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Two-Tier Nanolaminate Plasmonic Crystals for Broadband
Multiresonant Light Concentration with Spatial Mode Overlap

Seied Ali Safiabadi Tali, Junyeob Song, Wonil Nam, and Wei Zhou*

Effective trapping and nanolocalization of different colored photons
simultaneously at the same position remain a challenge in nanophotonics
research but can boost applications based on nonlinear multiphoton
processes. For achieving broadband nanoscale light concentration, a
promising strategy is to employ multiresonant plasmonic devices that
support multiple hybridized surface plasmon modes with spatial overlap at
several different resonance wavelengths. However, high-order plasmonic
modes from hybridization tend to have a dark multipolar nature and are less
useful due to weak interactions with free-space light. Here, it is reported
that nanolaminate plasmonic crystals in a two-tier configuration can support
many (=10) spatially overlapped and highly-excitable hybridized plasmonic
modes under free-space light illumination between 400 and 1400 nm.
Combination of nanoimprinting lithography and multilayered physical vapor
deposition techniques enables wafer-scale fabrication of nanolaminate

scattering, photoluminescence, and electro-
luminescence.®l Nevertheless, for many
nonlinear nanophotonics applications, it
is highly desirable to use multiresonant
plasmonic devices that can simultaneously
enhance multiphoton excitation/emission
processes in several different wavelength
bands at the same hotspot locations.[* 1!
For constructing multiresonant plas-
monic devices, a general approach is to
assemble multiple building-block plas-
monic resonators within a very close dis-
tance; and the optical coupling between
spectrally matched non-orthogonal ele-
mentary modes of building blocks can
result in multiple hybrid plasmonic modes
of different resonance wavelengths that

plasmonic crystals consisting of nanolaminate nanodome and nanohole
arrays as the two closely-separated subsystems, and measurements
demonstrate their multiresonant plasmonic responses in good agreement
with numerical calculations. Coupled-mode theory analysis reveals that the 1)
unique broadband multiresonant responses of the two-tier nanolaminate
plasmonic crystals are due to the synergistic effects of the strong near-field
interactions between the modes in the nanodome and nanohole subsystems
and the ground-plane-like loading effect from the nanohole subsystem.

1. Introduction

Plasmonic nanostructures can serve as resonant optical nano-
antennas to trap and concentrate light at the deep subwave-
length scale and thus can enable nanolocalized enhancement
of light-matter interactions for various applications in energy
conversion, information technology, biochemical sensing, and
spectroscopy.'"® Conventional designs of plasmonic devices
optimize single-resonant near-field characteristics within one
wavelength band, which is sufficient for applications based on
single-photon excitation/emission processes, including photo-
thermal conversion, hot carrier generation, elastic/inelastic
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spatially overlap.??2l Based on the geo-
metrical configuration of building-block
resonators, multiresonant  plasmonic
devices can be classified into three types:
in-plane  arrangement,1112:15,1823-27]
2) core-shell arrangement,1*28-32 and
3) outofplane arrangement.’**l Since
it is straightforward to create plasmonic
systems with accurate nanoscale control
of planar geometries by top-down nano-
lithography, most previous studies have
focused on developing in-plane multireso-
nant plasmonic devices.>11121518.23-27] Degpite the simplicity
in design and fabrication, in-plane multiresonant plasmonic
devices face two severe limitations due to the planar layout of
multiple building-block resonators. 1) The device footprint tends
to be large, and accordingly, the surface density of multireso-
nant hotspots is typically low; 2) Since the nearest-neighbor
coupling of elementary modes dominates between in-plane
arranged building-block resonators, the planar multiresonant
systems usually support a limited number (<4) of hybridized
plasmonic modes with spatial overlaps. Recently, Reshef et al.
demonstrated that using in-plane plasmonic metasurfaces
with a finite out-of-plane dielectric cladding can increase the
number of modes by creating several Fabry-Perot-like (FP-like)
resonances.’8! However, such a method primarily depends
on the broad electric dipolar plasmonic modes, limiting the
maximum attainable absorption to 50%° and keeping the
field enhancement factor relatively small compared to nanogap
plasmonic modes.?% As the second type of multiresonant
plasmonic devices, chemically synthesized core-shell metal-
insulator-metal (MIM) multilayered nanoparticles can support
multiple hybrid modes by mixing the elementary modes at
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different metal-dielectric interfaces,*2-32 but have difficul-
ties in accurate nanoscale control of core—shell geometries for
scalable fabrication. The third type of multiresonant plasmonic
devices, i.e., out-of-plane MIM multilayered nanostructures,
has recently drawn increasing attention.**3”! By allowing for
vertical stacking of many MIM resonator building blocks with
shared metal layers between the neighboring blocks, out-of-
plane multiresonant plasmonic devices can have appealing fea-
tures,®” including 1) increased surface density of multiresonant
hotspots in plasmonic nanogaps, and 2) scalable fabrication by
well-controlled thin-film deposition and nanolithography pro-
cesses. Despite the substantial development of different mul-
tiresonant plasmonic devices, a crucial but challenging issue
remains that high-order modes from plasmon hybridization
tend to have a dark multipolar nature and interact poorly with
free-space light.[2022

Here, we report a new type of two-tier multiresonant plas-
monic system—nanolaminate plasmonic crystals (Figure 1a)—
that can support many (=10) hybridized plasmonic modes with
spatial overlap and can allow for multiresonant nanoscale
light concentration across a wide wavelength range between

www.advopticalmat.de

400 and 1400 nm. Uniquely, nanolaminate plasmonic crys-
tals have a two-tier configuration and consist of two closely-
separated multiresonant plasmonic subsystems, respectively,
1) a MIM nanolaminate nanodome array that supports multiple
localized plasmonic modes M,," (Figure 1b), and 2) a MIM nan-
olaminate nanohole array that supports multiple delocalized
plasmonic modes MD (Figure 1c). As illustrated in Figure 1d,
the coupled-mode theory (CMT) analysis reveals that the optical
interactions between Mode A in the nanolaminate nanodome
array (modeled as a side-coupled Resonator A) and Mode B
in the nanolaminate nanohole array (modeled as a directly-
coupled Resonator B) can significantly increase the total light
absorption in the coupled system, much over the summed
light absorption from the two subsystems. From the CMT
analysis (details in the Supporting Information), we find that
the absorption increase for the coupled system has two primary
microscopic origins, including 1) the near-field mutual cou-
pling between Mode A and Mode B, and 2) the ground plane-
like loading effect of Resonator B, which enhances the coupling
of Mode A to the incident light. Thus, through optical interac-
tions between the two uncoupled multiresonant subsystems,
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Figure 1. Nanolaminate plasmonic crystals in the two-tier configuration for broadband multiresonant nanolocalized light concentration. a) Scheme of
nanolaminate plasmonic crystals consisting of nanolaminate nanodomes and nanohole arrays as the two multiresonant subsystems. b) Nanolaminate
nanodomes support multiple localized plasmonic modes M,! by hybridization. c) Nanolaminate nanohole arrays support multiple delocalized plas-
monic modes M,.P by hybridization. However, the high-order modes from hybridization in multiresonant subsystems tend to have a dark multipolar
nature. d) Coupled-mode theory (CMT) modeling and analysis of optical interactions between the representative Mode A and Mode B in the two
subsystems, showing that the coupled system can have a higher light absorption than the summation of those from the two uncoupled subsystems.
e) Schematic energy diagram and absorption spectra for the two-tier multiresonant systems that can support multiple hybrid plasmonic modes M,
with spatial overlaps and with stronger interactions with free-space light.
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nanolaminate plasmonic crystals as the coupled two-tier mul-
tiresonant systems can support a series of hybrid M,''P modes,
which have stronger interactions with free-space light com-
pared to the uncoupled M," and M, modes (Figure le). Fur-
thermore, compared to conventional in-plane multiresonant
plasmonic systems, out-of-plane nanolaminate plasmonic crys-
tals can possess a much higher surface density of hotspots for
broadband multiresonant light concentration by a tight vertical
stacking of many MIM nanocavities.

2. Results and Discussion

To validate the predictions from CMT analysis, we fabricated
samples of nanolaminate plasmonic crystals in the two-tier con-
figuration with different geometric designs and experimentally
investigated their optical properties. Briefly, wafer-scale nanol-
aminate plasmonic crystals were created by line-of-sight elec-
tron beam evaporation of alternating Ag and SiO, layers on a
nanoimprinted polymer nanopillar array.**! Such fabrication
strategy can allow the self-alignment of the nanolaminate nano-
domes above the nanolaminate nanoholes. Nanolaminate plas-
monic crystals can show a very dark appearance in the top-view
(Figure 2a), manifesting a broadband absorption in the visible
range. Nevertheless, as viewed in an oblique angle (Figure 2b),
we can observe a vivid rainbow-color due to the optical diffrac-
tion from periodic nanostructures on the sample. While the
top-view scanning electron microscopy (SEM) image (Figure 2c)
shows a uniform periodicity for the nanostructures, the cross-
sectional SEM image (Figure 2d) reveals irregular roughnesses
and geometries at the surface of sidewalls for MIM nanodomes
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and nanoholes. Also, the diameters of MIM nanodomes and
nanoholes vary between individual units due to the geometry
nonuniformity of nanowells in the PDMS template used for
nanoimprinting the polymer nanopillar arrays. Notably, MIM
nanodomes have an inversely tapered shape because of the
shadowing effect in the line-of-sight electron-beam deposition.
As depicted in Figure 2e, we first investigated four dif-
ferent types of fabricated nanolaminate plasmonic crys-
tals with 1 metal layer (IML), 2 metal layers (2MLs), 3 metal
layers (3MLs), and 4 metal layers (4MLs) by reflection and
transmission spectroscopy (Figure 2f). Limited by the height
of nanopillar arrays and the chosen thicknesses of individual
metal/dielectric layers, the maximum total number of metal
layers is four for our fabricated nanolaminate plasmonic crys-
tals. The tapered shape of the nanodomes causes enlarged
diameters of individual MIM nanocavities from the bottom to
the top in the vertical stack, which leads to spectrally detuned
elementary nanogap modes in MIM nanocavities of equal die-
lectric nanogap thicknesses.>®l All the Ag layers have a fixed
thickness of 30 nm. However, to allow spectral matching of
elementary nanogap modes for effective hybridization, we have
chosen increasing dielectric nanogap thicknesses from 5 nm
in the bottom to 10 nm in the middle and 15 nm in the top
for different individual MIM nanocavities. Notably, the sym-
metry breaking in the inversely tapered shape of MIM nano-
domes can lead to a bianisotropic magneto-electric nature for
the supported plasmonic nanogap modes.*’l From reflection
measurements (Figure 2f), 2MLs/3MLs/4MLs nanolaminate
plasmonic crystals can support multiple resonant modes over
a broad spectral range between 400 and 1700 nm. Furthermore,
by stacking more metal-dielectric layers, the overall optical
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Figure 2. Multiresonant optical responses of fabricated nanolaminate plasmonic crystals with different numbers of metal-dielectric layers. a) Top-view
and b) tilted-view optical camera images of a wafer-scale sample of the four-metal-layer nanolaminate plasmonic crystal. c) Top-view and d) cross-
sectional scanning electron microscope (SEM) images of the 4MLs nanolaminate plasmonic crystal. ) Scheme of four different types of fabricated
nanolaminate plasmonic crystals with T metal layer (IML), 2 metal layers (2MLs), 3 metal layers (3MLs), and 4 metal layers (4MLs). The thicknesses of
dielectric nanogap layers for nanolaminate plasmonic crystals increase from 8 nm in the bottom to 10 nm in the middle and 15 nm in the top, respec-
tively. f) Measured and g) FDTD-calculated reflection and transmission spectra for the different samples of nanolaminate plasmonic crystals in (e).
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response of nanolaminate plasmonic crystals can be changed
significantly due to the introduction of some new modes and
the spectral detuning of some existing modes. For example, the
change from 1ML to 2MLs can cause a new mode emerging at
~1650 nm, and a further change from 2MLs to 3MLs can spec-
trally shift this mode to =1300 nm. Transmittance measure-
ments in Figure 2f reveal that only a subset of modes in
reflection spectra can induce high optical transmission peaks,
and the resonant wavelengths of these high-transmission
modes (e.g., at 600-615 nm, and 750-850 nm) show relatively
weak dependence on the geometric changes by adding more
metal-dielectric layers in the system. To study the observed
resonant features in measurements, we used the finite-differ-
ence time-domain (FDTD) simulations to calculate far-field and
near-field optical properties of nanolaminated plasmonic crys-
tals (see Experimental Section). In Figure 2g, the FDTD-calcu-
lated reflection and transmission spectra show different mul-
tiresonant optical responses among 1ML/2MLs/3MLs/4MLs
samples, in agreement with experimental results. By com-
paring FDTD-calculated near-field profiles of modes in dif
ferent samples, it is revealed that the added metal-dielectric
interfaces in MIM nanodomes and nanohole arrays can intro-
duce new localized and delocalized plasmonic modes into the
system, which can also spectrally detune the existing plas-
monic modes through near-field interactions. Furthermore, the
transmission peaks are associated with Bloch SPP modes at the
metal-substrate interface of MIM nanohole arrays.*!] Compared
to calculations, resonant features in the measurements show
much broader linewidths, which can come from homogeneous
broadening due to interface roughness and material defects/
impurity and inhomogeneous broadening due to geometric
variations between unit cells (Figure 2d). The differences in
resonance wavelengths between measurements and simula-
tions (Figure 2f,g) can originate from the deviations of geo-
metric parameters and material optical constants in numerical
simulations from the actual samples.

Unlike conventional in-plane engineered plasmonic systems,
the multiresonant optical properties of nanolaminate plasmonic
crystals also strongly depend on out-of-plane geometries, such
as the thicknesses of individual dielectric nanogap layers. To
investigate the effects of nanogap thickness t on the supported
plasmonic modes, we fabricated 2MLs nanolaminate plas-
monic crystals with different ¢ ranging from 5 to 40 nm and
measured their reflection (Figure 3a) and transmission spectra
(Figure Sla, Supporting Information). As t increases from 5
to 40 nm, the resonant feature at 1600 nm blueshifts toward
~900 nm. As t increases from 5 to 10 nm, a new resonant fea-
ture emerges at 1650 nm, which continuously blueshifts toward
=~1150 nm with t increasing from 10 to 40 nm. Furthermore,
the modes associated with transmission peaks only negligibly
shift. The FDTD calculations in Figure 3b and Figure S1b (Sup-
porting Information) show similar t-dependence trends for dif-
ferent plasmonic modes supported in 2MLs plasmonic crystals
in a decent match with the measurements in Figure 3a and
Figure Sla (Supporting Information).

To understand the microscopic natures of different plas-
monic modes in 2MLs nanolaminate plasmonic crystals as well
as the origins behind their different t-dependent behaviors,
we calculated the optical responses of the 2MLs nanolaminate
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nanodome (Figure 3c) and nanohole arrays (Figure 3d) as
the two uncoupled subsystems to compare with those of the
coupled system (Figure 3e). As shown in Figure 3¢, MIM
nanodomes support two prominent absorption peaks asso-
ciated with the superradiant electric dipole (ED) mode at
Mt = 575 nm,12%3¢ and the darker magnetic dipole (MD) gap
mode at 1, = 1045 nm[2036421 (Figure S2, Supporting Informa-
tion). Interestingly, the non-symmetric shape of the tapered
nanodomes makes the ED mode at 4" non-orthogonal to the
gap plasmonic modes. Consequently, the dark high-order gap
plasmonic modes!?*4% can indirectly get excited through cou-
pling to the ED mode, as exhibited by the several small peaks
around A4 = 575 nm in Figure 3c. Furthermore, the MD mode
at ;' becomes bianisotropic®! to achieve a larger optical
absorption under the upward illumination than the downward
illumination (Figure S2, Supporting Information). Figure 3d
shows that the MIM nanohole array can induce multiple
absorbance peaks by exciting the band-edge Bloch SPP modes
of different lattice orders (details in Figure S3 in the Supporting
Information). By 2D Fourier analysis of E, field patterns for
different gaps or interfaces, we can determine the dominant
Bloch SPP modes responsible for a specific absorbance peak:
1) 4,° =400 and A,P = 495 are dominated by (1, +1) and (£1, 0)
Bloch SPP modes at the metal-medium interface, respectively;
2) AP =585, 4,P =730, AP = 970, and AP = 1385 are associ-
ated with (+2, £1), (+2, 0), (+1, £1), and (+1, 0) Bloch SPP modes
inside the dielectric layer of MIM nanohole array, respectively;
3) The supported resonant features at 4,°, 1,°, 4;°, and A,° can
also induce high transmission peaks due to the excitation of
Bloch SPP modes at the metal-substrate interface (Figure S3,
Supporting Information).

As shown in Figure 3e, 2MLs nanolaminate plasmonic
crystals support multiple absorption peaks, and their peak
wavelengths are close to but not the same as the modes in the
uncoupled subsystems of MIM nanodomes (Figure 3c) and
MIM nanohole arrays (Figure 3d). Indeed, the near-field inter-
actions of elementary modes in uncoupled subsystems cause
the observed spectral shifts of the hybrid modes in the coupled
system of nanolaminate plasmonic crystals. FDTD-calculations
of near-field mode profiles confirm that the modes in 2MLs
nanolaminate plasmonic crystals (Figure 3g-k) share spatially
correlated patterns with their associated dominant elementary
modes in the uncoupled subsystems (more details in Figure S4
in the Supporting Information). For example, the hybrid modes
at 4, A5, A3 in the 2MLs nanolaminate plasmonic crystal carry
the near-field distribution features of both localized elemen-
tary modes at ;" in the MIM nanodome array and delocalized
elementary modes at 4,°, 1,°, and A,° in the MIM nanohole
array. Moreover, the hybrid modes at A, and A5 in the 2MLs
nanolaminate plasmonic crystal directly originate from the
optical coupling between 1,0 mode in the MIM nanodome
array and As° and A¢P in the MIM nanohole array. As revealed
by the FDTD-calculated absorption spectra in Figure 3c,d, the
coupling between the subarrays can significantly increase the
absorption of the modes at 4;, A3, and A, in the 2MLs nanol-
aminate plasmonic crystal. According to the CMT analysis,
the increased absorption of these hybrid modes is due to the
near-field interactions between spectrally overlapped modes in
the uncoupled arrays as well as the ground plane-like loading
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Figure 3. The strong dependence of multiresonant optical responses on the dielectric nanogap thickness (t). a) Measured and b) FDTD-calculated
reflection spectra for 2MLs nanolaminate plasmonic crystals with different t from 5 to 40 nm. c,d) FDTD-calculated absorption spectra for the
c) 2MLs nanolaminate nanodome and the d) 2MLs nanolaminate nanohole arrays as the two multiresonant plasmonic subsystems (¢t = 15 nm).
e,f) FDTD-calculated spectra of e) absorption and f) near-field |E[?/|H|? intensities for 2MLs nanolaminate plasmonic crystals with t =15 nm. g-k) The
FDTD-calculated x-z distribution maps of |E[* and |H|? for the modes A;-A5 marked in (e). |) Geometrically-averaged x—z distribution maps of |E|* and
[H[? among A;-As modes.

effect from the nanohole array (details in the Supporting Infor-  (Figure 4c), shows a spectral correspondence between resonance
mation). FDTD-calculated near-field spectra (Figure 3f) and  wavelengths of the modes in the coupled system and those in
mode profiles (Figures 3g-l) demonstrate that 2MLs nanol-  the uncoupled subsystems. Compared to the 2MLs MIM nano-
aminate plasmonic crystals can induce =2/=1 order of magni- dome array (Figure 3c), the 4MLs nanolaminate nanodome
tude enhancement of electric/magnetic field intensities widely  array (Figure 4a) can support more plasmonic modes due to an
between 400 and 1100 nm by supporting multiple plasmonic  increased number of metal-dielectric interfaces and accordingly
modes with spatial overlaps. Despite their promising multires-  supported localized plasmonic modes (Figure S5, Supporting
onant properties with spatial mode overlaps, the 2MLs nanol-  Information), which contributes to the improved and broader
aminate plasmonic crystal still faces limitations of relatively low  multiresonant optical properties of the coupled 4MLs nanolami-
absorption in the wavelength range above 1100 nm. nate plasmonic crystal. Notably, in 4MLs nanolaminate nano-
As shown in Figure 2, the multiresonant optical responses  domes, 4, =470 nm, A,* =495 nm, and ;' = 595 nm correspond
of nanolaminate plasmonic crystals can be further improved  to high-order nanogap modes, 1, = 1015 nm is for the MD mode,
by stacking more metal-dielectric layers as they introduce more  and As" = 1265 nm and As" = 1410 nm correspond to subradiant
elementary modes in the subsystems of MIM nanodomes and  magnetic modes of quadrupolar and octupolar natures, respec-
nanohole arrays. Figure 4 provides a systematic analysis of the  tively. Similar to 2MLs nanodomes, the nanogap modes in 4MLs
FDTD-calculated far-field and near-field optical properties for = nanodomes are coupled to the ED mode, making them bianiso-
the different plasmonic modes supported in 4MLs nanolaminate  tropic (Figure S5, Supporting Information). Furthermore, just
plasmonic crystal. By comparing the absorbance spectra of the  as the 2MLs nanolaminate nanohole array, 4MLs nanolaminate
two uncoupled subsystems, 4MLs nanolaminate nanodome and  nanohole array can support multiple Bloch SPP modes at dif-
nanohole arrays (Figure 4a,b), with the coupled 4MLs system  ferent gaps and interfaces (Figure S6, Supporting Information).
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Figure 4. Broadband multiresonant light concentration in dense arrays of nanogap hotspots. a,b) FDTD-calculated absorption spectra for a) 4MLs
nanolaminate nanodome and b) 4MLs nanolaminate nanohole arrays as the two multiresonant plasmonic subsystems. c,d) FDTD-calculated spectra
of ¢) absorption and d) near-field |E|?/|H|? intensities for the 4MLs nanolaminate plasmonic crystal. e-m) FDTD-calculated x—z distribution maps of |E|?
and |H|? for the modes A;—Ay marked in (c). n) Geometrically averaged x—z distribution maps of |E[* and |H|? among 4,;—A¢ modes.

Figure 4c shows that 4MLs nanolaminate plasmonic crys-
tals can achieve much higher absorption than the summation
of light absorption from the two uncoupled subsystems, i.e.,
4MLs nanolaminate nanodome and nanohole arrays. From the
FDTD-calculated near-field profiles of |E[*/|H|? (Figure 4e-m),
each mode in the 4MLs nanolaminate plasmonic crystal can be
traced back to one or two elementary modes in the uncoupled
4MLs subsystems, and their near-field features are closer to
the elementary mode with the higher spectral overlap (More
details in Figure S7 and Table S1 in the Supporting Informa-
tion). For example, the modes at 4; = 445 nm, 4, = 485 nm,
and A; = 545 nm mostly derive from the multiple high-order
nanogap modes in the 4MLs nanodome array. The modes at
Ay =595 nm and A5 = 690 nm mainly originate from the delo-
calized Bloch SPP modes in the 4MLs nanohole array. Never-
theless, the modes at Ag = 910 nm, A, = 1000 nm, Ag = 1280 nm,
and A9 = 1330 nm have a mixed nature from the hybridization
of both LSP modes in the 4MLs nanodome array and delocal-
ized Bloch SPP modes in the 4MLs nanohole array. In addition
to improved far-field broadband absorption, the 4MLs nanol-
aminate plasmonic crystal also shows an enhanced broadband
near-field performance for subwavelength light concentration.
As shown in Figure 4e-m, highly intense electric and magnetic
fields can be concentrated in nanogap hotspots at nine different
resonant wavelengths ranging from 400 to 1330 nm. The near-
field distribution maps of geometrically-averaged field intensi-
ties at the nine different resonant wavelengths (4,—A¢) confirm
the spatial overlap among all the modes with =3 and =2 orders
of average magnitude enhancements for |E|> and |H|%, respec-
tively (Figure 4n), which agrees with the calculated spectra
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of enhancement factors for |E[* and |H|? at nanogap regions
(Figure 4d).

To investigate the effects of near-field interactions on mul-
tiresonant optical properties, we calculated the absorption
spectra of 4MLs nanolaminate plasmonic crystals at varying
distances (d: 0 — 160 nm) between the top of the nanolaminate
nanohole array and the bottom of the nanolaminate nano-
dome array (Figure 5a). As expected, all the modes in the 4MLs
nanolaminate plasmonic crystal reach their highest absorbance
levels at d = 0 nm, which from the CMT analysis (details in the
Supporting Information) is due to the two synergistic effects:
1) Strong near-field interactions between elementary modes
in the two subsystems; 2) Magnetic dipole natures of the gap
LSP modes in tapered nanolaminate nanodomes can allow for
enhanced absorption of light due to the constructive interfer-
ence between the directly incident light and the back-reflected
light from the ground-plane-like nanohole array subsystem. As
d increases continuously from 0 to 160 nm, the overall absorp-
tion of different modes is reduced but with very different trends.
The different d-dependence for different modes indicates that 1)
there are different pathways for optical interactions between the
subsystems, and 2) the relative contributions of different path-
ways depend on d and can be different for different modes. As
shown in Figure 5b, the CMT-modeled d-dependent absorption
curves (dashed curves) for the two representative modes A4 and
AP are in good agreement with FDTD calculations (solid dots).
As a mode dominated by the elementary delocalized plasmonic
Bloch modes in the nanolaminate nanohole array, A* mode
shows a slightly increased absorption as d increases from 0 to
20 nm. As d further increases from 20 to 160 nm, the absorption
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Figure 5. The strong dependence of multiresonant optical responses on
the separation distance (d) between the two multiresonant subsystems.
a) FDTD-calculated absorption spectra for the 4MLs nanolaminate plas-
monic crystal with different d between 0 and 160 nm. b) Peak absorption
values for 2* and A modes (also labeled in (a)) by FDTD calculations
(solid curves & dots) and CMT modeling (dashed lines) as a function of
d. Horizontal lines represent the absorption values for the corresponding
modes in the uncoupled multiresonant subsystems. ¢, d, FDTD-calcu-
lated near-field intensities of c) |E|> and d) |H|? at resonant wavelengths
for 2 and A modes as a function of d.

gradually decreases to a value slightly less than that of the
uncoupled nanohole array. By comparison, as a mode dominated
by the elementary localized mode in the nanolaminated nano-
domes, A% mode shows reduced absorption as d increases from
0 to 20 nm. As d further increases from 20 to 80 and 160 nm, the
absorption of 1B mode first slightly increases and then reduces
to a value slightly above that of the uncoupled nanodome array.

According to the CMT analysis (details in the Supporting
Information), the decline of absorption for A* mode is due
to the exponential weakening of its near-field coupling to
AB mode. This weakening leads to an initial increase in AP
absorbance as the energy transfer rate to the dark A* mode
goes down. However, the increase of d also reduces the effec-
tive coupling of 1B mode to the incident light due to the
decreased degree of constructive interference between the
direct and back-scattering coupling pathways, leading to the
reduction of absorbance for AB mode. As shown in Figure 5c,d,
the d-dependence curves of near-field |E?/|H|? intensities for
A2 and AP modes at nanogap hotspots have similar trends as
their corresponding d-dependence far-field absorption curves,
manifesting the correlated microscopic physics between the
absorption from hot-carrier generation and the near-field
enhancement from plasmonic charge/current accumulations
in metal nanostructures. Overall, both FDTD simulations
and CMT analysis indicate that a small distance between
multiresonant subsystems is crucial to enhance the levels of
absorption and local field concentration for all the modes in
the two-tier multiresonant systems.
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3. Conclusion

In conclusion, the nanolaminate plasmonic crystals in a two-tier
configuration can support many spatially overlapped and highly
excitable hybridized plasmonic modes to enable multireso-
nant nanoscale light concentration across a wide wavelength
range of 400-1400 nm. From coupled-mode theory analysis and
numerical simulations, the microscopic origin of highly excit-
able spatially overlapped multiresonant behaviors for the two-
tier nanolaminate plasmonic crystals is due to the near-field
coupling between the modes of the less excitable multiresonant
subsystems as well as the ground-plane-like loading effect from
the nanohole array subsystem. We envision that nanolaminate
plasmonic crystals can serve as a high-performance multireso-
nant nano-optics platform to enhance multiple excitation/emis-
sion transitions of multiphoton nonlinear optical processes
across a wide wavelength range simultaneously. By incorpo-
rating different functional materials (e.g., nonlinear materials,
emissive gain medium, and strongly-correlated electronic mate-
rials) within different dielectric layers of nanolaminate plas-
monic crystals, multifunctional active plasmonic devices can
potentially be created with wavelength-multiplexed multireso-
nant capability.

4. Experimental Section

Sample Fabrication and Characterization: Nanolaminate plasmonic
crystals were fabricated in cm? areas on flexible and heat-stabilized
polyester (PET) films using nanoimprint lithography and directional
electron beam deposition techniques. First, pre-patterned silicon (Si)
wafer was used to create polydimethylsiloxane (PDMS) stamps with a
periodic nanohole array with a height of 150 nm, a radius of 120 nm,
and a periodicity of 400 nm, respectively. We then used the as-prepared
PDMS stamp to squeeze one or two droplets of NOA83H optical
adhesive (from Norland, USA) onto PET films. Next, the samples were
cured by ultra-violet exposure (365 nm, 100 W) for 1 minute, detaching
the PDMS stamp, and baking in a convection oven with 80 °C overnight.
Finally, alternating layers of Ag and SiO2 layers were deposited using an
electron beam evaporator. A thin Cr adhesion layer (0.5 nm thickness)
was deposited between alternating Ag and SiO, layers.

Far-Field Optical Measurements: Reflection and transmission far-field
optical measurements were conducted using Cary 5000 UV-Vis-NIR
spectrophotometer (Agilent Inc.).

Numerical Calculations: We performed 3D Finite Difference Time
Domain simulations using commercial software (FDTD solutions,
Ansys-Lumerical Inc.) to numerically calculate the far-field spectra and
the near-field distributions of the plasmonic crystal systems and their
building block arrays. A uniform mesh size of 3 nm (in x, y, and z
directions) was used. The silver dielectric function was obtained from
the Palik handbook of optical constants for solids.3! Also, the constant
refractive index of 1.5 was used for SiO,.

Theoretical ~ Modeling:  Coupled-mode theory modeling and
analysis were carried out to understand optical behaviors of
nanolaminate plasmonic crystals. In this model, the two building-
blocks of nanodome and nanohole arrays were treated as a side-
coupled resonator and a directly-coupled resonator, respectively. The
parameters of the uncoupled resonators in this model were obtained
from FDTD simulations of the uncoupled nanodome and nanohole
arrays. Furthermore, the near-field coupling parameters between the
building-block arrays were obtained from the FDTD simulations of the
plasmonic crystal system for distances of d = 0 and d = 80 nm between
the building-block arrays. More details can be found in the supporting
information.
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