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Abstract. Presented in this paper is an experimental and numerical study of direction-
dependent asymmetry of resonant optical characteristics inherent to metal — multilayer-
dielectric (MMD) nanostructure, which has much in common with the Tamm plasmonic
configuration. We demonstrate that when a MMD structure is illuminated from opposite
sides, there is a noticeable asymmetry of the forward/backward reflection resonances,
contrasting with the strictly symmetrical transmission resonances indicating classical
optical reciprocity. Comparative measurements were carried out on a metal film and a
quasi-periodic dielectric structure, which are identical to the corresponding parameters of
the MMD structure. Directional asymmetry of reflection and transmission is briefly
discussed for a modified MMD structure with the Kerr nonlinearity.

Keywords: metal — dielectric structure, Tamm plasmon, surface mode, photonic crystal.

https://doi.org/10.15407/spge027.01.090
PACS 73.20.Mf, 78.20.-e, 78.66.Bz

Manuscript received 26.11.23; revised version received 08.01.24; accepted for publication
28.02.24; published online 12.03.24.

1. Introduction

Transmission and reflection, fundamental optical
properties, determine how light behaves when it interacts
with materials. Creating nanoscale structured materials
and fine-tuning their optical properties has opened up
new possibilities for optical devices in a wide variety of
applications. Engineered nanostructures, such as
photonic crystals [1, 2] and metamaterials [3], enable to
achieve asymmetry (non-reciprocity) of transmission and
reflection relative to the incident light’s orientation. The
development of innovative structures designed to control
and exploit asymmetries in the transmission or reflection
of light plays a key role in the development of optical
technologies. This control is essential for implementation
of optical communication and signal processing functions
[4], as well as fabrication of a variety of photonic
components, including optical diodes and isolators [5].

In this study, we investigate the directional
symmetry properties of optical transmission and
reflection for a resonant MMD nanostructure [6-8],
employing a combination of experimental and numerical
methods. The MMD structure contains a thin metal film,
the thickness of which is usually several tens of
nanometers. This film is deposited on a transparent flat

substrate, on top of which a quasi-periodic multilayer
dielectric structure is also deposited (Fig. 1a). This
configuration exhibits a close relationship to the optical
Tamm plasmonic structure [9-11], which is a distributed
Bragg reflector with a thin metal layer on its top.

The MMD structure was specially designed to
operate in the total internal reflection from the surface of
the upper dielectric layer. This particular configuration
provides efficient excitation of leaky waveguide modes
localized in the upper dielectric layer. Below the critical
angle of incidence considered in this work, the MMD
structure enable to excite surface Tamm optical modes at
the metal — dielectric interface [11, 12]. In this study, we
demonstrate that, when illuminating the MMD structure
from opposite sides, a noticeable asymmetry in
forward/backward  reflection  resonances emerges,
contrasting with the strictly symmetric transmission
resonances, indicating its optical reciprocity. For a
deeper understanding, comparative measurements were
performed on a metal film and a quasi-periodic dielectric
structure, the parameters of which are identical to the
corresponding parameters of the MMD structure. In
addition, the directional asymmetry of reflection and
transmission for a modified MMD structure with Kerr
nonlinearity is discussed.
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2. Materials and methods

The resonant plasmonic MMD structure that was
fabricated for our study consists of a thin metal layer
along with three pairs of high and low refractive index
dielectric layers deposited on a silica substrate.
Specifically, we utilized Nb,Os (ny=2372 at
A =532 nm) as the high refractive index layers and SiO,
as the low refractive index layers (n.=1.461 at
A=532nm). The dielectric layer thicknesses were
multiples of /4 (90 and 140 nm, respectively), except for
the final layer, which had its thickness doubled. The
metal layer is composed of silver (Ag: & =-9.293,
€"=0.872 at 532 nm) and is 40 nm thick. The detailed
sample structure and illumination scheme are illustrated
in Fig. 1a. For comparison and reference purposes, we
included two additional samples in our experiments. The
first sample was a layer containing only metal (Ag), with
a uniform thickness of 40 nm. The second sample was a
quasi-periodic  dielectric  structure composed of
alternating Nb,Os and SiO, layers having the same
configuration as the dielectric part of MMD structure. All
three samples were carefully deposited on a flat
transparent silica substrate with a refractive index of
1.461 at 533 nm, ensuring consistent and controlled
experimental conditions for our investigations.

We performed research of the resonant properties
inherent to the samples, when they were illuminated from
opposite sides. The experimental setup involves
positioning the sample in such a manner that the incident
light first interacts with the coating side. We refer to this
case as ‘forward incidence’ (Fig. 1a, lf). Conversely,
when the light is directed onto the substrate side first and
then onto the structure, we refer to it as ‘backward light
incidence’ (Fig. 1a), denoted as l,. Our objective was to
investigate whether the samples demonstrate equal
transmission (T¢p) and reflection (Ryy,) of light, if they are
illuminated from the opposite sides.
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Fig. 1. Notations for transmission (T;,) and reflection (R¢p)
coefficients related to both forward (l) and backward (Ip)
incidence of light beams onto the MMD structure (a).
Experimental setup for measuring the transmission (b) and
reflection (c) spectra, respectively.

We performed experimental measurements of the
transmission (Fig. 1b) and reflection (Fig. 1c) spectra by
using the spectrophotometer, specifically, SPEKOL 1500
from Analytik Jena AG UV/Vis. The prisms were posi-
tioned inside the spectrophotometer’s chamber to capture
the reflection spectra (Fig. 1c). Our measurements were
performed over the wavelength range 500 up to 1100 nm.

To computationally simulate the resonant characte-
ristics of the structures under investigation, we employed
the scattering-matrix method, which effectively describes
the propagation of plane waves in layered structures [13].
This method incorporates the Fresnel reflection and
transmission coefficients at the layer interfaces, the layer
thicknesses and their complex refractive indices. Note
that using this method, in [8, 9] the presence of narrow
spectral and angular dips in reflection from the studied
MMD structure was demonstrated.

3. Results and discussion

Fig. 2 illustrates both the forward and backward
transmission spectra of the studied structures, captured at
the angle of incidence close to 45°.
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Fig. 2. Comparative display of experimental results (a) and
corresponding calculated spectra (b) depicting the transmission
spectra of multilayer dielectric (1, blue), metallic (3, green), and
MMD (2, red) structures under the angle of incidence 45°. The
solid lines represent spectra for forward incidence, while the
dashed lines depict spectra for backward incidence.
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Fig. 3. Experimental (a, b) and corresponding calculated (c, d) spectral characteristics for MMD (a, ) and multilayer dielectric (b, d)
structures. The solid lines represent transmission (T), reflection (R) and losses (L) spectra for forward incidence, while the dotted

lines depict these spectra for backward incidence. (Color online)

It is worth noting that transmission measurements
are usually carried out at a normal angle of incidence
onto the sample, which is not possible in our experiment.
Therefore, we measured the transmittance at the angle
45° (as shown in Fig. 1b) to ensure a correct comparison
of the data with the reflectance measurements (Fig. 1c).

There is a clear correlation between the
experimental spectra (Fig. 2a) and the calculated data
(Fig. 2b), even though unpolarized beam was used in the
experiment, while the calculations were made for linearly
TE-polarized plane waves. The main result here is that
for each sample, including the MMD structure,
symmetric transmittance curves are observed for both
forward (Ty) and backward (T,) configurations of
incidence. In calculations, the curves of the forward and
backward transmission spectra overlap perfectly
(Fig. 2b), and in experiment these curves coincide within
the limits of measurement error (Fig. 2a).

Fig. 3 serves for a comparative analysis of the trans-
mission (T¢p), reflection (R¢p), and losses (L¢,) Spectra
between the MMD structure and a multilayer dielectric
sample. The absorption spectrum, indicative of losses, was
derived from the experimental data by using measure-
ments of transmission and reflection (L¢p = 1 — Tty — Ryp).

Notably, within the wavelength range from 750 up to
1000 nm, the experimental data agree well with the calcu-
lated ones. T¢, spectra maintain symmetry in both
forward and backward measurement configurations for
both structures. In the case of multilayer dielectric sample,
Ry spectra exhibit symmetry and complementarity to Tgp,
spectra, resulting in zero losses across the entire measured
wavelength range. However, a notable asymmetry emerges
in the R¢, and L¢, spectra for the MMD structure, as
depicted in Figs 3a, 3c. This observation underscores dis-
tinctions in the behavior of light interaction with the MMD
structure compared to the multilayer dielectric sample.

The observed asymmetry of reflection spectra for
MMD structure is related to a surface optical mode
referred to as the Tamm mode [11] that is excited by
incident light with both TE and TM polarizations near
the interface between the metal and dielectric layers. The
Tamm mode gives rise to a distinct absorption resonance
band within the stopband of the photonic crystal, leading
to a prominent peak in the transmission spectrum (Fig. 2,
red lines, 2). This absorption resonance serves as a
characteristic signature of the Tamm plasmonic structure
and holds significant promise for various optical
applications and devices.
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Fig. 4. Computed representation of resonant light intensity
distribution across MMD structure, showing the impact of (a)
silver (Ag) and (b) aluminum (Al). The dielectric configura-
tions within the MMD structures remain consistent with those
presented in Fig. 1. Solid and dotted lines correspond to
forward and backward incidence of light.

Fig. 4 shows distribution of light intensity within
the layers of the MMD structure depending on the
incident light directions. In both incident light directions,
light energy becomes concentrated near the interface
between the metal layer and the multilayer dielectric
structure. Nevertheless, in the forward direction, the
localized light intensity surpasses that in the backward
direction, leading to more pronounced absorption in the
metal layer. Since the transmittance is the same in both
directions of incident light, the asymmetry of the
absorption spectrum leads to a corresponding asymmetry
of the reflection spectrum (Figs 3a, 3c).

Fig. 4 shows that the directional asymmetry in the
distribution of light intensity throughout the depth of the
MMD structure is dependent on the optical properties of
employed metal layer. In the case of an MMD structure
with an aluminum (Al) layer (¢' = —-40.329, ¢” = 12.053 at
532 nm) of identical thickness, the directional asymmetry
in intensity becomes more pronounced when being
compared to the MMD structure featuring a silver layer
(compare Figs 4a and 4b).

Finally, let us briefly discuss the impact of
directional asymmetry within the intensity distribution of

transmission and reflection coefficients for the case of
modified MMD structure with Kerr nonlinearity,
enabling bistable switching of reflectivity [14, 15].
Because of the large directional asymmetry of localized
light intensity, bistability may occur in the forward
direction but not in the backward direction. Then, with a
constant incident light intensity, the reflection coefficient
manifests three distinct values — two in the forward
direction and one in the backward direction. Remarkably,
a transmission asymmetry also emerges.

4. Conclusions

In summary, this study sheds light on the directional
features of the resonant optical characteristics inherent to
the metal — multilayer-dielectric nanostructure, offering
valuable information about its behavior under different
lighting conditions and considering Kerr nonlinearity.

The study deals with the directional asymmetry of
resonant optical properties in a metal — multilayer-
dielectric nanostructure, closely resembling the Tamm
plasmonic multilayer configuration. The study includes
both experimental and numerical approaches. It is
noteworthy that the study revealed a distinct asymmetry
in the forward/backward reflection resonances when the
MMD structure was illuminated from its opposite sides.
This contrasts sharply with strictly symmetrical transmis-
sion resonances, emphasizing classical optical reciprocity.

To provide a comprehensive understanding, compa-
rative measurements were performed on a metal film and
a quasi-periodic dielectric structure, both possessing
parameters identical to those of the metal — multilayer-
dielectric structure. The directional asymmetry observed
in reflection and transmission for the metal — multilayer-
dielectric structure is further examined in the context of
Kerr nonlinearity.
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AcuMeTpis NpH pe30HAHCHOMY NPSIMOMY/3BOPOTHOMY BiAOMTTI Bil HAHOCTPYKTYpH MeTaj — faraToliapoBHii
HieqeKTpHuK

C.I'. Inbuenko, B.b. Tapanenko

AHortauisi. [IpencraBieHO eKCIepHUMEHTATbHE Ta YHCENbHE JOCTIDKEHHS 3alieKHOI Bill HAmpsAMKY acuMmerpii
PE30HAHCHHUX ONTHYHUX XapaKTEPUCTUK HAHOCTPYKTYpU MeTan — Oararomaposuii aienekrpux (MB/]), sika mae Oarato
CHUTFHOTO 3 IDIa3MOHHOIO KoH(iryparmiero Tamma. [IpogemoncTpoBaHo, mo koiu cTpykrypa MBJl ocBiTiroeTscs 3
MIPOTUIIC)KHUX CTOPIH, ICHY€E ITOMITHAa aCUMETPisi pe30HaHCIB TP BIAOUTTI BIiepe/Ha3al, O BiAPI3HIETHCS Bl CTPOTO
CHMETPHYHUX PE30HAHCIB MPOITYCKaHHS, 0 BKa3ye Ha KJIACHYHY ONTHYHY B3a€MHICTh. [IOpiBHSIBHI BUMIpIOBaHHS
MPOBOJMIIMCH HA METAJICBI IUTIBIII Ta KBA3iMepiONUYHINA JICNEKTPUYHIA CTPYKTYpi, SAKi iIEHTHYHI BiIIOBITHUM
napamerpam ctpyktypu MBJI. Acumerpis 3a HampsMKOM BiIOMTTSI Ta MPOITYCKaHHS KOPOTKO OOTOBOPIOETHCS IS
MoaudikoBanoi MBJ] ctpykrypu 3 HemiHiliHIcTIO Keppa.

Kiro4oBi cioBa: cTpykrTypa Metan — 0araTOIIapOBUIl TICJICKTPHUK, IIa3MOH TamMa, moBepXxHEBa MOa, (OTOHHUIA
KpHCTal.
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