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A B S T R A C T   

Plasmonic nanoantennas can support localized surface plasmon (LSP) modes to concentrate light 
at the nanoscale. Although “single-resonant” plasmonic nanoantennas are sufficient for applica-
tions based on single-photon processes, “double-resonant” or “multiresonant” plasmonic nano-
antennas are more favorable for multiphoton nonlinear processes or wavelength-multiplexing 
multifunctional operations. Despite significant efforts, current multiresonant plasmonic nano-
antennas still face challenges in achieving wide spectral tunability and high excitability for 
multiple LSP modes under strict geometric size-footprint constraints. Here, we propose and 
numerically demonstrate that fixed-size nanolaminate plasmonic nanoantennas (NLPNAs) con-
sisting of multiple metal/insulator layers can support two highly excitable LSP modes with 
electrical dipole (ED) and magnetic dipole (MD) characteristics. Notably, the resonant wave-
length of both ED and MD modes are broadly tunable in the near-infrared range between ~700 
nm and ~1000 nm by controlling the thickness ratio between individual metal and insulator 
layers without changing the overall size. While the ED mode in NLPNAs can have large scattering 
cross-sections suitable for applications based on plasmonic emission/scattering processes, the MD 
mode has large absorption cross-sections desirable for applications based on plasmonic photo-
thermal effects. We further reveal that NLPNAs’ broad double-resonance tunability originates 
from the out-of-plane geometric dependence of the elementary ED/MD modes in the building 
blocks and their optical coupling.   

1. Introduction 

By supporting localized surface plasmon (LSP) modes, plasmonic nanoantennas based on metal-dielectric nanostructures can trap 
and concentrate light at the nanoscale to enhance both linear and nonlinear optical processes for various applications in areas ranging 
from information technology to energy and healthcare [1–6]. Due to the short LSP lifetimes (2–10 fs), the plasmon energy localized in 
nanoantennas depletes quickly through radiative decay pathways as free-space photons and nonradiative decay pathways as local 
heating [7–9]. In general, the use of relatively brighter LSP modes is advantageous for plasmonic enhancement of elastic/inelastic 
scattering and emission processes in applications, such as scattering based biosensing/bioimaging, surface-enhanced Raman spec-
troscopy (SERS), fluorescence spectroscopy, and nonlinear optics light sources [4,5,10–12]. On the other hand, using relatively darker 
LSP modes is preferable for nanolocalized photothermal heating processes in applications, such as solar energy photothermal 
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conversion, photothermal cancer therapy, and photothermal neural activation [6,13–15]. Most previous studies focus on “single--
resonant” plasmonic nanoantennas with optimized near-field and far-field optical characteristics (e.g., resonant wavelengths, 
near-field enhancement factors, optical cross-sections, and radiative/nonradiative decay rates), which are sufficient for applications 
based on single-photon excitation/emission/absorption processes. Nevertheless, by supporting two or more LSP modes, 
double-resonant or multiresonant plasmonic nanoantennas are more favorable for applications involving multiphoton nonlinear 
processes or wavelength-multiplexing multifunctional operations [16–18]. 

Although plasmonic antennas with larger dimensions can support multiple higher-order modes [19–21], higher-order modes 
typically have poor excitability by free-space light due to their dark multipolar nature. Different higher-order modes’ resonant 
wavelengths cannot be tuned independently by geometric engineering due to their standing wave nature. Another approach to 
building multiresonant plasmonic nanoantennas is to incorporate multiple plasmonic resonators into a coupled system [22–25], which 
has limitations of large device footprints and complicated design/fabrication. Also, core-shell plasmonic nanoantennas can support 
multiple LSP modes by plasmon hybridization at multiple metal-dielectric interfaces [26–29]; however, it is challenging to inde-
pendently tune individual modes in core-shell systems and to control core-shell geometries accurately in scalable fabrication. 

Most multiresonant nanoantenna designs do not consider strict geometrical constraints in size, footprint, and shape. Nevertheless, 
some emerging applications at the nano-bio interface require multiresonant plasmonic nanoantennas with a fixed size/footprint/shape 
and a broad spectral tunability in near-infrared (NIR) wavelengths. First, using fixed-size nanodevices can maintain a consistent nano- 
bio interface with cells and cellular systems across separate experiments [30–34]. Second, the scalable nanofabrication of 
fixed-footprint and broadly-tunable nanoantennas is desirable for seamless integration with predefined nanoelectronics devices in the 
electrical-optical multimodal platforms [35–37]. Third, multiresonant nanoantennas can enable wavelength-multiplexed nanoscale 
multifunctionality at the nano-bio interface, for example, by simultaneously achieving SERS biochemical sensing and photothermal 
cellular activation under two laser sources at different wavelengths [16]. Finally, for many in-vivo biomedical applications, multi-
resonant nanoantennas should support multiple LSP modes with tunable resonant wavelengths in the NIR biological window (NIR-I: 
700–900 nm, NIR-II: 1000–1350 nm, and NIR-III: 1550–1870 nm) to benefit from deeper light penetration in tissues [38–40]. 

Fig. 1. Fixed-size double-resonant NLPNAs. (A) Cross-sectional schematic of a fixed-size nanolaminate plasmonic nanoantenna with a fixed- 
diameter (D) and a fixed-height (H) in water (n = 1.33) under x-polarized normal incident light. The nanolaminate plasmonic nanoantenna con-
sists of alternating layers of Au thickness (t) and SiO2 thickness (h) nanodisks. (B) Schematic illustration of the evolution of resonant wavelengths for 
hybridized electric dipole (ED) and magnetic dipole (MD) modes in a fixed-size nanolaminate plasmonic nanoantenna at different Au-SiO2 thickness 
ratios (t/h). (C) Scheme of the mode hybridization strategy for engineering the double-resonant optical properties of fixed-size NLPNAs. NLPNAs 
consist of two types of plasmonic building blocks in the vertical stack, which are the insulator-metal-insulator (IMI) nanostructures, supporting the 
electric dipole (ED) modes, and the metal-insulator-metal (MIM) nanostructures, supporting the magnetic dipole (MD) modes. 
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In this work, we report that fixed-size nanolaminate plasmonic nanoantennas (NLPNAs) consisting of alternating metal and 
insulator nanodisks in a vertical stack can support two types of highly excitable LSP modes with electrical dipole (ED) and magnetic 
dipole (MD) characteristics (Fig. 1A), respectively. Notably, the resonant wavelengths of ED and MD modes are broadly tunable in the 
NIR range by controlling the thickness ratio between individual metal (t) and insulator (h) layers without changing the NLPNA’s 
overall shape and size (diameter: D, and height: H) (Fig. 1B). Numerical simulations are performed by Finite-Difference-Time-Domain 
method (Ansys Inc.), and details are listed in Table S1 and Supporting Information. Furthermore, we find that the ED mode in NLPNAs 
tends to have large scattering cross-sections desirable for applications leveraging plasmonic emission/scattering processes, and the MD 
hybridized mode tends to have large absorption cross-sections desirable for applications leveraging plasmonic photothermal effects. 
Numerical simulations and analysis reveal that NLPNAs’ double-resonance tunability originates from the out-of-plane geometric 
dependence of the elementary ED and MD modes in their insulator-metal-insulator (IMI) and metal-insulator-metal (MIM) building 
blocks (Fig. 1C). Furthermore, due to the intimate vertical stacking of IMI and MIM building blocks, the optical coupling strength 
among elementary ED and MD modes in IMI and MIM building blocks can be significantly changed by controlling the metal-to- 
insulator thickness ratio (t/h) in NLPNAs. The proposed plasmonic NLPNAs’ geometries can be realized by the electron-beam evap-
oration of alternating metal and insulator thin films through nanohole array deposition masks [41,42], allowing nanometer-scale 
thickness accuracy in out-of-plane geometric engineering of plasmonic double-resonance properties. 

2. Results and discussion 

2.1. The effects of the metal layer thickness on the ED mode in an IMI building block 

For understanding the effects of t/h variation on double-resonant properties of fixed-size NLPNAs, it is crucial to study the 
dependence of elementary ED and MD modes on the metal (Au, Johnson and Christy [43]) and insulator (n = 1.5) layer thicknesses in 
IMI and MIM building blocks. We first investigate the effects of varying t on the optical properties of an IMI building block. In an IMI 
building block, the two elementary ED modes at the two-constituent metal-insulator interfaces can interact through the middle metal 
layer, which has a negative real part of the permittivity ε . Therefore, as shown in Fig. 2A, an IMI plasmonic building block can support 
a low-energy bonding ED mode and a high-energy anti-bonding electric quadrupole (EQ) mode by the in-phase and out-of-phase 
coupling between the two elementary ED modes, respectively [44]. The splitting energy (ΔE) between the ED and the EQ modes 
increases with the coupling strength between the elementary ED modes and decreases with t. Compared with the low-energy bonding 
ED mode with a significant radiative decay rate, the high-energy EQ mode is subradiant and cannot effectively interact with free-space 
light due to its zero net ED moment and weak MD moment [45]. 

Fig. 2B depicts the calculated absorption and scattering spectra of an Au nanodisk in water (refractive index n = 1.33) with 
different t ranging from 4 nm to 40 nm. With a small t of 4 nm, the Au nanodisk shows a distinct resonance peak around ~980 nm due 
to the ED oscillations of free electrons in Au, and the absorption loss dominates over the scattering loss. As t increases from 4 nm to 
16 nm, 28 nm, and 40 nm, the Au nanodisk’s ED mode shows a monotonous blueshift of the resonant wavelength with reduced 

Fig. 2. Spectral tunability of the ED mode in an IMI building block by controlling the metal layer thickness (t). (A) Energy diagram illustration of ED 
mode and electric quadrupole (EQ) mode in an IMI nanodisk by the optical coupling between the elementary ED modes at the two metal-insulator 
interfaces with varying metal layer thicknesses (t). (B) FDTD-calculated spectra of normalized absorption and scattering cross-sections for an Au 
nanodisk in water (n = 1.33) with different Au layer thicknesses of 4, 16, 28, and 40 nm. σ0 is the geometric cross-section of the nanodisk. (C) FDTD- 
calculated |E|2 and |H|

2 at the resonant wavelength of the ED mode (λED = 976 nm) for an Au nanodisk (t = 4 nm) in water (n = 1.33). (D) The 
dependence of the resonant wavelength (λED) and the peak absorption/scattering cross-sections for the ED mode of an Au nanodisk in water 
(n = 1.33) on the Au thickness (t). 
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absorption and increased scattering. Additionally, as t increases, a broad absorption peak emerges around the wavelength ranging 
between 350 nm and 500 nm with an increased amplitude due to the electronic interband transition in Au. In Fig. 2C, the calculated 
distribution maps of |E|2 and |H|

2 at the resonant wavelength for a thin Au nanodisk (t = 4 nm) can reveal the ED characteristics, where 
the electric field has a dipolar distribution in the plane of nanodisk and the magnetic field is circulating the induced ED oscillating 
current in the Au nanodisk. 

In Fig. 2D, we plot the ED mode resonant wavelength and the peak absorption/scattering cross-sections as a function of t. As t 
increases from 4 nm to 16 nm, the resonant wavelength of ED mode blueshifts swiftly from ~980 nm to ~705 nm; however, as t 
further increases from 16 nm to 40 nm, the resonant wavelength of the ED mode slightly blueshifts from ~705 nm to ~636 nm. Such 
blueshifting is due to the reduced near-field optical coupling strength between elementary ED modes and reduced ΔE (Fig. 2A). The 
nonlinear dependence of resonant wavelength shifts of the ED mode on t originates from the optical fields of the elementary plasmonic 
ED modes exponentially decaying from the Au nanodisk metal-insulator interfaces into the metal. Therefore, only for a small metal 
thickness (t < 16 nm), a strong near-field optical coupling between elementary ED modes can occur to induce the plasmonic mode 
hybridization and thus a highly sensitive t dependence of ΔE between bonding and anti-bonding modes [46]. 

Fig. 2D shows that the relative contribution between scattering (σsca/σ0) and absorption (σabs/σ0) in the total optical loss for the ED 
mode also depends strongly on the thickness of the Au nanodisk, where σ0 is the geometric cross-section of the nanodisk, σsca and σabs 
are the scattering and absorption cross-sections at the resonant wavelength. As t increases from 4 nm to 16 nm and 40 nm, σsca/σ0 of 
the ED mode increases from ~2.8 to ~7.2 and ~7.6, while its σabs/σ0 decreases from ~6.9 to ~4.8 and ~2.8. The increase in σsca/σ0 is 
mainly due to the increased total number of free-moving charges in the Au nanodisk, resulting in increased resonant polarizability and 
increased radiative decay rate. On the other side, the decrease in σabs/σ0 for the ED mode with t is mainly due to a gradual shift of t 
away from the critical coupling condition. Here, by normalizing the optical cross-sections by universal dipolar absorption limitation 
[47,48]: 

σ/σk = σ
/
(3π

/
2k2),

Where σ is the optical cross-section and k is the wavenumber in free space. The critical coupling condition occurs at t = 8 nm, whereby 
the frequency-normalized absorption reaches the maximum by matching with the scattering (Fig. S1A, Supporting Information). 

2.2. The effects of the insulator gap layer thickness on the MD mode in a MIM building block 

Next, we study the effects of h on the optical response of the MIM plasmonic building block composed of optically thick metal 
layers. In such a system, the elementary ED modes at the two metal-insulator interfaces couple with each other through the middle 
insulator layer, which has a positive permittivity ε (Fig. 3A), resulting in a high-energy anti-bonding ED mode from the in-phase 
coupling of the elementary ED modes and a low-energy bonding EQ mode from the out-of-phase coupling of the elementary ED 
modes [45,49]. Due to the formation of an oscillating current loop consisting of both conduction current in metal layers and 
displacement current in the insulator gap, the low-energy EQ mode also exhibits MD characteristics, capable of being excited by 

Fig. 3. Spectral tunability of the MD mode in a MIM building block by controlling the insulator gap layer thickness (h). (A) Energy diagram 
illustration of ED mode and MD mode in a MIM nanodisk by the optical coupling between the elementary ED modes at the two metal-insulator 
interfaces with varying insulator layer thicknesses (h). (B) FDTD-calculated spectra of normalized absorption and scattering cross-sections for an 
Au-SiO2-Au nanodisk in water (n = 1.33) with different SiO2 (n = 1.5) thicknesses (h) of 4, 16, 28, and 40 nm and a fixed Au thickness (t) of 60 nm. 
(C) FDTD-calculated distribution maps of |E|2 and |H|

2 at the resonant wavelength of the MD mode (λMD = 1096 nm) for an Au-SiO2-Au nanodisk 
(t = 60 nm, and h = 4 nm) in water (n = 1.33). (D) The dependence of the resonant wavelength (λMD) and the peak absorption/scattering cross- 
sections (σabs/σ0 and σsca/σ0) for the MD mode of an Au-SiO2-Au nanodisk (t = 60 nm) in water (n = 1.33) on the insulator (SiO2) thickness (h). 
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free-space light and thus is referred to as the MD mode. 
As shown in the calculated σabs/σ0 and σsca/σ0 spectra of a MIM building block (Fig. 3B), the resonant wavelengths of the low- 

energy MD mode and high-energy ED mode strongly depend on h. For h = 4 nm, due to the strong optical coupling between the 
elementary ED modes, the high-energy ED mode at ~600 nm and low-energy MD mode at ~1100 nm exhibit the most significant ΔE. 
The calculated distribution maps of |E|2 and |H|

2 can illustrate the MD nature of the unperturbed gap mode with a three-order 
enhancement of |E|2 and a two-order enhancement of |H|

2 within the nanogap (Fig. 3C). The increase of h from 4 nm to 40 nm re-
duces the optical coupling strength between the top and bottom Au disks’ elementary ED modes and the MD mode resonant wave-
length blueshifts due to a reduced ΔE. As h approaches 40 nm, the low-energy MD mode can largely overlap with the high-energy ED 
mode to have significantly increased absorption due to their near-field interactions. 

Fig. 3D depicts the effects of h variations on the optical responses of the MD mode. By increasing h from 4 to 16 nm and 40 nm, the 
MD mode resonant wavelength first blueshifts rapidly from 1100 nm to 770 nm, and then blueshifts gradually from 770 nm to 670 nm. 
Also, as h increases from 4 nm to 40 nm, σsca/σ0 increases continuously from ~0.5 to ~13.1, manifesting the gradually increased MD 
moment strength due to an expanded current loop area. In contrast, as h increases from 4 nm to 24 nm and 40 nm, σabs/σ0 first in-
creases rapidly from ~3.6 to ~8.2 and then saturates by reaching the critical coupling condition at h = 24 nm (Fig. S1B). It is crucial to 
note that the ED mode off-resonantly contributes to the absorption at the MD mode resonant wavelength and breaks the single dipolar 
absorption limit [47,50,51]. 

2.3. The effects of the metal layer thickness on ED and MD modes in a MIM building block 

As the metal (Au) layer thickness in a MIM building block is comparable to or smaller than the optical skin depth, the elementary ED 
modes at all four insulator-metal interfaces can interact with each other (Fig. 4A). Such a MIM building block can be treated as two 
optically coupled IMI subsystems in the vertical stack (Fig. 4A), supporting a high-energy ED and a low-energy MD mode from the in- 
phase and out-of-phase coupling between the elementary ED modes in the two IMI subsystems. Therefore, changing t affects the 
elementary ED modes of IMI subsystems and alters the overall optical response. 

As shown in FDTD-calculated σabs/σ0 and σsca/σ0 (Fig. 4B), the optical response of a MIM building block with a fixed insulator gap 
thickness (h = 8 nm) can change significantly with reduced t from 40 nm to 4 nm. For t = 4 nm, the MIM unit only exhibits a high- 
energy anti-bonding ED mode with a high absorption cross-section; however, the low-energy bonding MD mode is absent since the 
small t can limit the current loop area to cause a weak coupling with free-space light. As t increases from 4 to 16, 28, and 40 nm, the ED 
mode blueshifts with increased σsca/σ0 and reduced σabs/σ0, while the emergent MD mode blueshifts with increased σabs/σ0 due to an 
enlarged current loop area. 

Fig. 4C shows the dependence of the ED mode resonant wavelength (λED), σsca/σ0 and σabs/σ0 on t. With t increasing from 4 to 20 and 
40 nm, λED initially blueshifts swiftly from ~844 to ~660 nm and then gradually to ~620 nm. As t increases from 4 to 20 and 40 nm, 
σabs/σ0 rapidly decreases from ~6.3 to ~3.0, and then gradually from ~3.0 to ~2.0, while σsca/σ0 first rapidly increases from ~5.7 to 
~8.1, and then slightly decreases from ~8.1 to ~7.8. Compared to the ED mode, the MD mode shows a very different dependence of 

Fig. 4. Spectral tunability of ED mode and MD mode in a MIM building block by controlling the metal layer thickness (t). (A) Energy diagram 
illustration of ED mode and MD mode in a MIM nanodisk by the optical coupling between the elementary ED modes in the two metal nanodisks with 
varying metal layer thicknesses (t). (B) FDTD-calculated far-field spectra of absorption and scattering cross-sections for Au-SiO2-Au nanodisks in 
water (n = 1.33) with different Au thicknesses (t) of 4, 16, 28, and 40 nm and a fixed SiO2 (n = 1.5) thickness (h) of 8 nm. (C-D) The dependence of 
the resonant wavelength and the peak absorption/scattering cross-sections for (C) the ED mode and (D) the MD mode of an Au-SiO2-Au nanodisk 
(h = 8 nm) in water (n = 1.33) on the Au thickness (t). 
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the resonant wavelength (λMD), σsca/σ0 and σabs/σ0 on t (Fig. 4D). As t increases from 4 to 20 and 40 nm, λED first rapidly blueshifts from 
~1630 to ~1000 nm and then gradually to ~900 nm. Unlike the ED mode, with increased t from 4 to 40 nm, σabs/σ0 and σsca/σ0 for the 
MD mode keep increasing from ~0.1 to ~4.1 and from ~0 to ~1.0, respectively, due to an increased effective loop area. 

2.4. NLPNAs with different numbers of IMI and MIM building blocks 

For NLPNAs consisting of multiple IMI and MIM building blocks, its optical response depends not only on the resonant properties of 
the elementary ED and MD modes but also on their mutual optical interactions. Fig. 5A-C depict the calculated σabs/σ0 and σsca/σ0 
spectra for NLPNAs made of different numbers of metal (Au) and insulator (n = 1.5) layers, where t is 12 nm, h is 9 nm, and D is 
100 nm. In agreement with the results of Fig. 4, the one-insulator-gap MIM system supports a dominant ED resonant peak at ∼ 700nm 
and a weaker MD resonant peak at ∼ 1152nm (Fig. 5A). Unlike the one-insulator-gap MIM system (Fig. 5A), the two-insulator-gap 
MIMIM (Fig. 5B) and three-insulator-gap MIMIMIM (Fig. 5C) systems manifest three resonant features, including the ED mode, MD 
mode, and an additional low-energy resonance. With an increased number of MIM building blocks in the vertical stack, the resonant 
wavelength of the ED mode slightly blueshifts from ∼ 700nm (MIM) to ∼ 684nm (MIMIM) and ∼ 664nm (MIMIMIM); in contrast, the 
MD mode shows significantly blueshifted wavelengths from ∼ 1152nm (MIM) to ∼ 988nm (MIMIM) and ∼ 868nm (MIMIMIM), and 
the resonant wavelength of the additional low-energy mode also blueshifts considerably from ∼ 1264nm (MIMIM) to ∼ 1076nm 
(MIMIMIM). The different dependence of mode resonant wavelength on the number of vertically stacked building blocks reflects the 
different mutual coupling strengths between elementary ED and MD modes in IMI and MIM building blocks. Remarkably, the ab-
sorption and scattering cross-sections of modes also strongly depend on the number of vertically stacked building blocks. With 
increased building block numbers, the ED mode absorption σabs/σ0 decreases from ~3.82 (MIM) to ~3.1 (MIMIM) and ~2.8 (MIM-
IMIM) while its scattering σsca/σ0 slightly increases from ~7.9 (MIM) to ~ 8.6 (MIMIM) and ~8.7 (MIMIMIM), revealing an increased 
total ED moment strength due to the increased total charge number. In contrast, the MD mode absorption σabs/σ0 significantly in-
creases from ~0.4 (MIM) to ~3.1 (MIMIM) and ~4.1 (MIMIMIM) and its scattering σsca/σ0 slightly increases from ~0.02(MIM) to 
~0.1 (MIMIM) and ~1.5 (MIMIMIM), revealing an increased total MD moment strength due to the larger current loop area. 

To investigate the microscopic physics behind the far-field absorption and scattering responses for MIMIMIM NLPNAs, we 
calculated near-field distribution profiles of the electric and magnetic field intensities, |E|2 and |H|2, and the electric and magnetic field 
phase angles, ϕ(Ex) and ϕ(Hy), for the three resonant features at λ1, λ2, and λ3 (Fig. 5D-F). Fig. 5D reveals that the mode profile for λ1 

mode consists of ED characteristics with a uniform ϕ(Ex) within the four individual Au disks and intense |E|2 localized at the edges of 
individual Au disks. Besides, the λ1 mode also shows magnetic quadrupole (MQ) characteristics with intense |H|

2 concentrated at the 
top and bottom surface of TNLNAs and an out-of-phase distribution of ϕ(Hy) separated at a middle Au nanodisk plane. As expected, the 
λ2 mode exhibits MD characteristics with high magnetic fields |H|

2 and in-phase ϕ(Hy) across multiple metal and insulator layers 
within NLPNAs (Fig. 5E). Remarkably, the λ2 mode can concentrate the high electric fields |E|2 with an enhancement factor over 103 

into the three insulator gaps of MIM building blocks. Besides, the λ2 mode also exhibits electric quadrupole (EQ) characteristics with an 
out-of-phase distribution of ϕ(Ex) separated at a middle insulator nanodisk plane. Finally, the weakly excited λ3 mode reveals (i) 

Fig. 5. Far-field and near-field optical properties of NLPNAs with different numbers of vertically stacked MIM building blocks. FDTD-calculated 
spectra of normalized absorption and scattering cross-sections for the NLPNAs in water (n = 1.33) with (A) one insulator layer, (B) two insulator 
layers, and (C) three insulator layers. The thickness of Au layers (t) is 12 nm, the thickness of SiO2 layers (h) is 9 nm, and the diameter of the 
nanolaminate nanoantenna (D) is 100 nm. (D-F) FDTD-calculated distribution maps of |E|2, ϕ(Ex), ϕ(Ez), |H|

2, and ϕ
(
Hy

)
for the modes of three 

insulator gap NLPNAs in water (n = 1.33), respectively, with (D) ED mode, (E) two MD mode, and (F) MQ mode. 
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magnetic quadrupole (MQ) characteristics with nearly out-of-phase ϕ(Hy) in the two MIM nanogaps but with the higher magnetic field 
|H|

2 and electric field |E|2 concentrated in the bottom MIM nanogap, and (ii) electric high-order multipolar characteristics with out-of- 
phase ϕ(Ex) distributions among the top, the middle two, and the bottom Au nanodisks (Fig. 5F). The near-field distribution maps of the 
corresponding modes from bulk Au disk, one-insulator-gap MIM, and two-insulator-gap MIMIM systems show similar profiles (Fig. S2, 
Supporting Information). Besides, with a further increase in layer numbers, the MD mode absorption would eventually saturate due to 
the more substantial phase-retardation effect (Fig. S3, Supporting Information). 

2.5. Effects of metal-to-insulator thickness ratio on double-resonant properties of NLPNAs 

For the fixed-size MIMIM NLPNAs with varying t/h ratios (Fig. 6A), their σabs/σ0 and σsca/σ0 spectra always show two prominent 
resonant features: the ED mode at the lower wavelength and the MD mode at the higher wavelength. As t/h increases from 4 nm/44 nm 
to 28 nm/8 nm, the ED mode blueshifts from 918 nm to 621 nm in an increasingly saturated manner, similar to the behavior of single 
IMI building blocks (Fig. 2B). Furthermore, with increasing t/h, the ED mode absorption σabs/σ0 rapidly decreases from ~7.7 to ~2.1 
while its scattering σsca/σ0 slightly increases from ~5.6 to ~7.8. 

As shown in Fig. 6A, the MD mode shows a very different dependence of optical responses on t/h. As t/h increases from t4nm/h44nm 
to t20nm/h20nm, the resonant wavelength of the MD mode blueshifts from 1066 nm to 745 nm; however, as t/h further increases from 
t20nm/h20nm to t28nm/h8nm, the MD mode resonant wavelength reverses its shifting direction and redshifts from 745 nm to 850 nm. This 
unusual t/h dependence of MD resonant wavelength reflects a trade-off between two competing effects in NLPNAs consisting of 
multiple MIM and IMI building blocks. First, decreasing h can redshift the elementary MD modes in MIM building blocks due to the 
increased coupling strength between elementary ED modes in MIM building blocks and the increased ΔE (Fig. 3B). Such h modulation 
effects on the MD mode can become dominant for NLPNAs with thin insulator layers (h<20 nm). Second, increasing t blueshifts the 
elementary MD modes due to the elementary ED mode’s blueshift in IMI building blocks (Fig. 4B). Such t modulation effects on the MD 
mode can become dominant for NLPNAs with thin metal layers (t<20 nm). Notably, although the MD mode resonant wavelength 
strongly depends on the t/h changes in NLPNAs, the resonant absorption of the MD mode sustains high values (σabs/σ0 > ~8) due to 
several effects. First, since the MD mode in NLPNAs has the current loop area extending across the multiple MIM building blocks in the 
vertical stack, the MD moment strength becomes less sensitive to the t/h changes (Fig. 6B-D). Second, the ED mode in NLPNAs 
consisting of multiple IMI building blocks has an increased ED moment strength with a more considerable radiative decay broadening, 
which can interact with the MD mode through the near-field to enhance further the absorption of the MD mode (Fig. S6A, Supporting 
Information). 

To investigate near-field optical properties for MD modes at various resonant wavelengths by changing t/h of NLPNAs, we plot MD 
mode distribution profiles of |E|2, ϕ(Ex), ϕ(Ex), |H|

2, and ϕ(Hy) for two-insulator-gap NLPNAs with t28nm/h8nm (Fig. 6B), t16nm/h26nm 

Fig. 6. Far-field and near-field optical properties of fixed-size MIMIM NLPNAs with different metal-to-insulator thickness ratios (t/h). (A) FDTD- 
calculated spectra of normalized absorption and scattering cross-sections for fixed-size Au-SiO2-Au-SiO2-Au nanoantennas in water (n = 1.33) 
with different thicknesses for Au (t) and SiO2 (h) layers, which have the fixed diameter (D) and the height (H) of ~100 nm. (B-C) FDTD-calculated 
distribution maps of |E|2, ϕ(Ex), ϕ(Ez), |H|

2, and ϕ
(
Hy

)
for the MD related modes of fixed-size Au-SiO2-Au-SiO2-Au nanoantennas with different 

thicknesses of Au and SiO2 layers in water (n = 1.33), including (B) t = 28 nm and h = 8 nm, (C) t = 16 nm and h = 26 nm, and (D) t = 4 nm 
and h = 44 nm. 
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(Fig. 6C), and t4nm/h44nm (Fig. 6D). The distribution maps of |Ex|
2 and |Ez|

2 are provided in Fig. S4A and Supporting Information. First, 
for the t28nm/h8nm NLPNAs consisting of thin insulator layers (8 nm), the MD mode at λ1 = 850 nm is spectrally far from the ED mode at 
600 nm and can exhibit pure MD characteristics confining intense |H|

2 of in-phase ϕ(Hy) within the two MIM building blocks. Notably, 
a flat out-of-phase ϕ(Ex) distribution boundary cuts the center plane of the middle metal nanodisk, manifesting the two in-phase MD 
loop current oscillations in the two MIM building blocks. Second, for the t16nm/h26nm NLPNAs consisting of thicker insulator layers 
(h = 26 nm), the MD mode at λ2 = 750 nm spectrally overlaps the broad ED mode at 680 nm and exhibits hybrid MD and ED char-
acteristics in the near field, showing the less confined |H|

2 and extended ϕ(Hy) outside the two MIM building blocks. Furthermore, the 
out-of-phase ϕ(Ex) distribution boundary in the middle metal nanodisk shows a wavy profile due to an increased interfacial electron 
scattering perturbation to the conduction current Jx = σEx in thinner metal disks, where σ is the conductivity in the metal. Finally, for 
the t4nm/h44nm NLPNAs made of ultrathin metal layers (t = 4 nm), the MD mode at λ2 = 1066 nm has a spectral overlap with the broad 
ED mode at 950 nm; nevertheless, its near-field profiles show the MD characteristics in the top MIM building block and the ED 
characteristics in the bottom metal nanodisk. Remarkably, the out-of-phase ϕ(Ex) and Jx can no longer exist in the ultrathin middle 
metal nanodisk because the significant interfacial electron scattering makes it difficult to establish in-phase coupling of MD loop 
current oscillations in the two MIM building blocks. Such analysis is also consistent for 3-insulator-gap fixed-size NLPNAs (Figs. S4B, 
S5, S6B, Supporting Information) 

Fig. 7 provides side-by-side comparisons of the t/h dependent double-resonance properties between one-insulator-gap (MIM), two- 
insulator-gap (MIMIM), and three-insulator-gap (MIMIMIM) NLPNAs with a fixed size (D = 100 nm, H = 100 nm). To assess the 
overall performance in the spectral tunability and resonant optical responses, the resonant wavelength λ0, absorption σabs/σ0, and 
scattering σsca/σ0 are plotted as a function of metal-to-insulator thickness ratio t/h for both ED and MD modes in fixed-sized NLPNAs 
consisting of different numbers of metal and insulator layers. 

For one-insulator-gap (MIM) fixed-sized NLPNAs (Fig. 7A), as t/h increases from 4 nm/92 nm to 12 nm/38 nm and 48 nm/4 nm, 
the ED mode resonant wavelength changes from ~930 nm to ~737 nm and ~613 nm, the ED mode absorption σabs/σ0 changes from 
~7.3 to ~6.3 and ~1.9, and the ED mode scattering σsca/σ0 changes from ~3.52 to ~8.07 and ~8.42. On the other hand, with t/h 
increased from 4 nm/92 nm to 12 nm/38 nm, 28 nm/44 nm, and 48 nm/4 nm, the MD mode resonant wavelength changes from ~ 
1100 nm to ~ 770 nm, ~697 nm and ~ 1107 nm, the MD mode absorption σabs/σ0 changes from ~ 6.94 to ~11.35, ~9.98, and ~ 
2.98, and the MD mode scattering σsca/σ0 changes from ~ 0.95 to ~6.44, ~6.97 and ~ 0.38. These observations reveal several key 
points. First, the EM mode tends to induce larger scattering than absorption, while the MD mode tends to have larger absorption than 
the scattering. Second, the requirement of large ED mode scattering (σsca/σ0 > 8) can limit the resonant wavelength tunability range 
(Δλ0 = ~68 nm) of the ED mode between ~701 nm and ~633 nm. Third, the requirement of large MD mode absorption (σabs/σ0 > 8) 
can limit the resonant wavelength tunability range (Δλ0 = ~176 nm) of the MD mode between ~697 nm and ~873 nm. 

For two-insulator-gap (MIMIM) fixed-sized NLPNAs (Fig. 7B), as t/h increases from t4nm/h44nm to t12nm/h32nm and t28nm/h8nm, the 

Fig. 7. Spectral tunability of fixed-size double-resonant NLPNAs with different numbers of vertically stacked MIM building blocks by controlling the 
metal-to-insulator thickness ratio (t/h). (A-C) The dependence of the resonant wavelength and the peak absorption/scattering cross-sections of the 
ED mode and the MD mode on the Au layer thickness (t) for fixed-size NLPNAs with (A) one insulator layer, (B) two insulator layers, and (C) three 
insulator layers, in water (n = 1.33). The diameter and the total height of NLPNAs with different numbers of Au-SiO2-Au building blocks are fixed as 
~100 nm. In the top panel of (A-C), the vertical shaded blue bands depict the range of Au layer thickness (t) for the ED mode with high peak 
scattering (σsca/σ0 ≥ 8), and horizontal shaded grey bands represent the tunable resonant wavelength range for a high scattering regime. In the 
bottom panel of (A-C), the vertical shaded red bands depict the range of Au layer thickness (t) for the MD mode with high peak absorption 
(σabs/σ0 ≥ 8), and horizontal shaded grey bands represent the tunable resonant wavelength range for the MD mode with the peak absorption σabs/

σ0 ≥ 8 (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article). 
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ED mode resonant wavelength changes from ~ 1066 nm to ~ 709 nm and ~ 621 nm, the ED mode absorption σabs/σ0 changes from ~ 
7.70 to ~ 3.74 and ~ 1.95, and the ED mode scattering σsca/σ0 changes from ~ 5.58 to ~9.37 and ~ 7.84. On the other hand, with t/h 
increased from t4nm/h44nm to t8nm/h42nm, t20nm/h20nm, and t28nm/h8nm, the MD mode resonant wavelength changes from ~ 1066 nm to 
~ 862 nm, ~ 745 nm and ~ 850 nm, the MD mode absorption σabs/σ0 changes from ~ 7.98 to ~ 9.83, ~ 9.11, and ~6.93, and the MD 
mode scattering σsca/σ0 changes from ~ 1.2 to ~ 1.95, ~ 5.19 and ~ 2.39. Compared to one-insulator-gap (MIM) NLPNAs, two- 
insulator-gap (MIMIM) NLPNAs can support both a high scattering ED mode (σsca/σ0 > 8) with an increased resonant wavelength 
tunability range (Δλ0 = ~136 nm) between ~781 nm and ~645 nm, and a high absorption MD mode (σabs/σ0 > 8) with an increased 
resonant wavelength tunability range (Δλ0 = ~321 nm) between ~745 nm to ~1066 nm. 

For three-insulator-gap (MIMIMIM) fixed-sized NLPNAs (Fig. 7C), as t/h increases from t4nm/h28nm to and t10nm/h20nm and t20nm/ 
h6nm, the ED mode resonant wavelength blueshifts from ~ 886 nm to ~ 705 nm and ~ 637 nm, the ED mode absorption σabs/σ0 
decreases from ~ 7.04 to ~3.27 and ~ 2.07, and the ED mode scattering σsca/σ0 increases from ~ 8.06 to ~9.61 and gradually de-
creases to ~ 8.17. On the other hand, with t/h increased from t4nm/h28nm to t10nm/h20nm and t20nm/h6nm, the MD mode resonant 
wavelength changes from ~ 1018 nm to ~ 810 nm and ~ 886 nm, the MD mode absorption σabs/σ0 changes from ~ 7.75 to ~9.22 and 
~ 6.75, and the MD mode scattering σsca/σ0 changes from ~ 0.90 to ~3.32 and ~ 1.98. Compared with two-insulator-gap (MIMIM) 
NLPNAs, the three-insulator-gap (MIMIMIM) NLPNAs show an improved resonant wavelength tunability (Δλ0 = ~249 nm, between 
886 nm and 637 nm) to achieve the high-scattering ED mode (σabs/σ0 > 8) but significantly reduced resonant wavelength tunability 
(Δλ0 = ~40 nm, between 769 nm and 809 nm) to achieve the high-absorption MD mode (σabs/σ0 > 8). Therefore, the two-insulator- 
gap (MIMIM) fixed-sized NLPNAs exhibit the best performance to achieve t/h dependent double-resonance spectral tunability for the 
high-scattering ED mode and high-absorption MD mode. 

3. Conclusion 

In summary, our numerical studies show that fixed-sized NLPNAs can support highly excitable ED and MD modes with a broad 
spectral tunability by manipulating the metal-to-insulator thickness ratio (t/h). We reveal that the excellent double-resonance 
tunability of fixed-sized NLPNAs is due to the significant out-of-plane geometric dependence of the elementary ED modes in IMI 
building blocks, the elementary MD modes in MIM building blocks, and the coupling between elementary MD modes. We envision that 
fixed-sized NLPNAs with broad double-resonance tunability can enable wavelength-multiplexing plasmonics multifunctionality at the 
nano-bio interface. For example, it is possible to exploit double-resonant NLPNAs under laser sources at two different wavelengths for 
in-situ SERS biochemical monitoring of cellular activities [34,52] in response to the nanolocalized photothermal activation of elec-
trogenic cells and cellular networks [53]. Besides, the integration of fixed-size double-resonant NLPNAs on the top of nanopillar 
nanoelectrodes can allow for hybrid optical-electrical multimodality at the nano-bio interface, such as bioelectrical recording of 
cellular action potentials [54,55], electrochemical sensing of biomolecules [56], SERS biochemical sensing, optical neural stimulation 
[57], and cell membrane optoporation [58]. 
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