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ABSTRACT

Using a reverse attenuated-total-reflection geometry, we measured angle-scan fluorescence emission spectra of all-dielectric multilayer sam-
ples containing a waveguide layer doped with fluorescent dye molecules (fluorescent waveguide layer). A sample containing only one
fluorescent waveguide layer showed a highly directional emission spectrum with a Lorentzian line shape caused by the radiative decay of an
excited planar waveguide mode into a traveling wave in a decoupling prism. Addition of another waveguide layer containing absorptive dye
molecules was found to greatly modify the spectrum and generate a Fano line shape in the emission spectrum. The observed Lorentzian and
Fano emission spectra could be well reproduced by electromagnetic calculations based on the Lorentz reciprocity theorem. Calculated results
of electric field distributions indicate that the Fano line shape is generated by the suppression of local electric fields inside the fluorescent
waveguide layer resulting from coupling between two waveguide modes.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0010930
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It has long been known that spontaneous emission of an emitter in fluorescence-based biosensing.” ~ Over the past two decades, great

can be modified by the structure of the emitter’s environment since
the spontaneous emission is not an intrinsic property of the emitter.'
At the early stage of research, a lot of experimental and theoretical
studies have been performed on the emission of fluorophores placed
in the vicinity of metal-dielectric interfaces, where the excitation of
surface plasmon polaritons (SPPs) plays an important role.”” Highly
directional enhanced emission realized by surface plasmon-coupled
emission in a reverse attenuated total reflection (ATR) geometry
attracted considerable interest because of its potential applications

efforts have been made to control the decay rate, spectral shape, and
directionality of emission from nanoemitters such as fluorescent dye
molecules and quantum dots by placing them close to or inside pho-
tonic nanostructures, including plasmonic and dielectric nanostruc-
tures, photonic crystals, and metamaterials.” "' Of particular interest
has been the integration of nanoemitters into photonic nanostruc-
tures that exhibit Fano resonances in far-field optical responses. For
avariety of Fano-resonant nanostructures combined with nanoemit-
ters, asymmetric Fano-type emission spectra were observed'* '* and
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intensity enhancements were also demonstrated.””*’ Since tai-
loring the Fano-resonant nanostructure allows the generation of
high-Q resonances associated with large field enhancements and
also allows us to engineer the line shape and directionality of light
emission, the Fano-type emission of emitters integrated in the Fano-
resonant nanostructures is very much promising for developing
effective light sources, biosensors, platforms of enhanced spectro-
scopies, and so on. However, there exist only a few reports. Behav-
iors of local electric fields at the positions of emitters, which play
crucial roles in generating the Fano line shape, are not yet well
analyzed, and the mechanisms of Fano line shape generation in
emission spectra are not yet well known. Further experimental
and theoretical studies on Fano-type emission are highly required
to push forward the Fano-resonant nanostructures toward real
applications.

In the present work, we choose an all-dielectric multilayer
structure to realize the Fano-type fluorescence emission spectra. In
our previous studies, we demonstrated the feasibility of generat-
ing high-Q Fano resonances in angle-scan ATR spectra for metal-
dielectric”’ * and all-dielectric”’ >’ multilayer structures. The ATR
Fano line shapes observed are manifestations of Fano-resonant
behaviors of absorption resulting from coupling between a broad
SPP mode and a sharp planar waveguide (PWG) mode and between
a sharp PWG mode and a broad PWG mode. Very recently, we also
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observed Fano line shapes in the fluorescence excitation spectra of
an all-dielectric multilayer structure incorporating a waveguide layer
doped with fluorescent dye molecules; the observed line shapes also
reflect the Fano-resonant behaviors of absorption inside the dye-
doped waveguide layer at the wavelength of excitation light.” In
this letter, taking maximum advantage of simplicity in the sample
preparation, high controllability of optical responses, and feasibil-
ity in analytical electromagnetic (EM) calculations, and extending
our previous work on the fluorescence excitation spectra, we give
clear experimental evidence of Fano line shapes in fluorescence
emission spectra. We used a reverse ATR geometry very similar to
that used for observing surface plasmon-coupled emission.” ° In the
present geometry, the emission line shape reflects the Fano-resonant
behavior of local electric fields inside the fluorescent waveguide
layer. We demonstrate that the observed line shape can be well
reproduced by EM calculations based on the Lorentz reciprocity
theorem.

The multilayer sample shown in Fig. 1(a) was prepared
on a SF11 glass substrate by a spin-coating method. The sam-
ple is almost the same as that used in our previous study.”’ A
polystyrene (PS) layer doped with 4-(dicyanomethylene)-2-methyl-
6-(4-dimethylaminostyryl)-4H-pyran (DCM) molecules (DCM-PS
layer) plays the role of the light emitting waveguide layer (WGI1
layer). To deposit the layer, a toluene solution of 7 wt.% PS
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containing DCM molecules (3 wt. % relative to PS) was spun with
a rotation speed of 3800 rpm on a polyvinyl alcohol (PVA) spacer
layer (S1 layer) deposited by spinning a 4 wt. % water solution with
a speed of 5000 rpm. After depositing the second PVA spacer layer
(S2 layer) by spinning a 6 wt. % solution with a speed of 2500 rpm,
the sample was completed by depositing the second waveguide layer
(WQG?2 layer). As for the WG2 layer, we used a PS layer contain-
ing absorptive dye molecules, solvent blue 35 (SB35-PS layer); a
toluene solution of 7 wt. % PS containing SB35 molecules (0.2 wt. %
relative to PS) was spun with a speed of 1800 rpm. Figure 1(b)
shows a typical absorption spectrum and a fluorescence spectrum
of a single DCM-PS layer deposited on a glass substrate, measured
by using a UV-visible spectrometer (SHIMADZU UV-3101PC) and
a spectrofluorometer (HORIBA Fluorolog-3), respectively. We see
that the DCM-PS layer exhibits a broad absorption band peaking
around X = 470 nm with a full width at half maximum of ~100 nm
and a broad fluorescence band peaking around A = 600 nm with
a full width at half maximum of ~115 nm. In Fig. 1(c), a typical
absorption spectrum of a single SB35-PS layer deposited on a glass
substrate is shown. We see that the SB35-PS layer shows a broad
absorption band in the green-red spectral region. In the sample
prepared, the WG1 and WG2 layers can support planar waveg-
uide modes, PWG1 and PWG2 modes, respectively. We call the
sample the coupled-waveguide (CWG) sample. As a control sam-
ple, we also prepared a multilayer stack not containing the WG2
layer. The control sample is called the single-waveguide (SWG)
sample.

Fluorescence emission spectra were measured in a reverse ATR
configuration schematically shown in Fig. 1(d), which is very sim-
ilar to that used in surface plasmon-coupled emission observa-
tions.”® The multilayer sample was pasted onto a 60°-SF11 prism
with the aid of index matching fluid. An excitation beam from
a laser diode with a wavelength of Aex = 459 nm, which is very
close to the wavelength of the absorption maximum of the DCM-
PS layer [Fig. 1(b)], was incident normal to the sample surface
from the air side and focused into a spot ~500 ym in diameter.
The polarization of the excitation beam was set to the y direc-
tion in the coordinate system shown in Fig. 1(a). The fluorescence
emitted into the prism side was collected by a bundle optical fiber
1.5 mm in diameter mounted on a computer-controlled rotational
arm and sent to a monochromator. Setting the monochromator to
pass light at Aem = 633 nm with a width of ~10 nm, the inten-
sity of emitted light was measured by a photon counting method
using a photomultiplier, as a function of the rotational angle of
the arm. The external angle of the arm was converted to the inter-
nal angle fcm (emission angle) inside the SF11 prism defined in
Fig. 1(d), and the angle-scan emission spectra were obtained as a
function of Bem. It should be noted that the directions of excitation
and observation of the fluorescence emission in the present work
are totally reversed relative to those in our previous work;” the
present study is aimed to study the fluorescence emission process
totally different from the absorption process that governed the pre-
vious fluorescence excitation spectra. In this paper, we present only
s-polarized (s-pol.) emission spectra since p-polarized spectra
showed that essentially, the line shapes and conclusions drawn
are the same as those for s-pol. spectra. The ATR spectra of the
samples were measured in a manner described in our previous

papers’”’ using a 632.8 nm probe beam from a He-Ne laser, as

scitation.org/journal/adv

schematically shown in Fig. 1(e). The thicknesses and refractive
indices of the layers were determined by fitting experimental ATR
spectra to the theoretical ones.

The fluorescence emission of the SWG sample is character-
ized by highly directional emission into the prism, as shown in
Fig. 2(a); we see sharp distributions of emission around e, = +60°
for dem = 633 nm. Although no metallic layer exists in our sample,
the observed directional emission is very similar to those reported
for surface plasmon-coupled emission.” ° Figure 2(b), in which the
emission intensity is plotted for positive values of Bem, demon-
strates that the emission band exhibits a Lorentzian shape with a
full width at half maximum (FWHM) of ~0.86°. In exactly the same
manner as surface plasmon-coupled emission, the directional emis-
sion observed for the SWG sample is explained by the excitation of
the PWGI mode by fluorophore radiation and successive radiative
decay of the excited PWGI mode into the prism. In the reverse ATR
configuration, for a fixed emission wavelength Aem, the emission is
allowed only around fer, that satisfies the phase matching condition
kx(Aem) = 1p(21/Aem) sin Oem, where ky(Aem) is the in-plane wavevec-
tor of the PWG1 mode and #, is the refractive index of the prism
(np = 1.7786 at Aem = 633 nm for SF11). The width of the emis-
sion band is determined by the intrinsic and radiative losses of the
PWG1 mode. The solid line shown in Fig. 2(b) is a theoretical curve
explained later in this paper.

The addition of the WG2 layer to form the CWG sam-
ple strongly modifies the emission spectrum, as demonstrated in
Fig. 2(c). A pronounced asymmetric dip appears in the emission
band. In the supplementary material, a p-pol. emission spectrum
observed is shown in Fig. S1. The spectrum in Fig. S1 demonstrates
that the characteristic features of the line shape observed for the
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TABLE . Structural parameters determined from the theoretical fit of ATR spectra.

SWG sample CWG sample
Layers Thickness (nm) Refractive index Thickness (nm) Refractive index
S1 105 1.5030 +i1.0 x 10> 109 1.4930 +i1.0 x 107°
WG1 520 1.5866 + i6.0 x 10> 627 1.5913 +i2.0 x 107°
S2 1000 1.5270 + i1.0 x 10> 524 1.5242 +i1.0 x 10>
WG2 740 1.5851 +i7.9 x 107*

p-pol. emission are essentially the same as those of the s-pol. emis-
sion shown in Fig. 2(c). As described in detail in the supplementary
material, the experimental spectrum can be well fitted by the gener-
alized Fano function proposed by Gallinet and Martin.” Therefore,
Fig. 2(c) provides clear experimental evidence of the Fano line shape
in the angle-scan fluorescence emission spectrum. The ATR spec-
trum measured for the same sample with an s-pol. probe light is
shown in Fig. 2(d). We see a dip accompanied by a shoulder at the
large-angle side of the reflectance minimum. Since the ATR mea-
surement was performed under the total reflection condition, the
transmittance T is zero, and consequently, the absorptance A can
be obtained by A =1 — R. From a comparison between Figs. 2(c) and
2(d), it is clear that the fluorescence spectrum of the CWG sample
exhibits the Fano line shape, while the absorption spectrum is close
to a Lorentzian.

We estimated the thicknesses and the refractive indices of the
layers by fitting the experimental ATR spectra with theoretical spec-
tra obtained from Fresnel coefficients. As in our previous stud-
ies,””**"*” we could find sets of parameters that reproduce the
experimental spectra quite well. The parameters obtained for the
SWG and CWG samples are summarized in Table I. The solid curve
in Fig. 2(d) is the EM fit curve obtained from the parameters for the
CWG sample; we see that the fit curve reproduces the observed ATR
spectrum very well. We could also reproduce well the experimen-
tal ATR spectrum of the SWG sample by the parameters listed in
Table 1. The experimental ATR spectrum is shown in Fig. S2 of the
supplementary material together with a fit curve.

Light emission from emitters placed inside or in the vicinity of
photonic structures has been discussed very often based on a classi-
cal model of dipole radiation. Within the dipole model, the Lorentz
reciprocity theorem is known to provide a simple and powerful tool
to analyze the emission properties.”” ** The theorem applied to our
multilayer structures allows us to state that the s-pol. component of
power emitted into the prism at an angle 8. by a dipole placed
at a position z in the WGI layer, Ps(8em, 2), is proportional to the
square of electric field amplitude |E,(z)|* at the same position gen-
erated by an s-pol. plane wave incident from the prism at an angle
Oin = Oem. Therefore, Ps(Oem, 2) is proportional to the field enhance-
ment factor (FEF) given by F(z) = |Ey(z)|2/|E0|2, where Ej is the
amplitude of the incident plane wave. To apply the Lorentz reci-
procity to our samples, we calculated F(z) based on a 2 x 2 trans-
fer matrix method using the parameters listed in Table 1. Maps
of F(z) obtained for the SWG and CWG samples are shown in
Figs. 3(a) and 3(b), respectively. Figure 3(a) clearly demonstrates the

distribution of the enhanced electric field inside the WG1 layer
around 6, = 60.5° with a FEF of ~35. This distribution corresponds
to the excitation of the PWGI1 mode in the SWG sample. In the
CWG sample [Fig. 3(b)], the field distribution inside the WG1 layer
is split into two parts separated by a low field enhancement region.
In this region, an enhanced field distribution with a maximum FEF
of ~50 is generated in the WG2 layer.

The map shown in Fig. 3(b) displays clearly the suppression of
electric fields in the WG1 layer. This suppression is caused by the
coupling of the PWG1 mode with the PWG2 mode. A PWG mode
is an EM wave that propagates inside a waveguide (core) layer in an
in-plane direction accompanied by evanescent EM fields exponen-
tially decaying away from the core-clad interfaces in out-of-plane
directions. In our CWG sample, both the PWG1 and PWG2 modes
accompany the evanescent EM fields inside the spacer layer located
in between the WGI and WG2 layers [the S2 layer in Fig. 1(a)].
When the S2 layer is thin enough, the PWGI and PWG2 modes can
interact with each other through their evanescent fields and coupling
of the modes takes place. As discussed in depth in our previous paper
on the ATR Fano line shapes generated by all-dielectric multilayer
structures,”’ as a consequence of the mode coupling, EM fields inside
the WG layer are suppressed at the resonance position of the PWG2
mode, provided that the PWGI resonance is broad and the PWG2
resonance is sharp, and the coupling is weak enough (thick enough
S2 layer). This behavior of the local electric fields inside the WG1

(a) (b) i
2000 Alr
1600 = 1600
£ £
£1200 N 1200
N S
§ 800 =800
z £
S 400 400
0
60.0 62.0 60.0  62.0
G, (deg) Gy (deg)

FIG. 3. Maps of the calculated FEF for the SWG sample (a) and the CWG sample
(b), generated by a plane wave incident on the samples through the prism.
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layer is typical in the Fano-resonant multilayer structures and leads
to the Fano-resonant optical responses. The map given in Fig. 3(b)
demonstrates that the same situation is encountered in the present
sample.

Since the DCM molecules are dispersed in the WGI layer in
our samples, to obtain theoretical emission spectra that can be com-
pared with the experimental ones, it is necessary to sum up the
power emitted by molecules (radiating dipoles) distributed in a vol-
ume excited by the excitation beam. When a uniform distribution
of the molecules in the layer is assumed, the power emitted by the
ensemble of molecules can be calculated by integrating Ps(8em, 2)
over the volume of the excited spot. Since the fluorescence intensity
is detected at a distance far from the excited spot, the variation of
O.m depending on the position of the molecules can be neglected. In
this case, the integration over the excited volume becomes propor-
tional to the integral of Ps(fem, z) with respect to z over the WGl
layer thickness. A justification of this simple treatment is found
in the supplementary material. Since Ps(em, z) is proportional to
F(z) according to the Lorentz reciprocity, we performed the inte-
gration of F(z) over the layer thickness. After integrating F(z) and
normalizing to the maximum values, calculated spectra are com-
pared with experimental emission spectra in Figs. 2(b) and 2(c)
for the SWG and CWG sample, respectively. These figures demon-
strate that the calculated emission spectra agree fairly well with the
experimental spectra. These results indicate that the Lorentz reci-
procity is an extremely useful tool to predict the emission spectra
of emitters embedded in multilayer samples based on simple EM
simulations rather than more complicated three-dimensional EM
simulations.

The reason why the emission and ATR spectra exhibit differ-
ent line shapes can be explained as follows. The ATR spectrum is
determined by the absorption in the sample. According to the EM
theory,” the absorption at a position z in a layer is proportional to
2nk |E(z)|?, where n and « are the real and imaginary parts of the
complex refractive index of the layer and E(z) is the local electric
field at z induced by the incident light. We consider the energy flow
of light incident on the unit area of the prism-sample interface. To
evaluate the energy absorbed in a layer, we take a volume terminated
by unit areas on the interfaces at both sides of the layer. The ratio of
the energy absorbed in that volume of the layer to the energy of inci-
dent light per unit area is given by C(cos 6in) ™" /21x|E(z, 0in)|*/|Eo|*
dz, where C is a constant, 0, is the angle of incidence of the ATR
probe light (inside the prism), and the integration is taken over the
thickness of the layer. The factor (cos Gin)_1 accounts for the vari-
ation of the incident energy per unit area. The absorption spectra
of respective layers can be calculated using the numerical results
of F(z) [Fig. 3(b)] together with the values of n and « listed in
Table I.

In Fig. 4, absorption spectra calculated for respective layers are
shown and the total absorption spectrum (summation of all the con-
tributions) is compared with the experimental absorption spectrum
obtained from the ATR spectrum [Fig. 2(d)] using A = 1 — R. This
figure clearly demonstrates that the absorption in the present CWG
sample is dominated by that in the SB35-PS (WG2) layer and other
contributions are negligibly small. In this figure, the total spectrum
appears to be identical to that of the SB35-PS layer and agrees very
well with the experimental spectrum. The dominant contribution of
the SB35-PS (WG2) layer to the total absorption is due to its value
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FIG. 4. Calculated absorption spectra of respective layers in the CWG sample for
\ = 632.8 nm (ATR probe light) and total absorption spectrum. The experimental
absorption spectrum obtained from the measured ATR spectrum [Fig. 2(d)] using
A=1-Ris also shown.

of 2nx ~40 times larger than that of the WG layer and ~80 times
larger than those of the S1 and S2 layers. Furthermore, the map of
F(z) shown in Fig. 3(b) indicates that the local electric fields are the
strongest inside the WG2 layer. It is now clear that the line shape
in the absorption spectrum (or the ATR spectrum) is determined by
the distribution of local electric fields inside the WG2 layer, which
is close to the Lorentzian. In contrast, as suggested by the Lorentz
reciprocity theorem, the line shape of the fluorescence emission is
determined by the electric field distribution inside the WGI layer.
Therefore, the dip seen in the Fano-type fluorescence emission spec-
trum is due to the suppression of the electric fields in the WG layer
caused by the coupling of the PWGI mode with the PWG2 mode, as
suggested by the Lorentz reciprocity.

In conclusion, angle-scan fluorescence emission spectra were
measured in the reverse ATR geometry for all-dielectric mul-
tilayer structures containing a waveguide layer doped with flu-
orescent dye molecules. The SWG sample containing only one
fluorescent waveguide layer showed highly directional emission sim-
ilar to that observed in surface plasmon-coupled emission, although
the sample contained no metallic layer. For the CWG sample in
which two PWG modes couple with each other, a Fano line shape
was clearly observed. The observed Fano line shape could be very
well reproduced by EM calculations based on the Lorentz reci-
procity. The Fano-type emission spectrum is a manifestation of the
Fano-resonant behavior of local electric fields in the fluorescent
waveguide layer resulting from the coupling of the PWG modes.
We finally note that similar Fano line shapes can be generated in
wavelength-scan fluorescence emission spectra, which are currently
under investigation. Together with our recent achievements of light-
controllable Fano resonance,”**””*** the findings of the present
work may pave the way to further develop photofunctional Fano
resonances.

See the supplementary material for the observed p-pol. emis-
sion spectrum, the ATR spectrum observed for the SWG sample,
and the fitting of experimental angle-scan fluorescence emission
spectrum to the generalized Fano function. The justification for a
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simplified treatment for integrating the power emitted by an ensem-
ble of dipoles is also given in the supplementary material.
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