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Abstract

:

Plasmonic surface lattice resonances (SLRs) have endowed plasmonic systems with unprecedently high quality (Q) factors, giving rise to great advantages for light–matter interactions and boosting the developments of nanolaser, photodetector, biosensor and so on. However, it still lacks exploration to develop a strategy for achieving large electric field enhancements (FEs) while maintaining high Q factors of SLRs. Here, we investigate and verify such a strategy by engineering morphologies of plasmonic lattice, in which the influences of geometrical shapes, cross-section areas and structural compositions of particles are investigated. Firstly, we found that the Q factor of a plasmonic SLR is inversely proportional to the square of the cross-section area of the cell particles in the studied cases. Secondly, larger FEs of SLRs appear when the separated cell particles support stronger FEs. By combining these effects of particle morphology, we achieve a plasmonic SLR with Q factor and FE up to 2100 and 592 times, respectively. Additionally, supported by the derived connections between the Q factors and FEs of SLRs and the properties of cell particles, the property optimizations of SLRs can be done by optimizing the separated particles, which are distinctly time-saving in simulations. These results provide a guideline for the design of high-performance optical nanocavities, and can benefit a variety of fields including biosensing, nonlinear optics and quantum information processing.
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1. Introduction


Plasmonics with the capability of extreme light confinement has cultivated numerous promising applications in fields including biosensors [1,2], displays [3], light field manipulation [4,5], optical integrations [6,7] and so on. To date, plasmonic surface lattice resonances (SLRs) supporting unprecedently high quality (Q) factors provide a feasible way to dramatically reduce optical loss of plasmonic systems [8,9,10,11], a longstanding issue stinging plasmonics [7,12,13,14]. A plasmonic SLR stems from the diffractive far-field coupling of the localized surface plasmon resonances (LSPRs) supported by the unit-cell nanoparticles in a periodic array, which creates a collective lattice resonance away from the LSPR that conspicuously reduces radiative loss [9,15,16]. Such high-Q plasmonic SLRs possess distinct advantages in constructing platforms of light–matter interactions [17,18,19,20,21], and have cultivated applications in a variety of fields such as nanolaser [7,9,22,23], sensing [2,24,25,26], nonlinear optics [27,28,29,30] and quantum information processing [31,32,33].



Apart from high Q factors, another long-pursuit goal in the field of plasmonics is to realize large electric field enhancement (FE), which can substantially enhance light–matter interactions [17,34,35,36,37], especially in nonlinear optical processes [38,39,40,41]. To meet the increasing demands on high-performance platforms for nanoscale optical applications, it is highly desired to combine high Q factors and strong near-FEs into one plasmonic system [34,42,43,44]. However, most of the existing works regarding plasmonic SLRs focused on the effects of their high Q factors [18,45], and it lacks investigations on the strategy of integrating large FE into plasmonic SLR nanostructures. Recently, by using a multiple elastic scattering of multipolar expansions approach, an inspiring work theoretically analyzed the properties of the electric fields caused by plasmonic SLRs [46], but their results only took account of the electric fields with wavelength-scale distances away from the plasmonic structures, and without considering that the dimers as well as shapes can help modulate the spectra and near-field distribution. Hitherto, a feasible and clear strategy is still absent for constructing a plasmonic SLR with large near-FE while maintaining high Q factors.



Here, we present a strategy for the design of plasmonic SLRs with both high Q factors and strong near-FEs. Specially, the Q factors of the plasmonic SLRs are found to be inversely proportional to the square of the unit particles’ cross-section areas. On the other hand, stronger FEs in plasmonic SLRs are verified to be found when the separated unit structures’ LSPRs possess larger near-FE. Taking account of both effects, there comes a simple guideline for achieving a plasmonic SLR with strong FE as well as a high Q factor, which is designing particles with small cross-section areas and large FEs as the unit cell of the periodic array. Apart from the simplicity, another important merit of this guideline is that it can be time-saving and create great conveniences for related researchers, because the theoretical calculations of high-Q plasmonic SLRs are much more time-consuming than that of low-Q LSPRs. By following this guideline, we demonstrate a plasmonic SLR with ultrahigh Q factor and intense near-FE up to 2100 and 592 times, respectively. Our work can benefit the realization of high-performance plasmonic nanocavities, and may find applications in active nanodevices, second/third harmonic generations, optical information processing and so on.




2. Result and Discussion


Plasmonic SLRs are generally supported by nanoscale periodic arrays containing metallic particles as unit cells, an example of which is schematically shown in Figure 1a, where, theoretically, the unit particles can be in various kinds of morphological forms (the insert in Figure 1a). Since a plasmonic SLR originates from the far-field diffractive coupling of the light scattered by the LSPRs of the unit cells, it is reasonable to think that the morphologies of the unit particles will result in differences of their scattering properties and thus affect the damping of the formed plasmonic SLR. For instance, Figure 1b–d show the influences, brought about by the difference in the unit cell’s morphologies, on the scattering intensities of the unit particles and the spectral bandwidths of the corresponding plasmonic SLRs. In order to investigate the influences of structure morphologies on plasmonic SLRs, the LSPR wavelengths corresponding to these diverse forms are designed and set to be the same by tuning the geometrical shapes, cross-section areas, and gaps. In this process, a smaller cross-section area causes a blue shift and a narrower gap causes a red shift, both of which can be used to modulate LSPRs to a specified wavelength. In Figure 1c, the LSPRs of the monomer and dimer are controlled and excited at the same wavelength 800 nm, while the SLRs presenting sharp dips occur near 1200 nm due to the coupling between LSPRs and Rayleigh anomalies [13,45,47]. In addition, the morphologies of the unit cells define the spatial modes that can be supported by the structure system, and thus can affect the near-field properties of the plasmonic SLRs in a large degree, as shown in the insets in Figure 1c. Therefore, we believe that morphology engineering will be a promising tool for the tailoring of both the spectral and spatial properties of plasmonic SLRs. To be specific, the spectral properties mainly mean the spectral bandwidths and the resonance wavelengths of plasmonic SLRs, and the spatial properties mainly indicate the field distributions and FEs. Local field enhancement, so called hot spot, where the electromagnetic field enhancement is spatially excited and confined by the plasmonic nanostructure. Based on this, the following will discuss in detail how to utilize morphology engineering to endow plasmonic SLRs with high Q factors and large FEs at the same time. In addition, the Q factor is generally defined as   Q =   λ  r e s    Δ λ     (where   λ  r e s    is the resonance wavelength,   Δ λ   is the width of the resonance) [12], and used to measure the energy storage capacity of a plasmonic system.



As the first step of the exploration, we investigated the scattering properties of the unit particles with different morphologies in their separated state. To make better comparisons, all the wavelengths of the LSPRs of the unit particles are designed to be the same, which is 900 nm in the following. The simulation details can be found in Appendix A.



A variety of typical morphologies of particles were considered in the simulations, including disk, cuboid, triangular prism and their dimer forms with different gaps (inserts in Figure 2a), whose detailed geometric parameters are given in Table 1 and Table 2. As shown in Figure 2a, for the excited dipolar LSPRs (see Supplementary Materials, Figures S4 and S5), although the particles with different morphologies exhibit similar spectral line shapes, distinct differences lay on their scattering intensities and damping rates which are expressed by the spectral linewidths. Particularly, we found strong connections between scattering intensities and Q factors of the separated particle cells and their cross-section areas. To be specific, it is illustrated that high Q factors are achieved by adopting small (geometrical) cross-section areas of unit structures in the plasmonic array, which reduces the scattering of the corresponding LSPR. As shown in Figure 2b, despite of the differences in particle shapes, the scattering intensities of the separated particle cells are typically enlarged together when the cross-section areas of the structures increase, while their Q factors exhibit the converse behaviors. Qualitatively, such connections are because larger cross-section areas increase the areas of the structures interacting with light and enlarge the scattering efficiency, which then boosts the damping rate of the LSPRs.



The diversity in properties of particle cells then brings about different behaviors of the plasmonic SLRs when these particles compose of periodic arrays. As a result, the SLRs of plasmonic nanoarray with different morphologies exhibit different spectral linewidths and differed damping rates, as illustrated in Figure 3a,b (and Figures S1–S3 in Supplementary Materials). For the high-Q plasmonic SLRs, an important damping channel is the radiative loss of the LSPRs of the particle cells through mode coupling. Therefore, the plasmonic nanoarray consisting of particle cells with higher scattering efficiencies tends to support SLRs with lower Q factors, which is in accordance with the simulated results shown in Figure 3c. The Q factors of the plasmonic SLRs can also be estimated by semi-analytical lattice sum calculations [9,13,18,46], although we used numerical simulations in order to achieve higher accuracies. It should be noticed that, to control the variables, all the periods of the simulated nanoarrays in this work are set to be 800 nm.



Actually, the determination of the damping rate of a plasmonic SLR is more complicated because of the existence of other damping channels, such as absorptions, apart from the radiative loss. However, interestingly, despite of the complexity of the real physical processes, we found a simple relationship in the studied cases, where the Q factors of the plasmonic SLRs are inversely proportional to the square of the cross-section areas of the cell particles, as shown in Figure 3d. Such a simple relationship will be useful for the design of high-Q plasmonic SLRs.



When it comes to near-FE, the focuses of elements become quite different, where the spatial modes of the cell particles are more important. We began with the simpler cases of separated cell particles, focusing on the spatial modes and electric FEs of their LSPRs. Since the morphologies of nanoparticles restrict the collective motions of electrons that can be supported, different spatial modes of LSPRs will form when the particle shapes change. As shown by the simulated electric field distributions in Figure 4a, different morphologies result in differed distributions of the electric field, and those with small gaps or sharp edges tend to have a stronger ability in confining light to smaller spaces.



The spatial modes will then affect the FEs that can be achieved by the LSPRs. By plotting the maximum FEs of the LSPRs together (Figure 4b), it is seen that particles with sharp edges, triangular prism monomer and dimer in the presented cases, have distinct advantages in near-FE (the triangle dots in Figure 4b), which is mainly because electrons in metals are easier to gather at such sharp edges. As for the morphologies regarding square and circle, the cuboid possesses larger FE than the case of circle disk, but the circle disk dimers only obtain advantages against the cuboid dimers when the gaps are small enough (the square dots and the circle dots in Figure 4b). This is because the perpendicular edges provide the main advantages for cuboid dimers when the gaps are large; but the smaller faced areas of the disk dimers start to earn stronger advantages when the gaps become narrower, while the larger faced areas of the cuboid dimers result in fewer constraints on the motions of electrons and thus lose the advantages in field confinement. Therefore, dimers with small gaps possess higher densities of positive and negative charges coupled across the gaps, which arouses stronger field intensity [34,48].



When the cell particles are organized together to form periodic nanoarrays and support collective resonances, the spatial modes of the plasmonic SLRs are quite in accordance with that of the LSPRs of the separated cell particle, which can be observed by comparing the results in Figure 4a and Figure 5a. In such comparisons, it can also be found that the effects of near-FE are conspicuously enlarged, giving rise to higher enhancements, and the morphologies of the triangle still possess clear advantages. Actually, by plotting all the maximum enhancements of the SLRs together in Figure 5b, we found that the situation is in high accordance with that in the case of separated cell particles shown in Figure 4b. This can be more clearly seen by plotting the FEs of the SLRs against that of the LSPRs in Figure 5c, where the field intensities of the SLRs are nearly monotonically increasing when that of the corresponding LSPRs increase. These results deliver a useful and important instruction, which is that, from the viewpoint of near-FE, plasmonic SLRs with larger enhancements can be achieved by adopting cell structures supporting LSPRs with stronger enhancing effects.



By now, two instructions have been obtained for the realization of a high-Q plasmonic SLR with large FE: one is reducing the cross-section area of the cell particles to achieve a high Q factor, and the other is designing the LSPR with a strong enhancing effect for the cell particles in order to obtain large electric FE in the corresponding plasmonic SLR. A guideline for realizing high-Q plasmonic SLRs with large FE then turns up after combining these two instructions, which is to design particles with small cross-section areas but strong near-FE as the cell particles of the plasmonic lattice.



According to this guideline, the selection of cell particles is a key point. Therefore, we gathered the cross-section areas of separated particles with different morphologies and their FE of LSPRs in Figure 6a, and spotted a morphology, triangular prism dimer with a gap of 10 nm (the triangle dot highlighted by a pink background in Figure 6a), with the smallest cross-section area and largest FE. According to the guideline, this morphology will possess a plasmonic SLR with the highest Q factor and the strongest field enhancing effect. To verify this prediction, we plotted the Q factors of the corresponding SLRs together with their electric FEs in Figure 6b. The results clearly show that the spotted morphology contributes to the highest Q (up to 2100) and largest FE (up to 592 times), which strongly supports the validity of the presented guideline. More practices of the presented guideline can be found in Figures S6–S9.



Interestingly, as shown in Figure 6b, it seems that the plasmonic SLRs with higher Q factors tend to generate larger near-FEs in some cases. This approximate tendency appears probably because higher Q factors, representing a longer lifetime of photons in cavities, keep more photons in the plasmonic lattice cavities at the same time and result in higher field intensities in the near field. However, due to the diversity in spatial near-field modes and absorption properties, the relationship between the near-FEs and the Q factors is not monotonically increasing. For instance, in Figure 6b, the blue rectangle dot represents a plasmonic SLR with a near-FE much larger than that corresponding to the white circular dot, while the relative magnitudes of their Q factors are the distinct opposite. The relationships between near-field properties, Q factors and absorptions may be worth further theoretical investigations in the future.




3. Conclusions


In summary, we investigated the influences of the particle morphologies on the damping rate and near-field property of a plasmonic SLR, and presented a guideline for achieving SLRs with both high Q factors and strong near-FEs. To be specific, high Q factors were obtained by adopting particles with small cross-section areas as the cell structures of the plasmonic lattice. This stems from our analysis showing that the Q factor of a plasmonic SLR is inversely proportional to the square of the cross-section area of the cell particles. On the other hand, larger near-FEs of plasmonic SLRs were achieved by designing cell particles supporting LSPRs with stronger field enhancing effects. These effects support a simple guideline for achieving a plasmonic SLR with strong FE as well as a high Q factor, which is designing particles with small cross-section areas and large FEs as the unit cell of the periodic array. By following this guideline, we realized a plasmonic SLR with Q factor and FE up to 2100 and 592 times, respectively. It should be noticed that this guideline is valid with a prerequisite where the LSPRs of the cell particles are fixed at the same wavelength, and a more general guideline is worthwhile for future investigations. Our work provides a facile way to design high-performance plasmonic resonances, and may benefit a variety of fields such as biophotonics, nonlinear optics and quantum information processing.
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Appendix A. Numerical Method


In this article, electromagnetic simulations have been carried out, based on Finite-Difference Time-Domain (FDTD) method for Lumerical FDTD Solutions. The optical properties of gold were obtained from the job by Johnson and Christy. Structures are surrounded by the background medium with the refractive index   n = 1.5  .



Scattered-wave simulations were conducted in a commercial three-dimensional FDTD solver for the individual nanostructures, with perfectly matched layers (PML) in each dimension. The simulation span x, y, and z directions are set to be the same 1800 nm. In addition, scattering, absorption and extinction spectra were derived with the help of a total-field scattered-field source. While under the implementation of full-wave simulations, a single unit cell in a periodic array was simulated using periodic boundary conditions in the x- and y-dimensions and PML in the z-dimension. The simulation span x, y, and z directions are set to be 800, 800, and 1300 nm, respectively. A uniform mesh size of 1 nm, covering the metal region, and a simulation shut-off condition of   10  − 6    were used to ensure the accuracy of calculations.
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Figure 1. (a) Schematic illustration of a gold triangular prism dimer array with same lattice constant   A = 800   nm. Insert: 6 typical kinds of Au dimers or monomers to be taken into account, including the morphologies of circle, square and triangle with varied sizes but the same thickness,   T = 40   nm. Incident light propagates along the -z direction with polarization parallel to the x-axis. The spatial refractive index of the environment   n = 1.5  . (b–d) Simulated results of (b) the scattering spectra of individual disk dimer and monomer, (c) the transmission spectra of periodic disk dimer and monomer arrays, with the field distributions of the surface lattice resonance (SLR) in the inserts, and (d) the zoom-in spectra of (c) with the wavelengths ranging from 1200 to 1220 nm. 
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Figure 2. Optical response and quality (Q) factor of separated unit-cell nanoparticles. (a) The scattering spectra of disk, cuboid and triangular prism particles, including monomers (dotted lines) and dimers (solid lines) with different gaps. Peak wavelengths of the particles are all tuned to be   λ = 900   nm. (b) The scattering intensities and Q factors as functions of the cross-section areas of the particles, including the monomers and the dimers. As the legend shows, the markers of the circle, square and triangle represent the corresponding shapes of the individual particles. The markers filled into white, grey, orange and blue represent monomer, and dimer with   G = 10   nm, 30 nm and 50 nm, respectively. The geometric details of the simulated structures are provided in Table 1 and Table 2. 
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Figure 3. Optical response and Q factor of periodic nanoparticles. (a,b) Typical transmission spectra of periodic dimer and monomer arrays, including the shapes of circle, square and triangle. More transmission spectra can be found in Figures S1–S3. (b) The zoom-in spectra of (a). (c) The relationship between Q factor and scattering intensity. (d) The Q factors of plasmonic lattices’ SLRs with varied cross-section areas of their unit particles. The light red line is a fitting curve for   y = A  x   − 2      (where   A = 1.67  . y and x represent Q factor and cross-section area, respectively). The representations of marker shapes and colors are shown in the legend. 
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Figure 4. Localized electric field profiles and enhancements of separated cell nanoparticles   (  E  LSPR    ). (a) electric field profiles of monomers and their corresponding dimers with   G = 10   nm. The hot spot can be directly found and the scale bar is placed on the right side for each profile. (b)   E  LSPR    of dimers with gap size G, as well as that of monomers. 
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Figure 5. (a,b) Localized electric field profiles (a) and electric field enhancements (b) of periodic nanoparticles (  E  SLR   ), with cell particles the same as Figure 4. (c)   E  SLR    with different electric field enhancements of separated cell particles (  E  LSPR   ). 
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Figure 6. (a) Electric field enhancements of separated particles (  E  LSPR   ) as a function of their cross-section areas. (b) The electric field enhancements of the plasmonic SLRs of periodic particles (  E  SLR   ) corresponding to their Q factors. Notably, the dot marked by the pink circle shadow presents the best performance, with   E  SLR    up to 592 times and Q factor up to 2100. 
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Table 1. The particle diameters or lengths are included and shown here. The sizes of all nanostructures, whose LSPRs are excited at    λ  r e s   = 900   nm in this article. In addition, the thicknesses of them are 40 nm. D is the diameter of the circle (disk) or circumdiameter of the triangle (triangular prism). L is side length of a square (cuboid).
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Size [nm]

	
Monomer

	
Dimer




	
No Gap

	
10 nm

	
30 nm

	
50 nm






	
Disk

	
   D = 176   

	
   D = 110   

	
   D = 134   

	
   D = 147   




	
Cuboid

	
   L = 136.5   

	
   L = 85   

	
   L = 103   

	
   L = 113   




	
Triangular Prism

	
   D = 174   

	
   D = 116   

	
   D = 140   

	
   D = 151   
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Table 2. The particle cross-section areas corresponding to Table 1 are included and shown here.
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Cross-Section Area [   nm 2   ]

	
Monomer

	
Dimer




	
No Gap

	
10 nm

	
30 nm

	
50 nm






	
Disk

	
24,328.49

	
19,006.64

	
28,205.21

	
33,943.34




	
Cuboid

	
18,632.00

	
14,450.00

	
21,218.00

	
25,538.00




	
Triangular Prism

	
9832.40

	
8739.93

	
12,730.57

	
14,809.68
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