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We report on mid-infrared superabsorbers based on quasi-periodic moiré metasurfaces in metal-insulator-metal
form. By varying the spacer thickness, moiré rotation angle, and filling factor of the superabsorbers, we can tune
narrowband or broadband absorption in a systematic way. With their high tunability of near-unity absorption
and simple fabrication, in combination with decoupled mode theory for an efficient design, moiré superabsorbers
are well-suited for a wide range of applications in sensing, imaging, and communication.
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Mid-infrared (MIR) absorbers have attracted great inter-
est for applications in sensing, thermal detection, and
communication [1]. A type of MIR superabsorber of recent
interest is based on plasmonic nanostructures[2–6] and a
metal film with an insulator thin film between them, ab-
breviated as metal-insulator-metal (MIM)[7–11]. Plasmon-
enhanced wave absorption and scattering, in combination
with multiple reflections in MIM, enables near-unity nar-
rowband[12,13] and broadband[14–16] MIR superabsorbers. So
far, MIM superabsorbers have been mostly based on peri-
odic[17,18] or random[19] arrays of plasmonic nanostructures.
Compared with periodic or random arrays, quasi-periodic
arrays of variable nanostructures have a higher tunability
of spatial-frequency densities, and thus richer Fourier
spectra. Therefore, quasi-periodic nanostructures are im-
portant for the development of broadband or multiband
wave applications[20,21]. Quasi-periodic photonic crystals
with Fibonacci sequence[22], Thue–Morse[23], and Rudin–
Shapiro patterns[24] have been demonstrated. However,
due to a lack of deterministic unit cells, large-scale
quasi-periodic arrays of precisely controllable properties
have remained challenging for simulation and fabrication.
Here, an analytical approach is carried out to calculate

and simulate the performance of moiré metasurfaces in
MIM form toward developing high-performance MIR
superabsorbers. Specifically, recently developed moiré
nanosphere lithography (MNSL)[25–27] enabled high-
throughput, low-cost fabrication of moiré metasurfaces.
As shown in Fig. 1(a), systematic tuning of the moiré
superabsorbers is made possible by controlling spacer
thickness, rotation angle, and filling factor of the MIM
moiré structures. Figures. 1(b)–1(e) show various moiré
metasurfaces with different rotation angles. Figures 1(f)
and 1(g) show the scanning electron micrograph of a fab-
ricated Au moiré metasurface.
Among various quasi-periodic structures[20,21], moiré

patterns have a relatively high rotational[28,29] and transla-
tional symmetry[30]. For moiré patterns fabricated by

MNSL[25], six-fold rotational symmetry exists for all rota-
tional angles. Here, a method to find the unit cell in a
quasi-periodic moiré pattern is proposed in order to

Fig. 1. (a) Fabrication procedure of MIM moiré superabsorbers
with variable parameters (i.e., spacer thickness d, rotation
angle θ, and filling factor). (b)-(d) Moiré metasurfaces with
variable rotation angles of 10°, 15°, and 20°, respectively.
(e) 20° moiré metasurface with a higher filling factor than that
in (d). (f), (g) Scanning electron micrographs of Au moiré meta-
surfaces. The scale bar is 2 μm.
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simplify simulation. Two sets of unit vectors m̂ ¼ ða; 0Þ,
n̂ ¼

�
1
2 a;
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�
and m̂0 ¼ ð−a; 0Þ, n̂0 ¼

�
− 1

2 a;
��
3

p
2 a

�
are

defined in a hexagonal hole array, shown in Fig. 2(a),
where a is the lattice constant of the array. Based on these
unit vectors, vector V ðm; nÞ is specified as V ¼ mm̂ þ nn̂

and vector V 0ðm0; n0Þ is specified as V 0 ¼ m0m̂0 þ n0n̂0.
Figure 2(b) shows an area using V ðm; nÞ ¼ V ð5; 8Þ and
V 0ðm0; n0Þ ¼ V 0ð1; 6Þ. Here, mðm0Þ and nðn0Þ are chosen
to satisfy

cos θ ¼ n2 þ 4mn þm2

2ðn2 þmn þm2Þ ; (1)

cosð60°− θÞ ¼ n02 þ 4m0n0 þm02

2ðn02 þm0n0 þm02Þ : (2)

θ is defined as the rotation angle of the second nanosphere
array relative to the first nanosphere array, where ∼15° is
chosen as an example. By using the previously defined
area and applying the same area to the top nanohole array
with a relative 15° rotation angle, shown in Fig. 2(c),
the unit cell of the moiré pattern can be defined as the
overlapping regions of the top and bottom nanohole ar-
rays within this rectangular area shown in Fig. 2(d). This
method can be applied to any rotation angle of a moiré
pattern by choosing the appropriate mðm0Þ and nðn0Þ.
However, it will increase the computation time once
mðm0Þ and nðn0Þ are very large for a specific angle. To re-
ducemðm0Þ and nðn0Þ, but still apply the above method to
find the unit cell, we set δ as a tolerance factor, which is
defined as the difference between the right-hand side
(RHS) and the left-hand side (LHS) of the above Eqs. (1)
and (2). Then, the above equations can be modified as

cos θ þ δ

2
≥

n2 þ 4mn þm2

2ðn2 þmn þm2Þ ≥ cos θ −
δ

2
; (3)

cosð60°−θÞþ δ

2
≥

n02þ4m0n0 þm02

2ðn02þm0n0 þm02Þ≥ cosð60°−θÞ− δ

2
:

(4)

By settingm ≤ nðm0 ≤ n0Þ to find the chosenmðm0Þ and
nðn0Þ with a minimum of mðm0Þ þ nðn0Þ, Table 1 shows
the calculated mðm0Þ and nðn0Þ values for different toler-
ance factors when the rotation angle is 15°. As mðm0Þ and
nðn0Þ increase, δwill become smaller so that RHS and LHS
in Eqs. (3) and (4) become approximately equal, which
can be regarded as the real moiré pattern.

However, there is a trade-off between the simulation ac-
curacy and simulation efficiency as δ varies. A small δ will
increase the simulation accuracy but reduce the computa-
tional efficiency. An optimized δ will ensure that the error
of this continuity is still within the simulation mesh res-
olution. δ ¼ 0.01 is chosen to generate unit cells for three
rotation angles (10°, 15°, and 20°) shown in Fig. 2(e).
Here, the lattice constant is set as 300 nm. Diameters
of the bottom hole and top hole are set to 250 nm and
150 nm separately, where the chosenmðm0Þ and nðn0Þ val-
ues are shown in Table 2.

After simplifying the quasi-periodic pattern as a con-
tinuous periodic pattern with a unit cell, the following
theory behind the simulations is based on a traditional
periodic metasurface. Decoupled mode theory has been
frequently used in studying superabsorbers based on peri-
odic metasurfaces in MIM form[31]. This approach reduces
the simulation time while revealing the physical resonance
mechanism of the superabsorbers. It does not consider
any near-field interactions or magnetic field when the
spacer thickness is large enough compared with the top
metal film.

Fig. 2. (a) Unit vectors in the hexagonal hole array. (b) A rec-
tangular area in the hexagonal hole array using V ð5; 8Þ and
V 0ð1; 6Þ as the length and width separately. (c) The same area
as (b) but with a relative ∼15° rotation angle. (d) A unit cell in
the moiré pattern with a relative ∼15° rotation angle. (e) A unit
cell for 10°, 15°, and 20° moiré metasurfaces.

Table 1. m, m0, n, and n0 Values for Different Tolerance
Factors as θ Equals 15°

Rotation Angle Tolerance m m0 n n0

15° δ ¼ 0.1 1 1 1 5

15° δ ¼ 0.01 5 1 8 6

15° δ ¼ 0.001 17 11 27 67

Table 2. m, m0, n, and n0 Values Used in Simulation for
Different Rotation Angles

Rotation Angle Tolerance m m0 n n0

10° δ ¼ 0.01 3 2 4 19

15° δ ¼ 0.01 5 1 8 6

20° δ ¼ 0.01 6 2 11 9
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Here, we also apply decoupled mode theory to design
moiré MIM structure as follows. A metasurface is placed
at the interface between the air and a dielectric spacer,
which acts as a partially reflective surface shown in
Fig. 3(a). The thickness of the metasurface is chosen as
10 nm based on a previous MIR absorber design[17].
The amplitude and phase of the incident light between
the air and a dielectric spacer will change due to the per-
turbation of the metasurface. Suppose that incident light
from air approaches the air/metasurface interface with a
unity amplitude. It is partially reflected with r 012 ¼ r12eiφ12

and partially transmitted into the dielectric spacer with
t012 ¼ t12eiθ12 . After a bounce path from the ground
plane with β ¼ 2

��������������������
εspacerkod

p
phase change, light from

the dielectric spacer returns. Like before, this returning
light can also be divided into reflected light with a
reflection coefficient r 021 ¼ r21eiφ21 and transmitted light
with a transmission coefficient t021 ¼ t21eiθ21 at the air/
metasurface interface. Here, the moiré metasurfaces
perturb the amplitude and phase of the incident light.
Thus, we can calculate the amplitude (r12; r21; t12; t21)
and phase (φ12;φ21; θ12; θ21) coefficients separately for dif-
ferent moiré metasurfaces with incident light, as shown in
Fig. 3(b). As an example, Fig. 3(c) shows the simulated
reflection and transmission coefficients for a 15° moiré
metasurface using a unit cell, shown in Fig. 2(d). By using
the simulated amplitude and phase coefficients of a pris-
tine moiré metasurface, the superposition of multireflec-
tion within the spacer can be written as

r ¼ r 0o þ r 01 þ r 02 þ r 03 þ � � � ¼ r12 −
t12t21ei2β

1þ r21ei2β
: (5)

Since the transmission through the bottom metal layer
is zero, the total absorption of this configuration can be
written as

A ¼ 1− jrj2: (6)

Therefore, the absorption for different spacer thick-
nesses can be calculated for different moiré patterns.

shown as a solid line in Figs. 4(a) and 4(b). Here, the re-
fractive index of the dielectric layer remains constant
at 1.377.

To verify the quasi-periodic unit cell model, we use a
perfectly matched layer (PML) boundary and simulate
the whole MIM structure with the randomly chosen finite
area. As an example, we simulate 10 μm and 30 μm size
15° quasi-periodic moiré MIM structures with a 800 nm
spacer, shown as the red and blue dashed lines in
Fig. 4(a). First, both show the same trend in the calcu-
lated result. The peak positions are almost the same for
both the calculated results and simulated results. Second,
the absorption increases with the simulation area. Even
larger areas were not simulated due to the finite simula-
tion resources using fine mesh. However, the simulations
predict that the absorption will become even higher as the
simulation area continues to increase, with almost perfect
absorption as the calculated results assume an infin-
ite area.

To verify decoupled mode theory, periodic boundaries
and previous calculated unit cells are used to simulate
the whole MIM structure. The dashed lines in Fig. 4(b)
show a good agreement between the calculated results
and simulated results for different rotations of MIM struc-
ture with the same thickness. Here, we choose the unit cell
as Fig. 2(e). The nearly perfect match between the simu-
lation and calculation results means that the near-field
interaction and magnetic resonance contributes little to
the absorption in this type of MIM superabsorber, which
is a prerequisite to the use of decoupled mode theory. The
enhanced absorption is mainly caused by the destructive
superposition of multiple reflections and absorptions
between the top moiré metasurface and the bottom metal
layer.

To better understand the broadband absorption mecha-
nism, we examine the absorption coefficient of a pristine
moiré pattern (no spacer), shown as the dashed black line
in Fig. 4(a). Strong absorption is observed from 3 μm to
6 μm. For other MIR ranges, the pristine moiré pattern

Fig. 3. (a) Cross-sectional view of r 012, r
0
21, t

0
12, and t021 in de-

coupled mode theory. (b) The simulation model to calculate
the parameters r 012, r 021, t012, and t021. (c) The simulated
reflection/transmission phase and amplitude coefficients for a
15° rotation angle moiré metasurface.

Fig. 4. (a) Simulated (black dashed line) absorption for a 15°
rotation angle pristine (no spacer) moiré metasurface; simulated
(dashed red and blue line) and calculated (solid black line) re-
sults comparison for a 15° rotation angle moiré MIM structure
with 800 nm spacer thickness. The PML boundary is applied
in the simulation. (b) Simulated (dashed line) and calculated
(solid line) results comparison for different rotation angles at
800 nm spacer thickness. The periodic boundary is applied in
the simulation.
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also shows absorption above 20%. Such a range of MIR
absorption shows the system’s potential for broadband
superabsorbers. It was previously shown that moiré pat-
terns have various sizes of split rings, z-shaped, and fan-like
nanostructures that support different orders of localized
surface plasmon modes[26]. The nanogaps between these
various nanostructures cause strong near-field coupling
and lead to strong electric field enhancement. Due to the
internal loss of metal and these various “hot spots”, this
type of metasurface shows multiband absorptions. By ap-
plying an MIM configuration here, the absorption of pris-
tine moiré patterns can be significantly increased.
The quasi-periodic unit cell model and decoupled mode

theory pave the way to exploring versatile designs of moiré
patterns. After optimizing the spacer thickness, Fig. 5(a)
shows the calculated absorption of moiré MIM structures
with higher filling factors, where we keep the same lattice
constant as before but change the diameter of the bottom
hole and top hole as 200 nm and 100 nm separately. In-
stead of broadband absorption, narrowband absorption
with near-unity can be achieved. The overall structure
in this case can be regarded as a thin metal hole array
inserted between air and the dielectric spacer, which is
typically shown as a narrowband absorption[32,33]. The
diameters of the holes in the array and the thickness of
the spacer greatly affect the resonance peak of the narrow-
band absorber. Compared with a low filling factor moiré
pattern, it lacks various sizes of nanostructures, which lim-
its its broadband resonances in a large range of the MIR.
Figure 5(b) shows the calculated absorption of a moiré

MIM structure with a lower filling factor after optimizing
the spacer thickness. Moiré MIM structures with three
rotation angles (10°, 15°, 20°) are examined. All show
broadband absorption, with over 70% from 2.5 μm to
8 μm. However, there are a few differences in absorption,
such as absorption range. The 10° MIM absorber shows a
much broader absorption range, out to nearly 10 μm. It
has been found that the absorption broadening depends
on the size of the nanostructure[34]. Typically, longer strips
or a larger continuous hole array will cause the wavelength
to redshift, where smaller features lead to a blueshift.
Here, the 10° MIM absorber has an increased size inhomo-
geneity of nanostructures, especially larger continuous

nanostructures, compared with the 15° and 20° MIM
absorbers. Thus, the 10° moiré MIM absorber shows much
broader absorption.

To carry out polarization-dependent absorption analy-
sis of the MIR absorbers, polarization dependence of
broadband and narrowband absorption was calculated
for a 20° moiré pattern, with the optimized spacer as
an example. The results are shown in Fig. 6. The reason
for uniform absorption under such a wide range of polari-
zation angles is due to the quasi-hexagonal or quasi-
triangular symmetry of the moiré pattern in the x–y plane.
This polarization-independent absorption demonstrates a
high absorption under unpolarized light conditions.

It is worth noting that moiré MIM structures can also be
designed to work in visible and near infrared (NIR) re-
gimes. As an example, Fig. 7 shows simulated absorption
spectra of the various 10° moiré MIM structures. We can
see that the maximum absorption for the range from vis-
ible to NIR can be tuned by the spacer thickness in the
MIM structures.

In conclusion, the design rules for both narrowband and
broadband quasi-periodic superabsorbers in MIR were de-
termined through both theoretical calculations and simu-
lations. The calculations agree well with the simulation
results. Predicting the super-absorption performances of
moiré MIM structures using a quasi-periodic unit cell
model and decoupled mode theory required no computa-
tional optimization for spacer thickness. Our design rules
are applicable for a variety of moiré patterns that work in
the various spectral regimes. Compared with traditional
quasi-MIM absorber design, our self-assembled moiré

Fig. 5. (a) Calculated narrowband absorber with an optimized
spacer thickness (1300 nm) at different rotation angles. (b) A
calculated broadband absorber with an optimized spacer thick-
ness (900 nm spacer for 10°, 800 nm spacer for 15°, and 700 nm
spacer for 20°).

Fig. 6. (a) Simulated polarization-dependent broadband absorp-
tion for a 20° moiré MIM structure with an optimized spacer
thickness. (b) Simulated polarization-dependent narrowband ab-
sorption for a 20° moiré MIM structure with an optimized spacer
thickness.

Fig. 7. Simulated visible-NIR absorption spectra of a 10° moiré
MIM structure with different spacer thicknesses.
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superabsorbers greatly reduce the fabrication cost.
Our ability to efficiently model these absorbers prior to
their fabrication will lead to optimum performances.
These moiré superabsorbers are excellent candidates for
surface-enhanced spectroscopy in molecular analysis[35].
They can also work as selective thermal emitters at the
MIR for security imaging applications[36,37]. In addition,
the moiré metasurfaces can be integrated with optoelec-
tronic components for MIR telecommunication[8].
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