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A systematic experimental study was performed on the Fano line shape exhibited by multilayer

structures consisting of an Al layer, a SiO2 spacer layer, and an Al2O3 waveguide layer. In the

structures studied, a sharp Fano resonance appears on the background of broad asymmetric

resonance attributed to the excitation of a surface plasmon polariton at the Al/SiO2 interface. It is

shown that the background asymmetric surface plasmon resonance can be well fitted to a single

Fano function, and the sharp Fano line shape can be well fitted to a double Fano function expressed

as a product of two single Fano functions. The results of measurements performed by varying the

spacer layer thickness indicate that the width (Q factor) of the sharp Fano resonance decreases

(increases) monotonously as the thickness increases. The Q factor achieved in the present study is

as high as �1500. A comparison with the results of electromagnetic calculations suggests that not

only the spacer layer thickness but also the imaginary part of the dielectric constant of the

waveguide layer plays an important role in the Fano line shape engineering. Published by AIP
Publishing. https://doi.org/10.1063/1.5002715

I. INTRODUCTION

In the past decade, optical responses of a variety of plas-

monic nanostructures and metamaterials have attracted con-

siderable interest because they have potential applications in

optical devices such as optical switches, sensors, and

enhancers of Raman, fluorescence, and nonlinear optical sig-

nals.1–5 Among others, Fano resonances arising from cou-

pling between dark and bright modes have been the subject

of extensive theoretical and experimental studies.6–11

Metallic nanowire arrays,12 clusters of nanoparticles,13–17

disk/ring nanocavities,18–20 and metal-insulator-metal wave-

guides coupled to resonators21 are only a few examples of

nanostructures that exhibit the Fano resonance. Although the

observation of the Fano resonances in such nanostructures

was successful, the nanofabrication of the structures is time

consuming and of high cost, preventing real applications.

The quest for simpler structures that do not require the use of

nanofabrication still remains a challenge.

In our recent publications,22–25 we have proposed, based

on electromagnetic (EM) calculations, a very simple multi-

layer structure that exhibits a sharp Fano resonance in the

angle-scan attenuated total reflection (ATR) spectra in the

Kretschmann configuration. The structure proposed is a mul-

tilayer stack consisting of a metal layer and three dielectric

layers attached to a prism. In this structure, a metal-dielectric

interface that supports a surface plasmon polariton (SPP)

mode is placed close to a system of three dielectric layers

which supports a planar waveguide (PWG) mode; the SPP

and PWG modes can interact with each other through the

overlap of their evanescent near fields inside a spacer layer.

The Fano resonance is thus generated by the interference of

a broad SPP mode (bright mode) with a sharp PWG mode

(dark mode). Preparing multilayer samples consisting of an

Ag layer, a fluoropolymer Cytop spacer layer, and a poly

(methyl methacrylate) (PMMA) waveguide layer, we have

succeeded in experimentally observing the Fano line

shape.26 Furthermore, we have demonstrated the light-tuning

of the Fano resonance using a PMMA waveguide layer

doped with photofunctional molecules (disperse red 1).27,28

Very recently, Zheng et al.29 reported the results of experi-

mental and numerical studies on the Fano resonance in a

multilayer structure consisting of an Au layer, a SiO2 layer,

and a ZrO2 layer surrounded by water.

Although the experimental studies mentioned above26–29

demonstrated the feasibility of realizing the Fano resonance

in the metal-insulator multilayer structure, the experimental

work is still in its initial stage and no attempt has been

reported to systematically control the Fano line shape. To

achieve extremely high sensitivities for refractive index

sensing and giant enhancements of the electric field pre-

dicted theoretically,22–25 one has to know how to engineer

the Fano line shape and optimize the structural parameters.

According to our theoretical analyses,22–24 the major param-

eters that control the Fano line shape are the thickness of the

spacer layer, which governs the strength of coupling betweena)s.hayashi@dragon.kobe-u.ac.jp
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the SPP and PWG modes, and the imaginary part of the

dielectric constant of the waveguide layer, which is related

to the loss of EM energy inside the waveguide. In a real

waveguide layer, the estimation of the magnitude of the

imaginary part of its dielectric constant is very important

because our analyses suggest that the magnitude fixes the

optimum values of the Q factor, figure of merit (FOM) of

sensing sensitivity, and field enhancement factor (FEF).

Zheng et al.29 reported extremely high theoretical values of

the Q factor and FOM of sensitivity based on EM calcula-

tions. However, their extremely high values are not realistic

because in their calculations, they neglected the imaginary

part of the dielectric constant of the ZrO2 waveguide layer.

To establish Fano line shape engineering, systematic experi-

mental studies are still required to elucidate the roles played

by the thickness of the spacer layer and the imaginary part of

the dielectric constant of the waveguide layer.

To further explore the intriguing properties of the Fano

resonance in the metal-dielectric multilayer structure and

establish a way of engineering the Fano line shape, we per-

formed a systematic experimental study of the Fano reso-

nance in Al-based multilayer structures. The reasons why we

chose Al are multiple. It is well known that in the visible

spectral region, Al films exhibit SPP resonances much

broader than those of Ag and Au films.30,31 In plasmonics,

normally sharper SPP resonances are required to obtain

higher device performances. However, in our multilayer

Fano structures, the broadness of the SPP resonance turns to

be advantageous because it is not necessary to tune finely the

sharp PWG resonance to the SPP resonance to assure their

overlap and coupling. Furthermore, Al is a low cost material

with well-known optical properties. In addition, as described

in detail in recent review papers32,33 and references cited

therein, Al-based plasmonic structures are operational in the

UV spectral region (UV plasmonics), where they have good

plasmonic properties because of low losses in Al, which is

not the case for Ag- and Au-based structures.

In this paper, we report the results of ATR measure-

ments performed by varying the thickness of the spacer

layer. The width of the Fano line shape and consequently the

Q factor are shown to depend strongly on the thickness. A Q
factor as high as �1500 is demonstrated experimentally. In

this work, the imaginary part of the dielectric constant of the

waveguide layer is experimentally estimated. From a com-

parison with EM calculations, we demonstrate that the mag-

nitude of the imaginary part plays an important role in

determining the Fano line shape.

II. EXPERIMENTAL

The structure of samples prepared is schematically

shown in Fig. 1(a). Figure 1(b) shows a typical cross-

sectional image of a sample obtained by using a scanning

electron microscope (SEM) (Hitachi S-3100). First, an Al

layer was deposited on a cleaned SF11 glass substrate by a

vacuum evaporation technique. Then, a SiO2 layer and an

Al2O3 layer were successively deposited on top of the Al

layer using a rf magnetron sputtering technique. Targets of

SiO2 and Al2O3 four inches in diameter were mounted on an

Anelva SPF210H sputtering apparatus and sputtered with a

rf power of 200 W in an Ar gas of �2.7 Pa. The thickness of

the Al layer was monitored by a quartz microbalance during

the deposition. The thicknesses of the SiO2 and Al2O3 layers

were controlled by choosing appropriate sputtering durations

based on predetermined sputtering rates. For the SEM obser-

vation, the substrate with a stack of the layers was first bro-

ken to expose its cross section and dipped into a buffered HF

etchant to slightly etch the SiO2 layer. Then, the sample was

coated by a thin Au layer to prevent the charge-up effects.

The SEM image shown in Fig. 1(b) confirms the multilayer

structure consisting of the Al, SiO2, and Al2O3 layers depos-

ited on the substrate. For comparison purposes, we also pre-

pared reference samples, which have only the SiO2 layer

deposited on the Al layer.

To measure the ATR spectra in the Kretschmann config-

uration, the multilayer sample was pasted onto the bottom

surface of a 60�-prism made of SF11 glass with the aid of

index matching fluid. The prism with the sample was

mounted on a computer-controlled h – 2h rotating stage. 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, using a Si photo-diode connected to a

lock-in-amplifier. The reflectance spectra were obtained by

normalizing the intensity data recorded for the sample to

those recorded for a bare substrate without the multilayer

stack. The precision of the incident angle (internal angle

inside the prism) in the present measurements is around

0.003�.

III. RESULTS AND DISCUSSION

A. Analysis of the observed Fano line shape

Typical ATR spectra obtained for the multilayer stacks

without and with the Al2O3 waveguide layer are shown in

Figs. 2(a) and 2(b), respectively. The spectrum obtained

without the Al2O3 waveguide layer [Fig. 2(a)] exhibits a

broad asymmetric ATR dip attributed to the excitation of the

SPP mode at the Al/SiO2 interface, in good agreement with

previous ATR studies of Al films.30,31 In the presence of the

FIG. 1. (a) Structure of samples prepared. (b) Cross-sectional SEM image of

a sample.
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Al2O3 waveguide layer [Fig. 2(b)], a sharp Fano resonance

appears around 64.7� in the tail region of the SPP dip. As dis-

cussed in detail in our previous papers,22,23,26,27 this Fano res-

onance is caused by the coupling of the SPP mode localized at

the Al/SiO2 interface with the PWG mode supported by the

Al2O3 waveguide layer. As we see in Fig. 2(a), the SPP reso-

nance presently observed with the Al layer is very broad,

extending from 57� to 70�. The resonance is almost twice as

broad as those exhibited by Ag/dielectric and Au/dielectric

interfaces in similar multilayer structures.22,23,26,27 It should

be noted here that the broad SPP resonance is advantageous in

realizing the Fano resonance in our multilayer structures

because it is not necessary to control precisely the thickness

of the waveguide layer to tune finely the resonance angle of

the sharp PWG mode into the SPP resonance to assure their

overlap and coupling. Using the Al-based multilayer structure,

we can generate the Fano resonance in a wide range of wave-

guide layer thicknesses, roughly twice as wide as those for

Ag- and Au-based structures.

The solid lines in Figs. 2(a) and 2(b) represent the

results of EM calculations performed by a freely available

Winspall software package, which allows us to calculate

ATR spectra by varying the structural parameters. We see

that the experimental spectra are very well reproduced by the

EM fit curves. In the fitting procedure, the dielectric constant

of the SF11 prism was set to eSF11 ¼ 3:163.34 The fit curve

shown in Fig. 2(a) was obtained by a set of parameters:

s¼ 20.68 nm and eAl ¼ –38.94þ i16.55 for the Al layer

and t¼ 400 nm and eSiO2
¼ 2:126 for the SiO2 layer. The

parameters for the fit curve of Fig. 2(b) are s¼ 20.95 nm and

eAl ¼ –37.28þ i16.33 for the Al layer, t¼ 363 nm and eSiO2

¼ 2:124þ i2:915� 10�4 for the SiO2 layer, and d¼ 563 nm

and eAl2O3
¼ 2:788þ i3:673� 10�4 for the Al2O3 layer.

In the above fitting procedure, we did not take into

account the existence of the oxide layer at the Al surface.

However, it is known that when a vacuum evaporated Al

film is exposed to laboratory air, a native oxide (Al2O3)

layer a few nm in thickness is formed.32,35 We checked the

influence of the oxide layer on the fitting results and found

the following facts. When an Al2O3 layer a few nm in thick-

ness is inserted between the Al and SiO2 layers in the EM

calculations, only a portion of the ATR spectrum corre-

sponding to the SPP resonance is appreciably modified,

while that corresponding to the sharp Fano resonance

remains almost the same. As a consequence, to obtain good

fits to experimental results, mainly the parameters for the

Al film have to be modified appreciably (up to �10%),

while the remaining parameters for the SiO2 and Al2O3

layers have to be modified only slightly (less than a few

percent). These results suggest that the parameters of the Al

layers obtained without inserting the oxide layer are effec-

tive ones that reflect the effects of the surface oxide layer.

For simplicity, throughout this work, we use the parameters

obtained by neglecting the oxide layer. The overall good

fits allow us to use these fitting parameters as good esti-

mates of the thicknesses and dielectric constants of the

layers in the present samples.

As evident from Fig. 2(a), the ATR dip corresponding to

the SPP excitation at Al/SiO2 is highly asymmetric.

Although SPP dips observed for various metallic films were

commonly analyzed using the Lorentzian line shape,36,37 it is

very much plausible that the SPP dip seen in Fig. 2(a) takes

the Fano line shape. To check this point, we attempted to fit

the observed line shape to a generalized function of the Fano

line shape derived by Gallinet and Martin.38,39 According to

them, asymmetric line shapes of optical responses arising

FIG. 2. (a) Experimental ATR spectrum of a sample without the Al2O3 waveguide layer and a fit curve obtained by an EM calculation. (b) Experimental ATR

spectrum of a sample with an Al2O3 waveguide layer and an EM fit curve. (c) Experimental ATR spectrum identical to that shown in (a) and a result of fitting

to the single Fano function. (d) Experimental ATR spectrum identical to that shown in (b) and a result of fitting to the double Fano function.
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from interferences between a nonradiative (dark) mode and a

flat continuum of a radiative (bright) mode are given by

raðxÞ ¼ c

x2 � x2
a

2Waxa
þ q

� �2

þ b

x2 � x2
a

2Waxa

� �2

þ 1

; (1)

where xa and Wa are the resonance frequency and width,

respectively, q is the Fano factor that governs the asymme-

try, b is the modulation damping parameter, and c is the scale

factor. The above line shape function is a generalization of

the original Fano function6,7,40 to the case where the dark

mode resonance has intrinsic losses coming from the mate-

rial losses, normally in metallic nanostructures. The effects

of the losses are quantified by the parameter b. To apply the

above generalized Fano function to our experimental data,

the frequency x has to be replaced by the angle of incidence

h. The result of fitting to the above generalized Fano function

is presented in Fig. 2(c). The experimental data (dots) are the

same as those presented in Fig. 2(a), and the solid line is the

fit curve obtained by a set of parameters: c¼ 0.504,

ha¼ 56.15�, Wa¼ 1.60�, q¼ –0.760, and b¼ 0.393. In the

present Fano line shape, the maximum is located at an angle

lower than that of the minimum; in this case, the line shape

can be fitted with a negative value of q. Figure 2(c) demon-

strates that the experimental data can be fitted very well by

the generalized Fano function. This implies that the SPP res-

onance can be regarded as the Fano resonance. To the best of

the author’s knowledge, the physical origin of the asymmet-

ric line shape of the SPP dip has not been discussed in depth.

In our group, analyses of the asymmetric SPP dips based on

the EM theory and the coupled-mode theory are in progress,

and the results will be published elsewhere.

In a variety of plasmonic nanostructures, the spectrum

of the radiative (bright) mode is not flat and can be described

by a symmetric Lorentzian line shape rs(x). In analyzing

asymmetric line shapes superposed on the symmetric

Lorentzian line shape, Gallinet and Martin39 introduced a

total line shape rtðxÞ ¼ rsðxÞraðxÞ, given by a product of

the symmetric and asymmetric line shapes. They demon-

strated that this expression of rt(x) is very much successful

to reproduce the Fano line shapes obtained by surface inte-

gral numerical simulations for a variety of nanostructures

such as dolmen nanostructures, plasmonic quadramers and

heptamers, and metallic photonic crystals.

As can be seen in Fig. 2(b), the presently observed sharp

asymmetric Fano line shape is superposed on the broad

asymmetric line shape, instead of a symmetric line shape.

Therefore, to analyze the present sharp Fano line shape, it is

natural to modify the total line shape function of Gallinet

and Martin39 and express it as a product of two asymmetric

line shapes given by

rtðhÞ ¼ ra1ðhÞra2ðhÞ; (2)

where ra1(h) and ra2(h) are the asymmetric line shapes given

by Eq. (1) with two different sets of parameters, ci; hai;
Wai; qi, and bi (i¼ 1, 2). It is appropriate to call this line

shape function as a double Fano function. In Fig. 2(d), a result

of fitting of the experimental ATR spectrum to the double

Fano function is presented. The experimental data (dots) are

the same as those shown in Fig. 2(b). The fit curve was

obtained by two sets of parameters: c1¼ 0.461, ha1¼ 57.11�,
Wa1¼ 1.224�, q1 ¼ –0.826, and b1¼ 0.410 for ra1(h) and

c2¼ 1.0, ha2¼ 64.64�, Wa2¼ 0.0291�, q2¼ –0.719, and

b2¼ 0.666 for ra2(h). We see that the above double Fano

function is very much successful to reproduce the overall line

shape of the observed ATR spectrum. Once the second set of

the parameters is determined, they can be conveniently used

to discuss quantitatively the characteristics of the sharp Fano

line shape. In fact, the Q factor for the sharp Fano line shape

is given by ha2/2Wa2, and we obtain Q¼�1100 for the reso-

nance seen in Figs. 2(b) and 2(d). We note here that the dou-

ble Fano resonances are commonly interpreted as due to the

interference of a dark mode with two bright modes and can be

well described by a model of three coupled mechanical oscil-

lators.41–44 According to our analysis, although not shown

here, the experimental ATR spectrum presented in Figs. 2(b)

and 2(d) can be well fitted to the line shape function resulting

from the coupled oscillator model.

To elucidate the mechanism of appearance of the sharp

Fano resonance in the present structure, we have calculated

electric field distributions using a 2� 2 matrix method. In

the calculations, we used dielectric constants and thicknesses

of the layers determined from the theoretical fit of the ATR

spectrum mentioned above and assumed a p-polarized plane

wave of 632.8 nm in wavelength incident on the multilayer

system through the prism. Figures 3(a)–3(c) show electric

field distributions obtained for three different angles of inci-

dence, 57.11�, 64.20�, and 64.64�, respectively. In these fig-

ures, the square of the electric field amplitude normalized to

that of the incident light (field enhancement factor) is plotted

as a function of the position z in the structure; the z axis is

normal to the interfaces and the prism/Al interface is located

at z¼ 0. Note that the first and third angles chosen are the

SPP excitation angle ha1 and the resonance angle of the sharp

Fano line shape ha2, respectively, determined from the dou-

ble Fano fitting; the second angle is in between these angles.

In Figs. 3(a)–3(c), we see electric field distributions

resulting from the hybridization of the SPP and PWG modes;

their relative contributions vary depending on the angle of

incidence. In fact, in Fig. 3(a) corresponding to the SPP reso-

nance angle of ha1¼ 57.11�, we see a strong contribution of

the SPP excitation at the Al/SiO2 interface, which is mani-

fested by a strong electric field amplitude at the interface

accompanied by an evanescent tail in the SiO2 spacer layer.

At this angle, the excitation of the PWG mode is weak and

gives only a small bump in the Al2O3 waveguide. Figure

3(b) corresponding to the intermediate angle of 64.20� shows

that both the SPP and PWG mode excitations contribute

almost equally to the distribution; the field enhancement fac-

tor at this angle is very small because the angle is far from

the SPP and PWG mode resonances. In Fig. 3(c) correspond-

ing to ha2¼ 64.64�, we see that the field distribution is domi-

nated by the PWG mode excitation with an extremely high

enhancement factor around the center of the waveguide.

From the behaviors seen in Figs. 3(a)–3(c), it is clear that the

163103-4 Hayashi et al. J. Appl. Phys. 122, 163103 (2017)



sharp Fano resonance is caused by the excitation of the PWG

mode that interacts with the SPP mode. As has been shown

in our theoretical paper,23 when the angle of incidence is

scanned around the resonance angle of the sharp PWG

mode, the phase of the electromagnetic field associated with

the PWG mode changes by a factor of p and its sign is

reversed [See Fig. 5(a) in Ref. 23], while that of the SPP

mode does not change appreciably because the angle is

located in the tail region of the broad SPP resonance. The

constructive and destructive interferences of the two modes

around the PWG mode resonance thus result in the sharp

asymmetric Fano line shape.

B. Fano line shape engineering

According to our EM calculations,22–24 high-Q Fano

resonances in the metal-dielectric multilayer structures have

potentials to realize extremely high sensitivities in optical

sensing and giant electric-field enhancements. To realize

such high performances, we have to know how to engineer

the Fano line shape. Our calculations demonstrated that the

thickness of the spacer layer t is one of the most important

parameters that determine the width W.23,24 Physically

speaking, the thickness of the spacer layer t governs the

strength of coupling between the SPP and PWG modes; as t
increases, the coupling becomes weaker. To generate a well-

shaped Fano resonance in an ATR spectrum, the coupling

has to be sufficiently small because when the coupling is too

strong, the resonance splits into two separate components,

not resulting in the Fano line shape; t has to be sufficiently

large to generate a well-shaped Fano resonance. We found

that as t increases, initially W of the Fano resonance

decreases rapidly, then turns to decrease slowly, and finally

approaches a minimum value for very large t values [See

Fig. 8(b) in Ref. 23 and Fig. 5(e) in Ref. 24]; the Q factor,

which is inversely proportional to W, thus increases in paral-

lel with W and finally approaches a maximum value. It is

very important to note here that in a real waveguide layer,

the imaginary part of its dielectric constant, which reflects

the loss of EM energy inside the waveguide, is normally

small but is not totally zero. Our results of numerical calcula-

tions demonstrated that the minimum value of W and the

maximum of Q factor are governed by the magnitude of the

imaginary part; an order of magnitude increase in the imagi-

nary part leads to roughly an order of magnitude increase

(decrease) in the minimum (maximum) value of W (Q factor)

[See Fig. 8(b) in Ref. 23 and Fig. 5(e) in Ref. 24].

Our EM calculations also demonstrated that the imagi-

nary part of dielectric constant plays an important role in

determining the height of the Fano resonance H, defined as

H¼Rmax – Rmin, with Rmax and Rmin being the maximum and

minimum values of the reflectance around the resonance. As

t increases, first H does not change appreciably, but for t
larger than a threshold value, H starts to decrease very rap-

idly [See Fig. 8(a) in Ref. 23 and Fig. 5(d) in Ref. 24]. This

means that the Fano resonance practically disappears for t
values much larger than the threshold value. The threshold

value was found to decrease as the imaginary part increases.

Since H decreases faster than W in the region of large t, the

ratio of H to W (H/W) takes a maximum value at a certain

value of t. The FOM of sensitivity and FEF show almost the

same t-dependence as the ratio H/W and take maximum val-

ues at a certain value of t [See Fig. 10 in Ref. 23 and Figs.

5(f) and 6(d) in Ref. 24]. This means that there exists an opti-

mum thickness of the spacer layer, which leads to the maxi-

mum performance of the devices. It is important to note that

the maximum values of the FOM and FEF are fixed by the

magnitude of the imaginary part; the larger the imaginary

part, the lower the maximum values. These findings suggest

that in real multilayer structures, the imaginary part has to be

properly estimated and the estimated value has to be used in

theoretical calculations. Simulation results obtained with the

unrealistic value of the imaginary part are meaningless in

practical applications. As already mentioned at the beginning

of Subsection III A, the imaginary part of the dielectric con-

stant of the Al2O3 waveguide layer in the present samples

estimated from the Winspall fitting falls in the range of 10�4.

To confirm experimentally the above theoretical predic-

tions and establish a way of engineering the Fano line shape,

in particular, the width and Q factor, we prepared various

samples having different spacer layer thicknesses and per-

formed a systematic ATR study. In Figs. 4(a)–4(c), experi-

mental Fano line shapes observed for three different samples

are presented. The thicknesses of the spacer layer obtained

from the Winspall fit are t¼ 223, 363, and 426 nm, respec-

tively. The solid lines in the figures are the results of fitting

to the double Fano function [Eq. (2)]. We see that the experi-

mental line shapes are very well reproduced by the double

FIG. 3. Electric field distributions calculated for three different angles of inci-

dence: (a) 57.11� (¼ ha1), (b) 64.20�, and (c) 64.64� (¼ ha2), respectively.
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Fano fit curves. It should be noted that the scales of the ordi-

nate and abscissa are expanded more and more in order of

Figs. 4(a)–4(c). These figures demonstrate that as t increases,

the width of the resonance and its height decrease, in good

qualitative agreement with the theoretical predictions men-

tioned above. The fit to the double Fano function yields

Wa2¼ 0.1388�, 0.0291�, and 0.0221� for the three samples,

respectively. We note here that the structural parameters

other than t, i.e., s, d, eAl; eSiO2
, and eAl2O3

, resulting from the

Winspall fit, fluctuate to some extent from sample to sample.

However, a comparison between the results of Winspall fit-

ting and those of double Fano fitting indicated that Wa2 and

H are very sensitive to t and the imaginary part of eAl2O3
and

less sensitive to other parameters. On the other hand, the

asymmetry factor q2 is sensitive to s and eAl, while ha2 is sen-

sitive to d and the real part of eAl2O3
. Wa2 and H are also

influenced by the imaginary part of eSiO2
, but the influences

are very small compared to those brought by the imaginary

part of eAl2O3
. In brief, the spacer layer thickness t and the

imaginary part of eAl2O3
are found to be the most important

parameters that determine the width Wa2 and height H of the

sharp Fano resonance in the present structure.

The results of the systematic study obtained by varying t
are presented in Figs. 5(a)–5(d). In Figs. 5(a) and 5(b),

experimental values of Wa2 and Q factor are plotted as a

function of t, respectively. In Figs. 5(c) and 5(d), experimen-

tal values of H and H/Wa2 are plotted, respectively. In all

these figures, theoretical curves obtained from EM calcula-

tions are also shown; a model used for the calculations is

explained in detail later. Figure 5(a) demonstrates that Wa2

decreases by approximately an order of magnitude when t
increases from 200 to 450 nm. Since ha2 values for various

samples fall in a narrow angle region, the t-dependence of Q
shown in Fig. 5(b) is mainly determined by that of Wa2,

resulting in an order of magnitude increase in the same range

of t. Note that the maximum value of Q achieved for the pre-

sent sample is as high as �1500. This Q factor is more than

four times larger than that of �350 achieved in our previous

experimental work26 and an order of magnitude larger than

those of �100 achieved by other groups for plasmonic nano-

structures.45,46 Figure 5(c) shows that H decreases monoto-

nously as t increases. Since H decreases faster than Wa2 for

t � 400 nm, the ratio H/Wa2 takes a maximum value around

t¼ 370 nm as seen in Fig. 5(d).

To obtain theoretical curves shown in Figs. 5(a)–5(d),

we assumed a model structure characterized by a set of

parameters: s¼ 17.80 nm and eAl ¼ –36.66þ i16.83 for the

Al layer, eSiO2
¼ 2:125þ i1:46� 10�3 for the SiO2 layer,

FIG. 4. Fano line shapes observed

(open circles) for samples with different

spacer layer thicknesses, t¼ 223 nm for

(a), 363 nm for (b), and 426 nm for (c),

respectively. The results of fitting to the

double Fano function are presented by

solid lines.

FIG. 5. Dependence of width Wa2 (a)

and Q factor (b) of the sharp Fano line

shape on the spacer layer thickness t
and the dependence of height H (c) and

ratio H/Wa2 (d) on t. Theoretical curves

obtained from EM calculations for a

model structure are also shown. The

imaginary part of the dielectric constant

of the Al2O3 waveguide layer was

assumed to be eim
Al2O3

¼ 1:0� 10�3,

5.0� 10�4, and 3.338� 10�4 to obtain

dotted, solid, and broken curves,

respectively.
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and d¼ 585 nm and eAl2O3
¼ 2:786þ ieim

Al2O3
for the Al2O3

layer. These parameters were determined by averaging

Winspall fit parameters of different series of samples. The

imaginary part of eAl2O3
was set to three different values,

eim
Al2O3

¼ 1:0� 10�3, 5.0� 10�4, and 3.338� 10�4, respec-

tively. These values can be converted into the imaginary

parts of the refractive index of j ¼ 3.0� 10�4, 1.5� 10�4,

and 1.0� 10�5, respectively. First, assuming the above

parameters and eim
Al2O3

values, we calculated the ATR spectra

for various t. Then, we performed double Fano fitting to all

the calculated spectra to obtain the values of ha2 and 2Wa2 as

functions of t. The dotted, solid, and broken curves presented

in Figs. 5(a)–5(d) correspond to the eim
Al2O3

values of

1.0� 10�3, 5.0� 10�4, and 3.338� 10�4, respectively. We

see that the present experimental points of Wa2 and the Q
factor are in good agreement with the theoretical curves cor-

responding to eim
Al2O3

¼ 5:0� 10�4. A close comparison

between the theoretical curves reveals that for small t values,

the difference in eim
Al2O3

does not lead to large differences in

Wa2 and Q. However, as t increases, the difference between

the curves becomes larger, and for t � 350 nm, the differ-

ences are considerably large. These behaviors of the theoreti-

cal curves can be explained physically in the following way.

In the region of small t, the coupling between the SPP and

PWG modes is relatively strong, and it is the coupling

strength that determines the width of the Fano resonance

Wa2. Therefore, Wa2 and Q are governed by the coupling

strength rather than by the loss in the waveguide represented

by eim
Al2O3

. On the other hand, in the region of large t, the cou-

pling becomes weak and the loss in the waveguide plays a

major role in determining Wa2 and Q. In the intermediate

region of t, Wa2 and Q are determined by the interplay of the

coupling strength and the loss.

In Fig. 5(c), we see that for t � 350 nm, the experimental

points of H are located very close to the theoretical curve cor-

responding to eim
Al2O3

¼ 5:0� 10�4, while for t � 350 nm, the

points deviate from the curve and tend to approach the curve

corresponding to eim
Al2O3

¼ 1:0� 10�3. The same behavior of

the experimental points of H/Wa2 is seen in Fig. 5(d). The rea-

son for the deviation of the experimental points from the theo-

retical curves of eim
Al2O3

¼ 5:0� 10�4 is not well understood at

present; light scattering caused by the surface roughness at the

waveguide surface, which is not included in the EM calcula-

tions, may be one of the reasons. Nevertheless, the present

experimental data clearly demonstrate the existence of a maxi-

mum in H/Wa2, in good agreement with the theoretical result

mentioned above. It is now very clear that the discussion of

the Fano line shape that does not take into account the influ-

ence of the nonzero imaginary part is meaningless, in particu-

lar, in the region of large t. Very recently, Zheng et al.29

reported an extremely high theoretical value of Q¼ 63 895.4

for a multilayer structure consisting of an Au layer, a SiO2

layer, and a ZrO2 layer surrounded by water. This high Q
value is unrealistic because they estimated it from an EM cal-

culation neglecting the imaginary part of the dielectric con-

stant of the ZrO2 waveguide layer.

Finally, we note that the sharp Fano resonances in the

metal-dielectric multilayer structures are very much promising

in developing high-performance optical devices such as

sensors, optical switches, and platforms of enhanced spectros-

copies. In biosensing, for instance, surface plasmon resonance

(SPR) sensors have been widely used. In the conventional

SPR biosensor, it is common to functionalize metallic surfaces

to capture desired biomolecules and monitor changes in the

SPP ATR dips caused by the capture of the biomolecules. The

metal-dielectric multilayer structure can be used in exactly the

same manner as the SPR biosensor, when the outer surface of

the waveguide layer is functionalized and the biomolecules

are captured thereon. According to our previous numerical

analyses,22–24 when the change in the intensity of the reflected

light is monitored, sharper Fano resonances are expected to

lead larger FOM of sensitivity. Although the ultimate FOM of

sensitivity is determined by the material parameters, in partic-

ular, the imaginary part of dielectric constant of the wave-

guide, the FOM of sensitivity for an optimized structure can

be enhanced by several orders of magnitude compared to that

of the conventional SPR biosensor. Highly enhanced electric

fields generated at the waveguide surface under the Fano reso-

nance condition can also be used to monitor enhanced Raman

and fluorescence signals from attached biomolecules.23,24

IV. CONCLUSIONS

We have demonstrated that the multilayer samples, con-

sisting of an Al layer, a SiO2 spacer layer, and an Al2O3

waveguide layer, exhibit high-Q Fano resonances in the

angle-scan ATR spectra measured in the Kretschmann con-

figuration. The Fano resonances originate from the coupling

between the SPP mode at the Al/SiO2 interface and the PWG

mode supported by the Al2O3 waveguide. The sharp Fano

resonance was observed on the background of highly asym-

metric and broad resonance corresponding to the excitation

of the SPP mode at the Al/SiO2 interface. We showed that

the asymmetric line shape of the SPP resonance can be well

reproduced by the generalized Fano function derived by

Gallinet and Martin.38,39 Furthermore, we showed that the

sharp Fano line shape can be well reproduced by the general-

ized double Fano function, which is expressed as a product

of two generalized Fano functions. The dependence of the

Fano line shape on the spacer layer thickness was systemati-

cally studied and compared with theoretical results. The

width of the Fano resonance was found to decrease monoto-

nously as the spacer layer thickness increases, leading to the

increase in the Q factor. The Q factor achieved in the present

work is as high as �1500. A comparison between the experi-

ment and theory reveals that not only the spacer layer thick-

ness, which governs the coupling strength, but also the

imaginary part of the dielectric constant related to the loss in

the waveguide play an important role in determining the

width and height of the Fano resonance.

In this work, we concentrated on sharpening the Fano

resonance to achieve high Q factors, varying the thickness of

the SiO2 spacer layer, while fixing that of the Al2O3 wave-

guide layer. Further detailed studies are still required to

achieve high sensing sensitivities and high field enhance-

ment factors. A careful optimization of the structure is neces-

sary, in particular, regarding the position of the sharp Fano

resonance, which can be controlled by the thickness of the
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Al2O3 layer. Such an optimization is underway in our group,

and results will be published elsewhere. In view of good

plasmonic properties of Al in the UV region, the results pre-

sented in this paper may pave the way for realizing the Fano

resonance and developing its applications in the UV spectral

region.
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