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Coupling localized surface plasmons (LSPs) in Au nanostructure arrays to Fabry-Pérot cavity modes, both
peak splitting and peak locking behaviors can be observed when light is incident normally into the cavity from
different directions. These phenomena can be quantitatively described by a model based on modified Fresnel
equations, and thus be interpreted as an extended Fano resonance effect. Both the peak splitting and peak
locking behaviors arise from the interference between localized surface plasmon resonance and cavity modes
with different initial phase difference. When the phase difference of the cavity state and the LSP state is π or
0, the superposition between a cavity resonance mode and a localized surface plasmon mode can result in the
peak splitting or peak locking. Experimental results demonstrate that the separation energy between the split
peaks changes with the volumes and densities of the Au nanoparticles and agree with the numerical calculation
results quite well.
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In 1961, when studying the autoionizing states of atoms,
Fano discovered a new type of resonance, Fano resonance,
arising from the constructive and destructive interference
of a narrow discrete (Lorentzian) resonance with a broad
spectral line or continuum [1]. Since then, Fano resonance
have been found in various systems, such as quantum dots,
nanowires, tunnel junctions, prism-coupled micropillars, and
photonic crystals [2–6]. Especially within the past decade,
Fano resonance in plasmonic nanostructures, such as diffrac-
tion gratings and hole/particle arrays, has been observed and
extensively studied [7–10]. Localized surface plasmon reso-
nances (LSPRs) originate from the collective oscillation of
free electrons that are confined within the metal nanoparticle
when coupled with the light [11–13]. The particle polarizabil-
ity has a Lorentzian form [14]. Thus when interference occurs
between one LSPR mode and another Lorentzian spectral
line or continuum, Fano resonance may occur also (such as
the coupling between the dipole mode and the quadrupole or
octupole modes of LSP resonances [15,16], and coupling be-
tween the continuum Fresnel reflection, respectively [17,18]).

Many light generations involve transitions between the
electronic energy levels of a quantum system. It has been
revealed that if the interaction between the emitter and its local
optical environment is sufficiently strong, then the energy
levels, corresponding to the emissions, can be altered and be
inextricably linked with the levels (modes) of the local optical
environment, which is the so-called strong coupling [19,20].
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If the coupling is very weak, compared to other relevant
energy scales, the modification of the original energies levels,
due to the coupling effect, is negligible, which is the weak-
coupling regime. Strong coupling between light and matter
has been studied extensively by combining optical cavities
and materials that support dipole excitations [21,22], most
of which investigate the strong-coupling regime by observing
anticrossing dispersions from the emission, transmission, or
reflectance spectra. During the past decades, it has been
revealed that when ordered metallic nanoparticle (NP) arrays
interact with Fabry-Pérot (FP) cavities, the LSP resonance
modes show anticrossing mode splitting behaviors with the
waveguide modes as well [23,24]. Those mode splitting be-
haviors are usually regarded as the strong-coupling effect and
the dispersion diagrams are usually described by solving the
Hamiltonian eigenvalue equations [24–26].

By solving the Hamiltonian eigenvalue equations with
mode dampings, when the LSP resonance mode is
coupled with an optical cavity mode, the observed
peak splitting frequencies can be expressed as �E =
2
√

g2 − (γLSP − γCAV)2/16 [27,28], where g is the coupling
strength between the LSPs and the cavity, γLSP is the damping
of the LSPs, and γCAV is the damping of the cavity. Thus,
considering the overlap between two Lorentzian (or Gaussian)
distributions, the actual splitting could be visible only if the
splitting energy �E is larger than the widths of the split modes
(γLSP + γCAV)/2 [19,29].

Here we investigate the coupling behaviors between the
LSP resonance modes and FP cavity modes by positioning
metallic NP arrays between a dielectric cavity with higher
refractive index and a substrate with lower refractive index
[Fig. 1(a)]. The high-reflection (HR) peaks show charac-
teristic anticrossing peak splitting dispersion near the LSP
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FIG. 1. Peak splitting behavior of LSP coupled optical cavity.
(a) Schematic of the FP cavities on substrate with Au NP arrays
for FDTD simulation. (b),(c) FDTD simulated transmittance and
reflectance dispersions vs cavity thickness, respectively; the black
dashed line indicates the LSP resonance wavelength and the red
dashed lines indicate HR peak dispersions of the unperturbed FP
cavity with particular m value. (d) Schematics of the FP cavities on
substrates with/without Au NPs, respectively, showing partial wave
decompositions when light is incident normally from the air to the
cavity. (e) Calculated reflectance dispersion diagram of LSP coupled
FP cavity by inserting Eq. (2) into (1). (f) HR peak dispersions
extracted from the simulated and calculated data. Solid and dashed
lines represent the HR peak dispersions of cavity with/without LSPs,
respectively. The solid rectangular dots represent the simulated data
extracted from the fringe maxima in (c).

resonance wavelength when light is incident normally from
the air to the cavity, which is similar to the anticrossing
dispersion in the strong-coupling regime [28,30,31]. However,
the abovementioned requirement �E > (γLSP + γCAV)/2 is
not satisfied. This indicates that the observed anticrossing dis-
persion in this system does not arise from the strong-coupling
effect. However, when light is incident normally from the
substrate to the cavity, a peak of the LSP mode remained
unaltered or “locked” in the entire dispersion diagram, which
is similar to the dispersion in the weak-coupling regime.
Instead of using Hamiltonian eigenvalue equations, theoretical
analysis shows that the observed peak splitting/peak locking
behaviors can arise from the Fano interference between lo-
calized surface plasmons and cavity resonance modes. By
superposition of a Lorentzian discrete state with a cavity
resonance state with different initial phase difference, both
“strong-coupling regime dispersionlike” and “weak-coupling
regime dispersionlike” dispersion will appear. Experiments
are designed to prove the theoretical predictions by fabricating
Au NP arrays via annealing Au films with different film
thicknesses. All measured peaks are in good accord with the

theoretical prediction. The separation energy of the HR peak
1 increases with the Au film thickness before the annealing
process when light is incident normally from the air into the
cavity.

To investigate the coupling behaviors between the LSP
resonance modes and FP cavity modes, Au NP arrays posi-
tioned between a dielectric cavity and substrate are employed
[Fig. 1(a)]. Figure 1(b) shows the finite-difference time-
domain (FDTD) simulated transmission dispersion vs cavity
thickness. Transmission minima at approximately 660 nm,
corresponding to the LSP resonance wavelength, are ob-
served in all spectra regardless of the thickness of the cavity.
Figure 1(c) shows the reflectance dispersion vs cavity thick-
ness when light is incident normally from air into the cavity.
Both the HR peaks and antireflection (AR) valleys split to two,
near the LSP resonance wavelength. Since the lower branch
of the split HR peak 1 is associated with the high-reflection
peak of the Au NP arrays on the substrate without a cavity
[32], we focus on this peak splitting behavior via the HR
peaks. The unperturbed FP cavity HR peaks split into two
anticrossing peaks near the LSP resonance wavelength. The
cavity mode order m is calculated by (m − 1/2)λ = 2nh,
where n is the refractive index of the cavity and h is the
cavity thickness. The corresponding splitting energy of the
HR peaks �E is measured to 0.96 eV at the anticrossing
point of HR peak 1. However, at the anticrossing point of HR
peak 1, the damping γCAV = 1.95 eV can be obtained from the
reflectance spectrum of the cavity without Au NPs. Obviously,
the requirement �E > (γLSP + γCAV)/2 is not satisfied.

By using a model based on the modified Fresnel coeffi-
cients [32,33], the observed peak splitting behavior can be
quantitatively illustrated. According to the Fresnel equations,
when light is incident normally from air (n1 = 1) into a
dielectric layer with thickness h and refractive index n2 =
2 + 0.05i deposited on substrate with refractive index n3 =
1.5, the reflection coefficient r and the total reflectivity R can
be written as

r = r12 + r23e2iβ

1 + r12r23e2iβ
and R = |r|2, (1)

where rmn = (nm − nn)/(nm + nn), β = (2π/λ)n2h. For a
common dielectric interface [upper panel in Fig. 1(d)], the
reflection coefficient rmn is a real number, and the reflection
phase change is either 0 or π . However, when there are
metallic NP arrays located between substrate and dielectric
cavity [lower panel in Fig. 1(d)], using the model based on
modified Fresnel coefficients [17], the reflection coefficient
rmn should be modified as

r∗
23 = n2 − n3 + i ω

c ρα(ω)

n2 + n3−i ω
c ρα(ω)

, (2)

where α(ω) is the frequency-dependent polarizability of a
single NP and ρ is the surface density of NPs. If the interband
transition of gold is not taken into consideration, it can be
shown that the polarizability takes an essentially Lorentzian
form [17,34]:

α(ω) ≈ V ω2
p

ω2
LSPR − ω2 − iω(γ0 + Fω2)

, (3)
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where V is the volume of each metal NP, ωp ≈ 1.3 ×
1016 rad/s is the bulk plasma frequency of gold [17], and
ωLSPR is the resonance frequency of LSPs. The width of the
resonance is determined by the resistive Drude damping factor
γ0 ≈ 2.5 × 1013 rad/s and a factor F = εeff

3/2ω2
pV/(9πc3)

that describes the radiative damping contribution due to the
finite size of the particle, where εeff is an effective dielectric
constant characterizing the surrounding medium.

Figure 1(e) shows the calculated reflectance dispersion
diagram vs cavity thickness by inserting Eq. (2) into (1),
where ρ = 1 × 1010 cm−2, V ≈ 4.36 × 104 nm3 are set as the
simulation conditions, ωLSPR ≈ 2.92 × 1015 rad/s is obtained
from the transmission spectra, and εeff = 3.24 are obtained
by unifying the wavelengths of the transmission valleys by
using Au NP arrays in a homogeneous medium structure. The
results show that the dispersion diagram is quite similar to that
shown in Fig. 1(c). The separation energy is approximately
1.13 eV at the anticrossing point of peak 1, which is very close
to that for the simulated dispersion.

Figure 1(f) shows the HR peaks extracted from the sim-
ulated and calculated dispersion. Simulated and calculated
dispersion both show characteristic peak splitting behaviors,
confirming the applicability of our model when explaining
that the peak splitting occurred in an LSP coupled cavity.
The deviation between the simulated and calculated data for a
wavelength shorter than the LSP resonance wavelength can be
attributed to the influence of the interband transition of gold,
which is excluded in this model. The interband transition of
gold can also explain the deviation between the simulated and
calculated separation energies. At longer wavelength, the sim-
ulated and calculated data are in very good agreement. How-
ever, they are not asymptotic, but parallel to the unperturbed
FP cavity modes without Au NPs. This can be attributed to the
additional phase shifts at the interfaces between the cavities
and the substrates at the long-wavelength region (see Fig. S1
inthe Supplemental Material [35]). When the cavity thickness
is equals to 0, which means the Au NPs are located on the
substrate without cavity, the simulated peak wavelength is
shorter than the calculated peak wavelength. This is attributed
a variation of the refractive index surrounding the Au NPs.

Figure 2(a) shows the FDTD simulated reflectance disper-
sion vs cavity thicknesses when light is incident normally
from substrates into the cavity. The HR peaks are observed
near the LSP resonance wavelength regardless of the thick-
nesses of the cavity, i.e., the HR peaks are locked at the LSP

FIG. 2. Peak locking behavior of LSP coupled optical cavity.
(a) FDTD simulated reflectance dispersion diagram of FP cavity
with Au NPs located between the FP cavity and the substrates.
(b) Calculated reflectance dispersion diagram of FP cavity with Au
NPs by Eq. (4).

resonance wavelength. Usually, this phenomenon indicates
the weak coupling for a dipole coupled cavity. Similar to the
method we used above, this peak locking behavior can also
be quantitatively explained using the modified Fresnel coeffi-
cients. For a common dielectric layer on a dielectric substrate,
when the normal incident direction changes from air to the
substrate, the reflectance coefficient can be obtained by simply
replacing r12 by r32 and r23 by r21 in Eq. (1). However, when
light is incident normally from substrate for the cavity/metal
NPs/substrate structure, Eq. (1) is no longer suitable because
of r∗

23 �= r∗
32 in Eq. (2). The reflectance coefficient should be

modified to

r = r∗
32 + t∗

32r21t∗
23e2iβ

1 − r21r∗
23e2iβ

, (4)

where r∗
32 = [n3 − n2 + i ω

c ρα(λ)]/[n3 + n2−i ω
c ρα(λ)] and

t∗
23 = n2

n3
t∗
32 = 2n2/[n3 + n2−i ω

c ρα(λ)]. For all parameters
used for the numeric and the theory, the values of the indices
are the same as that when light is incident normally from air
into the cavity.

Figure 2(b) shows the calculated reflectance dispersion vs
cavity thickness using Eq. (4). The peak locking dispersion is
similar to that shown in Fig. 2(a).

Similar peak splitting and peak locking behaviors have
been observed in some previous investigations related to the
LSP coupled cavities [36,37]. Using our model, these behav-
iors can also be quantitatively illustrated (detail can be found
in Fig. S2 in the Supplemental Material [35]).

It has been revealed that the modified Fresnel equation
is a typical Fano function [17]. When the LSPs are placed
on the surface of a dielectric medium, highly asymmetric
Fano profiles can be observed in the reflectance spectra,
arising from the constructive and destructive interference of a
narrow discrete (LSP) resonance with a continuum (interface
reflection). Thus the peak splitting and peak locking behaviors
discussed above can be regarded as the extension of a Fano
resonance by simply replacing the continuum with a cavity
mode [1,2]. By superposing a Lorentzian LSP mode a =

iγLSP

2ε−iγLSP
with a detuned cavity mode b = cos( π

2γCAV
ε−�) with

initial phase difference 0 or π as |a ± b|2 (see Figs. 3(a), 3(b),
and Fig. S3 in the Supplemental Material [35] for deriva-
tion), both the peak splitting and peak locking dispersions
can be illustrated (see Figs. 3(c), 3(d), and videos in the
Supplemental Material [35]), where ELSP is the LSP resonance
energy, ε is a reduced energy defined by E − ELSP, and �

represents a detuning between the LSP and cavity modes.
γLSP= 0.2 and γCAV = 1 are the widths of the LSP mode and
the cavity resonance mode, respectively. We can see that the
peak splitting and peak locking behaviors can arise from the
Fano interference between the LSP mode and the cavity mode.
It is not necessary to shift the resonance frequencies due to
the interaction between the LSP and cavity modes which the
strong-coupling model needs.

All simulations were performed with commercial Lumer-
ical FDTD SOLUTIONS (version 7.5) software. The
schematic structures are shown in Fig. 1(a). In order to
match the experimental condition, the refractive indices of the
Si3N4 cavity and the quartz substrate are set as 2.0 + 0.05i
and 1.5, respectively. The diameters and the densities of the
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FIG. 3. Fano interference between the LSP modes and cavity
modes. (a),(b) Schematics of peak splitting and locking behaviors
arising from Fano interference, respectively. (c),(d) Peak splitting
and locking dispersion diagrams when LSP modes are superposed
with cavity modes with � ranging from −π/2 to π/2.

semispherical Au NP arrays are set as 55 nm and 1.0 ×
1010 cm−2, respectively. The incident plane wave propagated
perpendicular to the interface of two media from the z or
–z directions with the same incident energy density. The
polarization direction of the incident wave is along the x
direction. Au NPs were fabricated on quartz wafers. Au films
with thickness of approximately 2, 5, and 8 nm were sputtered
onto the substrates, followed by rapid thermal annealing in
N2 at 700 °C (for 2 nm Au films) or 800 °C (for 5 and
8 nm Au films) for 60 s to form Au NP arrays. Scanning
electron microscopy (SEM) results show that the average
diameters of the Au NP arrays are approximately 28, 55,
and 248 nm, and the densities of the Au NP arrays are
approximately 8.5 × 1010, 1.0 × 1010, and 2.2 × 108cm−2,
respectively. Then, Si3N4 films with different thicknesses
were deposited to form the FP cavity by plasma-enhanced
chemical vapor deposition (PECVD). The refractive index of
the Si3N4 film at approximately 670 nm was measured to
approximately 2.01 + 0.05i by an ellipsometer.

These as-prepared samples were characterized via trans-
mittance and reflectance measurements. Figure 4(a) shows the
measured transmittance spectra with different cavity thick-
nesses. The Au NP arrays between the cavities and the sub-
strates are annealed from 5 nm Au films. Transmittance min-
ima are presented around 667 nm in all samples, slightly larger
than the simulated LSP resonance wavelength. Figure 4(b)
shows the measured reflectance spectra when light is incident
normally from the substrate into the cavity. Similar to that
as shown in Fig. 2, HR peaks are shown close to the LSP
resonance wavelength in all samples.

Figure 4(c) shows the typical measured reflectance spec-
tra of samples with/without Au NPs when light is incident
normally from the air into the cavity. The cavity thicknesses
are approximately 324 and 432 nm, respectively. For the

FIG. 4. Experimental results. (a),(b) Experimental transmission
and reflectance spectra of the FP cavity with LSPs, respectively.
(c) Experimental reflectance spectra with/without Au NP arrays
when light is incident normally from the substrate into the cavity. The
film thicknesses are approximately 324 (upper panel) and 432 nm
(lower panel), respectively. The blue arrows are used to indicate that
one peak (valley) was split into two. (d)–(f) HR peak dispersion
diagrams extracted from the experimental and calculated data. The
Au NP arrays were formed from 2, 5, and 8 nm Au films, respec-
tively. Solid and dashed lines represent the HR peak dispersions of
cavity with/without LSPs, respectively. The solid rectangular dots
are extracted from the fringe maxima in the experimental reflectance
spectra when light is incident normally from the air into the cavity.

LSP coupled cavity, both HR and AR peaks split into two,
when the unperturbed HR/AR peaks are close to the LSP
resonance wavelength. Figure 4(d) shows the HR peak ex-
tracted from the experimental reflectance spectra (denoted as
the solid rectangular dots) and the dispersion calculated by
inserting Eq. (2) into (1) (denoted as the solid lines). Nearly
all parameters are the same as those for calculating Figs. 1(e)
and 1(f) except the experimental LSP resonance wavelength
(667 nm). The measured spectra are in good accord with
the calculated dispersion. The separation energy of peak 1 is
approximately 1.13 eV as well. Furthermore, the separation
energy can be tuned by changing the average volume and
the density of the Au NPs. Figures 4(e) and 4(f) show the
experimental and calculated HR peak dispersions when the
Au NP arrays are annealed from 2 and 8 nm Au films,
respectively. All experimental results are in good agreement
with the calculated dispersions. The separation energies of HR
peak 1 are approximately 0.43 and 1.54 eV, respectively.

In summary, we have demonstrated that when a FP cavity
is coupled to LSPs, the HR peaks can split into two peaks
and the peak dispersion shows anticrossing around the LSP
resonance wavelength when light is incident normally from
the cavity. The separation energy of the HR peak 1 is as large
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as around 0.96 eV for gold NP arrays, with 55 nm in diameter
in a density of 1.0 × 1010 cm−2. Our study demonstrates that
this peak splitting behavior can be quantitatively explained
by simply modifying the interface reflection coefficient in
the Fresnel equations. This method can also explain the peak
locking behavior that occurs when light is incident normally
from the substrate without applying any additional restrict-
ing conditions. Mathematically, we have elucidated that the
peak splitting and peak locking behaviors can be deduced
by the superposition between a cavity resonance peak and a
Lorentzian form discrete LSP peak with different phase shifts.
Thus, these behaviors can be regarded as an extended Fano
resonance effect. The resonance frequencies shift due to the
interaction between the LSP and FP mode of the cavity is
not necessary. Furthermore, we also performed experiments
in which all measured spectral data agree very well with the
theoretical predictions. Transmission minima are shown in all

samples close to the LSP resonance wavelength. When light
is incident normally from the substrate, reflectance maxima
are shown in all samples close to the LSP resonance wave-
length. When light is incident normally from the air into
the cavity, the HR peaks show characteristic peak splitting
behaviors. The separation energy increases with increasing
Au film thickness, which is used for Au NP formation via
annealing.
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