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Symmetry-Determined Lasing from Incommensurate Moiré

Nanoparticle Lattices

Fabio M. Fasanelli, Francisco Freire-Ferndndez, and Teri W. Odom*

This paper describes how moiré plasmonic nanoparticle lattices can exhibit
lasing action over a broad wavelength and wavevector range. Moiré
nanolithography is combined with the PEEL (Photolithography, Etching,
Electron-beam deposition, and Lift-off) process to fabricate in-plane
incommensurate lattices with optical properties beyond the restricted
geometries of Bravais lattices. Because of increased rotational symmetry,
moiré lattices support a larger number of transverse electric and transverse
magnetic modes relative to their periodic base lattices. It is found that
multidirectional lasing characteristics can be predicted by the symmetry of the
moiré reciprocal lattice. Incommensurate moiré plasmonic lattices combine
advantages of the dense band structures observed in aperiodic lattices with
that of predicted modes in Bravais lattices for light-based technologies in

coherent light sources and multiplexed data transfer.

1. Introduction

Since the demonstration of magic-angle superconductiv-
ity in twisted bilayer graphene,!!l moiré phenomena have
been observed in 2D electronic materials, including light-
induced ferromagnetism,?! topological edge states,>*! and
Mott insulation.’] Because these superlattices are constructed
by superimposing two or more layers of a base lattice at an
angular offset,[] the properties of electronic moiré materials are
limited by their fixed atomic lattice structure and relative stack-
ing orientation. The twist angle determines whether a moiré
pattern is defined as commensurate (periodic superlattice)
or incommensurate (aperiodic superlattice with at least two
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periodicities whose ratio is irrational).l”]
The exotic phenomena found in electronic
moiré systems have motivated the study
of photonic analogs, including stacked lat-
tices that have shown circular dichroism
and ultralong-range coupling/®®! and in-
plane photonic lattices that have exhibited
plasmonic bandgaps and lasing from flat
bands.'12] In contrast to electronic mate-
rials, photonic moiré lattices can be con-
structed from arbitrary base lattices with re-
spect to both symmetry and pitch in a single
layer.

Plasmonic nanoparticle (NP) lattices
are a promising platform for designing
in-plane moiré lattices because they sup-
port surface lattice resonances (SLRs),
hybrid modes from coupling between
the diffractive modes of the lattice and
localized surface plasmons of the NPs.[}] The large scatter-
ing cross-sections and ultra-confined electric-field enhancement
of periodic plasmonic materials offer advantages over dielec-
tric photonic materials." High-quality SLR modes with nar-
row resonances require at least 30 periods,!!>1>1¢l and large-
scale patterns have shown ultra-narrow linewidths (<2 nm) at
visible!'”] and near-infrared wavelengths.'1% Since incommen-
surate moiré lattices lack a unit cell, determining a minimum ar-
ray size for optimal moiré SLR modes requires an approximation;
for commensurate lattices, moiré periodicities can be orders of
magnitude larger than the base lattice (10-100s of microns).[20:21]
Incommensurate moiré patterns larger than ~mm? are there-
fore desirable for plasmonic lattices with properties in the visible
regime.

When combined with gain materials,[?2-2°] plasmonic Bravais
lattices can function as distributed feedback cavities whose las-
ing emission characteristics are usually from band crossings at
high-symmetry points (I', X, M, and K).[22%] Bravais lattices have
also facilitated two-color lasing by exploiting low-symmetry pat-
terns on a single substrate,[?23% although three-color lasing has
required multiple periodic lattices.[’"*?] Since aperiodic lattices
support broadband optical responses, multi-modal lasing from
a single structure is possible within the emitter bandwidth.!*]
Other metasurfaces with dense photonic band structures, in-
cluding superlattices and waveguided gratings, have also shown
multi-modal emission.*°! In general, there are challenges in
predicting the energies and directions of lasing action from
more complex, non-Bravais cavities. For periodic superlattices,
the size and spatial distribution of NPs within the unit cell can
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Scheme 1. Combination of moiré nanolithography with the PEEL process.

influence lasing from some modes, but selective lasing from spe-
cific modes has not been demonstrated.>*3"]

Here we show how incommensurate moiré lattices support
lasing characteristics with specific wavelengths and directions de-
termined by the symmetry of the reciprocal lattice. We fabricated
large-area, eightfold rotationally symmetric moiré aluminum NP
lattices by incorporating moiré nanolithography!®! into the PEEL
process. The moiré lattice supported more transverse electric and
transverse magnetic modes than the fourfold, square base lattice
over the same visible wavelength range. Angle-resolved photo-
luminescence measurements revealed lasing at multiple angles
with similar thresholds. Since the incommensurate moiré lattice
has a dense optical band structure, we could achieve lasing at four
different colors (green, orange, red, and near-infrared) from the
same substrate depending on the gain bandwidth of the different
organic dye solutions. This work shows how lasing from complex
band structures can be controlled via the rotational symmetry of
the lattice cavity.

2. Results and Discussion

Scheme 1 summarizes the key three steps to fabricate plas-
monic NP moiré lattices. In step 1 (pattern generation), moiré
nanolithography!® is used for large-area patterning of subwave-
length features in photoresist. In brief, a thin layer of positive-
tone photoresist on a Si wafer is subjected to multiple expo-
sures of UV light through a transparent, elastomeric phase-
shifting mask patterned with a single base lattice. According to
the design rules,!®) the number of exposures for an n-fold rota-
tionally symmetric lattice is n divided by the rotational symme-
try of the base lattice; the offset angle a between exposures is
%. To fabricate an eightfold incommensurate moiré pattern,
we carried out two exposures (a; = 0° and a, = 45°) through
a poly(dimethylsiloxane) (PDMS) mask patterned with a square
lattice (a, = 500 nm) of air cylinders. After development, the
moiré pattern is revealed. Although electron-beam lithography
can readily create patterns over hundreds of microns,!**#!l there
are challenges, including proximity effects, for scaling to cm? ar-
eas.

In step 2 (mask fabrication), we used the PEEL (Photolithogra-
phy, Etching, Electron-beam deposition, and Lift-off) process!*!
to transfer the moiré patterns in photoresist into a free-standing
Au hole array mask. PEEL is a well-known pattern transfer tech-
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nique to fabricate plasmonic NP lattices but had not been com-
bined with moiré nanolithography. First, Cr was deposited and
lifted off to create a Cr mask for dry etching the underlying Si
wafer. Then, Au (100 nm) was deposited, and the Cr layer was
wet-etched to release the Au mask from the substrate. In step 3
(pattern transfer), the Au mask was placed on a quartz substrate,
and aluminum (Al) (50 nm) was deposited. The Au moiré mask
was removed with cellophane tape, resulting in an eightfold in-
commensurate moiré pattern of plasmonic Al NPs.

Figure 1a represents a scanning electron microscopy (SEM)
image of an Al NP lattice with eightfold rotational symmetry.
As expected, the reciprocal lattice calculated by the fast Fourier
transform is also eightfold (Figure 1b). A +0.2° error in the offset
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Figure 1. Moiré lattice of Al NPs with eightfold rotational symmetry.
a) SEM image of as-fabricated Al NPs in an eightfold lattice constructed
from a 500-nm square base lattice. b) Experimental reciprocal lattice cal-
culated from (a). c) Calculated reciprocal lattice including up to third-order
points.
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Figure 2. Linear optical dispersion is well-described by the empty lattice approximation. a) Calculated dispersion of an empty eightfold lattice. Dashed
modes originate from the second sublattice. The light line is black and dashed. Measurements of energy- and wavevector-resolved optical transmission

under b) TM-polarization and c) TE-polarization.

angle of the lattice was determined by calculating the difference
in angle between experimental lattice vectors. In both the real-
space and reciprocal-space lattices, not all of the features have
the same size or intensity because of a drawback in moiré nano-
lithography, where there is a range of particle sizes and shapes
even as the symmetry of the lattice remains robust.[! The non-
uniformity is because of the incomplete overlap of the nanopat-
terns in the PDMS from the different exposures; the calculations
confirm (Figure Sla, Supporting Information). The experimen-
tal reciprocal lattice closely matched calculations carried out us-
ing four lattice vectors separated in angle by 45° (Figure 1c).
Each of the lattice vectors of the incommensurate moiré lattice
can be indexed by the sublattice vectors, where [k/k,] (black)
and [k;k,] (vellow) are from the first and second sublattices, re-
spectively. Indexing the moiré modes with the four vectors as
[k,k,k;k,] enables the order of a given mode to be calculated by
summing the absolute values of the lattice vectors, similar to pe-
riodic lattices.['%) Figure S1b (Supporting Information) displays
higher order modes (>3) supported by the lattice. Unlike com-
mensurate moiré lattices, incommensurate lattices do not have
a defined Brillouin zone, and the first-order modes in Figure 1c
are not the lowest-energy modes from the eightfold symmetric
lattice.

Although incommensurate moiré lattices are aperiodic, a
commensurate approximation can be made using Pythagorean
triples(?"! that result in large unit cells. For modeling the optical
properties of plasmonic lattices, finite-difference time-domain
(FDTD) calculations are generally preferred; Figure S2 (Support-
ing Information) shows simulations of the transmission and
near fields of an eightfold lattice. However, these simulations are
computationally expensive for micron-sized, many-particle unit
cells at off-normal angles of incidence. Since SLR modes form
from the coupling of localized surface plasmons of NPs to diffrac-
tion modes of the lattice, we can use the empty lattice approxi-
mation to estimate the mode energies. Diffraction modes of an
empty lattice must satisfy:

[k + 2 Gi| = [k (1)
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where k;, = k, + k, is the in-plane wavevector of the inci-
dent light, G; is the grating vector of sublattice i, and k. =
;—f is the wavenumber of an incident photon with energy E
traveling in a medium with refractive index n. Note: we con-
sider sublattices only in reciprocal space and distinguish them
from the base lattice in real space that is used to generate the
moiré pattern. Figure 2a shows the calculated bands from Equa-
tion (1) through second-order modes; modes up to fifth or-
der are displayed in Figure S3 (Supporting Information). We
aligned the lattice vectors k; and k, along the x-axis and y-axis
for consistency. Hence, the first sublattice is a square lattice ori-
ented along the I''X direction, while the second sublattice is
a square lattice oriented at a 45° offset angle, along the I'-M
direction. The linear dispersion modes are transverse electric
(TE), and the parabolic dispersion modes are transverse magnetic
(TM).

The experimental dispersion diagrams under TM and TE po-
larization (Figure 2b,c) closely follow calculations in Figure 2a,
which highlights the strong diffractive character of the moiré SLR
modes. Since the [+10] and [0 + 1] modes in the first sublattice are
TE and TM modes (Figure S4, Supporting Information), respec-
tively, the equivalent [+1000] and [0 + 100] modes in the eightfold
moiré lattice are TE and TM modes. However, the [00 + 10] and
[000 + 1] modes are hybrid modes analogous to the [+10] and
[0 = 1] modes of a square lattice along the I'-M direction since
they originate from the second sublattice. Thus, moiré modes as-
sociated with sublattice modes retain their polarization response
from that sublattice.

The combination of modes of the two sublattices in the moiré
lattice results in a higher number of TE and TM modes in the
same wavelength range. For example, the [+1+1] set of modes in
the first sublattice contains only hybrid modes (Figure S4, Sup-
porting Information). Since the [+1+1] set of modes in the sec-
ond sublattice contains TE and TM modes, the set of second-
order modes in the moiré lattice at 2.4 eV (includes [0011] / [00-
1-1]) also has TE and TM character. This effect occurs because
the I'"X and I'-M directions of the fourfold base lattice are off-
set by the same angle as the fourfold sublattices of the eightfold
moiré lattice. Furthermore, combining the lattice vectors of the
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Figure 3. Symmetric crossings support concurrent lasing emission. a) Energy- and wavevector-resolved PL measurements above the lasing threshold for
17 mm LD700 dye in DMSO. b) Calculated diffraction modes. The legend indicates the order of the modes, and the black circles indicate the crossings
associated with lasing. c) Symmetry of lasing modes for LD700. d) Back focal plane image of emission above threshold. The orange ring denotes a
numerical aperture of 0.95, which corresponds to an angle of 72°. e) Energy- and wavevector-resolved PL measurements above the lasing threshold for
40 mm C540A dye in DMSO with the sample twisted 22.5° about the surface normal. f) Calculated diffraction modes. g) Symmetry of lasing modes for

C540A. h) Back focal plane image of emission above the threshold.

two sublattices creates TE or TM modes only accessible in the
moiré structure. For instance, the [-101-1] mode (k;, = 4 ym™", E
=1.25eV) is derived from three lattice vectors and is TE-polarized
(Figure 2c; Figure S3, Supporting Information).

Although the first- and second-order modes in Figure 2a do
not account for all the measured modes, calculations up to the
fifth order can (Figure S3b, Supporting Information). Some of the
higher-order modes, however, are not observed in the white-light
transmission measurements. For example, a crossing between
three third-order and five fifth-order modes (k, = 7.3 ym™', E =
1.7 eV) is expected, but measurements only showed a third-order
mode ([-110-1]) (Figure 2b,c). To observe more high-order moiré
modes, we combined the NP lattice with an organic dye LD700
solution and measured the photoluminescence (PL). Because of
Purcell effects, dye molecules can be used to reveal bands based
on their emission properties (Figure S5, Supporting Informa-
tion) as well as resultin lasing action from SLR cavity modes.[?$2°]

Using a Fourier microscopy setup (Experimental Section), we
observed multidirectional lasing with narrow linewidths (<1 nm;
Figure S6, Supporting Information) at a single energy after
pumping the system with a 1-kHz, 100-fs-pulsed laser (665 nm).
By comparing the measured and calculated band structures above

Table 1. Modes associated with lasing from the LD700 dye.

the threshold (Figure 3a,b), we determined that the off-normal
lasing emission (measured at +37° and +58°) is from crossings
between second- and fourth-order modes (red and yellow) and
crossings between third- and fifth-order modes (green and pur-
ple), respectively (Table 1). The pair of lasing spots from the cross-
ings of second- and fourth-order modes have the same threshold
(27 uJ cm™?) as the emission from the I" point at k;, = 0; the pair
of lasing spots from the crossings between third- and fifth-order
modes have thresholds ~3% higher (Figure S7, Supporting In-
formation). These nearly identical thresholds are unexpected be-
cause scattering and absorption cross-sections typically decrease
with increased mode order. We note that crossings at nearby en-
ergies share modes with similar quality factors as the crossings
associated with lasing. Since no lasing was observed at any other
energies, however, we conclude that the quality factor alone can-
not explain these observations.

These mode crossings can be related to the symmetry of the
moiré band structure. Each set of modes associated with las-
ing forms congruent octagons in the reciprocal lattice that are
translated from the I" point (Figure 3c, positive k,-direction).
Identical sets of these congruent octagons exist along both posi-
tive and negative directions of each lattice vector in an eightfold

Ky [um™] -7.3 -5.2

0 5.2 7.3

Intersecting
Modes

[20-12] / [20-21], [21-11] /
[2-1-11], [2001] / [20-10],
[30-11], [10-11]

[-1010] / [-100-1], [-111-1] /
[1-11-1], [-102-1] /
[-101-2], [001-1], [-201-1]

[000-1] / [0010], [0-100] /

[10-10] / [1007], [1-1-11] /
[11-11], [10-21] / [10-12],
[00-11], [20-11]

[-201-2] / [-202-1], [-2-11-1]
/ [-2211-1], [-200-1] /
[-2010], [-301-1], [-101-1],

[0100], [00-10] / [0001],
[-1000], [1000]
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kyy [um™] -6.8 -2.9

29 6.8

Intersecting Modes [0001] / [0-100], [1-100] /
[0011], [1011] / [1-110],

[1010], [0-101]

[-12-1-1] / [-11-1-2], [01-1-2] /
[-120-1], [020-1] / [010-2],
[020-2], [-11-1-1]

[1-211] / [1-112), [0-112] /
[1-201], [0-201] / [0-102],
[0-202], [1-111]

[000-1] / [0100], [-1100] /
[00-1-1], [-10-1-1]
/[-11-10], [-10-10],
[010-1]

symmetric pattern; there are 17 octagons total, including the one
centered at the I' point. The lasing spots circled in the back fo-
cal plane image in Figure 3d correspond to the angle-resolved
emission measurement in Figure 3a and map to the pattern of
octagons in Figure 3c. The wavevectors from the center of each
octagon are the same as the directions of the associated lasing
beams in Figure 3a—d.

In addition to lasing from the T point (k,, = 0), there are two
concentric rings of lasing spots in Figure 3d; each ring repre-
sents a single magnitude of k;, and thus a different angle from
the surface normal. The spots in the inner ring (pink circles)
correspond to octagons of second- and fourth-order modes (red
and yellow vertices, Figure 3c), and the spots in the less intense,
outer ring (cyan circles) correspond to octagons of third- and fifth-
order modes (green and purple vertices, Figure 3c). Other faint
spots in the back focal plane can be explained by symmetry as
Purcell-enhanced emission (Figures S8 and S9, Supporting In-
formation). For reference, the back focal plane image of lasing
from a 500-nm square lattice (the base lattice of the eightfold
moiré lattice in our experiments) only shows a single lasing spot
at the I" point (Figure S10, Supporting Information). The con-
nection between lattice symmetry and lasing characteristics can
be described using the light-cone model for the modes located
at the vertices of the octagons (Figure S11, Supporting Informa-
tion). At the isoenergetic plane of lasing, the cross-sections of
eight light cones overlap at the center of each octagon to form
standing waves that can support optical feedback.?®! Since emis-
sion was observed where the eight light cones (i.e., eight modes)
cross, but not at locations where fewer modes intersect, we pro-
pose that mode degeneracy is a determining factor to achieve
lasing action at different magnitudes of k. However, although
eight modes intersect at (k, = £6.3 um™', E = 1.71 eV), there
was no associated lasing emission at this angle; analyzing in re-
ciprocal space, we found irregular, eight-sided polygons that had
only twofold rotational symmetry (Figure S12, Supporting In-
formation). Therefore, we hypothesize that both high rotational
symmetry and mode degeneracy are needed to realize multidi-
rectional lasing from incommensurate moiré lattices.

To test this symmetry-lasing relationship, we probed another
portion of the band structure with multiple crossings that simi-
larly form congruent octagons in reciprocal space. Using C540A
dye in DMSO for its desirable gain overlap with this region, we
observed four lasing beams at the same energy with nearly identi-
cal thresholds from the expected crossings (Figure 3e,f). Because
the associated octagons do not translate along the moiré lattice
vectors but exactly at 22.5° between them, we rotated the moiré
lattice in-plane 22.5° before optical characterization. The outer
pair of crossings (k, = +6.8 um™") is formed by first-, second-,
and third-order modes while the inner pair (k,, = +2.9 um™") is
formed by third-, fourth-, and fifth-order modes (Table 2).

Adv. Optical Mater. 2024, 2400797 2400797 (5 of 7)

In reciprocal space, these crossings form congruent octagons
with sizes larger than those in Figure 3c because the lasing emis-
sion is at a higher energy (Figure 3g). Since the pair of octagons
also forms an eightfold symmetric pattern via rotation at 45°
intervals about the origin, we expected and observed 16 lasing
beams in the back focal plane image (Figure 3h). The light-cone
model indicates that eight overlapping cross-sections exist at the
center of each octagon, which describes the directions of emis-
sion (Figure S11, Supporting Information), supporting our sym-
metry design principle. Other methods that can describe emis-
sive non-Bravais lattice systems, such as the structure factor, can-
not fully explain our observations.[>**]

In addition, we evaluated whether the eightfold incommen-
surate moiré lattice could exhibit lasing action in energy ranges
of the band structure that lacked high-symmetry crossings. We
combined the moiré lattice with R6G in DMSO and, after pump-
ing the system at 534 nm, off-normal lasing can still be observed
but only at one absolute value of k,, (Figure 4a). The crossings
associated with lasing (k,, = +£2.6 yum™', E = 2.1 eV) are from one
first-order ([1000], [-1000]) and one second-order ([00-11], [001-1])
mode (Figure 4b). Despite the presence of higher order, isoener-
getic crossings at different |k, | in the empty lattice approximation
(Figure S13a, Supporting Information), additional lasing beams
were not observed, likely because the crossings consist only of
pairs of modes with low rotational symmetry (twofold) instead of
the high symmetry (>eightfold) on which we base our hypothe-
sis.

To investigate lasing at NIR wavelengths, we excited LDS821
dye in DMSO on the eightfold moiré NP lattice at 534 nm
(Figure 4d). These lasing beams originate from crossings be-
tween one third-order ([-101-1], [10-11]) and two fourth-order
([-210-1] / [-2-110], [2-101] / [21-10]) modes (k;, = +5.9 um™, E
= 1.5 eV) (Figure 4e). Although there are six additional isoen-
ergetic crossings, each consisting of five, seven, or nine modes
(Figure S13d-g, Supporting Information), lasing was not ob-
served at the tested pump fluences. In the light-cone model, there
are more overlaps for these crossings than those associated with
lasing. However, the crossings not only have different degenera-
cies but also form rotationally asymmetric polygons in reciprocal
space, which is consistent with our hypothesis that both mode
degeneracy and symmetry are important.

3. Conclusion

In summary, we demonstrated that reciprocal lattice symmetry
can determine the energy and direction of lasing emission from
incommensurate moiré lattices. Rotational symmetry can now
be considered as a design principle to predict the characteris-
tics of multidirectional lasing beams with the same wavelength.
We expect that our results are general regarding base lattice
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Figure 4. Incommensurate lattices support lasing across a broad energy range. a) Energy- and angle-resolved PL measurements above the lasing thresh-
old for 16.7 mm R6G dye in DMSO. b) Calculated diffraction modes. c) Single-wavevector slice of the lasing emission from R6G at 2.6 um~'. d) Energy-
and angle-resolved PL measurements above the lasing threshold for 5.0 mm LDS821 dye in DMSO. Calculated diffraction modes. f) Single-wavevector

slice of the lasing emission from LDS821 at 5.9 um~".

periodicity and rotational symmetry. For example, decreasing the
periodicity of the base lattice from 500 to 400 nm would shift
the symmetry-determined lasing to higher energies given ap-
propriate gain. Also, higher-order rotational symmetries should
exhibit analogous phenomena with different beam multiplic-
ity; twelvefold symmetry lattices, for example, are expected to
produce off-normal beams in multiples of 12. Moreover, our
scalable nanofabrication method can generate incommensurate
moiré lattices from base lattices with symmetries not possible
for electronic materials (e.g., fourfold, rectangular), which opens
prospects for moiré materials with unusual geometries and
properties.

4. Experimental Section

Fabrication of Incommensurate Moiré Al NP Lattices: Moiré
nanolithography!®l was used to fabricate an eightfold incommensu-
rate pattern of S1805 G2 photoresist (PR) posts on a Si (100) wafer.
Undesired PR residue was removed with O, plasma in a reactive ion
etching (RIE) chamber. An 8-nm layer of Cr was deposited before lifting
off the PR posts with Microposit Remover 1165. RIE was then used to
etch ~200-nm deep holes into the Si wafer and then a 100-nm thin Au
film was deposited. The Cr layer was removed via wet etching (Transene
Cr Etchant), and the Au film was floated from the Si substrate onto a
fused silica substrate. A 50-nm layer of Al was deposited via electron
beam deposition before removing the Au film with transparent tape.

Linear Optical Property Measurements: White light transmission spec-
tra were collected from 6 = —5° to 60° at 0.2° increments. The transmitted
light was coupled into a bundled optical fiber connected to a Princeton
Instruments Acton SP2500 spectrometer with a PIXIS:400 CCD detector.
An oil superstrate (refractive index n = 1.45) surrounded the NP lattice
and was used to match the index of the fused silica (n = 1.45) substrate to
form high-quality SLR modes. A background dispersion diagram for each
polarization was collected with identical parameters to the sample mea-
surements but with clean fused silica as the substrate.
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Lasing Measurements:  For each lasing measurement, a drop of the dye
solution in DMSO was sandwiched between the lattice and a glass (n =
1.52) coverslip. A 100-fs pulsed Ti:sapphire laser with a repetition rate
of 1 kHz and an optical parameter amplifier (TOPAS Prime, Light Con-
version) were used to pump the different dye solutions at a 60° angle
of incidence (450 nm for C540A; 534 nm for R6G and LDS821; 665 nm
for LD700). The angle-resolved emission was collected with an NA =
0.95 objective and measured with a Princeton Instruments Acton SP2500
spectrometer and a PIXIS:400 CCD detector. A white light transmission
measurement of a 500 grooves/mm grating was used to correct for lens
distortion.
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Supporting Information is available from the Wiley Online Library or from
the author.
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