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Abstract: We investigate numerically and experimentally
the optical properties of the transverse electric (TE) waves
supported by a dielectric-metal heterostructure. They are
considered as the counterparts of the surface plasmon
polaritons (i.e., the transverse magnetic (TM) waves)
which have been extensively studied in the last several
decades. We show that TE waves with resonant wave-
lengths in the visible light spectrum can be excited in a
dielectric-metal heterostructure when the optical thick-
ness of the dielectric layer exceeds a critical value. We
reveal that the electric and magnetic field distributions for
the TE waves are spatially separated, leading to higher
quality factors or narrow linewidths as compared with the
TMwaves.We calculate the thickness, refractive index and
incidence angle dispersion relations for the TE waves
supported by a dielectric-metal heterostructure. In ex-
periments, we observe optical resonances with linewidths
as narrow as ∼10 nm in the reflection or scattering spectra
of the TE waves excited in a Si3N4/Ag heterostructure.

Finally, we demonstrate the applications of the lowest-
order TE wave excited in a Si3N4/Ag heterostructure in
optical display with good chromaticity and optical sensing
with high sensitivity.

Keywords: dielectric-metal heterostructure; optical
display; optical sensing; surface plasmon polariton;
transverse electric wave; transverse magnetic wave.

1 Introduction

Surface plasmon polaritons (SPPs), which is a transverse
magnetic (TM) wave (i.e., k⋅H = 0 and k⋅E ≠ 0) propagating
on the surface of a metal film, have received intensive and
extensive studies since 1980s [1–3]. Owing to the strong
localization of electric field achieved on the surface of the
metal, SPPs has been exploited to construct plasmonic
devices of different functionalities [4], such as waveguides
[5, 6], sensors [7–10], and spacers [11–13] etc. However,
many practical applications of SPPs are limited by their
large damping rates, which are manifested in the broad
linewidths of SPPs. In principle, the large loss of SPPs
originates from the collective oscillation of electrons driven
by the longitudinal electric field of SPPs [14–19]. Various
scenarios have been proposed to overcome this disadvan-
tage but a significant improvement remains a challenge
[20–24].

Inmost cases, especially in practical applications, SPPs
propagating on the surface of a bare metal film (or at the
interface between air and ametal film) is taken into account.
It has been known that such SPPs can only be excited by
using p-polarized (or TM-polarized) light [25]. No SPPs will
be generated if s-polarized (or TE-polarized) light is
employed. The physical origin for this behavior is that a
transverse electric (TE) wave is not supported by a bare
metal surface (i.e., an air/metal interface). Different from the
longitudinal electric field in SPPs, which can be generated
by the collective oscillationof electrons in themetalfilm, the
longitudinal magnetic field cannot be established on a bare
metal surface. For this reason, the counterparts of SPPs, a TE
wave (i.e.,k⋅E =0 andk⋅H≠0) propagating on the surface of
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a metal film has long been ignored for both fundamental
properties and device applications.

In recent years, dielectric nanoparticles with high
refractive indices in the visible to near infrared spectral
range, such as silicon (Si) [26, 27], germanium (Ge) [28] and
gallium arsenide (GaAs) [29], have attracted great interest
because they are considered as building blocks (i.e., meta-
atoms) for metasurfaces and metamaterials operating at
optical frequencies. All-dielectric photonic devices with a
variety of functionalities, which are constructed by using
such high-index nanoparticles, have been successfully
demonstrated [30, 31]. The recent studies on the scattering
properties of Si nanoparticle placed on a thin metal film
reveal that the coherent interaction between the electric
dipole (ED) excited in the nanoparticle and itsmirror image
induced by the metal film leads to the formation of a
magnetic dipole (MD) at the contact point between the
nanoparticle and the metal film [32–35]. This behavior re-
minds us that the oscillating magnetic field necessary for
the excitation of a TEwave can be realized by adding a thin
dielectric layer on the metal film. Early in 2006, it was
shown that specially arranged metal nanoparticles can
support magnetic plasmon resonances in the optical
spectral range, paving the way for the development of
subwavelength negative index material [36]. Recently, the
opticalmagnetism in planarmetamaterial heterostructures
has been systematically investigated. It was demonstrated
that TE waves can be excited in multilayer dielectric-metal
heterostructures composed of dielectric layers of silicon
dioxide (SiO2), titanium dioxide (TiO2), Ge and silver (Ag)
thin film by exploiting the so-called optical magnetism [37,
38]. In addition, the TE waves excited in a SiC/Ge3Sb2Te6
heterostructure was also investigated [39], where
Ge3Sb2Te6 is a phase-change material. Apart from high-
index dielectric materials, dielectric materials with mod-
erate refractive indices and low optical loss in the visible
light spectrum have also been extensively studied owing to
their potential applications in the construction of nano-
scale functional devices. A typical example is silicon
nitride (Si3N4), which is considered as a promisingmaterial
for making waveguides and resonators operating in the
visible light spectrum. It has the advantages of large
bandgap, wide transparency range, high thermal stability,
chemical inertness, and good insulating properties [40, 41].
More importantly, the fabrication of Si3N4 nanoparticles
and nanostructures is compatible with the current fabri-
cation of Si chips. Very recently, nanogratings made of
Si3N4 have been successfully exploited to realize hologram
with continuous phase modulation [42].

In this article, we investigate both numerically and
experimentally the TE waves propagating in a dielectric-

metal heterostructure. We design a Si3N4/Ag hetero-
structure that supports both TMandTEwaves spanning the
visible to near infrared spectral range. It is revealed that the
thickness of the dielectric layermust exceed a critical value
in order to support the TE wave of the lowest order. More
importantly, it is found that the damping rate of the lowest-
order TE wave is reduced dramatically as compared with
that of the TMwave because of the spatial separation of the
electric and magnetic fields, leading to a narrow linewidth
of ∼10 nm. Finally, we demonstrate the application of such
TE waves in high-quality optical display and highly sen-
sitive optical sensing.

2 Results and discussion

As mentioned at the beginning, SPPs propagating at the
interface between a dielectric (including air) and a metal
can only be excited by using p-polarized light, as sche-
matically shown in Figure 1A. Such a TMwave contains two
electric field components (Ex and Ez) and one magnetic
field component (Hy). The electric field parallel to the
propagation direction (Ex) is correlated with the periodic
oscillation of free electrons in the metal film. As the
counterpart of the TM wave, the TE wave supported by a
dielectric-metal heterostructure should contain one elec-
tric field component (Ey) and two magnetic field compo-
nents (Hx and Hz). While a TM wave can be excited on the
surface of a baremetal (i.e., at the interface between air and
a metal film), such a TE wave does not exist because of the
absence of an analytical solution to the Maxwell equation.
From the viewpoint of optical magnetism, an MD can be
created by exciting the ED in a dielectric block placed on a
metal film. This phenomenon has been well studied by
using the so-called mirror-image theory [32]. By enlarging
the lateral dimensions of the dielectric block, one can
create a periodically arrangedmagnetic dipolemoments in
a dielectric-metal heterostructure, exciting a TE wave with
one electric component (Ey) and twomagnetic components
(Hx andHz). As demonstrated in the following, the resonant
wavelength of the lowest-order TE wave enters into the
visible light spectrum when the optical thickness of the
dielectric layer exceeds a critical value. In other words, an
analytical solution to the Maxwell equation is present in
the visible light spectrumwhen the optical thickness of the
dielectric layer exceeds a critical value.

Now we examine a dielectric block (e.g., a Si3N4

cuboid) with a side length of d and a height of h placed on a
thin metal film (e.g., Ag film with a thickness of 50 nm)
supported by a SiO2 substrate, as sketched in Figure 1B. The
radiation spectra of two Si3N4 cuboids with d = 200 and
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2000 nm (h = 100 nm in both cases), which are excited by
using horizontally oriented dipole sources placed in the
Si3N4 cuboids, are shown in Figure 1C. If we examine the
amplitudes of the electric and magnetic fields at the peaks
of the radiation spectra of the two Si cuboids, which appear
at∼586 and∼642 nm respectively, we can reveal the optical
modes supported by the Si3N4/Ag hybrid structures, as
shown in Figure 1D–G. In Figure 1D, one can see a standing
wave localized at the interface between the Si3N4 cuboid
and the Ag film for the small Si3N4 cuboid, creating a node
in the electric field distribution. As a result, a strong
localization of the magnetic field can be achieved at the
bottom center of the Si3N4 cuboid, as shown in Figure 1E.
Similar behavior is observed in the large Si3N4 cuboid, as
shown in Figure 1F and G. Differently, the electric field is
localized on the surface of the Si3N4 cuboid while the

magnetic field is localized at the interface between the
Si3N4 cuboid and the Ag film. It implies that optical
magnetism could be created by introducing a dielectric
layer with a sufficiently large thickness or refractive index
on the surface of a metal film, forming a dielectric-metal
heterostructure. In our case, it is expected that a periodic
localization of magnetic field can be achieved in a Si3N4

layer (with infinite area) deposited on the Ag film. There-
fore, the excitation of a TE wave propagating in the Si3N4/
Ag heterostructure by using s-polarized light will become
possible, as illustrated in Figure 1H.

Now we compare the electric and magnetic field dis-
tributions in the lowest-order TM and TE waves, as shown
in Figure 2. For the TMwave, it can be seen that the electric
and magnetic fields are mainly distributed in air with a
decay length of more than 100 nm. Since they exhibit quite

Figure 1: (A) Schematic showing the excitation of a TM wave (SPPs) on a bare metal surface by using p-polarized light. The TM wave can be
scattered into free space by using a nanoparticle on the metal surface. (B) A Si3N4 cuboid placed on an Ag film. A horizontally oriented dipole
source is used to excite the optical modes supported by the Si3N4 cuboid. (C) Radiation spectra calculated for two Si3N4 cuboids with d = 200
and 2000 nm, h = 50 nm, which are excited by the horizontally oriented dipole source. (D) and (E) Electric and magnetic field distributions
calculated for a Si3N4 cuboid with d = 200 nm at λ = 584 nm. (F) and (G) Electric and magnetic field distributions calculated for a Si3N4 cuboid
with d = 2000 nm at λ = 642 nm. (H) Excitation of a TE wave propagating in a dielectric-metal (Si3N4/Ag) heterostructure by using s-polarized
light. The TE wave can be scattered into free space by using a nanoparticle on the metal surface.
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similar distributions, it is expected that the overlap be-
tween them is very large. In sharp contrast, a complete
different behavior is observed for the TE wave. While the

electric field is distributed on the top surface of the Si3N4

layer, the magnetic field is localized at the interface be-
tween the Si3N4 layer and the Ag film (or on the bottom

Figure 2: Electric and magnetic field distributions calculated for the lowest-order TM and TE waves.
Total electric field distribution in the XZ plane calculated for the TM (A) and TE (C) wave. The corresponding magnetic field distributions are
shown in (B) and (D), respectively. (E) and (F) The Ex and Ez components for the TM wave. (G). The Hy component for the TM wave. (H) The Ey
component for the TE wave. (I) and (J) The Hx and Hz components for the TE wave.
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surface of the Si3N4 layer). It is known that the separation of
electric and magnetic fields in a photonic crystal leads to a
small group velocity or the strong localization of electro-
magnetic wave. It is believed that the spatial separation of
electric and magnetic fields in the TE wave is responsible
for the large quality factor or the narrow linewidth of the
optical mode, as demonstrated later. Since the damping of
the electromagnetic wave originates mainly from the
imaginary part of the metal (or the oscillation of free
electrons in the metal film), the localization of the electric
field on the surface of the dielectric layer significantly re-
duces the propagation loss or the damping rate of the TE
wave, leading to a higher quality factor or a narrower
linewidth as compared with the TM wave propagating on
the surface of bare metal.

However, a careful inspection reveals that the longi-
tudinal component of the magnetic field (Hx) is localized at
the interface between the Si3N4 layer and the Ag film. The
transverse component of themagneticfield (Hz) is localized
on the surface of the Si3N4 layer. It is remarkable that the
enhancement of total electric field of the TM wave (∼9.0) is
slightly larger than that of the TEwave (∼8.0). However, the
enhancement factor of the in-plane electric field for the TE
wave (Ey) is larger than that for the TMwave (Ex) by a factor
of ∼3.0. Previously, it was demonstrated that the coupling
between the SPPs generated on the surface of a metal film
(i.e., TM wave) and the excitons in a two-dimensional
material enters into the strong coupling regime [43]. Owing
to the enhanced in-plane electric field and the reduced
damping rate of the TE wave, it is expected that a stronger
interaction between two-dimensional materials and light
can be easily realized by using such TE waves.

The resonant wavelength of the TE wave supported by
a dielectric-metal heterostructure depends not only on the
angle of the excitation light but also on the thickness of the

dielectric layer. Basically, the resonant wavelength of a TE
wave can be extracted from the calculation of the reflection
spectrum. For a Si3N4 layer with h = 90 nm, the resonant
wavelength of the TE wave can span the entire visible light
spectrum (400–720 nm) by simply varying the incidence
angle from 44° to 89°, as shown in Figure 3A. One can also
extract the dispersion curves for TE waves of different or-
ders by simply increasing the thickness or the refractive
index of the dielectric layer, as shown in Figure 3B and C,
respectively. In these cases, the angle of the incident wave
was fixed at 45°. It is noticed that the resonant wavelength
of the TE wave is red shifted from the ultraviolet to the
visible spectral range with increasing thickness of the
dielectric layer. It enters into the visible light spectrum
(λ ∼ 380 nm) when the thickness of the Si3N4 layer exceeds
∼35 nm. It should be emphasized that the critical thickness
depends also on the refractive index of the dielectric ma-
terial. In our case, the critical thickness for the Si3N4 is
obtained based on the numerical simulation. Physically, it
is possible to derive an analytical expression for the critical
thickness once the configuration of the dielectric-metal
heterostructure is determined. Owing to the large quality
factors or narrow linewidths of the TE modes, a small
variation in thickness or refractive index can be readily
resolved in the reflection spectrum (see Supporting Infor-
mation, Figure S1), indicating its potential applications in
optical sensing, as demonstrated later. It is noticed that the
quality factor becomes larger for high-order modes,
implying an improved localization or a reduced damping
(see Supporting Information, Figure S2). With increasing
thickness of the Si3N4 layer, it is found that the high-order
TM modes with narrow linewidths can also be excited (see
Supporting Information, Figures S3–S5).

Basically, the TE and TMwaves supported in the Si3N4/
Ag heterostructure can be excited via the so-called

Figure 3: (A) Dependence of the resonant wavelength of the lowest-order TE wave on the incidence angle of the excitation s-polarized light
calculated for a Si3N4/Ag heterostructure with h = 90 nm. (B) Thickness dispersion relations calculated for TE waves of different orders
supported by Si3N4/Ag heterostructures with Si3N4 layers of different thicknesses. (C) Refractive index dispersion relations calculated for TE
waves of different orders supported by dielectric-metal heterostructures with dielectric layers of different refractive indices. In (B) and (C), the
angle of the incident wave was fixed at 45°.
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Kretschmann–Raether configuration by using white light
with different incidence angles, as schematically illus-
trated in Figure 1H. The TE and TM waves can be readily
characterized by measuring either the reflection spectra of
the incident light or the scattering spectra of polystyrene
(PS) nanospheres located on the Si3N4 layer. In our ex-
periments, we used PS nanospheres with diameters of
∼300 nm,which do not exhibit any optical resonance in the
visible light spectrum, to extract the TE and TM waves
excited in a Si3N4/Ag heterostructure. The scattering light
of PS nanospheres was directed to a spectrometer for
analysis or to a charge coupled device for imaging. In order
to show the advantages of TE waves, we firstly examined
the TMwaves (i.e., SPPs) generated on the surface of an Ag
film, as shown in Figure 4A and C where the reflection and
scattering spectra measured for p-polarized light are pre-
sented. As expected, a blueshift of the resonant wave-
length as well as a narrowing of the linewidth is observed
in both cases when the incidence angle (θ) is increased. For
θ = 46°, the resonant wavelength appears at ∼550 nm.
However, a linewidth as broad as ∼60 nm is observed for

this TM wave, implying a severe damping of the amplitude
during the propagation. The resonant wavelengths and
linewidths extracted from the reflection spectra at different
incidence angles are in good agreement with those ob-
tained from the scattering spectra. In Figure 4B and D, we
present the reflection and scattering spectra measured for
the TE waves generated by using s-polarized light (see
Supporting Information, Figure S6). Interestingly, it is
found that the linewidths for the TEwaves are dramatically
reduced as compared with those for the TM waves. For
instance, a linewidth as narrow as ∼10 nm is observed
for the lowest-order TE wave at ∼550 nm, as shown in
Figure 4B andD. This value is reduced by a factor of ∼6.0 as
compared with that observed for the lowest-order TMwave
at the same wavelength (see Figure 4A and C). The narrow
linewidths of the TE waves give rise to vivid colors with
good chromaticity, as shown in Figure 4E and F. The
chromaticity coordinates extracted from the scattering
spectra of PS nanospheres are distributed outside the RGB
triangle, implying potential applications in high-quality
optical display. It is found that colors good chromaticity

Figure 4: Reflection spectra measured for
the lowest-order TM (A) and TE (B) wave
excited in a Si3N4/Ag heterostructure. The
thicknesses of the Si3N4 layer and the Ag
film were designed to be 100 and 50 nm,
respectively. The corresponding scattering
spectra are shown in (C) and (D), respec-
tively. (E) CCD images of the scattering light
measured the TE waves excited at different
incidence angles. (F) Chromaticity co-
ordinates extracted from the scattering
spectra of the TE (squares) and TM (stars)
waves of the lowest-order excited at
different incidence angles.
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can also be achieved in high-order TM waves, which
possess slightly smaller linewidths as compared with the
TE waves of the same order (see Supporting Information,
Figure S7).

Since the electric fields of such TE waves are localized
in the Si3N4 layer, the energy losses of TE waves are
significantly suppressed as compared with their counter-
parts (i.e., SPPs). This unique feature renders them narrow
linewidths and small damping rates, which are crucial for
practical application in low-loss waveguiding. Actually,
the physical mechanism for the excitation of TE waves in a
dielectric-metal heterostructure described in this work is
completely different from that for the excitation of a hybrid
mode in a dielectric-metalwaveguide proposed previously.
In the latter case, the hybrid mode is formed by the
coupling of the dielectric mode and the SPP mode. The
electric field is dominated by the component normal to the
surfaces of both the dielectric rod and the metal film, quite
similar to that in the SPP mode. In addition, the electric
field is strongly localized in the gap region between the
dielectric rod and the metal film. Finally, the propagation
distance of the hybridmode is only slightly longer than that
of the SPP mode. The major advantage of the hybrid mode
is the strong localization of the electric field, which was
latterly exploited to realize a nanoscale laser [44]. In
comparison, the TE waves supported by a dielectric-metal
heterostructure contain only the electricfield parallel to the
surfaces of the dielectric layer and the metal film. The

physical mechanism responsible for the small damping
rates of TE waves is attributed to the spatial separation of
the electric field and the magnetic field. The localization of
the electric field on the surface of the dielectric layer leads
to a much smaller damping rate and a much longer prop-
agation distance as compared with the SPP mode (i.e., TM
waves).

In the experiments described above, PS nanospheres
without any resonance in the visible light spectrum were
used to scatter the propagating TE waves into far field for
nanoscale optical display. In principle, one can design and
make nano-antennas with different resonant wavelengths
in the dielectric layer (here is Si3N4) as the light extractors
for TE waves propagating in the dielectric-metal hetero-
structure. It implies that a nanoscale wavelength demul-
tiplexer can be constructed by using such a dielectric-metal
heterostructure with nano-antennas patterned in the
dielectric layer. Of course, the structures of nano-antennas
must be deliberately designed in order to support optical
modeswith narrow linewidths. In this work, we simply dug
holes in the Si3N4 layer by using the combination of elec-
tron beam lithography and reactive ion etching and used
them to extract the TE waves propagating in the Si3N4/Ag
heterostructure. In Figure 5A, we show the scanning elec-
tron microscopy (SEM) image of the logo of our school,
which is composed of an array of nanoholes dug in the
Si3N4 layer (see Supporting Information, Figure S8). The
scattering spectra of a single nanohole measured at

Figure 5: (A) SEM images of the school logo
composed of nanoholes dug in the Si3N4

layer. (B) Scattering spectra measured at a
nanohole used to scatter the TE wave
excited at different incidence angles. (C)
Color displays of the school logo by using
the TE waves excited at different incidence
angles and scattered by patterned
nanoholes.
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different incidence angles are shown in Figure 5B. A
blueshift of the scattering peak is observed with increasing
incidence angle. As demonstrated in Figure 5C, high-
quality color display with a spatial resolution close to the
optical diffraction limit (∼500 nm) can be realized by
exploiting the narrow linewidths of the TEwaves excited in
the Si3N4/Ag heterostructure.

Apart from waveguiding, color display and demulti-
plexing, the strong dependence of the resonant wave-
length on the thickness and refractive index of the
dielectric layer, which originates from the large dispersion
of the lowest-order TEwave (see Figure 3), can be exploited
to construct highly sensitive optical sensors, as demon-
strated in the following. Based on numerical simulation, it
is revealed that a wavelength shift as large as ∼5.0 nm can
be achieved in the lower-order TE wavewhen the thickness
of the Si3N4 layer is varied by only 1.0 nm. In practice, one
can replace Si3N4 with a piezoelectric ceramic whose
thickness can be readily changed by applying an external
voltage. As a result, the resonant wavelength of the TE
wave at a specified incidence angle can be modified to
span the entire visible light spectrum. It means that an
electrically-driven optical display with high spatial reso-
lution and good chromaticity can be implemented by us-
ing such a dielectric-metal heterostructure. Here, we

demonstrated a highly sensitive optical sensing by
exploiting this unique feature of the TE waves. The
experimental setup is schematically shown in Figure 6A. In
this case, a thin alcohol film was covered on the surface of
the Si3N4/Ag sample with patterned nanoholes. We chose
alcohol because of its rapid evaporation rate in air and
large expansion coefficient upon heating. These two fea-
tures were employed to change the thickness of the thin
alcohol film. The resonant wavelength of the TE wave at a
specified incidence angle was dictated by the effective
thickness of the dielectric layer, which is now the Si3N4

layer plus the alcohol film. If we monitored the scattering
peak of a nanohole for the TE wave excited at θ = 48°, a
gradual blueshift was seen with increasing observation
time (see Supporting Information, Figure S9). This blue-
shift was caused by the gradual evaporation of alcohol in
air, which reduces the effective thickness of the dielectric
layer. A blueshift of ∼5.0 nm was found in the scattering
peak after ∼300 s, which corresponds to a reduction of
∼2.5 nm in the thickness of the alcohol film due to evapo-
ration. Now we lightened an alcohol lamp and moved it
close to and away from the sample. The heating of the
alcohol film led to the increase of its thickness, as sche-
matically shown in Figure 6B. In this case, a rapid shaking
of the scattering peak was detected, as shown in Figure 6C

Figure 6: (A) Schematic showing the sensing experiment carried out in this work. The Si3N4/Ag heterostructure was covered by an alcohol film
and a glass slide. The TEwave supported by the Si3N4/Ag heterostructure was excited by s-polarized and scattered into far field by a nanohole.
An alcohol lamp was moved toward and away from the sample. (B) Schematic showing the expansion of the alcohol film with increasing
temperature. (C) Two-dimensional scattering intensity as functions of wavelength and time measured for a Si3N4/Ag heterostructure covered
with a thin alcohol film. The alcohol lamp was moved close to and away from the sample at ∼36 and ∼150 s. (D) Evolution of the scattering
spectrum observed in a time interval of 33–40 s.
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and D. It is suggested that the thermal expansion and
thermally-induced refractive index change of the alcohol
film, which lead to an increase of the effective thickness of
the dielectric layer, are responsible for the redshift of the
scattering peak. This behavior was easily reproduced if we
repeated the same action, as shown in Figure 6C. Here, the
shift of the scattering peak originates from the change in
the optical thickness of the alcohol film induced by heat-
ing. In this case, both the thickness and the refractive index
of the alcohol film are expected to vary when the alcohol
film is heated. Although it is difficult to measure such
changes, we can estimate the change in the optical thick-
ness of the alcohol film. Based on the dispersion curves of
the TE wave, the change in the optical thickness of the
alcohol film is calculated to be ∼60 nm, corresponding to
thewavelength shift of∼40nmobserved in the experiment.
It indicates clearly that the TE waves with narrow line-
widths and large dispersions can be employed to realize
highly sensitive optical sensing. As discussed above, the
small damping rate of the TE wave leads to a narrow line-
width of the scattering peak, which implies a high sensi-
tivity in optical sensing. As shown in Figure S1, one can
easily discriminate a thickness change as small as ∼0.1 nm,
which is not easily available by using other methods or
instruments. In addition, the thickness change of the
dielectric layer is directly reflected in the color change of
the scattering light, which ismore versatile and convenient
for practical sensing applications.

3 Conclusion

In summary, we proposed a dielectric-metal hetero-
structure supporting TE waves from the viewpoint of op-
tical magnetism and investigated the optical properties of
the TEwaves propagating in a Si3N4/Ag heterostructure. It
was found that the thickness of the Si3N4 layer must
exceed a critical value in order to support the lowest-order
TE wave. It was revealed by numerical simulation that the
electric fields of TE waves are localized on the surface of
the Si3N4 layer while the magnetic fields are localized at
the interface between the Si3N4 layer and the Ag film. This
unique feature leads to small damping rates and narrow
linewidths for the TE waves. These properties were uti-
lized to realize optical display with high spatial resolution
and good chromaticity. Moreover, the lowest-order TE
wave exhibits a strong dependence on the thickness and
refractive index of the Si3N4 layer (i.e., large dispersion)
and it was exploited to demonstrate highly sensitive op-
tical sensing. Our findings open new horizons for creating
magnetic plasmons in a dielectric-metal heterostructure

and pave the way for the practical applications of TE
waves in optical waveguiding, display, demultiplexing
and sensing.

4 Methods

Sample preparation and characterization

The Si3N4 layer used in this work was deposited on a 50-nm-thick Ag
film via high-frequency plasma-enhanced chemical vapor deposition
(HF-PECVD) method using a gas mixture of SiH4 and NH3 as the pre-
cursor. The flow rate of SiH4 and NH3 were maintained at 3 sccm, 7.5
sccm, respectively. The RF power, deposition pressure, and substrate
temperature were set to be 30 W, 60 Pa, and 80 °C, respectively. The
thickness of the Si3N4 layer could be controlled by the deposition time.
The thickness and optical constant of the Si3N4 layer were measured
by ellipsometry. The nanoholes in the Si3N4 layer were created by
using the combination of electron beam lithography and reactive ion
etching. The morphologies of nanoholes were examined by SEM
observation (Gemini 500, Zeiss).

Optical characterization

The reflection spectrum of the Si3N4/Ag heterostructurewasmeasured
with a spectrometer (USB4000, Ocean Insight). The light scattered
from polystyrene (PS) spheres or nanoholes were collected by using
the 100× objective lens of an inverted microscope (Axio Observer A1,
Zeiss) and directed to a spectrometer (SR-500i-B1, Andor) for analysis
or to a charge-coupled device (DU970N, Andor) for imaging.

Numerical simulation

The scattering spectra of the Si3N4 cuboids placed on the Ag film, the
PS nanospheres placed on the Si3N4/Ag heterostructure, and the
nanoholes drilled in the Si3N4 layer were calculated numerically by
using the finite-difference time-domain (FDTD) method (FDTD solu-
tion, https://www.lumerical.com). In the numerical simulation, the
permittivity of Ag was fitted from the experimental data [45]. The
refractive index of Si3N4 is based on the measured data. A dipole
source oriented along the ydirection,whichwas placed at the center of
the Si3N4 cuboid, was used to excite the eigenmodes of the Si3N4

cuboids. In the calculation of the scattering spectra, a total-field
scattered-field source polarized along the x or y direction, which cor-
responds to p- or s-polarized light, was obliquely incident on the
Si3N4/Ag heterostructure. The TE or TM waves scattered by a PS
nanospheres or a nanoholes were recorded by six detectors inclosing
the PS nanosphere or the nanohole. In the calculation of the reflection
spectra, p- and s-polarized plane waves were used to excite TM and TE
waves supported by Si3N4/Ag heterostructures. In all numerical sim-
ulations, the smallest mesh of 1.0 nm was used in order to obtain
converged simulation results and perfectly matched layer boundary
condition was employed to terminate the finite simulation region.
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