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The asymmetric light reflectance behavior arising from the Fano interference between Fresnel reflection and localized surface plasmons (LSPs) is
investigated. Finite-difference time-domain (FDTD) simulation results demonstrate that, when light is incident from air, reflectance spectra show
peaks at the LSP resonance wavelength regardless of the metal nanoparticle density. When light is incident from the substrate, reflectance spectra
show typical Fano profiles. This phenomenon can be attributed to different reflectance phase shifts induced when light is incident from different
directions. Experiments are conducted with Ag-nanoparticle-coated quartz wafers. The measured spectra are in good agreement with the
simulated results. © 2018 The Japan Society of Applied Physics

I
n 1961, in a quantum mechanical study of the autoionizing
states of atoms, Fano discovered a new type of resonance,
Fano resonance, arising from the constructive and de-

structive interferences of a narrow discrete (Lorentzian)
resonance with a continuum.1) Fano resonance, a wave
interference phenomenon, is also applied to classical optics
systems, such as prism-coupled micropillars2) and photonic
crystals.3) In particular, over the past few years, Fano
resonances have been observed in a number of plasmonic
nanostructures,4–7) along with metamaterials, plasmonic-
nanostructure constituents, including diffraction gratings,8)

holes,9) and particle arrays.10–12)

Localized surface plasmon (LSP) resonances originate
from the collective oscillation of free electrons that are
confined within a metal nanoparticle (NP) when coupled with
light.13,14) LSPs have attracted tremendous interest for a wide
range of applications such as sensors,15,16) optical imag-
ing,17,18) light-emitting diodes (LEDs),19,20) solar cells,21,22)

and photodetectors.23,24) The particle polarizability of LSPs
has a typical Lorentzian form;25) thus, Fano resonance
may also occur when LSPs interfere with other wave states.
For example, asymmetric quadrupole or octupole Fano
resonances observed in a solid metallic nanosphere can be
attributed to the interference between narrow and broad
resonances.26) In particular, for most applications, the use
of substrates is unavoidable. It has been revealed that the
interference between the LSP resonance and the Fresnel
reflection continuum results in a highly asymmetric reflec-
tance spectrum for metallic NP arrays on dielectric sub-
strates.27,28) In our previous study, we reported and analyzed
an asymmetric light reflectance from metal NP arrays on
dielectric surfaces.29) Results of the experiment and theoret-
ical analysis demonstrated that, when light is reflected by a
metal-NP-array-coated surface, the overall reflected wave
can be regarded as a superposition of waves reflected by the
air=dielectric interface and LSPs. When light is incident
from a medium with high refractive index, the lineshape of
the reflectance spectrum changes from a dip to a peak as
the NP density increases. Moreover, when light is incident
from a medium with low refractive index, reflectance spectra
show peaks around the LSP resonance wavelength regardless
of the NP density. However, in our previous study, only the

reflectance behaviors at the LSP resonance wavelength are
discussed and the lineshape of the reflectance spectra is not
obtained theoretically.

In this study, we investigated the lineshape of the reflect-
ance spectra of the interference between LSPs and dielectric
interfaces by finite-difference time-domain (FDTD) simu-
lations, theoretical analyses, and experiments. The FDTD
simulations and theoretical analyses show that the phase shift
of the reflectance wave is close to π and does not vary
markedly with the wavelength when light is incident from air.
Thus, the reflectance spectra show peaks around the LSP
resonance wavelength regardless of the NP density, showing
a typical constructive interference behavior. However, when
light is incident from the substrate, the reflectance-phase
shifts from 0 to −π when the wavelength increases from 0 to
λLSPR and then shifts from π to 0 when the wavelength
increases from λLSPR to ∞. Thus, the interference between
LSPs and interface reflection is destructive and then results in
Fano lineshape reflectance spectra. On the other hand, the
theoretical analyses and experiments show that the asym-
metric factor q in the Fano function, which determines the
lineshape of a Fano profile, increases with the NP density
when the NP volume is fixed. In addition, the total amount of
metal (NP volume times NP density) increases under the
q = 1 condition when the NP volume increases.

FDTD simulations were carried out with commercial
software, FDTD Solutions v8.15.736 (Lumerical Solutions).
Periodic boundary conditions were considered for lateral
dimensions, while for vertical dimensions, 12-layered per-
fectly matched layers (PMLs) were employed in order to
increase the stability of the simulations. The mesh accuracy
was set to 2. The incident plane wave propagated perpendic-
ularly to the interface of two media from the z- or −z-direction
with the same incident energy density. The polarization
direction of the incident wave was set along the x-direction.
The metal dielectric function of silver was obtained from the
handbook of Chemistry and Physics (CRC handbook), and
the refractive index of quartz was set to 1.5. A series of
samples were produced to prove the simulated results experi-
mentally. Ag NPs were fabricated on quartz wafers (0.5mm
thick). The quartz wafers were ultrasonically degreased in
acetone, ethanol, and then doubly deionized water for 3min
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each. Ag films with thicknesses of approximately 2, 4, and
6 nm were sputtered by using a SCD005 sputtering system
(Balzers Union, Balzers, Liechtenstein). The samples were
then annealed under N2 by rapid thermal annealing at 450 °C
for 60 s to form Ag NP arrays.

Figure 1(a) shows the FDTD-simulated transmittance
spectra of 20-nm-diameter Ag NP arrays with different NP
densities on quartz substrates. It is clearly observed that
the transmittance dips shown in all spectra correspond to the
LSP resonance wavelengths. The transmittance dips redshift
when the NP density increases, which can be attributed to
the coupling between adjacent Ag NPs.30–32) Figures 1(b)
and 1(c) show the simulated reflectance spectra of Ag NP
arrays with different NP densities on quartz substrates when
light is incident from different directions. In Fig. 1(b), we
show that, when light is incident from air, the reflectance
spectra show peaks at the LSP resonance wavelengths,
independent of the NP density. The peak intensity increases
when the NP density increases. Note that, for the whole
wavelength regime of all spectra, the reflectance intensities
are higher than 4%, which corresponds to the reflectance
intensities of quartz, showing a typical constructive interfer-
ence behavior. However, when light is incident from the
substrate [Fig. 1(c)], the reflectance spectra show valleys or
peaks when the NP density is relatively low or high, respec-
tively. For intermediate NP densities (around 1200 µm−2 in
our simulations), the lineshape of the reflectance spectrum is
highly asymmetric. There are one valley and one peak shown
in the spectrum at wavelengths shorter and longer than the
LSP resonance wavelength, respectively. Note that the valley
minima and peak maxima are smaller and higher than 4%,
showing asymmetric constructive and destructive interfer-
ence phenomena located very close to each other, respec-
tively. This phenomenon can be explained by the interfer-
ence between the LSP resonance of metal NPs and a con-
tinuum caused by the reflection from the air=dielectric inter-
face, which is the so-called Fano resonance.1,27) By using a
model based on modified Fresnel coefficients, the transmitted
intensity T and the reflectance intensity R for a normally
incident wave of unity amplitude can be written as33,34)

T ¼ 4nint
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where ni and nt are the refractive indices of the incidence
and transmittance media, respectively, and ρα(ω)MLWA

defines the total optical density of the interface through the
frequency-dependent polarizability with the modified long
wavelength approximation, α(ω)MLWA, of a single NP and
the surface density of NPs, ρ. By assuming that the metal
dielectric function is given by the CRC handbook, it can be
shown that the polarizability takes an essentially Lorentzian
form:27,35)

�ð!ÞMLWA ¼ �ð!Þ
1 � k2

4�r
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where

�ð!Þ ¼ V½"ð!Þ � "eff�
"eff þ L½"ð!Þ � "eff� :

Here, V is the volume of the metal NPs, L = 0.2 is a
geometrical depolarization factor,36,37) "eff ¼ n2eff ¼ 1:69, and
k = (ω=c)neff [modified long wavelength approximation
(MLWA)]. Figures 1(d)–1(f) present the transmittance
spectrum T and the reflectance spectrum R calculated from
Eq. (1) when light is incident from the air and substrate. The
effective refractive index surrounding the Au NPs is set to
1.3, and the geometric parameter L is set to 0.2 by fitting
the corresponding LSP resonance wavelength. The calcu-
lated reflectance spectra are generally in agreement with the
FDTD-simulated results. However, one may observe that
the calculated LSP resonance wavelength does not redshift
when the NP density increases compared with the simulated
spectra. This is because the coupling effect between

(a) (b) (c)

(d) (e) (f)

Fig. 1. (a) FDTD-simulated transmittance spectra of the hemispherical Ag NPs with different NP densities on quartz substrates. (b, c) FDTD-simulated
reflectance spectra when light is normally incident from the air and substrate, respectively. (d) Calculated transmittance spectra using Eq. (1). (e) and
(f) Calculated reflectance spectra when light is normally incident from the air and substrate using Eq. (1), respectively. The diameter of the Ag NPs for all
simulations and calculations is 20 nm.
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neighboring NPs is neglected in the modified Fresnel
equations.33)

The difference between reflectance behaviors when light is
incident from different directions can be attributed to the
phase shift of the reflected wave. Figures 2(a) and 2(b)
present the reflection phase shift arg(r) values calculated from
Eq. (1) when light is incident from the air and substrate,
respectively. As shown in Fig. 2(a), when light is incident
from the air, the phase shift of the reflection wave is close to
π with a very small variance in wavelength. However, when
light is incident from the substrate, the reflection phase shifts
from 0 to −π when the wavelength increases from 0 to λLSPR
and then shifts from π to 0 when the wavelength increases
from λLSPR to ∞ [Fig. 2(b)]. This can be attributed to the
reflection phase of the wave reflected from the Ag NPs. From
Eq. (1), we know that, at the LSP resonance wavelength,
the additional term (iω)=cρα(ωLSPR)MLWA is a negative real
number. Thus, when light is incident from the air or substrate,
the interference between the wave reflected from the
dielectric interface and the LSPs is constructive or destructive

at the LSP resonance wavelength, respectively. Thus, when
light is incident from the air, the reflectance spectra show
relatively symmetric peaks regardless of the NP density.
When light is incident from the substrate, the reflectance
spectra show typical Fano lineshapes. In accordance with the
basic Fano resonance theory,1) the lineshape of a Fano profile
can be characterized by a Fano function,

I ¼ ð" þ qÞ2
"2 þ 1

; ð3Þ

using the phenomenological asymmetry parameter q and the
reduced energy ε defined by 2(E − EF)=Γ. EF is the resonant
energy and Γ is the width of the discrete state, i.e., the LSP
state in our case. One can see that, when the NP density is
1.85 × 1011 cm−2, q is relatively large, when the NP density is
5.70 × 1010 cm−2, q is relatively small, and when the NP
density is close to 1.20 × 1011 cm−2, q is close to 1.

Equations (1) and (3) show that q is primarily related to
the term iωρα(ω)MLWA=c. In Eq. (2), both the total amount of
metal, ρV (in unit of thickness), and the volume of individual
metal NPs, V, will affect the q of the reflectance spectra when
light is incident from the substrate. Figures 2(c) and 2(d)
show the simulated and calculated reflectance spectra for the
Ag NPs of 40 nm diameter when light is incident from the
air and substrate, respectively. It is clearly observed that q is
close to 1 when the NP density is close to 1.80 × 1010 cm−2.
Thus, we consider that the q = 1 condition occurs when ρV =
2.4 and 3.0 nm for Ag NPs with diameters of 20 and 40 nm,
respectively. From Eq. (2), we determine that, when the NP
volume increases, the imaginary part in the denominator
increases. Thus, the modulus of a decreases and a larger ρV is
needed for the q = 1 condition.

These results have been verified experimentally via meas-
urements of transmittance and reflectance for samples with
Ag NP arrays with different sizes and densities on quartz
substrates. Figures 3(a)–3(c) show typical SEM images of
the Ag NP arrays formed by annealing from Ag films with
thicknesses of 2, 4, and 6 nm (denoted as samples A, B, and
C), respectively. The average diameters of Ag NPs are
24, 32, and 80 nm, and the NP densities are 1.07 × 1011,
4.58 × 1010, and 7.5 × 109 cm−2 for samples A, B, and C,

(a) (b)

(c) (d)

Fig. 2. (a, b) Calculated reflectance phase shift when light is incident from
the air and substrate, respectively. (c, d) FDTD-simulated reflectance spectra
when light is normally incident from the air and substrate, respectively. The
diameter of the hemispherical Ag NPs is 40 nm.

(a) (b) (c)

(d) (e) (f)

Fig. 3. (a)–(c) SEM images of the Ag NPs annealed from the Ag films with thicknesses of 2, 4, and 6 nm, respectively. (d)–(f) Measured transmittance
spectra and reflectance spectra when light is incident from the air and substrates, respectively.
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respectively. Figure 3(d) shows the transmittance spectra of
these samples, with transmittance dip redshifts when the Ag
film thickness increases. The LSP resonance wavelength
redshift is primarily due to the increase in NP size rather
than the decrease in separation distance between the NPs.
Figure 3(e) shows the reflectance spectra of samples A–C
when light is incident from the air. As predicted theoretically,
the reflectance peaks at the LSP resonance wavelengths are
observed in all spectra regardless of the film thickness before
annealing and the whole spectra are above the reflectance
spectrum of the quartz wafer without Ag NP arrays. When
light is incident from the quartz substrate, the reflectance
spectrum of sample A shows a dip at approximately 387 nm.
The reflectance spectrum of sample B shows one dip at
approximately 369 nm and one peak at approximately 464
nm. The dip and peak intensities are lower and higher than
the reflectance intensity of the quartz wafer without Ag NP
arrays, respectively. However, for sample C, there are two
peaks at approximately 414 and 345 nm shown in the reflec-
tance spectrum. Since the reflectance intensity between these
two peaks is higher than that of the quartz wafer without Ag
NP arrays, the reflectance peak at the shorter wavelength may
be attributed to the quadrupole mode generated in relatively
larger metal NPs. In general, these behaviors are in good
agreement with the theoretical prediction shown above. From
the reflectance spectra of samples A–C, q can be calculated as
0.45, 1.8, and 2.5, respectively. Thus, one can see that the
q = 1 condition should occur for the Ag film thickness of
∼3 nm before annealing, which is in good agreement with
that in the simulated results.

In conclusion, we investigated lineshapes of reflectance
spectra using the interference between LSPs and dielectric
interfaces. FDTD simulations and theoretical analyses show
that the phase shift of the reflectance wave is close to π and
does not vary markedly in wavelength when light is incident
from air. Thus, reflectance spectra show peaks around the
LSP resonance wavelength regardless of the NP density,
showing a typical constructive interference behavior. How-
ever, when light is incident from the substrate, the reflection
phase shifts from 0 to −π when the wavelength increases
from 0 to λLSPR and then shifts from π to 0 when the wave-
length increases from λLSPR to ∞. Thus, the interference
between LSPs and interface reflection is destructive and then
results in Fano lineshape reflectance spectra. FDTD simu-
lations and theoretical analyses also suggest that the q = 1
condition occurs when ρV = 2.4 and 3.0 nm for Ag NPs with
diameters of 20 and 40 nm, respectively. A series of samples
are produced to prove the simulated results experimentally.
Ag NP arrays are formed by annealing Ag films with
different thicknesses. Experimental results show that when
the Ag film thicknesses before annealing are approximately
2, 4, and 6 nm, the reflectance spectrum when light is incident
from the substrate shows a dip, an asymmetric Fano line-
shape, and a peak, respectively. The q = 1 condition should
occur for the Ag film thickness of ∼3 nm before annealing.
All experimental results are in good agreement with the
theoretical predictions.
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