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Hybrid waveguides, i.e., dielectric waveguides combined with plasmonic waveguides, have great
potential for concomitantly exhibiting subwavelength confinement and long range propagation,
enabling a highly integrated photonic circuit. We report the characterization of hybrid waveguide
modes excited in Si/SiO,/Al films, by dispersion measurement using angle-resolved electron
energy-loss spectroscopy. This experiment directly verifies the formation of the hybrid wave-
guide mode with a strongly localized electromagnetic field in a 6-nm-thick SiO, layer. The
results clearly describe the characteristic behavior of the hybrid waveguide mode, which depends
on the effective index of the constituent dielectric waveguide and the surface plasmon-polariton
modes. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4916800]

I. INTRODUCTION

Guiding light with subwavelength confinement is a criti-
cal challenge for nanoscale optical applications, such as inte-
grated photonic circuits." A variety of waveguide structures
have been proposed for this purpose in previous reports,”'°
some of which have been assessed experimentally. Dielectric
waveguide structures like dielectric cylinders can allow light
propagation over a long distance, although the confinement is
limited by the size of the waveguide structure itself. By con-
trast, waveguide structures using surface plasmon-polaritons
(SPPs),] 112 such as a metal surface, can achieve deep subwa-
velength confinement. However, the propagation loss associ-
ated with plasmonic waveguides is high because of electron
oscillations in the dissipative metallic regions,'* and the prop-
agation distance is usually limited to several microns.

One strategy that has been predicted to be efficient is cou-
pling a dielectric waveguide with a plasmonic wave-
guide.”>™"® A hybrid plasmonic waveguide with a dielectric
cylinder above a metal surface was proposed,” and its effec-
tiveness as a nanolaser was demonstrated several years
ago.'”?® The hybrid waveguide structure can store dense
energy in the low-permittivity insulator nano-gap between the
dielectric waveguide and the metal surface, leading simultane-
ously to deep subwavelength confinement and long-range
propagation. This waveguide mode has been regarded as a
coupling of the dielectric waveguide and the SPPs.'*!®
Although the properties of hybrid waveguide modes have
been analyzed theoretically, experimental verifications have
so far been lacking. In particular, although the coupled-mode
theory suggests that the character of the hybrid waveguide
modes depends mainly on the effective indices of the constitu-
ent dielectric waveguide and SPP modes,"*'®?! this relation-
ship has not yet been confirmed satisfactorily by experiment.
In the present work, we show the results of dispersion
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measurements of the hybrid waveguide mode using angle-
resolved electron energy-loss spectroscopy (AREELS).?*%
In order to investigate the fundamental characteristics of the
simplest hybrid waveguide structure, we fabricated three-
layered films consisting of a high-permittivity semiconductor
layer, a low-permittivity insulator nano-gap (or vacuum) and
a metal layer, and a so-called SIM structure. Owing to this
simple structure, the dispersion relations observed experimen-
tally can easily be compared with the calculated relationships.
Furthermore, the three-layered film with parallel interfaces
can be used in real applications, such as integrated photonic
circuits,l‘H7 because a structure with a rectangular cross-
section is much easier to fabricate using microfabrication
technology, e.g., electron beam lithography.

We performed dispersion measurements not only on the
SIM films but also on the SI films (without the metal layer)
over the energy region encompassing the visible light spec-
trum to determine the relationship between the effective indi-
ces of the constituent modes and the behavior of the hybrid
waveguide mode. The low-permittivity insulator gap in the
present study was less than 10nm thick. The formation of a
hybrid waveguide mode with extremely dense electromag-
netic energy was confirmed through dispersion measurements.

Il. METHOD

Figure 1 shows a schematic diagram of AREELS. A nar-
row slit is placed at the entrance plane of the spectrometer
on which the angular dispersive (electron diffraction) pattern
is formed. When the slit is set to be perpendicular to the
direction of energy dispersion for the spectrometer, the spec-
tral intensity can be obtained as a function of the scattering
angle (0) and the energy loss (E). Since the scattering angle
is proportional to the component of the scattering vector per-
pendicular to the direction of incident electrons (q,), the
observed two-dimensional (2D) AREELS pattern allows us
to directly visualize the energy-loss probability as a function
of £ and ¢, (E-q map), as shown in Fig. 1. When the

© 2015 AIP Publishing LLC


http://dx.doi.org/10.1063/1.4916800
http://dx.doi.org/10.1063/1.4916800
http://dx.doi.org/10.1063/1.4916800
mailto:kurata@eels.kuicr.kyoto-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4916800&domain=pdf&date_stamp=2015-04-01

133107-2 H. Saito and H. Kurata

"> Incident electrons Scattered
electrons
SIM three-layered structure J Incident
0 electrons

Scattered electrons

slit RN

Spectrometer

Volume plasmon of Al

Energy loss

FIG. 1. Schematic diagram of AREELS method. k¢ and k; represent the
wave vectors of incident and scattered electrons, respectively. An angular
selection slit is placed at the entrance plane of the spectrometer to limit elec-
tron collection to those scattered perpendicular to the direction of energy
dispersion. The gap in the center part of the slit is closed to prevent the
intense direct beam from saturating the CCD detector. The inserted E-q map
is taken from B2.

incident electrons are normal to the multilayered films, ¢
can be assumed to be the wave vector k (propagation con-
stant) of the propagating waves in waveguide structures.
Therefore, the E-q map directly yields the dispersion rela-
tions of the waveguide modes.

AREELS measurements were performed at room tem-
perature using a 200kV transmission electron microscope
(JEM-9980 TKP1) equipped with a cold field emission gun
and an omega filter as a spectrometer. The energy resolution
determined from the full width at half maximum of the zero-
loss peak was 0.4eV. In order to achieve the high angular
dispersion, the specimen was lifted from the normal position
in the image mode with spot illumination.”® The scattering
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vector resolution determined from the full width at half max-
imum of a direct beam on the E-q map was 5 x 10 >nm .
A specimen area 4 um in diameter was illuminated by an
incident electron beam with a convergent semi-angle of 6.4
mrad. The E-q maps were measured by a charge-coupled de-
vice (CCD) camera with a pixel size corresponding to
27meV and 3.8 x 10 *nm ' along the loss energy and the
scattering vector axes in the E-q maps, respectively. Each E-
q map was acquired in 10s. Ten E-q maps taken under the
same conditions were superimposed to improve the signal-
to-noise ratio.

The waveguide structures consisting of the multilayered
(ST and SIM) films were prepared as shown in Fig. 2(a).
Silicon (Si), silicon dioxide (SiO,), and aluminum (Al) were
chosen as the semiconductor layer, the insulator gap, and the
metal layer, respectively. First, a 6-nm-thick amorphous SiO,
film was produced on the sodium chloride crystal (NaCl) sub-
strate by electron beam evaporation. Then, a non-crystalline Si
film with a thickness of 52, 105, or 157 nm was deposited on
the SiO,(6 nm)/NaCl substrate by electron beam evaporation.
The resulting two-layered films, viz., Si(52nm)/SiO,(6 nm),
Si(105 nm)/SiO,(6 nm), and Si(157 nm)/SiO»(6 nm), are denoted
as specimens Al, A2, and A3, respectively. Specimens Al,
A2, and A3 were floated on the surface of distilled water by
dissolving the NaCl substrates, and transferred onto copper
meshes for AREELS measurements. Finally, 35-nm-thick Al
films were deposited on the SiO, side of specimens Al, A2,
and A3 by thermal evaporation; the resulting specimens will
hereafter be denoted as specimens B1, B2, and, B3, respec-
tively. The thickness of each layer was monitored with a
quartz oscillator and confirmed by cross-sectional images
taken by a scanning transmission electron microscope, as
shown in Fig. 2(b). The total thicknesses of the specimens
were small enough to be penetrated by the incident electrons.

(a) Al (b)
@ Si0, 6 nm
NaCl substrate | -
2 Si52 nm
Si
A2 A3
Electron beam evaporation
) SI105.nm 51157 nm
Si
i nm
[] [] e
Copper mesh Al 35 nm
=
@ Si52 nm
Si
"R
B2 B3
Thermal evaporation Si 105 nm Si 157 nm

FIG. 2. (a) Schematics of the specimens and the steps of specimen preparation. (b) A cross-sectional STEM image of A3. The brightest region is the iron (Fe)

layer deposited to protect the specimen from being damaged by FIB processing.
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Since the SPP mode supported by the plane surface is the
transverse magnetic (TM) mode, the hybrid waveguide modes
supported by the SIM film are also expected to be only TM
modes. Moreover, the incident electrons normal to the plane
surface can excite only TM modes.>° Therefore, in the present
study, we consider the dispersion relations only for TM
modes. The experimental E-q maps were compared with the
theoretical dispersion curves for TM modes to identify their
modes. By solving Maxwell’s equations under the appropriate
boundary conditions, the dispersion relationship is obtained; it
can be expressed in terms of the dielectric function (¢) and the
thickness (7) of each film via the equation

20t; 2ot 2ot 20t
1 +Km,iKi,se ” + Ki,sKs,Oe ol + Km,iKs,Oe ol =ty = O>

(1
where
Um %
& &
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Es €0

The indices m, i, s, and 0 denote the metal layer (Al), the in-
sulator gap (Si0O,), the semiconductor layer (Si), and vac-
uum, respectively. The thickness of the metal layer is
assumed to be semi-infinite in this equation. The metal layer
changes into vacuum for the dispersion calculation of the SI
films. The parameter o, i.e., the transverse wave number
(damping factor) of the electromagnetic wave perpendicular
to the interface, is given by

£\2
o kz—sn(ﬂ) (n=m,i,s,0), (5)

where 7 and ¢ are the Plank constant divided by 27 and the
velocity of light in vacuum, respectively.

The dispersion relations were calculated by solving
Eq. (1) numerically. The dielectric function of SiO, deter-
mined optically was used for the calculation.>' The dielectric
function of Al was assumed to follow the Drude model with-
out damping

B

&m(E) =1 _ﬁa

(6)
where E,, is the excitation energy for bulk plasmons, which
is 15eV for AL>* The reliability of these dielectric func-
tions of SiO, and Al was confirmed in our previous work.?
The dielectric function of non-crystalline Si was determined
by the present experiment for the SI films (specimens A2
and A3).

J. Appl. Phys. 117, 133107 (2015)

lll. RESULTS

Figure 3 shows the E-q maps of the SI films (A1, A2, and
A3) and SIM films (B1, B2, and B3), in which they are com-
pared with the calculated dispersion relations of light in vac-
uum, bulk amorphous SiO,, and Si crystal (white solid lines
and curves). Since the real part of the dielectric function of Si
is positive and large in the energy range below 4eV,
Cerenkov radiation is generated in Si by 200-keV electrons.
This radiation is confined inside the Si slab as discrete wave-
guide modes®’ owing to the boundary effect.>? Therefore, dis-
persion curves of Si waveguide modes would be expected to
be observed below 4¢eV in the E-q maps of the SI films. In
fact, on the E-q map in Fig. 3(b), the dispersion curve of the
lowest TM mode (TMy) appears in the region between the
light lines in vacuum and Si bulk. This is a feature of Si wave-
guide modes. When the thickness of the Si film is increased,
dispersion curves of two TM modes are observed, as shown in
Fig. 3(c). The dispersion curve of the TM; mode shifts to the
lower energies with increasing Si thickness. This behavior is
characteristic of dielectric waveguide modes. For the thin Si
film (A1), no dispersion curve of the Si waveguide mode was
detected below 4 eV, as shown in Fig. 3(a). The suppression
of the Si waveguide modes in Al can be attributed to the
decrease in Cerenkov loss whose probability is roughly pro-
portional to the thickness.**~>

On the E-q maps of all SI films shown in Figs.
3(a)-3(c), a broad dispersion curve is observed outside the
dispersion relation of light in vacuum above 4 eV. This is the
dispersion curve for SPPs excited on the Si/vacuum and Si/
SiO, interfaces. Since the real part of the dielectric function
of Si has a negative value between 4 eV and the volume plas-
mon energy (16—17eV), SPPs can be excited on the interface
between Si and the insulator (or vacuum) in this energy
region. The surface on the vacuum side was presumably oxi-
dized slightly because all specimens were exposed to air for
a long time before the AREELS experiments. Therefore, the
broad dispersion curve above 4eV is attributed to SPP on
two interfaces.

Figures 3(d)-3(f) show the E-q maps measured from
SIM films (B1, B2, and B3). The dispersion curves observed
below 4 eV are slightly different from those of the SI films.
For B1, in particular, a new dispersion curve clearly appears
in the E-q map of Fig. 3(d), whereas no dispersion curve was
detected for the corresponding SI film (A1), as seen in Fig.
3(a). This dispersion curve might be related to the SPP
excited on the Al/SiO, interface. Moreover, when the thick-
ness of the Si film in SIM structures is increased, the disper-
sion curves shift to lower energies (see Figs. 3(e) and 3(f)),
similar to the case of SI films. In order to distinguish the dis-
persion relations of SIM and SI films, their angle-resolved
EELS spectra at g, =0.02, 0.03, and 0.04 nm ! were com-
pared. Figure 4(a) shows the angle-resolved EELS spectra
extracted from the E-q maps of Figs. 3(b) and 3(e). The new
peaks observed in the SIM film (B2) are lower than those of
the Si waveguide (TM,) mode in the SI film (A2), which
suggests that the new excitation mode arises from the cou-
pling between the SPPs on the Al/SiO, interface and the
TM, modes in the Si film, representing a so-called hybrid
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FIG. 3. E-q maps of (a) Al, (b) A2, (c) A3, (d) B1, (e) B2, and (f) B3. The white solid curves anq line are the calculated dispersion relations of light in bulk Si,
bulk SiO,, and vacuum. The red curve represents the relationship between the energy and q, of Cerenkov radiation excited by 200keV electrons in bulk Si.

waveguide mode. It should be noted that the energy differ-
ence between the hybrid waveguide and the TM, modes
becomes small at large wave vectors (¢, =0.04nm™").
Figure 4(b) shows the angle-resolved EELS spectra extracted

from the E-q maps of Figs. 3(c) and 3(f), where the second
mode of the hybrid waveguide coupled with the TM; mode
of the Si waveguide also appears as weak shoulder peaks in
the spectra of B3. The first and second modes of the hybrid

(a)

(b) IHybrid wa;veguide I (C)
— A2 i1 — Bl
— B2 Hybrid waveguide — B2
] [ 1 — B3
3 = 3
] g e W .=0.02 nm!
< < < KN ]
> 2z > bt
2 2 2 i
8 8 8t Out5|e SPP
£ £ £ P %%
q.=0.03 nm- L
q.=0.04nm? | [
; . . } . . . § i
0 2 4 6 8 0 2 4 6 8 0 2 4 6 8

Energy loss (eV)

Energy loss (eV)

Energy loss (eV)

FIG. 4. Angle-resolved EELS obtained from the E-q maps of (a) A2 (blue) and B2 (red), and (b) A3 (blue) and B3 (red) at ¢, =0.02 nm~!, 0.03nm ™!, and
0.04nm . (c) Comparison of the angle-resolved EELS of B1 (black), B2 (green), and B3 (red).
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FIG. 5. (a) and (b) Dispersion plots of the hybrid waveguide mode (red filled circles) obtained from (a) B2 and (b) B3, compared with the theoretical dispersion
plots (brown open triangles). The dispersion relations of the TM, mode extracted from A2 and A3 are shown by blue filled circles. The solid purple curve and
black line are the theoretical dispersion relations of SPPs on the Al/SiO, interface and of light in vacuum, respectively. (¢c) Angle-resolved EELS of B3 at

¢, =0.024nm .

waveguide shift to lower energies relative to the TM, and
TM; modes of the Si waveguide, respectively. Their differ-
ences also decrease with increasing ¢ | .

The angle-resolved EELS spectra extracted from the
E-q maps of all SIM structures are compared in Fig. 4(c).
The intensity of each spectrum is normalized at the peak of
the outside SPPs. It should be noted that the ratio of excita-
tion probability of the hybrid waveguide modes to that of
the outside SPPs clearly increases with increasing Si layer
thickness. This behavior is typical of volume excitations
like Cerenkov radiation.>>3> Thus, the intensity increases
with Si thickness is attributed to the enhancement of the
hybrid waveguide modes by coupling with Cerenkov radia-
tion, similar to the abovementioned case for Si waveguide
modes.

For accurate assignment of the hybrid waveguide modes,
the dispersion relation observed experimentally should be
compared to that calculated by solving Eq. (1) numerically.
Figures 5(a) and 5(b) compare experimental and calculated
dispersion relations. The experimental dispersions (red filled
circles) were extracted from the E-q maps in Figs. 3(e) and
3(f) by finding a local maximum in the energy region from
1.45eV to 2.75eV and 2.15eV, respectively. These experi-
mental plots agree well with the calculated dispersion (red
open triangles) of the hybrid waveguide mode formed from
the coupling of the TM,, waveguide and SPP mode (TM,-SPP
mode) with a quasi-even symmetry. For comparison, these
figures also plot the dispersion relations of the Si waveguide
TM, mode extracted from Figs. 3(b) and 3(c) (see blue filled
circles). It can be seen that the dispersion for the TM,-SPP
mode merges with that of the TM,, mode at large wave vec-
tors. Also seen in Fig. 5(b) on the high-energy side is the the-
oretical dispersion for the TM;-SPP mode with quasi-even
symmetry. Although it is difficult to extract the experimental
dispersion relation for the TM;-SPP mode from the E-q map
of Fig. 3(f), the angle-resolved spectrum for ¢ | = 0.024nm ™"
has a shoulder at 2.1eV as shown in Fig. 5(c). The position
of this shoulder agrees with the theoretical prediction shown
in Fig. 5(b), so the existence of the TM;-SPP mode with
quasi-even symmetry is verified experimentally.

IV. DISCUSSION

Hybrid waveguide modes have been demonstrated in
SIM waveguide structures in the visible wavelength region
by measuring the dispersion relations directly using
AREELS. The dispersion curve of the TM,-SPP hybrid
mode shown in Fig. 5(a) is distinct from those of the TM,
and SPP modes at low energy, but merged with that of the
TM, mode at high energy. This suggests that the character of
a hybrid waveguide mode depends on the energy. A hybrid
mode can be characterized in terms of the effective index,
defined as the propagation constant of waveguide mode di-
vided by the wave vector in vacuum. Since the normal com-
ponent of the scattering vector is equal to the propagation
constant, it is easy to convert an E-q map into a dispersion
relation of the effective index.

Figure 6(a) shows the effective indices for the TM,-SPP
hybrid mode, the TM,, mode supported by a Si film, and the
SPP mode supported by an aluminum film as a function of
energy, which is converted from the E-q relationship of Fig.
5(a). Since the effective index for the TM mode below 2.2 eV
could not be determined experimentally owing to the weak in-
tensity in the E-q map of Fig. 4(b), it was calculated by using
the dielectric function evaluated from the results of Fig. 3(c).
The effective indices for the TM, and SPP modes intersect at
about 1.8eV, which is the critical energy where the effective
index of the TM,-SPP hybrid mode differs greatly from the av-
erage of the effective indices of the TM,, and SPP modes. The
SPPs at the Al/SiO, interface and the polarized charges in the
Si waveguide oscillate in phase at this critical energy.

A simple coupling mode theory suggests that the maxi-
mum coupling occurs at this critical energy and the character
of the hybrid mode is governed equally by both modes,"**!
so that it can be expected that the electromagnetic energy
will be confined at the insulator gap region effectively. The
electromagnetic energy density per unit area in the propaga-
tion plane is given by the following equation:'?

1 d(ew) o 2)
W= (% gy ). %
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where o and p, are the angular frequency and permeability
of vacuum, respectively. The expressions for the electric
field E and magnetic field H are given by solutions of Eq.
(1). Figure 6(c) shows the electromagnetic energy density
calculated for the SIM structure (specimen B2) at 1.8eV,
which is normalized by the total electromagnetic energy cal-
culated by the integration of W along the normal to the inter-
face. The characteristics of the hybrid waveguide mode with
a strong energy confinement at the gap region can be seen in
this figure. With increasing energy, the difference between
the effective indices for the TMy-SPP hybrid mode and the
TM, mode becomes small, which means that the hybrid
mode becomes TMy-like. Indeed, the electromagnetic energy
density calculated at 2.6 eV (Fig. 6(d)) shows a larger contri-
bution in the Si waveguide region and a smaller energy con-
finement at the gap region, as compared to Fig. 6(c). At
energies below 1.8 eV, the effective index for the TM; mode
is smaller than that for the SPP mode, and the hybrid mode
is expected to become SPP-like. The dispersion for the effec-
tive index for the SIM structure of specimen B3 with a thick
Si layer is shown in Fig. 6(b). With increasing Si waveguide
layer thickness, the critical energy giving maximum coupling
seems to be decrease, which suggests that the energy of
effective hybrid coupling can be controlled by adjusting the
thickness of the dielectric waveguide layer.

V. CONCLUSION

The present dispersion measurements conducted on Si/
SiO,/Al structures by AREELS demonstrated that the SPP
mode excited in the interface of Al/SiO, can couple with the
TM, waveguide mode excited in the Si layer, leading to the
TM,-SPP hybrid waveguide mode. The dispersion of the
effective indices for the constituent modes showed that the

Position (nm)

maximum coupling occurs at the critical energy. Our experi-
ment with SIM structures having different semiconductor
thicknesses indicated that the critical energy for a hybrid
waveguide mode decreased with increasing thickness. The
electromagnetic energy of a hybrid waveguide mode excited
at the critical energy was found to be confined effectively to
the insulator gap region. Our results clearly demonstrated
that the character and critical energy of a hybrid waveguide
mode can be controlled by adjusting the thickness of the
semiconductor layer. Finally, we verified the TM-SPP mode
with quasi-even symmetry experimentally.
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