coefficient x determines the coherence of the collective resonance
between the photonic lattices, which shapes the spectral configuration
of the induced transparency window.

Obviously, the fitting results exhibit good agreement with the cor-
responding experimentally measured and numerically simulated
curves of MPSIT windows, as shown in Figs. 3(a) and 3(b).

Another remarkable character of MPSIT effects is the presenta-
tion of a group delay (A7) at the transparency window in the frequency
spectrum. Here, At represents the time delay of the terahertz wave
packet instead of the group index. At can be calculated by the follow-
ing equation:

do
At = 2ndy’ @
where ¢ and v refer to the effective phase and frequency of the tera-
hertz complex transmission spectrum, respectively. The measured
group delay At achieves 8 and 5 ps at commensurate angle 20, corre-
sponding to 10.39° and 7.63°, respectively. However, the simulated
group delay at commensurate angles 10.39° and 7.63° is 9.76 and 5.96
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FIG. 4. (a) The real part of electric sus-
ceptibility as a function of the frequency of
the Moiré metasurface composed of a tri-
ple layer square photonic lattice at a com-
mensurate angle 20=10.39°. (b) The
imaginary part of electric susceptibility as
a function of the frequency of the Moiré
metasurface composed of a triple layer

square photonic lattice at a commensurate

eV, 1 angle 20=10.39°. (c) The real part of

electric susceptibility as a function of the
frequency of the Moiré metasurface com-
posed of a triple layer square photonic lat-
tice at a commensurate angle 20 =7.63°.
(d) The imaginary part of electric suscepti-
bility as a function of the frequency of the
Moiré metasurface composed of a triple
layer square photonic lattice at a commen-
surate angle 20 =7.63°.
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ps, respectively. In Figs. 3(c) and 3(d), there are minor differences
between the numerical model and the experimental measurement. It
could be associated with small imperfections in the fabrication process.
In addition, the experimentally measured frequency and group delay
as a function of polarization angle is shown in Figs. 3(e) and 3(f),
respectively. The chosen polarization angle for the experimental test
changes every 10°. Both the measured frequency at induced transpar-
ency window and its corresponding group delay exhibit minor fluctua-
tions with the theoretical value. This confirms that the MPSIT is
polarization independent due to the C, symmetry of square photonic
lattice.

Actually, the group velocity is subject to the dielectric dispersion,
which is determined by the electric susceptibility written as y =y,
+ iy The susceptibility y, which relates the polarization, P, of the
oscillator to the strength of incoming electric field, E, is then expressed

. . 35,36
in terms of the displacement vectors as™”

P Qx1 + gx2
= XM TAR 8
1= oF wE (8)
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oK <A<B+ 1)K + A%(( — 03) + B(e? — 0?))

A2B\ «* — (0? — &2 + ioy,)(0? — 03 + iwy,)
A%y + By,
j 9
R ey | o M

where K refers to the coefficient used to fit the CLO model. As shown
in Figs. 4(a) and 4(c), the real part of the susceptibility disappears
closely at vy. Since the second-order derivative of y, is close to zero,
there is negligible dispersion in group velocity, and a pulse centered at
the transparency frequency passes through the medium without dis-
tortion. Figures 4(b) and 4(d) show the imaginary part of the suscepti-
bility is above zero, leading to energy dissipation at the terahertz band.
From Eq. (9), the real part of the susceptibility is inversely proportional
to the square of the coupling coefficient (i). In other words, as the cou-
pling strength between the layers increase, the susceptibility decreases,
which in turn leads to a greater group delay at the transparency win-
dows. This inverse proportionality provides evidence that the observed
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group delay at the transparency windows is a direct result of the
trapped lattice mode coupling.

Furthermore, the simulated surface currents on the metasurface
show a one-directional current flow along the edge of each Moiré
fringe. This is depicted by two resonance dips of the MPSIT windows,
as shown in Figs. 5(a)-5(f). The surface plasmons propagating along
the metallic spacing between the disks are a manifestation of an elec-
tron density wave, which is driven by the electric component of inci-
dent terahertz wave. As shown in Figs. 5(a)-5(f), two pairs of tilted
dipoles result in the resonance dip of vy, while a pair of parallel dipoles
results in the resonance dip of vy. The current direction of vy and vy
is opposite to each other. As such, the destructive interference of vy,
and vy almost vanishes at v, resulting in a transparent window
appearing at commensurate angles of 10.39°and 7.63°.

The photonic band structure of as-proposed Moiré metasurfaces
is calculated at commensurate angles 20 = 10.39° and 7.63° under the
TM mode, as shown in Figs. 5(g) and 5(h). Here, k,, is the in-plane
wave vector and c is the speed of light in vacuum. The white circles
shown in Figs. 5(g) and 5(h) are used to denote v} and vy at commen-
surate angles 20 = 10.39° and 7.63°. Obviously, there is no photonic
flatband between the mode of vy and vy in the space near the I" point.
Normally, the slope of the photonic band with respect to k/, is relatively
flat near the I" point at the bottom of the photonic bandgap. This indi-
cates that the group velocity of wave package achieves zero. However,
our MPSIT phenomenon is different from the other slow light behav-
ior induced by photonic flatband. Herein, we valuated trapped lattice
mode coupling of Moiré photonic superlattices composed of multiple
layer square lattices.

In summary, we have experimentally and numerically investi-
gated the terahertz MPSIT effect in the Moiré metasurface composed
of twisted square photonic lattice in mirror symmetry. A symmetric
twisted bilayer square lattice leads to a Moiré fringe with only distinct
photonic superlattice modes v, at commensurate angles of 10.39° and
7.63°. Furthermore, a third layer square photonic lattice is inserted
onto a double layer Moiré photonic superlattice. This leads to a
destructive interference of trapped lattice modes. The resulting meta-
surface gives rise to photonic superlattice-induced transparency phe-
nomenon. A maximum group delay of 9.76ps is found at the
transparent window of 0.84 THz when the commensurate angle
achieves 10.39°. When the commensurate angle reduces to 7.63°, the
transparency windows shift to 0.57 THz with a 5.96 ps group delay.
The coupled Lorentz model study indicates that the nonlinear optical
susceptibility at transparency windows is non-zero. The real part of the
susceptibility disappears at the aforementioned transparency fre-
quency, and the imaginary part of the susceptibility is above zero, lead-
ing to an energy dissipation medium in the terahertz band. The
surface current distribution indicates that the destructive interference
of trapped lattice modes gives rise to a transparency window at vr.
Finally, the photonic band structure shows no flatband near the I
point at the frequency of the MPSIT windows. Our results manifest an
approach to achieve tunable slow light in the terahertz band. This is
significant for signal processing and storage in the terahertz band.

See the supplementary material for the experimental details of
simulation, fabrication, and characterization of Moiré metasurface.
The mathematical deviation of commensurate angles of the Moiré
metasurface is listed as well.
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