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ABSTRACT

Active modulation of Fano resonance by light is demonstrated for an all-dielectric multilayer system containing an azo-dye-doped layer.
The sample studied consists of a polystyrene layer doped with disperse red 1 (azo dye) molecules, a polyvinyl alcohol layer, and a pure
polystyrene layer. In a Kretschmann attenuated-total-reflection configuration, angle-scan reflection spectra of the sample were measured
with blue probe light under blue light pumping. The Fano line shape was found to change systematically depending on the intensity of the
pump light. Analyses based on electromagnetic calculations of the spectra and field distributions in the layers indicate that the Fano
resonance observed is generated by coupling between a broad half-leaky guided mode supported by the azo-dye-doped layer and a sharp
planar waveguide mode supported by the pure polystyrene layer. The systematic changes in the Fano line shape under pump light irradia-
tion can be well understood by a systematic decrease in light absorption in the azo-dye-doped polystyrene layer; the decrease in light
absorption is due to a decrease in the extinction coefficient of the layer arising from the photoisomerization of azo dye molecules.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5091820

I. INTRODUCTION

Over the past decade, great efforts have been made to realize
Fano resonances in a variety of plasmonic nanostructures,1 photonic
crystals,2 and metamaterials,3 since high-Q Fano resonances in
these tailored nanostructures have potential applications in optical
devices such as switches,4 sensors,5,6 and platforms of enhanced
spectroscopies.7–9 The Fano resonance is a resonant phenomenon
that exhibits an asymmetric line shape. It was in 1935 that Ugo Fano
gave a quantum mechanical explanation of the asymmetric line
shapes observed in the absorption spectra of atoms,10 due to con-
structive and destructive interferences between a discrete state and a
continuum.11 He derived a simple formula describing the asymmet-
ric line shape. Now, the Fano resonance is known to be omnipresent
in a variety of physical systems, not only in quantum systems
but also in classical systems.12,13 Nanostructures made of metals,

semiconductors, and dielectrics can support various resonant modes
such as surface plasmon modes,14,15 cavity modes,16 guided
modes,16,17 and so on. In tailored nanostructures, the Fano resonance
is known to emerge, when a broad resonant mode, usually a “bright
mode” with a large radiation loss, is managed to couple with a sharp
resonant mode, usually a “dark mode” with a small radiation
loss.1–3,12,13

In recent years, we have pursued studies of the Fano resonance in
simple multilayer structures both experimentally and theoretically.18–27

The samples studied are metal-dielectric-dielectric (MDD) three-
layer structures18–22,25,27 and all-dielectric four-layer (DDDD)
structures,26 which are attached to a high-index prism to construct
a Kretschmann attenuated-total-reflection (ATR) configuration. We
demonstrated that in angle-scan ATR spectra of these samples,
sharp Fano line shapes are generated and can be controlled easily.
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Based on the results of electromagnetic (EM) calculations, we
clarified the origins of the Fano resonances; in the MDD structure,
the resonance originated from the coupling of a broad surface
plasmon polariton (SPP) mode propagating at the MD interface
with a sharp planar waveguide (PWG) mode supported by the out-
ermost D waveguide layer,18–22,25,27 while in the DDDD structure,
the coupling between a broad PWG mode and a sharp PWG mode
is responsible for the generation of the resonance.26 The Q-factor
achieved in the DDDD structure is as high as 2800.26 Results of
our numerical analyses suggest that when the MDD structure is
applied to the refractive index sensing of the surrounding medium,
the figure of merit of the sensitivity can be enhanced by several
orders of magnitude relative to that of the conventional surface
plasmon resonance sensor.20 Our multilayer structures are very
much suited for developing novel optical devices operated under
Fano resonances, because they can be fabricated very easily and
high-Q Fano resonances can easily be realized in a controlled way.

The Fano resonances in the tailored nanostructures reported
so far are passive, i.e., the position and line shape of the resonances
are fixed, once the materials and structural parameters are fixed.
However, to extend further the applicability of the Fano resonance
to optical devices, the development of techniques for active modu-
lation of the resonance is highly required.28 The modulation of the
Fano line shape by applying external perturbations has already
been reported in several systems. By integrating single-layer gra-
phene with a high-Q Fano-resonant metasurface, Shvets et al.29,30

demonstrated that the mid-IR reflectivity can be modulated by
electrostatic gating. Cui et al.31 verified mechanical tuning of Fano
resonances in an array of plasmonic heptamers fabricated on a
stretchable polydimethylsiloxane membrane. Xu et al.32 established
temperature-tunable Fano resonances in a single crystal of TaAs.
Tiguntseva et al.33 realized tunable Fano resonances in halide
perovskite nanoparticles with the aid of chemical doping. Among
others, the active modulation of Fano resonances by light irradia-
tion is thought to be very important to develop active optical
devices such as all-optical switches. In our previous studies,23,24 we
have demonstrated light-tunable Fano resonances in a multilayer
system. Doping of azo-dye molecules into the outermost D wave-
guide layer in the MDD multilayer structure allowed us to tune the
resonance position by pump light irradiation. In spite of great
efforts devoted so far, only a few reports exist on the active Fano
resonances, and further experimental and theoretical studies are
strongly demanded.

In realizing the light-tunable Fano resonance in our previous
studies,23,24 we used a poly(methyl methacrylate) (PMMA) wave-
guide layer doped with disperse red 1 (DR1) molecules. DR1 mole-
cules are one of the azobenzene derivatives and strongly absorb
light in the blue-green spectral region. They are known to undergo
trans-cis isomerization under irradiation of pump light in the
absorption region (photoisomerization).34–40 Effects of light irradi-
ation on the optical properties of the DR1-doped PMMA layer
have been studied extensively, and the photoisomerization of DR1
molecules is known to cause a decrease in the refractive index
of the layer in the red-infrared region34,35 as well as a decrease in
the absorption coefficient in the blue-green region.35,36 In our
work, we probed the change in the Fano resonance using red light
under blue light pumping (pump-probe ATR measurements) and

succeeded in observing a systematic shift of the resonance position
as a function of the pump intensity.23,24 From analyses based on
EM calculations of the ATR spectra, we concluded that the shift of
the Fano resonance is caused by the decrease in the refractive index
of the DR1-doped PMMA waveguide layer at the wavelength of the
probe light (633 nm); the decrease in the refractive index leads to
the shift of the sharp PWG mode, finally resulting in the shift of
the Fano resonance. The dependence of the photoinduced shift of
the resonance on the polarization of the pump light could be very
well described by an angular hole burning (AHB) model.24 It should
be noted here that in previous pump-probe ATR experiments, the
pump irradiation resulted in the shift of the resonance position, but
the shape of the resonance was not affected significantly.

To further exploit the potential of the photofunctional DR1
molecules in realizing the active modulation of Fano resonance by
light, we extend our previous work to modulate the line shape by
pump light irradiation. In this paper, we present experimental and
theoretical results on a new multilayer structure consisting of three
D layers (DDD structure), one of which is doped with DR1 mole-
cules. In contrast to the previous work on light tuning in the MDD
structure,23,24 we probe the change in the Fano resonance by blue
light under blue light pumping. We deliberately chose the wave-
length of the probe light to fall within the absorption band of the
DR1 molecule to introduce losses in the waveguide thereby generat-
ing a broad waveguide mode. In fact, our strategy for realizing
light-controllable Fano resonance is to excite a broad guided mode
in the DR1-doped layer and modulate its spectral width and height
by controlling the absorption in the DR1-doped layer by pump
light; the amount of absorption in the blue region is controllable
through photoisomerization processes. Fitting the experimental
spectra with a generalized Fano function, we demonstrate that the
asymmetry parameter of the Fano line shape changes systematically
depending on the pump power density. Furthermore, based on EM
calculations, we identify the interacting modes that generate the
Fano resonance and clarify the mechanism of active modulation by
pump irradiation.

II. EXPERIMENTAL

The structure of the sample used in the present work is sche-
matically shown in Fig. 1(a). The sample is composed of three
layers: DR1-doped polystyrene (DR1-PS), polyvinyl alcohol (PVA),
and polystyrene (PS) layers. All the layers were fabricated by a
spin-coating method. First, a DR1-PS layer was spin coated on a
cleaned SF11 substrate; a toluene solution of a mixture of PS
(PS/solution = 6 wt. %) and DR1 (DR1/PS = 1.5 wt. %) was spun
with a rotation speed of 2800 rpm. Then, to deposit a PVA layer on
top of the DR1-PS layer, a water solution of PVA (5 wt. %) was
spun with a speed of 2200 rpm. Finally, to deposit a PS layer on
top of the PVA layer, a toluene solution of PS (6 wt. %) was spun
with a speed of 3200 rpm. To remove the remaining solvent, after
each spin-coating of the layers, the sample was baked in air on a
hot plate at 130 °C for 10 min. To perform pump-probe ATR mea-
surements in the Kretschmann configuration, the sample prepared
was pasted onto the bottom surface of a 60°-prism made of SF11
glass with the aid of index matching fluid. In this configuration, we
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can regard the SF11 glass substrate, the matching fluid, and the
SF11 prism as a single medium.

Figure 1(b) shows an optical setup used for the present pump-
probe ATR measurements. The setup is almost the same as that used
in our previous work.23,24 The main difference is the wavelength of
the pump and probe beams; instead of using the 488-nm-pump and
633-nm-probe beams, we used the 441-nm-pump and 459-nm-probe
beams in the present work. The sample attached to the prism was
mounted on a computer-controlled rotating stage. An s-polarized
light beam from a semiconductor laser with a wavelength of 459 nm
(probe beam) was incident on the sample through the prism. To
minimize the photoisomerization of DR1 molecules induced by the

probe beam, the power density of the probe beam was attenuated by
a neutral density filter down to 60 nW/cm2. The intensity of the
totally reflected light exiting from the prism was measured as a func-
tion of the angle of incidence with a photomultiplier connected to a
lock-in-amplifier. The angle-scan reflectance spectra R were obtained
by dividing the intensity data recorded for the sample by those
recorded for the bare part of the SF11 prism. To induce the photoiso-
merization of DR1 molecules, s-polarized (parallel polarization) or
p-polarized (cross polarization) light beam from a semiconductor
laser with a wavelength of 441 nm was used as a pump beam. The
pump beam was incident on the sample from the air side at an angle
of ∼30°. The rectangular pump beam ∼5mm in size was adjusted to
overlap the circular probe beam ∼2mm in diameter on the sample
surface. To cut stray light, in particular that generated by the pump
light, a bandpass filter with a maximum transmission wavelength of
460 nm and a full width at half maximum of 10 nm was inserted in
front of the photomultiplier.

To obtain a set of data, an ATR measurement without pump
irradiation (dark measurement) was first performed, and then the
pump-probe ATR measurements were performed under pump irra-
diation with various pump power densities. The power density was
changed from 0.04 to 200 mW/cm2. After adjusting the power
density, the sample was kept under pump irradiation for at least
∼1 min to achieve a steady state, and then the ATR measurement
was started and completed. The same procedures were repeated in
increasing order of the power density. To obtain different sets of
data free from possible hysteresis effects of photoisomerization, the
measurements were performed on different sample points on the
same substrate or different substrates. In addition to the angle-scan
ATR measurements, we also performed time transient measure-
ments by monitoring the intensity of the reflected light at a fixed
angle of incidence, while switching on and off the pump beam.

III. RESULTS AND DISCUSSION

A. Results of pump-probe ATR measurement

Figures 2(a) and 2(b) show typical data sets of the pump-probe
ATR measurements performed under the s-pump (parallel polariza-
tion) and p-pump (cross polarization) conditions, respectively. In
the reflection spectra observed under dark, we see a broad dip
located at ∼59.2° and a sharp asymmetric line shape on the high-
angle side of the broad dip around ∼59.9°. A close examination of
Figs. 2(a) and 2(b) reveals that under pump irradiation, the broad dip
becomes shallower and narrower, as the pump power density increases.
At the same time, the broad dip shifts systematically to higher angles.
Influenced by the changes in the broad dip caused by pump irradia-
tion, the asymmetric resonance is lifted upward, toward higher reflec-
tance values, and its line shape is modified. The position of the steeply
decreasing part of the asymmetric resonance fluctuates to some extent
but does not show systematic dependence on the pump power density.

In our previous studies on the MDD structure containing a
DR1-doped waveguide layer,23,24 only the shift of the Fano line
shape to lower angles was observed as the pump power density
increases (light-tunable Fano resonance). Therefore, the behavior of
the asymmetric line shape observed in the present work is not the
same as that in our previous studies. Comparing Fig. 2(b) with

FIG. 1. (a) Multilayer sample consisting of a DR1-doped PS layer, a PVA layer,
and a PS layer on a SF11 prism. Kretschmann ATR configuration with pump
(441 nm) and probe (459 nm) beams. (b) Pump-probe ATR setup. The
s-polarized probe beam is used and the polarization of the pump beam is set
as s-polarization or p-polarization. The angle of incidence of the pump beam, θp,
is ∼30°. Optical elements used are half-wave plate (λ/2), mirror (M), chopper
(C), neutral density filter (ND), polarizer (P), aperture (A), rotation stage (RS),
lens (L), bandpass filter (BPF), and photomultiplier (PMT).
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Fig. 2(a), we see that the changes in the ATR spectra under cross
polarization are much smaller than those under parallel polariza-
tion, indicating that the observed phenomena are highly polariza-
tion sensitive.

In addition to the angle-scan ATR measurements, we also
performed time transient measurements. We fixed the angle of
incidence at the reflectance minimum of the broad ATR dip and
monitored the intensity of the reflected light, while switching on
and off the pump beam. The results of the measurements are given
in the supplementary material. As can be seen in Fig. S1 in the
supplementary material, the reflectance increases rapidly with a
small time constant of ∼100 ms, when the pump beam is switched
on. On the other hand, when the pump beam is switched off, the
reflectance tends to relax very slowly to the initial dark value with a
large time constant of ∼70 s.

As mentioned before, DR1 molecules undergo reversible
trans-cis photoisomerization under irradiation of pump light with
wavelengths in the blue-green region. Trans-DR1 is thermally
stable, and it can be considered a rodlike molecule with the largest
transition dipole moment along its long axis. Cis-DR1 is more
globular than trans-DR1, and anisotropic optical properties of irra-
diated DR1-doped polymer films are initiated by photoselection.40

When irradiated by linearly polarized light, trans-DR1 molecules
transform into the cis form with a probability proportional to cos2

θ, where θ is the angle between the transition dipole moment and
the electric field of the pump light.34,36 That is, trans-DR1 mole-
cules oriented along the polarization direction are selectively
photoisomerized, and a hole is burnt into the orientational distri-
bution of the trans isomers; this is the basis of the AHB model,
which predicts photoinduced anisotropies in DR1-doped polymer
films.34,36,37 Cis-DR1 molecules also revert to the trans form by
photoisomerization or thermal relaxation. After reaching a steady
state via multiple isomerization processes, trans-DR1 molecules ori-
ented along the direction of pump polarization are depleted. Also,
reorientation of DR1 molecules occurs during trans-cis-trans
cycling, a phenomenon referred to as orientational redistribution
(OR). Birefringence and dichroism are direct consequences of the
photoisomerization of DR1 molecules under polarized light irradia-
tion, and both AHB and OR as well as rotational diffusion contrib-
ute to the observed anisotropy.34,36,37 Because of the polarization
sensitive nature of photoisomerization, the optical responses are
much larger for parallel polarization than for cross polarization. As

demonstrated in Figs. 2(a) and 2(b), the changes in the ATR
spectra presently observed under parallel polarization are much
larger than those under cross polarization.

In isomerization processes, thermal relaxation is very slow
compared to photoisomerization. Consequently, the transient
responses of optical signals in DR1-doped polymer films are very
slow when the pump is switched off, whereas it is fast when the
pump is switched on. For our sample, we observed this behavior
of the time transient (details are present in the supplementary
material) and the time constants obtained are in good agreement
with those reported for DR1-doped polymer films.34–37 The strong
polarization dependence of the spectral change and the time tran-
sient observed in the present experiments allow us to attribute the
presently observed light-induced changes in the ATR spectra to the
photoisomerization of DR1 molecules in the DR1-PS layer.

B. Fitting with the generalized Fano function

To confirm that the asymmetric line shapes presently observed
are Fano line shapes, we attempted to fit the observed spectra with
a generalized Fano function derived by Gallinet and Martin.41–43

Originally, the generalized Fano function was derived to describe
Fano resonances in plasmonic nanostructures and metamaterials
and is a function of the angular frequency ω. The function was
used to fit spectra obtained as a function of photon energy or wave-
length. In our ATR geometry, the spectra are measured as a func-
tion of the angle of incidence θpr fixing the wavelength of the
incident light. Therefore, it is appropriate to express the function
in terms of the in-plane wavevector kx, which is related to θpr by
kx = (2π/λ) np sin θpr, where λ is the wavelength of the probe light
and np is the refractive index of the prism. As in our previous
work,26 we use the following expression of the generalized Fano
function to fit our experimental ATR spectra:

σ t(kx) ¼ a2

kx
2 � kL

2

2WLkL

� �2

þ 1

�
kx

2 � kF
2

2WFkF
þ q

� �2

þ b

kx
2 � kF

2

2WFkF

� �2

þ 1

: (1)

The first term in the right-hand side is a Lorentzian function
representing a symmetric broad resonance and the second term is

FIG. 2. Results of pump-probe ATR
measurement, under parallel polariza-
tion (s-polarized pump beam and
s-polarized probe beam) (a) and cross
polarization (p-polarized pump beam
and s-polarized probe beam) (b).
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an asymmetric function representing the Fano line shape. a2 is the
maximum amplitude of the resonance, kL is the central position of
the resonance, and WL gives an approximation of the spectral
width, for the symmetric resonance. kF is the central position of the
Fano resonance, WF gives an approximation of the spectral width,
q is the asymmetry parameter, and b is the modulation damping
parameter, for the Fano asymmetric resonance. Developing an ab
initio theory of Fano resonances, Gallinet and Martin first derived
a function corresponding to the second term of Eq. (1), namely,
asymmetric function alone.41 In actual spectra exhibited by
plasmonic nanostructures and metamaterials, an asymmetric line
shape is often superposed on a broad symmetric resonance. In
these structures, the broad resonance alone can be expressed as the
Lorentzian function. To retrieve the characteristic parameters of the
respective resonances, the frequency, width, and so on, they com-
bined the Lorentzian function with the original Fano function to
establish the generalized Fano function.42,43 Gallinet and Martin
demonstrated that the generalized Fano function reproduces very
well the spectra of various systems, such as dolmen nanostructures,
oligomers, and photonic crystals.42,43

To fit the observed ATR spectra with the generalized Fano func-
tion, we converted the angle of incidence of the probe beam θpr to
the in-plane wavevector kx using the wavelength of the probe light
(λ = 459 nm) and a value of np = 1.8156, taken from a database.44

The reflectance R was converted to 1− R as well. In general, for a
multilayer system, the energy conservation requires R +A + T = 1,
where A and T represent the absorptance and transmittance, respec-
tively. In real multilayer samples, this equation is valid when light
scattering caused by bulk inhomogeneity in layers and roughness at
interfaces is negligibly small, which is the case for our present
sample. In the ATR geometry under the total reflection condition,
T = 0 holds. Therefore, the converted vertical axis 1− R represents
the absorptance A. In the following discussion, we present the results
of analyses only for the data set measured under parallel polariza-
tion, since the light-induced spectral changes are much more signifi-
cant than those under cross polarization. The solid curves shown in
Fig. 3(a) are Fano fit curves for the experimental spectra measured
under parallel polarization with the pump power densities of 0.00
(dark), 0.60, and 200mW/cm2, respectively; the experimental spectra
are the same as those presented in Fig. 2(a). We see that the fit
curves reproduce very well the experimental ATR spectra around the
asymmetric line shape; we can thus confirm that the presently
observed asymmetric line shapes are due to the Fano resonances.
The discrepancies between the experimental spectra and the fit
curves seen in the high kx region come from the fact that the broad
resonances are not perfectly symmetric exhibiting long tails in the
high kx region. In Figs. 3(b)–3(d), the asymmetric Fano functions,
given by the second term of Eq. (1), calculated using the fit parame-
ters are presented for the pump power densities of 0.00 (dark), 0.60,
and 200mW/cm2, respectively. These figures clearly demonstrate
that the Fano line shape can be modified by varying the intensity of
the pump light.

The fit parameters obtained for the dark spectrum are a = 0.986,
kL = 2.137 × 10−2 nm−1, andWL = 2.848 × 10−4 nm−1 for the symmet-
ric resonance, and kF = 2.151 × 10−2 nm−1, WF = 1.410 × 10−5 nm−1,
q = 0.381, and b = 0.610 for the asymmetric resonance, respectively.
In Fig. 4, values of the fit parameters obtained for all the spectra

under the pump irradiation are plotted as a function of the pump
power density. We see that as the pump power increases, the parame-
ters for the symmetric resonance a and WL decrease monotonically,
while kL increases slightly, reflecting the systematic shift of the broad
ATR dip. For the asymmetric line shape, q increases monotonically
from 0.381 to 0.516. Similarly, WF and b increase monotonically,
while kF fluctuates to some extent but remains almost constant. The
decrease in a and WL reflects the decrease in the amplitude and the
broadening of the broad resonance. The slight increase in kL means
that the broad resonance slightly shifts under the pump irradiation.
The parameter q is related to the degree of asymmetry of the Fano
line shape. Therefore, the change in the value of q gives direct evi-
dence of the change in the Fano line shape. The almost constant kF
means that the Fano resonance does not shift appreciably. These
results together with the Fano functions shown in Figs. 3(b)–3(d)
clearly demonstrate that the shape of the Fano resonance is controlla-
ble by light irradiation without changing appreciably the resonance
position.

C. Estimation of optical constants

To estimate the optical constants of the layers in the present
sample, namely, refractive index n and extinction coefficient κ, as
well as the thicknesses of the layers, we conducted EM calculations
of the ATR spectra. The ATR spectra were calculated using a freely

FIG. 3. (a) Experimental spectra (dots) of 1− R under parallel polarization with
pump power densities of 0.00 (dark), 0.60, and 200 mW/cm2, respectively, and
corresponding Fano fit curves. Asymmetric Fano functions calculated using fit
parameters for 0.00 (dark) (b), 0.60 (c), and 200 mW/cm2 (d), respectively.
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available Winspall software package, which allows us to calculate
angle dependent reflectance spectra of multilayer structures based
on Fresnel reflection and transmission coefficients.45 The structural
parameters that reproduce well the experimental spectra obtained
without and with pump irradiation were searched. The refractive
index of SF11 at λ = 459 nm was set to np = 1.8156.44 In Fig. 5(a),
the experimental spectra measured under parallel polarization with
the power densities of 0.00 (dark), 2.4, and 200 mW/cm2 [the same
spectra as those presented in Fig. 2(a)] are compared with EM fit
curves. We see that the EM fit curves reproduce well the experi-
mental ATR spectra. The fit curve for the dark spectrum is gener-
ated by a set of parameters: dDR1-PS = 423 nm, nDR1-PS = 1.6080,
and κDR1-PS = 0.0077 for the DR1-PS layer; dPVA = 344 nm,
nPVA = 1.5256, and κPVA = 1.5 × 10−4 for the PVA layer; and
dPS = 422 nm, nPS = 1.6116, and κPS = 1.0×10−4 for the PS layer.
To reproduce the experimental spectra for 2.4 mW/cm2 and
200mW/cm2, the optical constants of the DR1-PS layer were
changed from the dark ones to nDR1-PS = 1.6083 and κDR1-PS = 0.0049
for 2.4mW/cm2, and nDR1-PS = 1.6085 and κDR1-PS = 0.0036 for
200mW/cm2.

In Fig. 5(b), the changes in the optical constants of the
DR1-PS layer estimated from the EM fitting, ΔnDR1-PS and
ΔκDR1-PS, are plotted as a function of the pump power density. The
figure demonstrates that ΔκDR1-PS takes negative values falling in
the range of 10−3 and decreases monotonically, as the pump power
increases. We find that the extinction coefficient κDR1-PS reduces by
∼52% relative to the dark value under pumping of 200 mW/cm2.
We note that a much smaller reduction of ∼28% is obtained for
cross polarization (p-pump). The refractive index increases slightly
reflecting the shift of the broad ATR dip; the maximum change is

∼0.5 × 10−3. The decrease in κDR1-PS and its polarization depen-
dence are in good agreement with the results of previous studies on
the effects of photoisomerization of DR1 molecules on the absorp-
tion properties of DR1-doped polymer films.36,37 Figure 5(b) dis-
plays quantitatively the effects of photoisomerization on the optical
constants of the present DR1-PS layer.

D. Identification of interacting modes

The Fano resonance is commonly induced by an interference
of a broad resonant mode with a sharp resonant mode. To identify
the EM modes that generate the Fano resonance in the present
sample structure, we performed EM calculations of the ATR
spectra for hypothetical multilayer stacks, Stack-1 and Stack-2,
schematically shown in the insets of the upper and middle panels
of Fig. 6(a), respectively. In Stack-1, the PS layer was removed from
the sample structure shown in the lower panel of Fig. 6(a) and a
semi-infinite PVA layer was assumed. In Stack-2, only the DR1-PS
layer was removed from the sample structure. In the calculations,
we used optical constants and thicknesses estimated from the EM
fitting of the dark spectrum for parallel polarization. The calculated
ATR spectra for Stack-1, Stack-2, and the sample structure are
shown in the upper, middle, and lower panels of Fig. 6(a). The
spectrum for Stack-1 exhibits a broad dip very similar to that for
the sample. The spectrum for Stack-2 exhibits a sharp dip located
very close to the position of Fano resonance seen in the spectrum
for the sample. The calculated ATR spectra shown in Fig. 6(a)
strongly suggest that the Fano resonance in the present sample is
caused by the combination between the broad mode supported by
Stack-1 and the sharp mode supported by Stack-2.

FIG. 4. Dependence of Fano fit parameters on pump
power density. (a) a and (b) kL and WL, for the symmetric
function. (c) kF and WF and (d) q and b, for the asymmet-
ric function.
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To gain insight into these modes, we calculated the electric
field distributions generated in Stack-1, Stack-2, and the sample
structure. In the calculation, we assumed a plane wave incident on
the multilayer structure schematically shown in Fig. 1(a). When
values of the refractive indices, extinction coefficients, and thick-
nesses of the layers are known, a transfer-matrix method allows us
to calculate the intensities of the reflected and transmitted light as
well as the field distributions inside the multilayer structure.46 The
upper, middle, and lower panels of Fig. 6(b) display the field distri-
butions obtained at the angles of incidence corresponding to the
minima of the broad dip (59.399°) for Stack-1, sharp dip (59.862°)
for Stack-2, and Fano dip (60.001°) for the sample structure,
respectively; the positions of the dips are indicated by dots in
Fig. 6(a). In Fig. 6(b), the square of the magnitude of the electric
field, |E|2, normalized to that of the incident light, |E0|

2, i.e., the elec-
tric field enhancement factor, is plotted as a function of the position
z in the stack. As shown in Fig. 1(a), z axis is taken normal to
the interfaces and the SF11/DR1-PS interface is set at z = 0.
The field distribution for Stack-1 shows a strong localization of the
electric field in the DR1-PS layer. The field inside PVA decays

exponentially away from the DR1-PS/PVA interface, while that
inside SF11 varies sinusoidally, which is characteristic of a traveling
wave. It should be noted that a relation np > nDR1-PS > nPVA for the
present layers leads to these behaviors of the electric fields. In the
past, structures similar to Stack-1 have been used frequently to
perform optical characterization of liquid crystal layers.47–49 In these
studies, EM modes called half-leaky guided (HLG) modes have been
encountered; the EM field associated with the HLG mode decays
exponentially away from a waveguide layer on the one hand and
exhibits a sinusoidal variation on the other hand. Therefore, the
broad mode supported by Stack-1 is identified as a HLG mode.

For Stack-2, we see a strong localization of the electric field in
the PS layer; the field decays exponentially on both sides away from
the interfaces. This field pattern for Stack-2 is typical of a PWG
mode supported by the PS waveguide layer. Therefore, the sharp
ATR dip seen in the middle panel of Fig. 6(a) is due to the excita-
tion of a PWG mode. In the present sample structure, the HLG
and PWG modes can interact with each other through the overlap
of the evanescent fields in the PVA layer. The field distribution of
the sample structure shown in the lower panel of Fig. 6(b) clearly
demonstrates the hybridized nature of the mode due to the cou-
pling of the HLG and PWG modes. From the ATR spectra and the
field distributions presented above, we can finally conclude that the
Fano resonance in the present sample is realized by the coupling
between the HLG mode supported by the DR1-PS layer and the
PWG mode supported by the PS layer.

Compared to the all-dielectric four-layer structure used in our
previous work26 to demonstrate the Fano resonance arising from
the coupling of two PWG modes, one layer is missing in the
present sample structure; in the present sample, the DR1-PS wave-
guide layer is directly deposited on the SF11 substrate without
inserting a spacer layer [Fig. 1(a)], while in the previous sample, a
spacer layer was inserted between the first waveguide layer and the
SF11 substrate (see Fig. 1 in Ref. 26). It should be noted that this
difference in the sample structure leads to the difference in the
broad modes involved in generating the Fano resonance, i.e., a
HLG guided mode in the present work and a PWG mode in the
previous work. The results presented above clearly demonstrate
that the Fano resonance can be generated successfully even when
the PWG mode is replaced by the HLG mode. The present three-
layer structure is simpler than the previous four-layer structure and
thus more advantageous for developing various applications.

E. Mechanism of line shape modulation by light

As demonstrated in Subsection III C, the main effect of pump
light irradiation on the present sample is to decrease the extinction
coefficient of the DR1-PS layer through the photoisomerization of
DR1 molecules. Therefore, it is very much plausible that the
decrease in the amount of light absorption inside the DR1-PS layer
is the dominant mechanism of the modulation of the Fano line
shape. To confirm this mechanism, we calculated the amount of
energy absorbed in each layer of the sample. In the present multi-
layer structure, the electric field distribution similar to that shown
in the lower panel of Fig. 6(b) is established and varies depending
on the angle of incidence. In this work, the field distribution is
expressed in terms of |E(z)|2/|E0|

2, the field enhancement factor,

FIG. 5. (a) Experimental ATR spectra (dots) under parallel polarization with
pump power densities of 0.00 mW/cm2 (dark), 2.4 mW/cm2, and 200 mW/cm2

and EM fit curves (solid). (b) Changes in optical constants of the DR1-PS layer,
ΔnDR1-PS and ΔκDR1-PS, plotted as a function of pump power density.
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which depends only on z because of the rotational symmetry of the
sample around the z axis [normal to the interfaces, see Fig. 1(a)].
According to the EM theory, the absorption per unit volume around
the position r = r0 in an absorptive medium is proportional to
ε2|E(r0)|

2, where E(r0) is the electric field at r = r0 and ε2 is the imagi-
nary part of the dielectric constant of the medium given by ε2 = 2nκ.

50

We consider here energy of light incident on unit area at the prism-
sample interface and trace a flow of energy in the multilayer. To eval-
uate the amount of 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 the volume in the layer to the
energy of the incident light per unit area is given by A(cos θpr)

−1·∫ε2|
E(z)|2/|E0|

2dz, where A is a constant, θpr is the angle of incidence
inside the prism, and the integral is taken over the thickness of the
layer. The factor (cos θpr)

−1 accounts for the variation of the incident
energy per unit area. Using the above equation together with the elec-
tric field distributions, we have calculated the energy absorbed in each
layer of the sample as a function of the angle of incidence.

Figures 7(a) and 7(b) show results of the absorption calcula-
tion performed for the dark condition and under 200 mW/cm2

pump irradiation with parallel polarization, respectively. To obtain
these results, the optical constants and the thicknesses determined

in Subsection III C were used. For simplicity, the constant A is
taken to be unity. In the figures, the absorption spectra for three
layers and the summation of them (total absorption) are shown.
In Fig. 7(a), we see that the absorption in the DR1-PS layer is dom-
inant except for the Fano resonance region. Around the Fano reso-
nance, the absorption in the DR1-PS layer is suppressed and those
in the PS and PVA layers exhibit sharp peaks. The broad absorp-
tion peak for the DR1-PS layer corresponds to the excitation of the
HLG mode. When the angle of incidence approaches the excitation
angle of the PWG mode, due to the mode coupling, the electric
field inside the DR1-PS layer is strongly suppressed, while a strong
electric field is generated in the PS layer, as seen in Fig. 6(b). A
strong electric field is also induced in the PVA layer as an evanes-
cent field associated with the PWG mode. Reflecting these behav-
iors of the electric fields, the absorption in the DR1-PS layer is
suppressed and those in the PS and PVA layers exhibit peaks
around the Fano resonance.

Figure 7(b) indicates that the absorption in the DR1-PS layer
under the pump irradiation is smaller than that under the dark
condition by roughly a factor of 2/3 in the whole range. In contrast,
the absorption spectra of the PS and PVA layers remain almost the
same, exhibiting the peaks. The reduction of the absorption in

FIG. 6. (a) ATR spectra calculated for
Stack-1, Stack-2, and the sample struc-
ture, respectively. (b) The electric field
distributions calculated for the struc-
tures shown in (a). The angles of inci-
dence corresponding to the minima of
the dips (dots) seen in (a) were
assumed for the calculations.
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the DR1-PS layers is due to the reduction in κDR1-PS caused by the
photoisomerization of the DR1 molecules. From a comparison
between Figs. 7(a) and 7(b), we can finally conclude that the
change in the Fano line shape presently observed under pump irra-
diation is caused by the reduction of light absorption inside the
DR1-PS layer due to the photoisomerization of DR1 molecules.

We note here that the mechanism of the active modulation of
Fano resonance described above is completely different from that
reported in our previous papers,23,24 even though both are based
on the photoisomerization of DR1 molecules in the photosensitive
layers, i.e., DR1-doped polymer layers. The difference in the mech-
anism stems from the following two factors. One is the difference
in the EM mode modulated by pump light. In fact, in the present
DDD multilayer structure, the broad HLG mode supported by the
DR1-PS layer is modulated, while in the previous MDD structure,
it is the sharp PWG mode supported by the DR1-doped PMMA
layer that is modulated. The other factor is the wavelength depen-
dence of the photoinduced change in the optical constants. In prin-
ciple, when a photosensitive layer is irradiated by pump light, the
photoisomerization induces changes in both the refractive index
and extinction coefficient. However, the amount of the changes
depends on the probe wavelength. The present results shown in
Fig. 5(b) demonstrate that when monitored at λ = 459 nm, the
extinction coefficient greatly decreases (ΔκDR1-PS =∼4 × 10−3) and
the refractive index increases slightly (ΔnDR1-PS =∼5 × 10−4), while

at λ = 633 nm, according to our previous studies,23,24 the refractive
index decreases (typically Δn =∼1 × 10−3) and no change in the
extinction coefficient is detected. These differences lead to different
photoresponses of the Fano resonance in the present and previous
studies.

For the present sample structure, to recognize correctly the
roles played by the photoinduced changes in the refractive index
and extinction coefficient of the DR1-PS layer, ΔnDR1-PS and
ΔκDR1-PS, we performed EM calculations of the ATR spectra
varying independently, ΔnDR1-PS and ΔκDR1-PS, in ranges wider
than those achieved experimentally [Fig. 5(b)]. The results are
presented in the supplementary material. The calculated results
presented in Figs. S2(a) and S2(b) in the supplementary material
indicate that the shape of the present Fano resonance is sensitive to
ΔκDR1-PS and not sensitive to ΔnDR1-PS. Furthermore, the position
of the present Fano resonance is insensitive to both ΔκDR1-PS and
ΔnDR1-PS; since the central position of the Fano resonance normally
coincides with that of the sharp mode (PWG mode in the present
sample),25,26,42,43 it is not very much affected by the changes in the
optical constants governing the broad mode (HLG mode). From
these calculated results of ATR spectra, along with those of absorp-
tion spectra presented in Figs. 7(a) and 7(b), it is very clear that
the present modulation of the Fano resonance is caused by the
change in absorption inside the photosensitive layer, which is
directly connected to ΔκDR1-PS.

In our previous studies,23,24 the Fano resonance shifted without
appreciable change in the shape under pump irradiation. This is the
direct consequence of the shift of the sharp PWG mode caused by
the decrease in the refractive index of the photosensitive waveguide
layer at λ = 633 nm. The structure and the probe wavelength used in
the previous studies generated only the shift of the Fano resonance.
The experimental and theoretical results presented in this paper and
previous papers demonstrate high potentials of DR1 molecules for
realizing different types of the active modulation of Fano resonance
through photoisomerization processes.

IV. CONCLUSIONS

We have demonstrated light-controllable Fano resonances in
ATR spectra of a multilayer structure consisting of a DR1-doped
PS waveguide layer, a PVA spacer layer, and a PS waveguide layer.
The results of pump-probe ATR measurements clearly demonstrate
that the Fano line shape changes systematically depending on the
intensity of pump light. The asymmetry parameter of the Fano line
shape q determined from the fitting of the experimental spectra to
the generalized Fano function increases from 0.381 to 0.516, when
the pump power density is increased from 0 to 200 mW/cm2. We
estimated the thicknesses and optical constants of the layers from
fitting of the experimental ATR spectra with theoretical spectra cal-
culated by the EM theory. The optical constants obtained for
various values of the pump power density suggest that the main
effect of the pump light irradiation is to decrease the extinction
coefficient of the DR1-PS layer. Since the spectral changes are polari-
zation sensitive and the results of time transient measurements agree
well with previous reports, the decrease in the extinction coefficient
under pump light irradiation is attributed to the photoisomerization
of DR1 molecules in the DR1-PS layer. Based on the results of EM

FIG. 7. Absorption spectra of DR1-PS, PVA, and PS layers, and total absorp-
tion spectra (summation of all) calculated using parameters for dark (a) and
200 mW/cm2 (b) pump irradiation in parallel polarization.
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calculation of the electric field distribution inside the multilayer
structure, we concluded that the present Fano resonance is generated
by coupling of a broad HLG mode excited in the DR1-PS layer with
a sharp PWG mode excited in the PS waveguide layer. Furthermore,
the results of EM calculation of the amount of absorption in each
layer clearly indicate that the reduction of absorption inside the
DR1-PS layer caused by the photoisomerization induces directly the
change in the Fano line shape. The present work demonstrates that
the photofunctionality of the DR1 molecules (photoisomerization)
can be used not only for tuning the Fano resonance as evidenced in
our previous work23,24 but also for controlling the entire Fano line
shape. The light-controllable Fano resonance explored here may find
potential applications in a variety of optical devices, including
switches, sensors, and photonic integrated circuits.

SUPPLEMENTARY MATERIAL

See the supplementary material for the result of time transient
measurements, and the response of ATR spectra to changes in
optical constants of the DR1-PS layer.
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