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Plasmonics and Plasmons

Sara Vasefi /Bachelor’s Student
Engineering Physics/ University of Tabriz

L.Introduction

Plasmonics is a thriving, novel, and inter-
disciplinary field combining optics and elec-
tromagnetics, which investigates the inter-
action between light and free electrons in
conductive materials, especially metals, at
the nanoscale. This science works based on
the phenomenon of surface plasmon reso-
nance. A surface plasmon is the oscillation of
free electrons on the surface of a metal, cre-
ated by the interaction with light, leading to
the creation of strong electromagnetic fields
near the metal, which has various applica-
tions. Resonance occurs when the frequen-
cy of the incoming light is equal to the nat-
ural oscillation frequency of the electrons,
which amplifies the electromagnetic field
of the light and concentrates a large amount
of energy on the metal surface. In the past,
the properties of plasmonics and nanoparti-
cles were used to create eye-catching colors
in glasses. The first research on plasmonics
dates back to the beginning of the 20th cen-
tury. Initially, Robert Wood observed strange
properties in the measurement of optical re-
flection from metallic gratings. Around 1904,
M. Grant explained the colors in stained glass
using Drude’s new theory (which describes
the transmission properties of electrons in
materials, especially in metals) for metals.
Four years later, G. Mie presented his theory
on the electromagnetic scattering of spheri-
cal particles. Around 1956, D. Pines analyti-
cally explained the reason for the rapid en-
ergy loss of electrons passing through metals
and concluded that this energy is used for
the cumulative and oscillatory movement of
free electrons in the metal, and he named it
plasmon. The reason for this naming was the
similarity of these electron oscillations to the
oscillations of plasma particles. In the same
year, R. Fano used the term polariton for the
oscillation of bound electrons in a metal in
a state of coupling with photons of the in-
cident beam. The name polariton was used
for quasi-particles that were half matter and
half photon, which is the coupled state be-
tween a photon of the initial excitation beam
and the conduction electrons of the metal,
and the term plasmon polariton is used to
express the coupled cause between a pho-
ton and a plasmon.

nano elactronic



2.Plasmonics

The field of studying and manipulating plasmons is
called plasmonics. Plasmonics is divided into two main
components, each of which is an application of metals
and electromagnetic waves in nanometric specifications
in two-dimensional, one-dimensional, and even zero-di-
mensional structures, which are:
1.Localized Surface Plasmons
2.Surface Plasmon Polaritons

2.1.Localized Surface Plasmons

Surface plasmon resonance is the collective, coherent
oscillation of metal electrons excited by an incident beam.

The condition for oscillation is that the frequency of the
radiated photons is equal to the natural frequency of the
surface electrons. Surface plasmon resonance in struc-
tures with nanometric dimensions is called localized sur-
face plasmon resonance.

Localized plasmons create very strong electromagnetic
fields near nanoparticles, which can be used to amplify
signals and enhance sensors.

'
, E-field

light wave >

Fig 1. Oscillation of surface electrons and the electric field
pattern around them

2.2.Surface Plasmon Polaritons

These are electromagnetic waves that propagate at the
interface between a metal and a dielectric. Surface plas-
mon polaritons are electromagnetic excitations that are
coupled to the collective and oscillating free electrons on
the surface of metals so that they can propagate longi-
tudinally on the surface of the metal-dielectric interface.
These waves have shorter wavelengths than light in free
space and can transmit information over long distances
along the metal surface.

The reason for the importance of surface plasmon po-
laritons is their ability to focus the electromagnetic field,
which reduces their scattering limit in nanometric optical
waves and improves the expansion of local fields by sev-
eral orders of magnitude.

ASPP E

---+++---+++

(@ e

Fig 2. A view of the creation of electromagnetic field com-
ponents of surface plasmons

m(w)

3.Factors Affecting Plasmon Properties

Plasmon properties depend on various factors such
as the surrounding environment, the material, and the
shape and size of the nanostructures. For example, noble
metals are among the most widely used plasmonic mate-
rials due to their abundant free electrons and low energy
loss at optical frequencies.

Also, the refractive index of the environment surround-
ing the metal nanostructure affects the resonance fre-
guency, which is an important feature for the fabrication
of plasmonic sensors.

The shape and size of the nanostructures have a greatim-
pact on their plasmonic properties. Changing their shape
and size allows us to control the resonance frequency and
the intensity of the electromagnetic fields.

4.Usage of Plasmonics

Plasmonics, due to its ability to manipulate light at the
nanoscale, has found wide usages in various fields. For
example, plasmonic sensors can be used to detect a wide
range of chemical, biological, and pharmaceutical materi-
als with high accuracy, which operate based on changesin
the plasmon resonance frequency.

In microscopic imaging, plasmonics can be used to in-
crease resolution and contrast, making it possible to im-
age nanometer structures in detail.

Plasmonics has many usages in various medical fields,
such as tumor imaging, disease diagnosis, cancer treat-
ment, and targeted pharmacy.

Plasmonics can also be used in the field of energy pro-
duction. For example, plasmonic nanoparticles can im-
prove the efficiency of solar cells and can also be used
in photocatalysis to accelerate chemical reactions using
sunlight.




5.Challenges

Despite these advances in the field of plas-
monics, there are also challenges. One of
these challenges is energy loss. Metals ex-
perience energy loss at optical frequencies,
which reduces the efficiency of plasmonic
devices. Scientists are trying to find new
and alternative materials with lower ener-
gy loss.

Another challenge is the fabrication of pre-
cise and uniform nanostructures with desir-
able plasmonic properties.

Another challenge is finding a way to
mass-produce plasmonic devices at a low-
er cost.

However, researchers are looking for solu-
tions to overcome these limitations. By
overcoming the existing challenges and
developing new technologies, it is expected
that plasmonics will play an important role
in the development of future technologies.
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Optical phased array (OPA)

Omran Zadeh Esmaeel/ Master’s Student
Photonics/ University of Tehran

Introduction

all-solid-state beam steering realized by integrated op-
tical phased array (OPA) is one of the key components in
the radar system. In this article, we first introduce the ba-
sic principle of OPA for beam steering. Then, we briefly
review the detailed advances of different solutions such
as micro-electromechanical system (MEMS) OPA, liquid
crystal OPA, and metasurface OPA, where our main focus
was on the recent progress of OPA in photonic integrated
chips.
Principle

As we know The far electric field distribution of OPA can
be calculated from the near electric field distribution, ac-
cording to Fresnel diffraction theory.

@ Optical Antenna

Fig 1. Schematic of the OPA

Generally [14—16], an OPA chip consists of optical beam
splitters, a phase modulator array, and an optical antenna
array, as shown in Figure 2. The power of the laser source
is distributed to the unit of the phase modulator array and
the optical antenna array by the beam splitters. The opti-
cal wavefront is controlled by the phase modulator array,
thus the far-field beam is steered.

Optical Beam Splitters  Phase Modulator Array ~ Optical Antenna Array

Fig 2. The schematic diagram of the one-dimension opti-
cal phased array

OPAs for Beam Steering
MEMS-OPA

MEMS mirrors can modulate, light, and control
phase, which have already found enormous com-
mercial success in projectors, displays, and fiber
optic communications. Two-dimensional (2D)
resonant MEMS mirrors, actuated by the electro-
thermal, electrostatic , electromagnetic, or piezo-
electric effect , have been used to achieve beam
steering , as shown in Figure 3. There is a trade-off
between the optical aperture and scanning speed
for resonant MEMS mirrors.

MLMS Mirrar

Fig 3. The schematic diagram of the (a) resonant

MEMS mirror and (b) MEMS-OPA

LC-OPA

The basic principle of LC-OPA is that the phase re-
lation between array units remains constant with-
out applying voltage. With the applied voltage, as
shown in Figure 4b, one can introduce local chang-
es in the refractive index by changing the orienta-
tion of the liquid crystal . Therefore, the phase dif-
ference between the array units can be adjusted
and beam steering be achieved accordingly.

the LC-OPA has many advantages such as low

drive voltage, compact size, high precision, and
non-inertia. However, the angular resolution is dif-
ficult to achieve due to the limitation of the pix-
el pitch, and the fringe-field effect arising in the
neighboring pixels. Furthermore, the scanning
speed is limited due to the time needed for the
molecular reorientation.
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Fig 4The schematic diagram of the LC-OPA. The phase
retardation distribution (a) before and (b) after applying
voltage. The far-field beam (c) before and (d) after apply-

ing voltage
Meta-OPA

There are two ways to achieve beam steering with meta-
surfaces. The first one is by applying an external electric
field to control the material properties of the metasurfac-
es and manipulate the wavefront (named as normal me-
ta-OPA), as shown in Figure 5a.

Another method is to enlarge the FOV of PIC-OPA as-
sisted by metasurfaces (named meta-assisted PIC-OPA).
As shown in Figure 5b, the metasurface performs like an
ultra-thin lens, which can enlarge the beam steering angle
g by M times.

For normal meta-OPA, the phase modulation is often
generally accompanied by intensity modulation, which
affects the side mode suppression ratio. In terms of the
meta-assisted PIC-OPA, the beam divergence increased
simultaneously with the improvement in the FOV.

@) / (b)
/ Mx(
Si\‘.’ercd Bean Stecred Beam L\ﬁ
Wave proy, e
7-‘—1_-‘_‘&_
I meta-OPA T
normal mef e
Metasurface
I ! a :,[:
i
ITITTITTIT TN, FRTRTATES

Metasurface Crrating Antenna

Fig 5. The schematic diagram of the meta-OPA: (a) normal

meta-OPA; (b) meta-assisted PIC-OPA.
PIC-OPA

PIC has the great potential to integrate the key compo-
nents of OPA, such as the laser, beam splitters, phase
modulator arrays, antennas, and photodetectors on a sin-
gle chip. The phase modulators can utilize the thermo-op-
tic or electro-optic effect to tilt the far-field wavefront,
which can obtain the steered beam. The PIC-OPA has
been demonstrated in different material platforms such
as -V, silicon nitride (SiN), and silicon. The IlI-V material
is one of the significant platforms. A one-dimensional PIC-
OPA in the InP platform has been proposed and demon-

strated. In 2021, Komatsu et al. proposed a 100 channel
OPA and p-i-n phase modulators were fabricated to con-
trol the optical phase.

In order to obtain 2D beam steering with a silicon-based
PIC-OPA, one way is to use a 2D antenna array arrange-
ment. Researchers from MIT studied OPA with 2D na-
noantenna structures on silicon, as shown in Figure 6.
Nano-antennas of 4096 were integrated in one chip and

successfully applied to image the MIT logo in 2013 .
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Fig 6. The architecture of the large-scale integrated 2D op-

tical phased antenna array
Conclusion

In summary, MEMS-OPA, LC-OPA, meta-OPA, and PIC-
OPA have significant advantages such as their compact
size, high precision, non-inertia, and so on. CMOS-com-
patible PIC-OPA is one of the most promising solutions
for all-solid-state and miniaturized radar. The significant
components of the OPA such as the laser, beam splitters,
phase modulator arrays, antennas, and photodetectors
can be integrated on a single chip. Since there are many
problems in the commercial application of PIC-OPA, the
realization of all-solid-state and miniaturized radar with
high performance parameters such as a large beam steer-
ing angle and high spatial resolution deserve further re-
search. The progress of silicon monolithic integration and
advanced laser/detector technology will promote the de-
velopment of OPA radar. It can be predicted that mature
radar will have commercial application in the field of arti-
ficial intelligence and communication.
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