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Sub-wavelength strongly confined electromagnetic field induced by surface

plasmon resonance offers a promising method to enhance the light-matter

interactions, which has wide applications in the fields of enhanced

spectroscopy, photovoltaic conversion, and photocatalysis. For periodic

metal nanostructures, the localized surface plasmon resonance (LSPR) can

couple with the long-range diffractive interaction, causing a narrow linewidth.

Here, we report a new family of plasmonic nanostructure fabricated through

nanoimprint lithograph, which enables completely uniform, reproducible, and

low-cost Au nanofinger multimer arrays with high aspect ratio at the

manufacturing scale. Through adjusting the lattice spacing and the angle of

incident light, the different collective coupling strengths between the diffraction

modes and the LSPR of trimer or pentamer Au nanofingers arrays are observed

experimentally by angle-resolved reflection spectroscopy. According to the

numerical simulation based on the finite element method, the dynamic

evolution of collective coupled modes is demonstrated. The typical surface

charge distribution and electric field distribution of the coupled dipole

resonance show a significant electromagnetic field enhancement. By

adjusting the height of nanofingers, lattice spacing and gap size of adjacent

nanofingers, the feasibility of the coupled modes is further investigated. This

work provides an excellent candidate for the localization of light as chip-scale

plasmonic devices.
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1 Introduction

Localized surface plasmon resonance (LSPR) induced by noble metal nanostructures

can concentrate light into sub-wavelength regions to generate strong near-field

enhancement [1–4], which enables many significant applications in the field of

nanophotonics, such as enhanced spectroscopy [5–8], photovoltaic conversion [9,10],
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photocatalysis [11], and other enhanced light-matter interactions

[12]. Compared to isolated nanoparticles, multiple nanoparticles

or metallic arrays of nanostructures can form hybrid modes due

to the interaction between the individual optical modes

overlapping in spatial and spectral space, which greatly

enriches the manipulation of localized optical fields and

further improves optical performances [13,14]. For instance,

nanoparticles with sub-nanometer gaps can produce

exponentially enhanced localized electric fields owing to the

near-field coupling [15,16]. The destructive interference

between the narrow sub-radiant mode and the broad supper-

radiant mode can result in Fano resonance, which shows vary

narrow linewidth that can be used to improve the refractive index

sensing [17,18]. In addition, for plasmonic lattice structures, a

geometric resonance arises when the LSPR wavelength of a single

nanostructure is commensurate with the periodicity of the lattice

arrays, which leads to a dramatic modification of the extinction

spectrum [19–23]. The periodic metal nanostructures featured

with good uniformity and repeatability will support a higher-

quality nanocavity due to the coupling between the LSPR and the

long-range diffractive modes, which is highly useful for light

harvesting [24–27]. However, in plasmonic lattice arrays, it is

found that the mismatch of environmental refractive index

between the upper interface in contact with air and the lower

interface in contact with substrate will decrease the coupling

efficiency of light in free space [28]. To solve this problem, nearly

free-standing metal nanoparticle arrays are preferred by reducing

the spatial overlap between the substrate and the enhanced field,

thus, allowing for a larger spatial area of field enhancement and

improved refractive index sensitivity [29]. More recently, special

suspended elevated metallic nanoparticle arrays, such as

mushroom and bowtie arrays with dielectric pillars are

fabricated, which presents better performance in refractive

index sensing [22,30–32]. However, it is still a challenge for

conventional physical fabrication methods to fabricate high

uniform, reproducible, and low-cost nanoarrays with a high

aspect ratio at the manufacturing scale due to the lithography

and etching process limitations.

In this work, we report new plasmonic lattice arrays of Au

nanofingers trimer and pentamer arrays fabricated by

nanoimprint lithograph, in which the height of supporting

dielectric pillars can reach up to 600 nm. This well-developed

nanofingers array with a high aspect ratio is valuable for light

harvesting. As compared to conventional physical fabrication,

the height of our nanofingers is over half of the wavelength,

which can effectively support the lattice mode of periodic arrays.

Furthermore, our methods have the benefits of low-cost, high

repeatability, and large area and, thus, are preferred to be the

platform to study nanophotonics. Through adjusting the angle of

incident light and lattice spacing, we successfully observed the

collective coupling between the LSPR and periodic diffraction

modes by angle-resolved reflection spectroscopy measurements.

Furthermore, we explored the dynamic evolution and structural

geometry parameters dependence on collective coupling modes

in plasmonic lattice by numerical simulations. It is noted that our

periodic Au nanofingers are flexible and can be collapsed to each

other. In addition, the gap size of adjacent nanofingers can be

precisely controlled by pre-deposited dielectric films. The

proposed approach opens novel opportunities for the

engineering of metal nanostructure arrays with optimized

performance for spectroscopic and sensing applications.

2 Results and discussion

The high-density trimer and pentamer arrays of nearly free-

standing flexible nanofingers are firstly fabricated by our well-

developed nanoimprint lithography (NIL) and reactive-ion

etching based on polymer materials (PDMS), which enables a

high aspect ratio at the manufacturing scale [33,34]. The typical

height and diameter of each nanofinger are 600 nm and 70 nm,

respectively. The gap size of adjacent nanofingers is 130 nm. In

addition, two square lattice arrays with different periods of

670 nm and 5 μm are fabricated. Subsequently, a 50 nm Au

layer is deposited onto the top of nanofingers by e-beam

evaporation. Figure 1 shows the scanning electron microscopy

(SEM). The results show that the trimer and pentamer Au

nanofinger arrays with different lattice constant have high-

quality morphology, which is consistent with the design. It is

noted that the nanofingers with adjustable configuration and

geometric structure parameters can be finely defined by initial

electron-beam lithography (EBL) and reproduced faithfully

by NIL.

The angle-resolved reflection spectra are first measured to

explore the coupling between the LSPR and periodic diffraction

modes for trimer and pentamer Au nanofinger arrays with lattice

constant of 5 μm, as shown in Figure 2. Here, the intensity of the

reflectance is normalized in terms of the intensity of the peak.

The results indicate that the reflection peak position is almost

unchanged when the angle of incident light (θ) is changed

from −30° to 30° for both trimer and pentamer

nanostructures. It can be ascribed to weak coupling between

the LSPR modes of single nanofingers and periodic diffraction

modes. In order to better understand the underlying physics, we

have simulated the corresponding extinction spectra of isolated

nanofinger multimers based on the finite element method. The

geometrical parameters are consistent with the experimental

design. The permittivity of Au is from the COMSOL built-in

material library, and the refractive index of PDMS is set as 1.41.

In simulations, a plane wave with x-direction polarization

irradiates normally along the negative z-axis direction, and

trimer or pentamer nanofinger arrays are surrounded by a

perfect matched layer condition. The results show a dominant

extinction peak at 540 nm for trimer and at 555 nm for pentamer,

as shown in Figures 2B and D. As compared to experimental

measurements, there is a little difference in resonant wavelength,
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FIGURE 1
SEM images of trimer or pentamer Au nanofinger arrays. (A) Top-view SEM image of trimer Au nanofinger arrays with lattice constant of 5 μm.
Scale bar: 5 μm. (B) Top-view SEM image of trimer Au nanofinger arrays with lattice constant of 670 nm. Scale bar: 500 nm. (C) Oblique-view SEM
image of magnified trimer Au nanofinger arrays with 500 nm scale bar. (D–F) Corresponding SEM images for pentamer Au nanofinger arrays.

FIGURE 2
Experimentallymeasured and numerically simulated reflection spectra of trimer or pentamer Au nanofinger arrays with lattice constant of 5 μm.
(A) Experimentally measured angle-resolved reflection spectra of trimer Au nanofinger arrays. (B) Experimentally measured reflection spectra and
numerically simulated extinction spectra of trimer Au nanofinger arrays with normal incidence. Inset: corresponding charge distribution with
resonant excitation. (C and D) Corresponding data for pentamer Au nanofinger arrays.
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which might be attributed to the geometry deviation between

experiments and simulations. Considering the gap size of

adjacent nanofingers is 130 nm, the near-field coupling effect

between adjacent nanofingers is weak. Consequently, the typical

surface charge distributions of trimer or pentamer nanofingers at

the resonant excitation all present the isolated dipole resonant

modes with the same orientations of dipole moment, which are

parallel with the polarized direction of incident light.

To further explore the effect of lattice constant on the

coupling strength, the trimer or pentamer Au nanofinger

arrays with small lattice constant of 670 nm are studied, as

shown in Figure 3. Different from nanofinger arrays with

larger lattice constant of 5 μm, the results of angle-resolved

reflection spectra of nanofinger arrays with lattice constant of

670 nm present obvious incident angle dependence. For trimer

arrays shown in Figures 3A and B, the reflection peak is blue and

shifted gradually with the angle of incidence increasing from 0° to

30°. In the meantime, the peak width at half height becomes

narrower, which means the quality of resonant mode increased,

and a dip appeared at around 600 nm in the reflection spectra.

For pentamer arrays, as shown in Figures 3C and D, except for a

similar phenomenon in the experimentally measured angle-

resolved reflection spectra, the resonant peak shows a

narrower peak width at half height, which means a strong

coupling strength between the LSPR modes of single

nanofingers and the periodic diffraction modes. To

demonstrate the collective coupling effects, numerical

simulations with 0°, 15°, and 25° incident angle are performed.

The lattice constant is set as 670 nm. The periodic boundary

conditions are used in x and y directions, and a perfectly matched

layer condition is imposed at the boundaries along z directions.

Other geometric and material parameters are the same as

mentioned before. As shown in Figure 4A, the simulated

reflection peak shows a blue shift when the angle of incidence

increases from 0 to 30°, which is consistent with experimental

measurements. The simulated reflection spectrum also shows an

obvious Fano line type around 670 nm, which is related to the

strong coupling between the LSPR and the long-range diffractive

modes [35]. The position of the dip is associated with Rayleigh

cut-off wavelength (λR). For square lattice, the Rayleigh cut-off

wavelength can be described as follows [20]:

λairR−mpq �
a

m

������
p2 + q2

√
± sin(θ) p · cos(φ) + q · sin(φ)[ ]{ }

where m,p, q are integers, a is the lattice constant, θ is the angle

of incidence, and φ is the polar angle of the substrate orientation

FIGURE 3
Experimentally measured angle-resolved reflection spectra of trimer or pentamer Au nanofinger arrays with lattice constant of 670 nm. (A)
Reflection spectra of trimer Au nanofinger arrays for the incidence angle varied from -30° to 30°. (B) Experimental reflection spectra of trimer Au
nanofinger arrays at the incidence angle of 0°, 15° and 25°, as selected from (A). (C and D) Corresponding data for pentamer Au nanofinger arrays.
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FIGURE 4
Numerically simulated reflection spectra of trimer or pentamer Au nanofinger arrays with lattice constant of 670 nm. (A) Simulated reflection
spectra of Au nanofinger trimer arrays at the incidence angle of 0°, 15°, and 25°. (B) Electric field distribution for the trimer Au nanofinger arrays with
normal incidence at peak of 670 nm. (C and D) Corresponding data for pentamer Au nanofinger arrays.

FIGURE 5
Numerically simulated reflection spectra of trimer Au nanofinger arrays with different geometric structure parameters at normal incidence. (A)
Simulated reflection spectra of nanofingers with different heights, and the period T and gap size are set as 670 nm and 130 nm, respectively. (B)
Simulated reflection spectra of nanofingerswith different lattice constants, and the heightH and gap size are set as 600 nm and 130 nm, respectively.
(C) Simulated reflection spectra of nanofingers with different gap sizes of adjacent nanofingers, and the period T and heightH are set as 670 nm
and 600 nm, respectively.
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with respect to the plane of incidence. For φ � 0 the most

important air is given by

λairR−m � a

m
[1 ± sin(θ)]

When the incident light wavelength coincides with the

Rayleigh cutoff wavelength, the diffracted wave will move

along the substrate surface at a swept angle to interact with

the nanoparticles in the array. The Rayleigh cutoff wavelength

is equal to the lattice constant when normal incidence is

applied, so the value will show anomalously sharp resonant

peaks at wavelengths near the lattice constant. As shown in

Figure 4B, the electric field distribution at the Rayleigh cutoff

wavelength shows an obvious enhancement, which is

very beneficial for the applications in enhancing the light-

matter interactions. As for pentamer arrays with lattice

constant of 670 nm, the simulated angle-resolved reflection

spectra and electric field distribution all present collective

coupling resonant characteristics, as shown in Figures 4C

and D.

Finally, we further studied the dynamic evolution and

structural geometry parameters dependence of collective

coupling modes. As shown in Figure 5A, the reflection

spectra of Au nanofingers trimer arrays with normal

incidence are simulated, in which the height of the PDMS

pillar is set as 100, 300, and 600 nm, and the period and gap

size are set as 670 nm and 130 nm, respectively. The results

show that the height of PDMS pillars strongly affected the

reflection spectra of the plasmonic lattices, where the short

pillars can hard support the long-range diffractive interaction

so that the Fano line types will disappear. This is because of the

mismatch of the environmental refractive index between the

upper interface in contact with air and the lower interface in

contact with substrate, which decreases the coupling in free

space. In addition, the tunability of our well-designed

nanostructures can be easily achieved in the visible region

from 500 nm to 900 nm by changing the period of nanofingers.

As shown in Figure 5B, with the increase of the period

when other parameters are fixed, the wavelength of

Rayleigh anomalies increases. It is worth noting that the

nanofingers are flexible. When the samples are soaked in

ethanol and air-dried, the adjacent flexible nanofingers

collapse to form the physically touched arrays due to the

capillary force. In addition, the gap size can be precisely

controlled by pre-deposited dielectric films, in which the

gap size of adjacent nanofingers is defined as twice of the

dielectric films. Therefore, we simulated the reflection spectra

with different gap sizes of adjacent nanofingers. As shown

in Figure 5C, the reflection peaks with higher quality factors

can be obtained by narrowing the gap sizes when other

parameters remain unchanged. It is believed that this

approach has great application potential in plasmonic

enhanced devices.

3 Conclusion

In summary, we developed a high uniform, reproducible, and

low-cost Au ordered nanofingers arrays by nanoimprint

lithograph, in which the height of supporting dielectric pillars

can reach up to 600 nm. The collective coupling between

diffraction patterns and LSPR of single Au nanofingers based

on trimer and pentamer Au nanofinger arrays were experimental

observed through the angle-resolved reflection spectra. We

further investigated the dynamic evolution of collective

coupling modes in the plasmonic lattice by adjusting the

height of nanofingers and lattice spacing and gap size of

adjacent nanofingers in numerical simulations. It can provide

new opportunities for engineering metal nanoarrays with

optimized performance for spectroscopic and sensing

applications.
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