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ABSTRACT

The purpose of this article is to explore the role of nanostructures in optical regulation and the application of condensed
matter physics theory in photonic crystal design. By studying the influence mechanism of nanostructures on light, it is
expected to provide new ideas for the design and performance optimization of optical devices. The results show that the
shape, size, composition and external environment of nanostructures can effectively control their optical properties,
especially the surface plasmon resonance and other effects significantly affect the light interaction. Furthermore, these
nanostructures are embedded in photonic crystals, and the periodic structure of photonic crystals is used to accurately
manipulate light. The experimental results show that high-efficiency optical properties can be achieved by reasonably
designing the combination of nanostructures and photonic crystals. The combination of optical control of nanostructures
and condensed matter physics theory in photonic crystal design will open up a new road for the innovation and
application of optical technology and is expected to promote the development of the next generation of efficient optical
devices.
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1. INTRODUCTION

Nanostructures and photonic crystals, as the frontiers of science and technology, are attracting extensive attention of
scientists. Nanostructures have unique physical and chemical properties because their size is in the nanometer level [1].
Photonic crystals, which are characterized by periodic refractive index changes, can manipulate the propagation of light
as crystals manipulate electrons [2]. Condensed state physics, which studies the behavior and interaction of microscopic
particles in matter, is very important for the design of photonic crystals [3]. Based on its theory and method, we can
deeply explore the propagation law of light in periodic structures, and then accurately design photonic crystals with
specific optical characteristics [4].

Nanostructure, with its unique size and surface effect, brings novel optical properties to materials. For example, the
surface plasmon resonance effect of metal nanoparticles can greatly enhance the local electromagnetic field, which has
great potential in solar cells and biosensors [5].

Photonic crystal, as a medium with periodic refractive index change, can affect the propagation of light and form a
photonic band structure similar to the electronic band [6]. This structure determines which frequencies of light can
propagate in photonic crystals and which are forbidden, thus forming a photonic band gap.

With the development of nanotechnology, the combination of nanostructures and photonic crystals has brought new
opportunities for the design of optical devices. Incorporating nanostructures into photonic crystals can further
regulate the interaction between light and matter and achieve more efficient optical properties [7]. This combination is
expected to bring innovation to the design of all-optical switches, optical bistability and other devices.

The core of this article is to discuss how nanostructures regulate optical properties and the key role of condensed matter
physics in photonic crystal design. The study will analyze in detail how nanostructures affect the behavior of light, and
further explore how to use these mechanisms to design high-performance photonic crystals.
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2. CONCEPT AND APPLICATION OF PHOTONIC CRYSTAL

Photonic crystal is a medium with periodic refractive index change, which is similar to the periodicity of atomic
arrangement in crystal [8]. The concept of photonic crystal was originally inspired by electronic crystal (that is, ordinary
crystal). In electronic crystals, due to the periodicity of atomic arrangement, the movement of electrons in them forms an
energy band structure, which affects the conductivity of electrons [9]. Similarly, photonic crystals affect the propagation
behavior of light through the periodic change of their internal refractive index, forming a photonic band structure.

2.1 Basic characteristics of photonic crystals

The basic characteristics of photonic crystals mainly include the following aspects:

(1) Photonic band gap: This is one of the most important characteristics of photonic crystals. Photonic band gap means
that light waves cannot propagate in photonic crystals within a certain frequency range, which is caused by Bragg

scattering of light waves in periodic structures [10]. The width, position and number of photonic band gaps depend on
the structural parameters of photonic crystals, such as lattice constant and refractive index difference.

(2) Localization of light: Light waves in the photonic band gap frequency range cannot propagate in photonic crystals,
but can be localized at some specific defects or impurities, forming the so-called photon localized state [11]. This
localized state is of great significance for designing optical devices such as microcavities and waveguides.

(3) Dispersion relation of light: The periodic structure of photonic crystals leads to the difference between the dispersion
relation of light and that in homogeneous media. In photonic crystals, the group velocity and phase velocity of light may
no longer be equal, which will affect the propagation direction and velocity of light waves [12].

2.2 Preparation technology of photonic crystals
There are various preparation technologies of photonic crystals, mainly including the following methods:

(1) Machining method: drilling holes in dielectric materials by precision machining technology to make periodic air hole
arrays, thus forming photonic crystals.

(2) Photolithography: A periodic structure is made on the photoresist by using lithography technology, and then the
pattern is transferred to the base material by etching and other processes.

(3) Self-assembly method: periodic structure is formed by self-assembly of colloidal particles.

(4) Laser direct writing technology: using high-precision laser processing technology such as femtosecond laser, periodic
structures are directly written in transparent materials.

2.3The application of photonic crystals
Photonic crystals have broad application prospects in many fields because of their unique optical properties:
(1) Integrated optics: Photonic crystals can be used as basic elements in integrated optics, such as waveguides, filters and

optical splitter. By designing different photonic crystal structures, the efficient manipulation and transmission of light
waves can be realized.

(2) Optical communication: In optical communication systems, photonic crystals can be used to make high-performance
optical fibers, optical switches, optical modulators and other key devices. Using the dispersion characteristics of
photonic crystals, the precise control and modulation of optical signals can be realized.

(3) Nonlinear optics: Photonic crystals have important applications in nonlinear optics because they can control the
propagation path and speed of light.

(4) Quantum optics and quantum information: In the field of quantum optics and quantum information, photonic crystals
can be used to make key components such as single photon sources and quantum dots. By accurately controlling the
structure and parameters of photonic crystals, single photon can be efficiently manipulated and detected.

3. OPTICAL CONTROL METHOD OF NANOSTRUCTURES

The optical control method of nanostructures combines nanotechnology and optical principles, and realizes the precise
control of the interaction between light and nanostructures by accurately controlling the morphology, composition and
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external environment of nanostructures. This regulation not only helps to deepen our understanding of the interaction
between light and matter, but also provides a powerful tool for designing new optical devices and systems. The shape
and size of nanostructures have a significant influence on their optical properties. By changing the shape of nanoparticles,
such as spheres, rods and disks, the properties of scattering, absorbing and emitting light can be regulated.

If the effective area of the core increases, the light energy distribution in unit area will become more sparse, which will
lead to a corresponding decrease in light energy density [13]. Because the optical energy density is the key factor of
nonlinear optical effect, its reduction will directly affect the intensity of nonlinear optical effect. In optical fiber
communication, nonlinear effects often lead to signal distortion and noise increase, so reducing optical energy density is
an effective method to suppress nonlinear effects.

The nonlinear light effect is mainly caused by the high light energy density in the fiber core. When the light propagates
in the fiber core, the high intensity light field will lead to the change of the refractive index of the medium, and then the
nonlinear phenomena such as self-phase modulation and cross-phase modulation will occur. These nonlinear phenomena
will seriously affect the transmission quality of optical signals, especially in high-speed and long-distance optical fiber
communication.

In order to effectively suppress these nonlinear effects, hollow photonic band gap fibers can be used. The characteristic
of hollow photonic band gap fiber is that its core is air, which means that light mainly propagates in air, not in solid
medium. Because the nonlinear coefficient of air is much lower than that of solid medium, the use of hollow photonic
band gap fiber can significantly reduce the occurrence of nonlinear effects. This not only improves the transmission
quality of optical signals, but also provides more reliable technical support for high-speed, large-capacity and
long-distance optical fiber communication.

As a special type of optical fiber, photonic crystal fiber (PCF) has better performance than traditional optical fiber in
some aspects because of its structural characteristics. As shown in the end view of photonic crystal fiber in Figure 1, we
can clearly see its periodic structural characteristics, which is helpful to form photonic band gap, thus realizing accurate
manipulation of light.

Figure 1 End view of photonic crystal fiber

By changing the composition materials of nanostructures, their optical properties can be regulated. For example, the
optical properties of alloy nanoparticles will change with the change of component ratio. In addition, composite
nanostructures such as core-shell structure and heterojunction also exhibit unique optical properties. The optical
properties of nanostructures can be dynamically controlled by means of external electric field and magnetic field. For
example, liquid crystal nanostructures will change their orientation under the action of electric field, thus affecting their
optical properties. Magnetic field can also be used to regulate the optical response of magnetic nanoparticles.

Let the thermal expansion coefficient of the material be p , the temperature change be AT | and the medium expand

Ad =d, AT

freely. According to the thermal expansion effect, the medium radius changes , so the relationship

between the medium radius and temperature is:

d(T)=d0(1+ﬁAT)(l)
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Where 0 represents the dielectric radius at 25°C .. Because the refractive index of photonic crystal dielectric columns
is uniformly distributed and isotropic, the relationship between temperature and refractive index is as follows:

n(T)= ny +a,AT 2)

Where "0 represents the refractive index of the medium at 25°C and & represents the thermo-optical coefficient.

If the air column is not etched as expected in some positions of the air column photonic crystal, the so-called
"microcavity" defect will be formed. Figure 2 shows the microcavities formed by missing an air column in the square
lattice (a) and the triangular lattice (b). Creating a hole in the periodic structure of photonic crystal is similar to the
resonant cavity of distributed feedback laser. Because the refractive index also changes periodically, light will be Bragg
scattered in two-dimensional photonic crystals and form a local resonance mode at the defect point. This will cause
photons to either collide with the air-plane interface frequently or exit through the photonic crystal at a sufficiently high
vertical angle.

(a)

Figure 2 A microcavity is formed due to the omission of an air column in the square lattice (a) and triangular lattice (b)

By solving Maxwell equations, the influence of external electric field on the optical properties of nanostructures can be
simulated. This method can predict the scattering, absorption and emission properties of nanostructures under electric
field. For magnetic nanoparticles, the magneto-optical effect model can be used to predict the influence of magnetic field
on their optical properties. The model considers the influence of magnetic field on electron spin and orbital angular
momentum, thus predicting the magneto-optical response of nanoparticles.

Let the temperature change be t, the thermal expansion coefficient of dielectric material be €, and the thermo-optical
coefficient be a. Because the elastic modulus of silicon material is very large, the influence of air expansion is not
considered. Assuming that the dielectric column material is heated uniformly, the strain relationship can be obtained:

& =8AT(3)

So the change of dielectric column radius can be expressed as:
r'= (l +¢& )( 4)
The whole lattice constant of the crystal changes as follows:

a=a(1+§),§=§(5)

The relationship between refractive index and strain temperature is as follows:
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T)= AnlT )= —AT
n( ) ny + n( ) nO+8T

(6)
on
Where o is the refractive index of the material at room temperature; OT s the thermo-optic coefficient of photonic

crystal, which is expressed by & . So this formula can be written as:

n(T):nO +alAn )

Next, the finite difference time domain method is used to analyze the influence of temperature change on the resonant
characteristics of photonic crystal microcavity.

4. RESULT ANALYSIS

The influence of temperature on the band gap characteristics of photonic crystals is explored in the experiment. First,
observe the relationship between temperature and normalized frequency. Figure 3 reveals the regulating effect of
temperature on the band gap characteristics of photonic crystals. In the figure, the x-axis represents the temperature
change during the experiment, while the y-axis represents the normalized frequency.
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Figure 3 The influence of temperature on the beginning and end of the band gap and the band gap width

With the increase of temperature, the starting and ending values of photonic crystal band gap have obviously shifted in
the same direction. This shift trend shows that temperature has a significant regulation effect on the band gap of photonic
crystals. At the same time, it is also observed that the width of the forbidden band is reduced, which means that the
transmission of light waves within the forbidden band is limited. Using the conversion formula of normalized frequency,
it can be further inferred that with the increase of temperature, the starting and ending wavelengths of the band gap
increase. This discovery provides an important experimental basis for the temperature control of photonic crystals.

In order to further explain the specific effect of temperature change on band gap shift, the mesoscopic temperature-light
coefficient is introduced to describe it. Taking the temperature variation AT as an independent variable and the band gap
center wavelength A as a dependent variable, the following formula is derived: A = 2077.448+yA t. In this equation, y
represents the mesoscopic temperature and light coefficient, and its value is 0.289nm/°C. The existence of this linear
relation means that when the temperature changes, the central wavelength of the band gap will change linearly
accordingly. This linear relationship not only reveals the close relationship between the temperature and the center
wavelength of the band gap, but also provides a method to accurately control the performance of photonic crystals by
controlling the temperature.
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Figure 4 Influence of temperature change on the center wavelength of forbidden band

S. DISCUSSION

The results show that the temperature has a significant influence on the band gap start and end values of photonic
crystals. With the increase of temperature, the starting and ending values of the forbidden band shift in the same
direction, and the width of the forbidden band decreases. This discovery shows that the band gap characteristics of
photonic crystals can be effectively controlled by temperature. By precisely controlling the temperature, the band gap of
photonic crystals can be adjusted to meet the needs of different optical applications.

Secondly, we introduce the mesoscopic temperature-optical coefficient to describe the influence of temperature on the
central wavelength of the band gap, and find that there is a stable linear relationship between the temperature change AT
and the central wavelength A of the band gap. The revelation of this relationship not only provides a method to accurately
control the properties of photonic crystals, but also further deepens our understanding of the interaction between
photonic crystals and temperature. In the future research, this linear relationship can be used to design and optimize
optical devices based on photonic crystals to achieve more efficient and stable optical performance.

Generally speaking, the experiment provides important insights about the influence of temperature on the band gap
characteristics of photonic crystals, and reveals the stable linear relationship between temperature and the band gap
center wavelength. These findings not only enrich the basic research of photonic crystals, but also provide new ideas for
the design and application of optical devices in the future.

6. CONCLUSIONS

The core of this article is to discuss how nanostructures regulate optical properties and the key role of condensed matter
physics in photonic crystal design. The experimental results show that with the increase of temperature, the starting and
ending values of photonic crystal band gap will shift, and the band gap width will decrease. By introducing the
mesoscopic temperature-light coefficient, the relationship between temperature and the central wavelength of the band
gap is successfully quantified, and a stable linear relationship is found between them.

These findings are of great significance to the basic research and application development of photonic crystals. With the
in-depth study of the temperature response characteristics of photonic crystals, its application potential in optical
communication, sensing, optoelectronic devices and other fields will be further tapped.
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