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Abstract: We report the strong coupling between plasmonic surface lattice resonances (SLRs) and
photonic Fabry-Pérot (F-P) resonances in a microcavity embedded with two-dimensional periodic
array of metal-insulator-metal nanopillars. For such a plasmonic-photonic system, we show that
the SLR can be strongly coupled to the F-P resonances of both the odd- and even orders, and that
the splitting energy reaches as high as 138 meV in the visible regime. We expect that this work will
provide a new scheme for strong coupling between plasmonic and photonic modes.
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1. Introduction

Strong coupling between photonic cavities and plasmons have been of increasing interest
[1-6] since the first demonstration between localized plasmons in nanowire pairs and photonic
Fabry-Pérot (F-P) microcavity modes by Ameling and Giessen in 2010 [7]. By combining plasmonic
nanostructures and photonic microcavities, it has been demonstrated that the sensing properties of
localized plasmon sensors can be enhanced [8-10], that up to two-fold enhancement increase can be
achieved compared to that without using the cavity [11], that large Rabi splitting can be obtained by
embedding nanoparticle-WS; heterostructure in an optical microcavity [12,13], and that both peak
splitting and peak locking behaviors can be observed [14].

A key figure of merit for these strong coupling effects is the splitting energy. For example, Ameling
and Giessen [7] showed that the splitting energy for the electric mode can be as large as 358 meV
in the near-infrared regime, corresponding to 36% of the resonant energy. Quite recently, Baranov
et al. [15] further demonstrated ultrastrong coupling between nanoparticle plasmons and cavity
photons at ambient conditions, and achieved giant Rabi splitting energy of 1 eV and extremely large
splitting /resonance energy ratio of 120%.

Besides the strong coupling between localized plasmons and photonic F-P cavity modes [1,7], the
strong coupling between other types of plasmons and other photonic modes has also been extensively
investigated. Ameling et al. [16] demonstrated that both the localized and propagating surface
plasmons can couple strongly with photonic microcavity modes, and the splitting energies were
calculated to be 141 meV and 224 meV, corresponding to ~ 10% of the resonant energy in the
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near-infrared regime. Chen et al. [17] investigated the strong coupling between propagating surface
plasmons and the F-P cavity and observed a large Rabi-analogue splitting energy of 148 meV in the
visible regime. Wang et al. [18] adopted another configuration and obtained 31.5 meV around the
resonant wavelength of 747 nm. Similarly, Alrasheed and Fabrizio [11] also obtained a Rabi splitting of
76 meV in the visible. Additionally, the strong coupling between plasmonic gap modes and photonic
lattice modes was also reported by Lin et al. [19] and Saito et al. [20], respectively, and a Rabi splitting
of ~ 110 meV was obtained [19]. Chen et al. [21] investigated the strong coupling between magnetic
plasmons and photonic F-P cavity modes and obtained a Rabi-type splitting of 78 meV around the
resonant wavelength of 772 nm.

Recently, lattice plasmons, which are usually referred to as plasmonic surface lattice resonances
(SLRs), have emerged as an excellent platform for light-matter interactions on the nanoscale because
of the attractive merits such as strong field enhancement extended over large volumes, and large
wavelength tunability [22-24]. Taking advantage of the strong and delocalized electromagnetic fields
associated with the SLRs, great progress has been achieved in the strong coupling between SLRs and
different materials [6] such as organic molecules [25,26], transition metal dichalcogenides [27], and
quantum dots [28]. However, the strong coupling between SLRs and photonic F-P cavity modes has
not been explored yet.

In this work, we report, for the first time, the strong coupling between SLRs and photonic
F-P microcavity modes by placing a thin gold film on top of a two-dimensional (2D) array of
metal-insulator-metal (MIM) nanopillars. The nanopillars stand on a silica (SiO;) substrate and
are surrounded by air. As we have demonstrated previously, the SLR supported by the nanopillar
array prefers such an asymmetric dielectric environment [29]. Here we will show that, the SLR can
strongly couple with the photonic modes of both odd and even orders supported by the F-P microcavity
formed by the thin gold film and the air/SiO; interface, and splitting energies as high as 138.4 meV
can be obtained in the visible, corresponding to 8.6% of the resonant energy.

2. Structure design and numerical setups

Figure 1(a) illustrates the strongly coupled plasmonic-photonic system under study, which is
composed of a 2D periodic array of MIM nanopillars standing on a silica substrate and a thin gold
film of thickness 20 nm on the top. The distance between the bottom surface of the gold film and the
substrate top surface is L. The nanopillars with square-shaped cross section have side length of w and
period of A in both the x and y directions. The thicknesses of the top and bottom gold nanoridges are
hy and hy,, respectively, and the thickness of the central insulating silica layer is k. The structure is
normally illuminated by a plane wave with electric field of x polarization and of unitary amplitude.

The reflectance spectra, as well as the near-field distributions of the plasmonic-photonic coupling
system were simulated using an in-house package for fully vectorial rigorous coupled-wave analysis
(RCWA) developed following [30-32]. As references, we also calculated the optical properties of the
reference F-P cavity formed by the gold film and the air/SiO; interface, and the 2D array of MIM
nanopillars, which are illustrated by Figs. 1(b)(c), respectively. In all the simulations, we adopted
retained orders of 41 x 41, which were shown to be large enough to reach the convergence regime.
Wavelength-dependent permittivities of gold are taken from Johnson & Christy [33], and the refractive
indices of the substrate and the central silica are set to be ng,, = n; = 1.45. We set hy = h, = 140 nm,
h; = 260 nm, w = 200 nm, and A = 510 nm.

3. Results and Discussion

Figure 1(d) depicts the simulated reflectance spectra of the proposed plasmonic-photonic coupling
system and the reference F-P cavity with & = 840 nm, and the MIM nanopillar array. Results show that
for the MIM nanopillar array in asymmetric dielectric environment, the reflectance spectra exhibits
Fano-type asymmetric peak-and-dip spectral feature. A narrow dip is centered at Ag g = 766.8 nm
and has full-width-half-maximum of 20.6 nm. Thus the quality factor is estimated to be Q = 37, which
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Figure 1. (a) Schematic of the strong coupling between the SLR and the F-P resonance in the proposed
structure composed of a thin metal film and a 2D array of MIM nanopillars on a quartz substrate.
(b)(c) schematics of the side views of (b) the reference F-P cavity that supports photonic resonances
and (c) the MIM nanopillar array that supports SLR. (d) Simulated reflectance spectra of the proposed
plasmonic-photonic system (red curve), the reference F-P cavity (black curve) and the MIM nanopillar
array (blue curve). The calculations were performed with 1 = 840 nm.

is about twice of that of typical localized plasmons (Q ~ 20 in the visible). According to our previous
study [29], this dip should corresponds to a SLR, which will be further confirmed later. For the reference
F-P cavity, photonic resonance can be observed at Ap_p = 844.8 nm. For the plasmonic-photonic
coupling system, we observe that the SLR (blue curve) is split into two modes (red curve) that are
resonant at A;, = 737.8 nm and Agr = 804 nm. The Rabi-analogue splitting energy reaches 138 meV,
which is about 8.6% of the resonance energy. This confirms that the proposed plasmonic-photonic
system is in the strong coupling regime. This splitting energy is much larger than those of many
plasmonic-photonic strong coupling systems operating in the visible [11,18,19,21,34].

In order to gain a deeper insight concerning the nature of the split modes, in Fig. 2 we plot the
near-field electric field distributions (|E |2) at these four resonance wavelengths. Fig. 2(a) shows that at
AgLr = 766.8 nm, in-plane dipolar oscillations and out-of-plane quadrupolar oscillations are excited
in the top and bottom gold ridges, respectively. The electric field is greatly enhanced around the
gold corners while extending over large volumes. These near-field characteristics are consistent with
our previous study [29], further validating the excitation of SLR. Fig. 2(b) shows the electric field
distributions of the reference F-P cavity at Ap_p = 844.8 nm. It is evident that the second-order F-P
resonance is excited. The electric field within the cavity is relatively weak since the reflectance of the
air/SiO; interface is very small (~ 5%). This corresponds to weak F-P resonance, as evidenced by the
small modulation depth in the reflectance spectra, as shown by the black curve in Fig. 1(d).

For the proposed plasmonic-photonic coupling system, Figs. 2(c)(d) show the hybridization of the
SLR in the MIM nanopillar array and the second-order photonic F-P cavity mode into a symmetric
mode at A}, = 737.8 nm and an antisymmetric mode at A = 804 nm. For the former, the electric fields
around the top gold ridge point in the same direction as the bottom electric fields of the second-order
F-P mode. Hence the electric fields around the top gold ridge are greatly enhanced with large volume
extension. However, for the latter, the electric fields around the top gold ridge point in the opposite
direction, resulting in cancellation of the dipolar oscillation in the top gold ridge. This results in greatly
enhanced electric fields around the bottom gold ridge with large volume extension.

We now investigate the effects of the F-P cavity thickness on the plasmonic-photonic strong
coupling system. Fig. 3(a) depicts the photonic resonant modes of the reference F-P cavity with
thicknesses from /1 = 0.64 ym to h = 3.04 ym. When the MIM nanopillar array is placed into the F-P
resonator, the interactions between the photonic F-P resonant modes and the SLR result in anticrossings
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Figure 2. Simulated electric field distributions |E|? of (a) the MIM nanopillar array at Ag g = 766.8 nm,
(b) the reference F-P cavity at Ap_p = 844.8 nm, (c)(d) the proposed structure of (c) A}, = 737.8 nm and
AR = 804 nm. The MIM nanopillar array is outlined by white lines and the thin metal film on the top is

“

outlined by black lines. “+” and “-” in (a)(c)(d) indicate charge distributions.
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Figure 3. Simulated reflectance spectra of (a) reference F-P cavity and (b) proposed plasmonic-photonic
coupling system as functions of the cavity length. The vertical white dashed line in (b) indicates SLR
wavelength of the MIM nanopillar array. Anti-crossings are observable around every intersection of
the F-P modes and the SLR mode.
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of these modes. Strikingly, all orders of photonic F-P resonances can interact with the SLR supported by
the MIM nanopillar array. This behavior is distinct from that of the strong coupling between localized
plasmons and photonic F-P modes, for which the former can interact with every second photonic F-P
modes (odd or even, depending on the characteristics of the localized plasmons) [1,7,15]. As the F-P
resonance order increases, the splitting energy decreases significantly. This is similar to the strong
coupling between localized plasmons and photonic F-P modes.

Comparing Figs. 3(a) and (b), we notice that there are deviations on the photonic F-P resonances
between the reference F-P cavity and the proposed plasmonic-photonic coupling system, in terms of
not only the resonance wavelengths but also the modulation depths. These deviations arise because the
metal ridges provide additionally reflectance besides the air/SiO; interface of the reference F-P cavity.
This also explains the mismatch of the reference F-P resonance wavelength and the SLR wavelength of
the MIM nanopillar array in Fig. 1(d).
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Figure 4. Similar to Fig. 2(c)(d) but at (a) Ap, = 733.2nm and (b) Ag = 789 nm for & = 1.2 ym supporting
the third-order photonic F-P resonance, and (c) Ay, = 738.6 nm and (d) Ag = 785.6 nm for & = 1.58 ym,
with which the reference F-P cavity supports the fourth-order resonance.

Figure 4 depict the near-field electric fields due to the hybridization of the SLR and the third- or
fourth-order F-P resonance. It is clear that in general, the electric field distributions of the symmetric
modes at low wavelengths and of the antisymmetric modes at high wavelengths are similar to their
counterparts in Fig. 2(c)(d). To be more specifically, the overall field distributions follow those of the
photonic F-P modes, and the electric fields are greatly enhanced over large volumes around the top or
the bottom metal ridge for the symmetric or antisymmetric modes.

4. Conclusion

In conclusion, we have numerically observed strong coupling between SLR and photonic F-P
resonances of both even and odd orders in the proposed plasmonic-photonic coupling system. We
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have found that the Rabi splitting energy reaches 138 meV, which is about 8.6% of the resonance energy
in the visible regime. For the strong coupling between the SLR and photonic F-P resonances of different
order, we have found that the electric fields are greatly enhanced with large volume extension around
the top metal ridge for the symmetric modes at low wavelengths, or around the bottom metal ridge for
the antisymmetric modes at high wavelengths. We expect that the proposed plasmonic-photonic strong
coupling system will provide a new scheme for strong coupling between plasmonic and photonic
modes, and find potential applications in manipulation of the near field distributions and sensing.
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