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We demonstrate experimentally the generation of narrow Fano line shapes in planar multilayer
structures. The Fano line shape originates from coupling between a high loss surface plasmon
polariton mode with a low loss planar waveguide mode. The line shape is shown to depend strongly
on the structural parameters that govern the position of the waveguide mode and the coupling
strength, and to be in good agreement with results of electromagnetic calculations. © 2016
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4940984]

The interaction between electromagnetic (EM) modes
supported by nanostructures plays a crucial role in determin-
ing their optical properties. It is well known that the asym-
metric line shapes, so-called Fano line shapes, are generated
in the optical response, when dark modes with sharp resonan-
ces interact with bright modes with broad resonances.'™
Although the Fano line shape has initially been observed in
the atomic spectra and interpreted quantum mechanically by
Fano as due to the interference of a discrete quantum level
with a continuum state,"> the analogous line shapes are
observed in a variety of physical systems and can even be
described by a model of classical two coupled harmonic
oscillators.®” In recent years, great efforts have been made to
generate Fano line shapes in plasmonic nanostructures and
apply them to develop novel optical devices such as optical
sensors and switches.” To date, a variety of plasmonic nano-
structures, including metallic nanowire arrays,8 clusters of
nanoparticles,g_13 disk/ring nanocavities,m_l(’ and metal-in-
sulator-metal waveguides coupled to resonators,'” are known
to exhibit Fano line shapes. In spite of the intensive work
done, the fabrication of the nanostructures is not always easy
and is time consuming, preventing their real applications.
Furthermore, the underlying physics that generates the Fano
resonances is not always well understood.

In this letter, we report on the experimental observation
of the Fano line shapes in planar multilayer systems. The
structures studied are simple and do not require the use of
nanofabrication techniques. Our planar structure allows
coupling between a surface plasmon polariton (SPP) at a
metal-dielectric interface and a planar waveguide (PWGQG)
mode supported by a stack of dielectric layers. We show that
sharp Fano line shapes appear in the attenuated total reflec-
tion (ATR) spectra when the structural parameters are appro-
priately chosen. The experimental results agree fairly well
with the results of the EM calculations, and the physical
origin of the appearance of the Fano line shapes is
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unambiguously identified by the coupling between the SPP
and PWG modes.

The structure of the samples prepared is shown sche-
matically in Fig. 1(a). As can be seen from Fig. 1(b), this
structure can be regarded as a combination of a metal-
dielectric interface that supports SPP modes and a stack of
three dielectrics that supports PWG modes. To prepare the
samples, a Ag film of approximately 45 nm in thickness was
deposited on a cleaned SF10 glass substrate by a vacuum
evaporation technique. A fluoropolymer Cytop film was then
spin coated on the Ag film; Cytop solution of ~6 wt. % was
used. To complete the sample, a poly(methyl methacrylate)
(PMMA) film was spin coated on top of the Cytop film from
toluene solution with a PMMA concentration of ~7 wt. %.
The thickness of the Ag film was monitored by a quartz
microbalance during the deposition. The thicknesses of the
Cytop and PMMA films were controlled by choosing appro-
priate rotation speeds of spin coating. The thicknesses and
dielectric constants of the films were estimated by fitting the-
oretical ATR spectra with the experimental ones (vide infra).
Since the prepared multilayer samples allow the coupling

(a) (b)

SPP mode

Cytop

. +
Cytop j v \
ﬂ .>

Air ﬁ’WG mode

FIG. 1. (a) Structure of samples prepared. (b) Metal-dielectric interface that
supports SPP modes and stack of dielectrics that supports PWG modes.
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between the SPP and PWG modes, hereafter we call the sam-
ples as SPP-PWG hybrid samples. For comparison purposes,
we also prepared metal-clad waveguide (MCWG) samples,
which have only the PMMA film directly deposited on the
Ag film.

The optical setup used to measure the ATR spectra in a
Kretschmann configuration is similar to that described in
detail in our previous paper (Fig. 2 in Ref. 18). The multi-
layer sample was pasted onto the bottom surface of a 60°-
prism made of an SF11 glass with the aid of index matching
oil. The prism with the sample was mounted on a computer-
controlled rotating stage. For the measurements of 0-scan
ATR spectra, p-polarized light from a He-Ne laser with a
wavelength of 632.8 nm was incident on the prism through a
chopper. The intensity of the reflected light was measured as
a function of the angle of incidence, 0, using a Si photo-
diode connected to a lock-in-amplifier. The reflectance spec-
tra were obtained by normalizing the intensity data recorded
with the sample to that recorded for a bare part of the prism.
The precision of the incident angle (internal angle inside the
prism) in the present measurements is around 0.018°.

We first present, in Fig. 2(a), a typical 0-scan ATR spec-
trum obtained for an MCWG sample with a PMMA wave-
guide. For this sample, the PMMA film was spin coated with
a speed of 3000 rpm. The ATR dip appearing around 65° is
due to the excitation of SPP at the Ag/PMMA interface and
those appearing at lower angles are due to the excitation of
the PWG modes assigned to the Oth- and 1st-order transverse
magnetic (TM) modes, denoted as TM, and TM;, respec-
tively. The fluctuation in the reflectance seen around 60° is
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FIG. 2. (a) Experimental (dots) and theoretical (solid curve) ATR spectra of
an MCWG sample with an PMMA film spin coated with 3000 rpm (esti-
mated thickness of d=1790nm). (b) Experimental (dots) and theoretical
(solid curve) ATR spectra of an SPP-PWG hybrid sample with a Cytop film
spin coated with 3000rpm (estimated thickness of r=400nm) and an
PMMA film spin coated with 7000 rpm (estimated thickness of d =920 nm).
(c) Fit of the asymmetric line shape to the Fano line shape function.
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caused by the interference of light beams multiply reflected
inside the 60°-prism.

We attempted to reproduce theoretically the experimental
spectrum by the EM calculation. We used a 2 x 2 transfer ma-
trix method.'*® We assumed a multilayer stack consisting of
an SF11 glass, a Ag layer, a PMMA layer, and air. In the cal-
culation, we omitted the SF10 substrate used in the experi-
ments. When the SF10 substrate is inserted between the SF11
glass and the Ag layer in the calculation, small fluctuations
appear in the theoretical spectra; the fluctuations originate
from the interference of light caused by the multiple reflec-
tions inside the SF10 substrate. However, such fluctuations
are smeared out and not observed in the experiments. As dem-
onstrated below, the present experimental results can be well
reproduced without the SF10 substrate. A value of the dielec-
tric constant of SF11 at A =632.8 nm, &, = 3.1634, was taken
from a database.”’ We searched for the values of thickness
and dielectric constant of the Ag and PMMA layers that repro-
duce well the experimental spectrum. The solid curve in Fig.
2(a) is a theoretical spectrum generated by a set of parameters:
s=48nm and ep, = —14.9493 +i1.6789 for the Ag layer,
and d=1790nm and eppma = 2.2136 4 i8.9268 x 10~ for
the PMMA layer. The overall fit of the calculated spectrum to
the experimental points is quite good except for the large-
angle region of 0 > 67°. An estimate of the PMMA thickness
obtained from this fitting procedure is thus d =1790 nm. The
above values of the dielectric constants are close to the litera-
ture values,”' even though the optical constants of thin films
vary considerably depending on the method and condition of
preparation. The spectrum presented in Fig. 2(a) is typical of
the MCWG structure which is in good agreement with the pre-
viously reported spectra.”> It should be stressed here that, in
the MCWG structure, the in-plane wavenumbers of the SPP
and PWG modes do not coincide, and consequently, the inter-
action between them is impossible.

In Fig. 2(b), an ATR spectrum obtained for an SPP-PWG
hybrid sample with a Cytop intermediate layer is shown. For
this sample, the Cytop and PMMA films were prepared with
rotation speeds of 3000 and 7000 rpm, respectively. We see
that the presence of the intermediate Cytop layer greatly
modifies the ATR spectrum. The broad ATR dip correspond-
ing to the SPP excitation is shifted to an angle (~55°) lower
than that for the MCWG sample (~65°, Fig. 2(a)). This is
because the in-plane wavenumber of the SPP mode at the Ag/
Cytop interface is smaller than that at the Ag/PMMA inter-
face, reflecting a smaller value of the real part of the dielectric
constant of Cytop (1.796 according to Ref. 24) relative to that
of the PMMA (~2.214 according to our estimate). In the SPP-
PWG hybrid sample prepared, the TM; PWG mode is tuned
into the broad SPP dip. A salient feature in the observed
spectrum is the appearance of a very narrow asymmetric line
shape around 55° denoted as TMyF. We also see a dip corre-
sponding to the TM; PWG mode at 50.32°. We calculated the
theoretical spectra adding a Cytop layer in between the Ag
and PMMA layers. The solid curve shown in Fig. 2(b) is a
theoretical fit obtained by a set of parameters: s=45nm
and epg = —15.5075+i3.1010 for the Ag layer; t=400nm
and &cyop = 1.8117 4-i2.6900 x 103 for the Cytop layer; and
d=920nm and epyma = 2.2141 +i2.9760 x 10~* for the
PMMA layer. Figure 2(b) demonstrates that the experimental
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spectrum of the SPP-PWG hybrid sample exhibiting the asym-
metric line shape can be reproduced fairly well by the EM
calculation.

We checked whether the observed asymmetric line
shape can fit to a Fano line shape function. We used the fol-
lowing function, which was slightly modified from its initial
form,” to take into account the nonzero value of the reflec-
tance minimum and the scale factor:

(Fy+ 00— 0)°

R(0) =Ry + S ,
T 00— 07 42

)]

where 0y and y denote the position and width of the Fano res-
onance, respectively; F is the so-called Fano factor, which
describes the degree of the asymmetry in the line shape; R,
and S are the minimum value of the reflectance and the scale
factor, respectively. In Fig. 2(c), the experimental points
around the resonance and the best fit curve are compared.
The best fit curve was obtained by a set of parameters:
0o = 55.24998°, y = 0.07913°, F = 1.1683, Ry = 0.22422,
and S = 0.23826. The overall good fit obtained allows us to
conclude that the presently observed asymmetric line shape
is indeed of the Fano type. The slight deviation of the experi-
mental points away from the resonance angle at the low-
angle side is due to the fact that the variation of the reflec-
tance in the SPP dip around the Fano resonance is relatively
rapid, while a flat continuum is assumed in the derivation of
the Fano line shape function."* A quality factor calculated
by O = 0y /2y with the above fitting parameters is as large as
~350. This value is more than one order of magnitude larger
than Q factors of ~10 reported in early studies of the Fano
resonance in plasmonic nanostructures.” Moreover, the pres-
ent Q factor is even larger than those of ~100 recently
achieved experimentally in plasmonic nanostructures.”>*°

The Fano resonances observed in plasmonic nanostruc-
tures have commonly been interpreted in terms of coupling
between the bright mode characterized by a broad resonance
and the dark mode characterized by a sharp resonance.” ™ In
the present multilayer structure, the SPP mode at the Ag/
Cytop interface is regarded as a bright mode with a broad
resonance and the TMy PWG mode in the Cytop/PMMA/Air
waveguide structure is regarded as a dark mode with a sharp
resonance. The two modes can interact with each other
through the overlap of their evanescent electromagnetic
fields inside the intermediate Cytop layer.”’” When the
PMMA thickness is appropriately chosen, the PWG mode
can be tuned into the broad SPP resonance. An appropriate
choice of the Cytop thickness results in a well-defined Fano
line shape as experimentally demonstrated above. The pres-
ent SPP-PWG hybrid structure is purely an EM system,
whose optical response is described by the EM theory based
on the Maxwell’s equations. However, as discussed in detail
in our previous theoretical paper,”® an almost perfect analogy
holds between the present EM system and the mechanical
system of two coupled harmonic oscillators. The physics
underlying the present EM system and the coupled-oscillator
system is the same, confirming that the Fano resonance pres-
ently observed is due to the coupling between the SPP and
PWG modes.

Appl. Phys. Lett. 108, 051101 (2016)

In the present multilayer samples, the position of the
PWG modes is controlled by the PMMA thickness d, and the
strength of the coupling between the PWG and SPP modes is
controlled by the Cytop thickness 7. To produce a well-
defined Fano line shape, d and ¢ have to be adjusted appropri-
ately. To study the influence of d and ¢ on the Fano line
shape, we prepared various samples with different d and t.
The results obtained by varying d while fixing ¢ are presented
in Figs. 3(a)-3(c). Those obtained by varying ¢ while fixing d
are given in Figs. 3(d)-3(f). The experimental and theoretical
spectra shown in Figs. 3(b) and 3(d) are identical to those
shown in Fig. 2(b). The rotation speeds of spin coating used
are indicated in the figures.

The experimental ATR spectra shown in Figs. 3(a)-3(c)
demonstrate clearly that the Fano resonance shifts to lower
angles, as d decreases. The dip corresponding to the TM;
PWG mode also shifts to lower angles. In Fig. 3(c), the sharp
resonance is located near the middle of the broad dip; the
line shape approaches that of so-called electromagnetically
induced transparency (EIT)**%** or plasmon-induced trans-
parency (PIT),*>' which is characterized by a sharp hole at
the middle of a broad resonance band. In Figs. 3(a)-3(c), cal-
culated ATR spectra are also presented. To obtain the spec-
tra, the parameters of the Cytop layer were fixed at the same
values as those used to reproduce the experimental spectrum
shown in Fig. 2(b), while the parameters of the Ag and
PMMA layers were so adjusted to well reproduce the experi-
mental spectra. The spectrum shown in Fig. 3(a) was
obtained by a set of the parameters: s = 47nm and s,
=—17.0153 +i1.1705 for the Ag layer, d=1050nm and
epmma = 2.217124i5.9560 x 10* for the PMMA layer.
The spectrum shown in Fig. 3(c) was obtained by a set of the
parameters: s =47 nm and gag = —15.0099 + i2.6666 for the
Ag layer, d =803 nm and epyma = 2.2082 +i2.9720 x 10°*
for the PMMA layer. We see that the dependence of the
spectrum on d is very well reproduced by the EM calcula-
tions. The physical origin of the shift of the Fano resonance
is the change in the in-plane wavenumber of the TMy PWG
mode; the wavenumber decreases as d decreases, letting the
corresponding Fano resonance appear at lower angles. The
same argument applies to the shift of the TM; dip.

The experimental spectra shown in Figs. 3(d)-3(f) dem-
onstrate that the Fano resonance broadens and splits into two
dips as ¢ decreases. As ¢ decreases, the TM; dip shifts to
lower angles. Theoretical spectra shown in the figures were
obtained by fixing the parameters of the PMMA layer at the
values used to reproduce the spectrum of Fig. 2(b). Other pa-
rameters used for the theoretical spectrum in Fig. 3(e) are
s=46nm and ep, =—14.7326 +i3.3278 for the Ag layer,
and = 285nm and &cyiop = 1.8306 +i2.7100 x 1072 for the
Cytop layer. Those for the spectrum in Fig. 3(f) are
s=47nm and g, =—14.0465 +i4.0802 for the Ag layer,
and =178 nm and &cyiop = 1.7849 +i2.6700 x 10~ for the
Cytop layer.

We see again that the overall dependence of the spec-
trum on ¢ is reproduced very well by the EM calculations.
The broadening and splitting of the resonance can be
explained in terms of the increase in the strength of coupling
between the SPP and PWG modes. As predicted by the me-
chanical model of two coupled oscillators and confirmed by
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the EM calculation,”® sharp Fano resonances appear when
the coupling is sufficiently weak. In strong coupling cases,
the hybridization of the interacting modes results in well sep-
arated hybrid modes, generating line shapes that are better
described by a superposition of two independent resonances
rather than the Fano resonance.’** The line shape changes
continuously depending on the coupling strength and it is
difficult to precisely set the boundary between the weak and
strong coupling cases. However, the line shape seen around
55° in Fig. 3(f) is better described as the superposition of
two reflectance dips, which is the manifestation of the strong
coupling case.

The SPP-PWG hybrid structure can be used as a sensor
in exactly the same way as the conventional surface plas-
mon resonance (SPR) sensor. In the case of bulk sensing, a
sensing medium such as water is placed on top of the wave-
guide layer and the change in the refractive index of the
sensing medium is detected by monitoring either the shift
of the ATR resonance curve or the change in the intensity
of the reflected light at a fixed angle of incidence. In the lat-
ter case, the sensitivity by intensity is defined by the partial
derivative of the reflectance with respect to the refractive
index, OR/On, and its maximum value gives the figure of
merit FOM,.*> According to our previous simulations made
for an SPP-PWG hybrid structure consisting of a SF10
prism, Au, Cytop, and ZnS-SiO, layers surrounded by
water, the steep part of the Fano resonance curve in an opti-
mized structure leads to an FOM; value ~10° times larger
than that of the conventional SPR sensor with a single Au

Angle of incidence (deg.)

layer.””*® The large FOM; value stems from the steepness
of the high-Q Fano resonance. Our recent calculations (to
be published elsewhere®®) demonstrate that the replacement
of the ZnS-SiO, waveguide layer by a PMMA layer can
further enhance the FOM; up to a factor of ~10° relative to
the conventional SPR sensor. It is also possible to apply the
present structure to surface-enhanced spectroscopies, such
as the surface-enhanced Raman and fluorescence spectros-
copy. At the Fano resonance, highly enhanced electric
fields are generated at the waveguide surface and can
enhance the spectroscopic signals of molecules adsorbed on
the surface. The field enhancement factor recently esti-
mated for the optimized structure with the PMMA wave-
guide is as large as ~107 (to be published elsewhere?®). A
great advantage of using the SPP-PWG hybrid structure in
the enhanced fluorescence spectroscopy is the suppression
of fluorescence quenching caused by the energy transfer
from excited molecules to the metal. In the structure, the
distance between the metal and molecules is large enough
to avoid the energy transfer.

In conclusion, we have demonstrated the feasibility of
observing narrow Fano line shapes in planar multilayer
structures. The Fano line shape arises from the coupling
between the SPP and PWG modes and was shown to depend
strongly on the structure parameters. The experimental
results are in good agreement with the results of the EM cal-
culation. Our results may open a new avenue for realizing
sensors with extremely high sensitivities and enhanced spec-
troscopies with extremely high enhancement factors.
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